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Abstract

Age-related macular degeneration (AMD) is considered a heterogeneous 

group of disorders. Although many genes influence susceptibility to disease, none 

has shown to be the primary contributor. To identify genetic contributors, distinct 

AMD phenotypes need to be established. We relied on electrophysiological 

testing (ERG) to detect homogeneous subgroups for future genotype-phenotype 

association studies. We also classified AMD patients based on refractoriness to 

anti-VEGF treatment to investigate genetic associations with known high-risk 

single nucleotide polymorphisms (SNPs). Our results suggest that generalized 

cone dysfunction and delayed rod phototransduction activation characterizes a 

subset of AMD patients, while impaired dark adaptation constitutes a universal 

feature of the disease. We were unable to unify all patients unresponsive to anti-

VEGF monotherapy under a single SNP haplotype, highlighting the genetic 

complexity underlying the disorder and its treatment prediction. By applying a

novel approach to investigate potential pharmacogenetic interactions, we provided 

evidence that variation in multiple susceptibility loci may better explain 

differential response to anti-VEGF therapy. Treatment with prolonged VEGF 

blockade was found to result in inner retina dysfunction in a subset of AMD 

patients. Therefore, pharmacogenetic research holds promise in developing 

individualized approaches for AMD treatment in the future, which will not only 

optimize final patient outcome, but also reduce the risk of adverse effects.
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Chapter 1. INTRODUCTION

1.1) Age-related Macular Degeneration (AMD)

Age-related macular degeneration (AMD) is a complex, late-onset, 

neurodegenerative disease affecting primarily the macular region of the retina. 

AMD is the leading cause of irreversible blindness in the elderly of the Western 

world, affecting 10% of individuals older than 65 years of age and nearly 30% of 

those above the age of 75 (Smith et al. 2001). Although comprising only 4% of 

the total retinal area, the macula contains the densest population of the 

photosensitive nerve cells called photoreceptors and is responsible for high acuity 

vision. The photoreceptors are supported by a thin monolayer of pigmented 

epithelial cells (RPE cells). Underneath the RPE layer is the choroid plexus, a 

network of fenestrated capillaries that provide oxygen and nutrients to the retina. 

Located between the RPE and the choriocapillaris is the Bruch’s membrane (BM), 

an elastin- and collagen-rich extracellular matrix that regulates exchange of 

biomolecules, nutrients and metabolic waste (Booij et al. 2010). AMD is 

characterized by changes in the Bruch’s membrane, choriocapillaris and retinal 

pigment epithelium (RPE) that gradually impair photoreceptor viability.
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Figure 1.1: The photoreceptor/RPE/Bruch’s membrane complex. Adapted 

from scienceofamd.org

Clinically, AMD can be classified into the “dry” form and the “wet” or 

neovascular form. The hallmark of dry AMD is the accumulation of 

ophthalmoscopically visible yellow acellular deposits between the retinal pigment 

epithelium and the Bruch’s membrane known as “drusen”. Drusen can be 

classified as small (<63 µm in diameter with discrete margins), medium (63–124

µm) or large (>125 µm with indistinct edges). Large drusen and increased total 

drusen area are primarily associated with increased risk of progression to 

advanced stages of the disease (Wang et al. 2003). Advanced AMD is

characterized by either complete loss of the supporting RPE layer in the macular 

region (geographic atrophy) or abnormal growth of choroidal blood vessels 

(“wet” AMD; see below). Pigmentary changes in the macular RPE layer (both 
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hypo- and hyperpigmentation) can also be encountered within the spectrum of 

clinical characteristics of dry AMD. Based on total drusen area and the 

presence/absence of pigmentary anomalies, the Age-Related Eye Disease Study 

(AREDS) has developed a nine-step severity scale to define risk categories for 

development of advanced AMD (Davis et al. 2005).

Figure 1.2: Drusen in dry age-related macular degeneration. A) Illustration of 

soft drusen located between the RPE and the choiroid. Adapted from 

amdalliance.org; B) Representative fundus image from a patient characterized by 

large drusen and pigmentary changes (courtesy of Dimopoulos IS).

A. B.
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Figure 1.3: Hyperpigmentation in age-related macular degeneration. Adapted 

from retinagallery.com

The “wet” or neovascular form of AMD is considered an advanced form 

of the disease. Although constituting 10 percent of all AMD cases, advanced dry 

AMD (geographic atrophy) and neovascular AMD are responsible for 90 percent 

of vision loss attributed to AMD (Ferris et al. 1984). The designation of “wet” or 

neovascular AMD implies the abnormal presence of fluid in the intraretinal or 

subretinal space that is produced by a newly formed neovascular tissue. The 

process is commonly referred to as choroidal neovascularization (CNV) because 

the neovascular tissue originates from the choroidal vasculature. Abnormal 

angiogenesis is driven in a molecular level by vascular endothelial growth factor

(VEGF). Uncontrolled VEGF expression results in the growth of immature new 

blood vessels that are tortuous and lack pericytes resulting in fragility and 
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propensity to exudation (Qazi et al. 2009). If left untreated, CNV can lead to 

formation of a disciform scar, a fibrotic scar that causes severe and irreversible 

central vision loss. 

Figure 1.4: Abnormal blood vessel growth in neovascular age-related 

macular degeneration (AMD). Adapted from scienceofamd.org
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Figure 1.5: Disciform scar secondary to age-related macular degeneration.

Adapted from eyepathologist.com

1.2) Genetics in Age-related Macular Degeneration (AMD)

Age-related macular degeneration (AMD) is nowadays recognized as a 

heterogeneous, multifactorial disease, resulting from the interplay of genetic 

components and environmental factors. Significant progress has been made in the 

past decade in identifying genetic susceptibility loci for AMD. These gene 

variants hold promise in developing risk prediction models with high accuracy

that can be used effectively in the clinical setting. Risk models are focused on 

predicting disease development, progression and response to treatment, paving the 
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way towards personalized medicine in AMD. Genetic linkage studies suggested 

disease susceptibility loci on chromosomes 1q25-31 and 10q26 (Majewski et al. 

2003; Fisher et al. 2005), followed by genome-wide association studies (GWAS),

which identified a robust panel of gene variants contributing to the disease.

1.2A) The Complement cascade genes 

A series of reports in 2005, including the first successful genome-wide 

association study (GWAS), found a significant association between AMD and 

certain polymorphisms in the complement factor H (CFH) gene, which encodes 

an important regulator of the alternative pathway of the complement system.

Risk-conferring and protective CFH haplotypes have been described (Hageman et 

al., 2005; Klein et al., 2005; Edwards et al. 2005; Haines et al. 2005). Risk-

haplotypes in CFH can increase the lifelong risk of developing the disease up to 

5-fold (Sofat et al. 2012). Gene alleles in other components or regulators of the 

alternative complement pathway have been shown to significantly modify AMD 

risk. These include variants in the complement component 2 (C2) (Gold et al. 

2006), complement component 3 (C3) (Yates et al. 2007), complement factor B 

(CFB) (Gold et al. 2006), and complement factor I (CFI) (Fagerness et al. 2009). 

All these gene variants implicate immunity as a major risk factor in developing 

AMD.

1.2B) The ARMS2/HTRA1 locus and other Susceptibility Genes

A region on chromosome 10q26 (ARMS2: age-related maculopathy 
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susceptibility 2) that does not appear to have an obvious role in immunity has also 

been strongly associated with AMD development. Its effect size is similar to or 

greater than that seen with CFH (Jakobsdottir et al. 2005; Dewan et al. 2006; 

Yang et al. 2006). The risk-conferring haplotype encompasses two genes: 1) 

ARMS2 (the previously hypothetical LOC387715), which codes for a primate-

specific transcript with hypothetical mitochondrial function; and 2) HTRA1,

which codes for a multi-functional serine protease. The identity of the gene that 

confers the higher risk is still controversial. The ARMS2 A69S SNP (rs10490924)

leads to a non-synonymous substitution of alanine to serine at position 69 of the 

hypothetical mitochondrial protein. On the other hand, the SNP rs11200638 at the 

promoter region of HTRA1 may confer high risk for AMD development through 

elevated levels of mRNA and HTRA1 protein levels in human retina (Yang et al.

2006). Variants in the ARMS2 have also been suggested to modulate the promoter 

activity of HTRA1. It is thus likely that both alleles contribute to increased AMD 

risk. Associations with a number of additional genes – including the ABCA4,

FIBLN6, TLR3 and SERPING1 genes have been suggested (Allikmets et al. 1997; 

Schultz et al. 2003; Cho et al. 2009; Ennis et al. 2008), but in most cases these 

have not been verified/replicated in subsequent studies. Most recently, genes in 

the high-density lipoprotein (HDL) pathway were discovered to be associated 

with AMD. These include the hepatic lipase C gene (LIPC) (Yu et al. 2011) and 

the cholesteryl ester transfer protein gene (CETP) (Liu et al. 2014). The tissue 

inhibitor of metalloproteinase 3 (TIMP3) gene, which is related to Sorsby's fundus 

dystrophy (a juvenile-onset form of macular degeneration), has been shown to 
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raise susceptibility to AMD (Kaur et al. 2010). In the angiogenesis pathway, 

certain variants of the vascular endothelial growth factor A gene (VEGFA) have 

been strongly associated with the neovascular form of the disease (Huang et al. 

2013).

A recent AMD Gene Consortium in 2013 executed a collaborative 

genome-wide association study, including >17,000 advanced AMD cases and 

>60,000 controls of European and Asian ancestry (Fritsche et al. 2013). Advanced 

AMD cases consisted of both geographic atrophy (GA) and choroidal 

neovascularization (CNV). In addition to twelve previously associated loci, seven 

new loci reached genome-wide significance for the first time. Implicated genes so 

far can be clustered into four different biological pathways: a) inflammation and 

complement system regulation; b) lipid metabolism; c) oxidative stress and 

extracellular matrix remodeling; and d) angiogenesis. A summary of the 19 

associated SNPs is provided in table 1. These 19 loci represent up to 65% of the 

total genetic contribution to AMD (Fritsche et al., 2013).
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Table 1.1: Summary of loci reaching genome-wide significance. Modified 

from Fritsche et al. (2013).

1.3) Genotype-phenotype associations in AMD

Genotype-phenotype association studies seek to refine the association 
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between variants in key AMD susceptibility genes (predominantly CFH and 

ARMS2/HTRA1) and various parameters of the AMD phenotype. Although not 

establishing causality, these studies identify gene variants highly likely to 

predispose to more advanced stages of AMD and to be associated with phenotypic 

indicators of severe disease, such as age at presentation, bilateral disease

manifestation, lower visual acuity and rapid progression of disease. Indeed, 

homozygous patients for high-risk alleles at both CFH and ARMS2 have been

associated with a younger age of presentation (Andreoli et al. 2009; Shuler et al.

2008; Leveziel et al. 2010) Chen et al. (2008) reported that the high-risk allele for 

rs11200638 (HTRA1) was more frequently associated with bilateral than unilateral 

advanced AMD (GA or CNV). In the Blue Mountains Eye Study, a large 

Australian population-based cohort study of AMD incidence, patients

homozygous for the CFH Y402H high-risk allele were significantly more likely to 

manifest bilateral than unilateral soft drusen (Pai et al. 2009). Leveziel et al. 

(2008) prospectively evaluated patients homozygous for the low- or high-risk 

alleles for the CFH Y402H and ARMS2 A69S variants. Homozygosity for high-

risk alleles at both loci was associated with a higher incidence of bilateral CNV 

and disciform scarring as well as lower visual acuity than those homozygous for

low-risk alleles at both loci. Seddon et al. (2007) studied a subset of the Age-

Related Eye Disease Study (AREDS) cohort followed longitudinally for 

progression from early or intermediate AMD to advanced AMD and found that 

the CFH Y402H and ARMS2 A69S high-risk alleles were each independently 

associated with such progression. Francis et al. (2007) studied various CFH 
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polymorphisms and haplotypes in three independent populations with AMD. The 

authors reported a progressively higher frequency of the CFH Y402H high-risk 

allele with increasing grade of AMD. Eyes characterized as having intermediate 

AMD (large drusen and/or multiple medium-size drusen) showed a significantly 

higher frequency of the high-risk allele than those with early AMD (small and/or

a few medium-size drusen). Eyes with advanced AMD (GA or CNV) exhibited a 

significantly higher frequency of the high-risk allele than those with intermediate 

AMD. All the above studies suggest an association between CFH Y402H and 

ARMS2 A69S with phenotype severity and AMD progression rate.

1.4) The Electroretinogram (ERG): its role in describing distinct clinical 

phenotypes

The ability to describe genotype-phenotype associations depends on

having reliable markers of disease. The markers that have been typically used in 

the association and linkage studies of AMD are the size and extent of drusen, for 

the early form of the disease, and occurrence of choroidal neovascularization or 

central geographic atrophy for the late stage of the disease. An objective marker 

that is derived from genetically controlled physiologic processes would greatly 

assist not only in establishment of genotype-phenotype associations, but also in 

the discovery of the remaining 35% genetic contribution to AMD. The 

electroretinogram (ERG) represents a good example of such an objective marker. 
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1.4A) Electroretinogram (ERG)

The full-field electroretinogram (ERG) is a mass electrical response of the 

retina to brief flashes of light. The flash elicits an ERG waveform recorded at the 

cornea level via conducting electrodes. Recording electrodes consist of Dawson-

Trick-Litzkow type (DTL) fiber electrodes with references electrodes placed on 

the lateral edge of the orbital bone. The ground electrode (gold surface electrode) 

is usually centered on the forehead, one inch above the upper eyebrow line. The 

acquired waveform displays two distinct components: the negative a-wave 

followed by the positive b-wave. The a-wave represents hyperpolarizing 

photoreceptors activity and the b-wave is thought to reflect ON-bipolar cell 

depolarization and Muller cell activity (Miller and Dowling, 1970). A-wave 

amplitudes are measured from baseline to the trough of the negative a-wave peak,

whereas b-waves from the a-wave trough to the following peak of the b-wave.

The time from flash onset to the through of the a-wave and to the b-wave peak are 

referred to as the a-wave implicit time and b-wave implicit time, respectively. 
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Figure 1.6: Amplitude and implicit time measurements of the ERG 

waveform. A-wave (left); b-wave (right). Adapted from webvision.med.utah.edu

Several ERG protocols can be employed to dissect cone and rod pathways.

Background illumination can be used to desensitize rod cells and record cone-

driven responses. Rod-driven responses can be elicited following a period of dark 

adaptation (20min) to sensitize rods. Dim flashes of light are then used that are 

sub-threshold to the cones. At higher flash strengths, mixed responses (both cone 

and rod contribution) can be recorded from the dark-adapted retina. By

controlling variables such as background illumination, flash intensity and 

wavelength, it is possible not only to isolate rod- from cone-driven responses but 

to distinguish pre- from post-synaptic contribution as well. Thus, the ERG is an 

invaluable tool for detecting changes in distinct physiologic pathways of the 

retinal visual system.
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1.4B) The Oscillatory Potential Component (OPs)

Another distinct component of the human ERG is the oscillatory potential 

(OP) response. OPs are small rhythmic wavelets seen on the ascending limb of the 

b-wave under both dark- and light-adapted conditions. They are most easily 

recorded is mesopic (dim) adaptational conditions when the retina is stimulated 

with short-duration, high-intensity flashes that bleach a negligible amount of 

photopigment (Wachtmeister 1998). Although their exact origin remains 

unspecified up to this point, findings favor the conclusion that they reflect 

neuronal synaptic activity in inhibitory feedback pathways initiated by 

interplexiform cells and/or amacrine cells in the inner retina (Wachtmeister and 

Dowling, 1978). Affected parameters of the oscillatory response have been linked 

to underlying inner retina dysfunction (Wachtmeister 1998), especially loss of 

integrity in the retinal microcirculation (Brown 1968).

Figure 1.7: The Oscillatory potentials (OPs) of the ERG waveform. Adapted 

from webvision.med.utah.edu
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There are various human retinal disorders that show attenuated OP 

responses as a characteristic ERG feature: diabetic retinopathy (Kizawa et al.

2006; Bresnick and Palta 1987; van der Torren and Mulder 1993; Li et al. 1992),

retinopathy of prematurity (Akula et al. 2007), central retinal vein occlusion (Yu 

et al. 1998; Huang et al. 2001) and primary open-angle glaucoma (Halopigian et 

al. 2000). Furthermore, a number of drugs given in high doses or for long periods 

of time can cause retinal toxicity and affect OPs and other components of the 

ERG. Vigabatrin, a pediatric seizure medication, is a classic example of a drug 

that can lead to dramatic changes in oscillatory potentials through impacting 

GABAergic amacrine cells in the inner plexiform layer (Westallet al. 2003).

Treatment of neovascular AMD with prolonged VEGF blockade has 

raised concerns about potential retinal toxicity. Several lines of evidence indicate

an important role for endogenous VEGF in the maintenance and function of adult 

retina neuronal cells, such as the photoreceptors and the Müller cells (Saint-

Geniez et al. 2008). Chronic inhibition of VEGF-A function in normal adult 

animals has been shown to lead to a significant loss of retinal ganglion cells

(Nishijima et al. 2007). In addition, changes in retinal nerve fiber layer thickness 

have been reported in treated eyes of patients with unilateral neovascular AMD

(Martinez-de-la-Casa et al. 2012). Whether prolonged VEGF blockade definitely 

affects inner retina function remains to be elucidated.
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1.4C) The Electroretinogram (ERG) in AMD

Historically, due to the regional macular dysfunction typifying AMD, the 

full-field ERG has not been used in the study of AMD progression. Since the 

macula represents only 5% of the whole retinal surface area, dysfunctions 

confined to this region do not result in impaired full field ERG responses (Van 

Lith GHM 1976). The multifocal ERG has been developed specifically to assess 

regional function, such as from the macula, but it is limited to cone-driven 

responses. Past full field ERG studies have shown conflicting findings in AMD, 

most likely reflecting the complex nature of the disease. These findings include a 

global reduction in retinal function (Walter et al. 1999) and a generalized cone 

dysfunction in subgroups of AMD patients (Ronan et al. 2006). The authors of 

these studies suggested that “using standardized full field ERG to identify a more 

homogeneous subgroup of AMD patients with panretinal dysfunction will aid in 

better characterizing subtypes clinically and is likely to be valuable in identifying 

new genes contributing to AMD”. (Ronan et al. 2006)

1.5) Aim of Thesis I

The first aim of the current thesis is to use extensive electrophysiological 

testing (ERG) to identify distinct AMD phenotypes. The focus will extend beyond 

standard clinical protocols, including assessment of OPs, dark adaptation 

dynamics and phototransduction kinetics. 
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1.6) Anti-VEGF therapeutics in neovascular (wet) AMD

Responsiveness to treatment is an alternative classification method for

AMD patients. Over the past decade, vascular endothelial growth factor (VEGF)-

targeting therapies have become the mainstay of treatment for neovascular (wet) 

AMD. The VEGF-A gene consists of eight exons on chromosome 6p21. Alternate

gene splicing can generate 6 isoforms: VEGF121, VEGF 145, VEGF165, VEGF183,

VEGF189 and VEGF206. VEGF 165 is the predominant pathologic isoform. The 

VEGF-A protein product is a dimeric glycoprotein that interacts with two tyrosine 

kinase receptors, VEGFR-1 (FLT-1) and VEGFR-2 (KDR) located primarily on 

endothelial cells (Kovach et al. 2012; Ferrara N. 2004). Pegaptanib (Macugen; 

Eyetech, Palm Beach Gardens, FL) was the first anti-VEGF therapy approved by 

FDA for the treatment of neovascular AMD in 2004. It is a pegylated aptamer that

selectively binds to one VEGF isoform, VEGF165. As an aptamer (nucleic acid–

based molecule) it is less immunogenic than any other protein-based binding 

molecule. Its shorter half-life and rapid elimination are the main disadvantages

compared to antibodies or Fab fragments. Bevacizumab (Avastin; 

Genentech/Roche, South San Francisco) is a full-length, humanized, monoclonal 

IgG antibody with two VEGF-A binding sites that inhibits all identified VEGF 

isoforms. In 2004, FDA approved bevacizumab for the treatment of metastatic 

colon cancer (Ferrara N. 2004). The first reported case of intravitreal 

administration of bevacizumab occurred in 2005 and led to complete resolution of 

subretinal fluid after a single injection (1mg) (Rosenfeld et al. 2005). Since then 
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there has been widespread adoption of this off-label therapy for neovascular 

AMD. Another protein-based binding molecule was approved in 2006 for 

treatment of neovascular AMD. Ranibizumab (Lucentis; Genentech/Roche, South 

San Francisco) is a recombinant humanized monoclonal antibody fragment (Fab) 

that binds to and inhibits all identified VEGF isoforms. It was genetically 

engineered to have 100 times the binding affinity of bevacizumab. Due to the 

absence of the Fc segment, ranibizumab exhibits: 1) shorter systemic half-life 

than bevacizumab, even though both agents are identified in systemic circulation 

after intravitreal administration (Gaudreault et al. 2005); and 2) better retinal 

penetration (Ferrara et al. 2006).

The efficacy and safety of ranibizumab for patients with different 

choroidal neovascular membrane lesion types has been demonstrated in pivotal 

phase III trials, MARINA (Rosenfeld et al. 2006) and ANCHOR (Brown et al. 

2006).
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Figure 1.8: The anti-VEGF agents Ranibizumab (Lucentis) and Bevacizumab

(Avastin). Ranibizumab is a recombinant humanized monoclonal antibody 

fragment, whereas bevacizumab a recombinant humanized IgG antibody. Adapted 

from Kovach et al. (2013).

In 2011, FDA approved an additional anti-VEGF agent for the treatment 

of neovascular macular degeneration. Afibercept VEGF Trap-Eye (EYLEA; 

Regeneron, Tarrytown, NY, USA) is a soluble fusion protein that inhibits the 

activity of the VEGF-A and VEGF-B molecules as well as the placental growth 

factor (PlGF). It is a soluble fusion protein consisting of key receptor domains of 

VEGFR-1 and VEGFR-2 fused to a constant Fc region of IgG1. VEGF-Trap has 

stronger affinity to circulating VEGF than either anti-VEGF monoclonal 

antibodies and that translates into smaller effective doses and potentially a more 

prolonged biologic effect. VEGF-Trap binds on top of VEGF to the placental 

growth factor (PlGF). PlGF is found in human neovascular membranes and is 
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upregulated in experimental mouse models of CNV (Rakic et al. 2003). Efficacy

and safety outcomes with afibercept 2mg every 8 weeks have been shown to be 

comparable to ranibizumab 0.5mg every 4 weeks in two similarly designed, 

phase-3 studies (VIEW1, VIEW 2) (Heier et al. 2012).

Although many anti-VEGF options exist, no single study reports universal 

response to anti-VEGF therapies. Research efforts have lately sought to determine 

whether this response can be genetically determined.

1.7) Genetic markers for AMD treatment outcomes

Pharmacogenetics constitutes an evolving research discipline in 

ophthalmology. The earliest ophthalmic pharmacogenetic reports involved the 

treatment of open-angle glaucoma (Schwartz et al. 2005; Sakurai et al. 2007). The 

discipline seeks to explain inter-patient variability in response to medications by

investigating genotype-phenotype interplay. There is now a growing body of data 

concerning various treatments for age-related macular degeneration (AMD).

Pharmacogenetics enable physicians to prescribe individualized treatments based 

on the patient’s genetic background. Identification of protective genetic factors

may assist their clinical judgment on overall prognosis. Variations in the 

treatment aspects of efficacy and toxicity would allow clinicians to move from the 

current “trial-and-error” treatment approach to personalized medicine based on 

predicted drug responses. Drug usage in individuals who are susceptible to 

genotyped-based adverse reactions may be through this way avoided. Protective 
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haplotypes may also be found which may be efficacious during treatment of the 

choroidal neovascularization stage. Given the large number of people who are 

currently at risk to develop CNV and so will require anti-VEGF treatment in the 

future, understanding of the potential pharmacogenetic relationship is needed to 

best guide the use and maximize the benefits of these expensive and highly 

effective interventions.

1.7.A) Pharmacogenetics of AREDS vitamins

Klein et al (2008) investigated potential differences in responsiveness to 

AREDS vitamins supplementation by doing a retrospective analysis on the data 

acquired through the large scale Age-Related Eye Disease Study (AREDS) 

cohort. The authors reported that patients with the “low-risk TT genotype” in 

CFH Y402H showed greater reduction (68%) in AMD progression compared with 

those with the “high-risk CC genotype” (11%) from antioxidant and zinc 

treatment (Klein et al. 2008). No significant associations with AMD progression

were seen for the ARMS2 A69S variant. Their results are an important beginning 

for the application of pharmacogenetics for personalized medicine for ocular 

diseases. 

As Klein and colleagues acknowledge, an alternative explanation for their 

findings is that “the high-risk CC genotype and treatment assignment may reflect 

disease progression rather than a treatment effect from antioxidants plus zinc”

(Klein et al. 2008). This alternative explanation is supported by a similar 
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observation that patients with the CFH CC genotype did not respond favorably to

intravitreal bevacizumab compared with those patients with the CFH TC and TT 

genotypes. [See next chapter]. The CFH CC genotype appears to provide 

prognostic information about disease progression that is not substantially 

impacted by the currently available treatments.

1.7.B) Pharmacogenetics of Anti-VEGF agents

Some early studies reported that an individual’s genetic variation might 

affect response to bevacizumab and ranibizumab for neovascular AMD. 

Homozygosity for the high risk Y402H polymorphism in the CFH gene (CC

genotype) was associated with greater visual acuity loss following treatment with 

intravitreal bevacizumab (Brantley et al. 2007). This finding was confirmed in a 

prospective study with twice the number of subjects, where the risk CC genotype 

was associated with worse visual outcomes (Nischler et al. 2011). In studies with 

ranibizumab, the TC and TT genotype required fewer injections over a 9-month 

period. Patients with the CC genotype were 37% more likely to require additional 

intravitreal injections (Lee et al. 2009). A recent meta-analysis by Chen et al. 

(2012) showed that the rs1061170 polymorphism in the CFH gene was a strong 

predictor of anti-VEGF treatment response of neovascular AMD. Two of the 

largest pharmacogenetic studies so far though failed to support these initial 

associations. A cohort of patients participating in the Comparison of AMD

Treatments Trial (CATT) was genotyped for high-risk gene variants in the CFH,
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ARMS2/HTRA1 and C3 genes. No association was found between clinical 

measures of responsiveness to anti-VEGF agents (bevacizumab or ranibizumab) 

and genotype (Hagstrom et al. 2013). Similarly, the IVAN study (trial of 

alternative treatments to Inhibit VEGF in Age-related choroidal 

Neovascularization) showed a lack of genetic association with response to VEGF 

inhibition therapy (Lotery et al. 2013).

For ARMS2/HTRA1 and VEGF, pharmacogenetic reports have provided 

inconsistent results to draw firm conclusions. A series of studies found no

association between high-risk polymorphisms in ARMS2/HTRA1 and treatment 

response with anti-VEGF therapies (Brantley et al. 2007; Kloeckener-Gruissem et

al. 2011; McKibbin et al. 2012; Orlin et al. 2012). On the other hand, two studies

associated homozygosity for the TT risk allele at ARMS2 rs10490924 with worse 

visual outcomes after ranibizumab (Teper et al. 2010) or bevacizumab treatment 

(Tian et al. 2012). In addition, Abedi et al. (2013) suggested that the HTRA1 

promoter SNP (rs11200638) might influence treatment response, a finding not 

replicated by other groups (McKibbin et al. 2012; Kloeckener-Gruissem et al.

2011; Imai et al., 2010). Polymorphisms in the VEGF genes and their receptors 

(VEGFR) have also been investigated as candidate predictors of anti-VEGF

treatment response. A trend towards better visual outcomes after ranibizumab

therapy has been observed for patients carrying the risk genotype (CC) at 

rs1413711 of VEGF (McKibbin et al. 2012). A higher frequency of the T risk 

allele for the VEGFA-rs943080 polymorphism has also been associated with poor 

response to anti-VEGF therapy (Zhao et al. 2013). The rs943080 TT genotype has 
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also been associated with higher VEGFA expression in human lymphocytes cells

compared to the CC genotype. Other studies failed to show any significant 

correlation between VEGF polymorphisms and treatment response (Boltz et al. 

2012; Kloeckener-Gruissem et al. 2011). In the case of VEGF receptors, a

polymorphism in the VEGFR2/KDR gene was recently found to significantly 

influence visual outcome in 366 patients receiving ranibizumab treatment 

(Hermann et al. 2013).

Another approach taken by various groups is to examine the cumulative 

effect of risk alleles at different loci to create models involving multiple genes. 

Kloeckener-Gruissem et al. (2011) genotyped 309 patients receiving ranibizumab 

treatment for neovascular AMD for high-risk SNPs in eight genes: CFH (Y402H; 

rs1061170), ARMS2 (A69S; rs10490924), VEGF (rs699947, rs833069), 

VEGFR2/KDR (rs2071559, rs7671745), LPR5 (rs3736228) and FZD4

(rs10898563) (FZD4: frizzled-4; involved in retinal vascular development). 

Pairwise analysis revealed that patients with a combinational genotype of AG at

CFH together with CT at FZD4 had significantly higher chance of better visual 

outcomes. In a similar study, Smailhodzic et al. (2012) studied 420 eyes receiving

ranibizumab treatment and determined the number of risk alleles each patient 

carried in CFH, ARMS2 and VEGF. Those patients without the high-risk alleles 

in CFH and ARMS2 gained ten letters in visual acuity tests compared to zero 

letters for those carrying all four risk alleles. By adding VEGF into the model, the 

authors found that patients with all six-risk alleles in CFH, ARMS2 and VEGF lost

on average ten letters, suggesting a cumulative effect of the risk alleles with a 
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poorer response rate to treatment. This multi-SNP approach seems to yield 

statistically superior results compared to any single SNP analysis done up to this 

point. AMD is a genetically complex disease and it seems highly likely that 

predicting treatment response will be genetically complex as well.

1.8) Aim of Thesis II

The second aim of this thesis is to combine genetic information from

multiple disease susceptibility loci to better explain differential response to anti-

VEGF therapy in neovascular AMD.
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Chapter 2. ELECTROPHYSIOLOGICAL ABNORMALITIES IN AGE-
RELATED MACULAR DEGENERATION1

INTRODUCTION 

AMD is the leading cause of blindness in the elderly of the Western world 

(Friedman et al. 2004). Since the prevalence of AMD is expected to increase from 

1.75 million individuals to 2.95 million individuals by 2020 (Thylefors B. 

1998), it is essential to delineate the pathophysiological events that take place 

prior to vision loss in AMD. Early-stage AMD is characterized by changes in the 

Bruch's membrane, choriocapillaris and RPE that gradually impair photoreceptor 

viability. Late-stage AMD, on the other hand, is characterized by complete loss of 

the supporting RPE layer (geographic atrophy, most advanced form of dry AMD) 

in the macular region and/or abnormal growth of choroidal blood vessels 

(neovascular AMD, also called wet AMD). Although representing only 10% of all 

AMD cases, these advanced forms are responsible for 90% of the vision loss 

attributed to AMD (Ferris et al. 1984).

The risk factors involved in progression to advanced AMD include age, 

smoking history, and diet (more specifically antioxidant and omega-3 fatty acid 

intake) (Meleth et al. 2009). In addition, several genetic determinants have been 

1 A version of this chapter has been published:
Dimopoulos IS, Tennant M, Johnson A, Fisher S, Freund PR, Sauvé Y. Subjects 
with unilateral neovascular AMD have bilateral delays in rod-mediated 
phototransduction activation kinetics and in dark adaptation recovery. Invest 
Ophthalmol Vis Sci. 2013 Aug 5;54(8):5186-95.
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identified (Gorin MB 2012). These include polymorphisms in genes involved in 

regulation of complement activity, lipid metabolism, extracellular matrix 

remodeling, and angiogenesis (Fritsche et al. 2013).

The role of the alternate complement pathway appears crucial to disease 

pathogenesis and progression (Farwick et al. 2009). Activated complement 

components have been reported to correlate with disease stage in both the vitreous 

and the serum of patients with AMD (Loyet et al. 2012; Scholl et al. 2008). 

Together with previous evidence from psychophysical tests (Steinmetz et al. 

1993; Jackson et al. 2002; Polyak SL 1941), these findings suggest that AMD

may be a systemic disease manifesting locally in the aging macula (Loyet et al. 

2012). We can, therefore, hypothesize that the pathological and functional 

alterations could extend beyond the macula, and involve the whole retina.

Numerous studies have relied on full-field ERG as a mean to assess 

functional changes across the whole retina. The ERG represents a mass response 

from the neural retina elicited by flashes of various intensities and wavelengths, 

under specific light adaptation levels. By controlling these variables, it is possible 

to isolate rod- from cone-driven contribution, as well as to distinguish pre- from 

postsynaptic activity of the mass potential response. Historically, due to the 

regional macular dysfunction typifying AMD, full-field ERG has not been used in 

the study of AMD progression. Since the macula represents only 5% of the whole 

retinal surface area, dysfunction confined to this region does not result in impaired 

full-field ERG response (Van Lith GHM 1976). The multifocal ERG has been 

developed specifically to assess regional function, such as from the macula, but it 
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is limited to cone-driven responses. Past full-field ERG studies have shown 

conflicting findings in AMD, most likely reflecting the complex nature of the 

disease. These findings include a global reduction in retinal function (Walter et al. 

1999) and a generalized cone dysfunction in subgroups of AMD patients (Ronan 

et al. 2006). An increasing number of studies point to an early-onset rod 

dysfunction that precedes cone dysfunction in AMD (Steinmetz et al. 1993; 

Jackson et al. 2002; Jackson and Owsley 2000). Jackson et al. (2004) extensively 

studied the phototransduction activation and deactivation kinetics of rods as a 

function of AMD progression. Although neither the activation and deactivation 

kinetics were affected in dry AMD (Jackson et al. 2004, 2006) the wet form was 

characterized by a dramatic delay of rod inactivation kinetics.

The purpose of our study was to investigate panretinal rod and cone 

function in both eyes of individuals with already established neovascular AMD in 

a single eye. The rationale for choosing this population was that wet AMD in one 

eye represents the most reliable risk factor for the fellow eye (dry AMD) to 

progress to the neovascular form (Barbazetto et al. 2010). We predicted that ERG 

recordings from these high-risk individuals would reveal dysfunctions involving 

the whole retina in both eyes, therefore challenging the widely accepted notion of 

a disease confined to the macula.

MATERIAL AND METHODS
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This study received ethics approval from the Health Research Ethics Board 

(Biomedical Panel) of the University of Alberta. All procedures conformed to the 

Code of Ethics of the World Medical Association (Declaration of Helsinki). ERG 

recordings were done with the understanding and written consent of each subject 

after detailed explanation of the nature and possible consequences of the study. 

All data were analyzed in an aggregated fashion.

Patients

Patients from the Alberta Retina Clinic (ARC) were invited to participate in this 

study. Twenty-five subjects (mean age: 73.6, SD: 8.9) with unilateral neovascular 

macular degeneration (Age-Related Eye Disease Study [AREDS] severity scale:

11b (Davis et al. 2005); definite end-stage disease) were recruited in the study. 

Absence of wet AMD in the fellow eye was confirmed by OCT. All subjects were 

undergoing treatment in their neovascular eye with intravitreal injections of anti-

VEGF agents. The number of injections did not differ among subjects (mean: 11 

monthly injections). Subjects with cataracts or previous ocular surgery (with the 

exception of cataract surgery) were excluded. Other exclusion criteria included 

diagnosis of diabetic retinopathy, glaucoma, ocular hypertension or optic 

neuropathy, and any history of medication known to be toxic to the retina or optic 

nerve (deferoxamine, chloroquine, tamoxifen, chlorpromazine, phenothiazines, 

chronic systemic steroid use of more than 10 mg per day, and ethambutol). Eleven 

of the AMD subjects had undergone bilateral cataract surgery with intraocular 

lens placement. Data from a group of 18 age-matched (69 ± 5) controls were used 
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for comparison. Twelve additional pseudophakic control subjects (71 ± 4) were 

used for the dark-adaptation analysis. Control subjects had best-corrected visual 

acuity 20/20 or better, with no current or past ocular history and their fundus 

appearance was free of drusen or pigmentary anomalies (AREDS scale: step 1).

Fellow eye dry AMD severity grading

Modified three-field 30° stereoscopic color fundus photographs were acquired 

after dilation using a Visucam NM Pro (Visucam, Zeiss, Germany) fundus 

camera. Non-neovascular fellow eyes were evaluated for dry AMD severity based 

on the 9-step AREDS severity scale (Davis et al. 2005) which combines a six-step 

drusen area scale with a five-step pigmentary abnormality scale. All grading was 

performed by an independent former Wisconsin Reading Center grader (JA),

masked to patient characteristics and ERG recording. For grouping and 

comparison purposes, eyes with AREDS scale scores of 1 to 3 were characterized 

as early AMD (AMD1), 4 to 6 as intermediate (AMD2), and 7 to 9 as advanced 

(AMD3). Subjects in AMD3 group had extensive areas of decreased pigment up 

to 0.5 DA (disc area) and/or noncentral geographic atrophy. Representative 

examples for each group are provided in Figure 2.1
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Figure 2.1: Representative dry AMD fundus photographs. Images from the 

fellow eyes of patients with unilateral neovascular AMD. Top row: Eyes 

classified as AMD1 had several hard drusen or a few intermediate size drusen. 

Middle row: Eyes classified as AMD2 had large, soft drusen or several 

intermediate size drusen with increased pigmentation. Bottom row: Eyes 

classified as AMD3 had large drusen with extensive areas of depigmentation up to 

0.5DA. Noncentral geographic atrophy was included in this category.
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ERG recordings

The subjects underwent bilateral full-field ERG recordings (Espion E2system; 

Diagnosys LLC, Lowell, MA) in accordance with International Society for 

Clinical Electrophysiology of Vision (ISCEV) standard protocols (Marmor et al. 

2009) and supplemented by custom-made analytical protocols described below. 

Pupils were dilated using two drops of 1% Tropicamide applied on the corneal 

surface of each eye. Testing lasted 1.5 hours and began after full mydriasis was 

achieved (>6.5 mm pupil diameter); full mydriatic effect of the eye drops was 

confirmed in all subjects after the end of the testing period. Recording electrodes 

consisted of Dawson-Trick-Litzkow type (DTL) fiber electrodes with references 

electrodes (gold surface electrode, F-E5GH-60; Grass Technologies, West 

Warwick, RI) placed on the lateral edge of the orbital bone. The ground electrode 

(gold surface electrode) was centered on the forehead, 1 inch above the upper 

eyebrow line. All stimuli consisted of white flashes generated by a xenon bulb 

(6500°K color temperature, 10 μs duration) unless specifically noted. Calibration 

of light levels was achieved using an IL1700 photometer (International Light 

Technologies, Inc., Peabody, MA) equipped with either a photopic or scotopic

filter (McCullough et al. 2010).

Amplitudes and implicit times of the a- and b-waves were measured by strictly 

adhering to the standards provided by the ISCEV (Marmor et al. 2009). B/A wave 

ratios were examined only when both a- and b-waves exceeded criterion response 

(10 μV). Criterion amplitudes were set at 10 μV, a magnitude below which the 

signal could not be clearly distinguished from background noise. For all traces 
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obtained, both a- and b-waves were clearly distinguishable when exceeding 10 μV 

in amplitude; both their amplitude and implicit times could be measured 

accurately.

Photopic ERG

Pure cone-driven responses were studied under photopic conditions (30 cd/m2,

measured at the corneal surface), by presenting single white flashes (as described 

above) with increasing time-integrated luminances along 11 stepwise increments: 

−1.63, −1.22, −0.81, −0.42, −0.02, 0.38, 0.88, 1.37, 1.89, 2.39, and 2.86 photopic 

log cd s/m2 (logarithm of candela seconds/meters square). Time interval between 

each step was 10 seconds and each stimulus was presented two to six times at 5-

second intervals (six times for steps 1–8, two times for steps 9–11). Responses to 

flashes of a given strength were averaged at each step. Amplitudes and implicit 

times of the a- and b-waves were measured as described above.

Dark-adaptation

Subjects were dark adapted for 20 minutes after conclusion of the photopic ERG 

recordings. Bleaching conditions were identical in all study subjects as previously 

published (Freund et al. 2011) and consisted of a 10-minute exposure to 30 

cd/m2 background in addition to the last six sets of bright flashes (steps 9–11) of 

an average of 2.38 photopic log cd s/m2 each. Consistency of this bleaching 

regimen among groups was confirmed by the observation that normalized pure 

rod b-wave amplitudes recorded at time zero (just after transition from light to 
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dark-adapted background) were 5% to 10% of the fully dark-adapted values. To 

study the process of dark adaptation, the amplitude of the pure rod b-wave was 

assessed every 120 seconds (starting at t = 0 minutes, 11 steps in total) using the 

standard ISCEV dim flash of −2.04 log cd s/m2. Each step consisted of five 

repeats with 5-second intervals between them. Responses were averaged at each 

step.

Dark-adapted ERG

Dark-adapted subjects were stimulated using 16 flashes of increasing 

strengths(−5.22, −4.70, −4.22, −3.70, −3.22, −2.82, −2.44, −2.04, −1.63, −1.22,

−0.81, −0.42, −0.02, 0.38, 0.88, and 1.37 scotopic log cd s/m2), each averaged 

three to five times. To allow for maximal rod recovery between consecutive 

flashes, interstimuli intervals were increased from 4 seconds at the lowest 

stimulus strength up to 60 seconds at the highest stimulus strength (Pepperberg et 

al. 1996).

To isolate rod photoresponses, photopic ERG responses were subtracted from the 

mixed dark-adapted responses elicited by stimuli of the same intensities; this 

exercise was applied for the responses elicited by the three highest intensity 

stimuli (0.38, 0.88, and 1.37 scotopic log cd s/m2). For each subject, these isolated 

rod responses were fitted to the following equation to describe the response (R) as 

function of flash intensity (I), and time (t), based on the Hood and Birch 

formulation (Hood and Birch 1994) of the Lamb and Pugh model (Lamb and 

Pugh 1992):
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R(I,t) = [1 − exp{−I · S ·(t − td)2}] · RmP3

where S is sensitivity, td is the delay before onset of the a-wave, and RmP3 is the 

maximum amplitude (Figure 2.2). All curve fits were performed using Igor Pro 

(Wavemetrics, Inc., Lake Oswego, OR) and satisfied a least-squares goodness-of-

fit criterion (R2) of at least 0.90. Best-fit variables S and RmP3 were calculated and 

transformed to log values for data analysis.

Figure 2.2: Fitting of rod-isolated ERG a-wave leading edge. Representative 

ERG recordings (solid curves) and best fit (dashed curves) from an age-matched 

non-AMD eye (A), dry AMD eye (B), and wet AMD eye (C) (same patient for 
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[B, C]) elicited by white flash stimuli ranging in energy from 0.93 to 3.36 log 

phot td-s; note that a tight fit was obtained independently of the stimulus intensity 

and state of the eye (non-, dry, or wet AMD).

Statistics

Statistical significance between groups was assessed using repeated-measures 

ANOVA with the Greenhouse-Geisser correction for sphericity. Post hoc analyses 

were done between the individual groups and at individual stimulus strengths or 

time points using the Bonferroni technique for multiple comparisons. Graphpad 

Prism was used for one-way ANOVA, linear regression, and correlation analyses 

(Graphpad Software, Inc., La Jolla CA). SPSS was used for the repeated-measures 

ANOVA (SPSS, Inc., Chicago, IL). Significance was set at P less than 0.05. Data 

points on graphs represent mean ± 95% confidence interval (95% CI).

RESULTS

Light-adapted responses

Figures 2.3A through 3E provide the intensity-response curves for the 

photopic a- and b-waves. There were no differences in any of the related 

parameters (amplitude, implicit time, and b/a ratio) among groups. For instance, 

in all subjects, the b-wave luminance response function followed the pattern of the 

previously described “photopic hill” (Rufiange et al. 2003): initial amplitude 

increase as a function of flash strength increments, peaking halfway along the x-

axis, followed by a nadir (this pattern was named due to its resemblance to a 
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“hill”). The peak of this “photopic hill” always occurred at the same light strength 

independently of the group.

The maximal b-wave amplitude (bmax) was recorded with a flash intensity of 7.67 

cd s/m2 photopic units. This intensity was selected as it preceded the onset of the 

photopic hill in all subjects. To test whether maximal b-wave amplitude was 

related to macular phenotype severity, a subgroup analysis was performed. Scatter 

plots of cone b-wave amplitudes in all subgroups are illustrated in Figure 2.3F.

Even though no overall group mean difference was reported (P = 0.15), 19 of 45 

eyes had values below the 2.5% percentile of our control data set. Subjects with 

AMD3 features in the fellow eye (displaying morphological features of 

nonexudative AMD and extensive areas of hypopigmentation or noncentral 

geographic atrophy) were more likely to fall into this category.
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Figure 2.3: Pure cone-driven ERG responses. Stimuli ranging in intensity from 

−0.02 to 2.86 photopic log cd s/m2. Intensity responses for a-wave amplitude (A) 

and implicit time (B) as well as for b-wave amplitude (C) and implicit time (D), 

and finally for b/a ratio (E) are provided for the three eye groups studied: controls 

(black), dry AMD (blue), and wet AMD (red). (F) Maximal b-wave amplitudes 

were calculated for each eye per group; dry AMD eyes were divided into three 

severity levels: AMD1, AMD2, and AMD3.
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Dark adaptation

During the 20-minute dark adaptation, there was a progressive increase between 

five- and six-fold in pure rod b-wave amplitude for all groups (Figure 2.4). Due to 

significant interindividual variability in fully recovered amplitudes at t = 20 

(coefficient of variation > 30%), normalized values at each time point were used 

for all subjects (Figure 2.4). Averaged data points were fitted to a sigmoid 

function of the form:

y =
base+max

1+ exp
thalf − t
t10

⎛

⎝
⎜

⎞

⎠
⎟

,

where y represents normalized b-wave amplitude; base represents normalized 

pure rod b-wave amplitude values at the beginning of the dark adaptation (t =

0); thalf represents the time to reach half the maximum normalized amplitude 

value (0.5); t represents time, and t10 represents the inverse slope as measured at 

10 minutes (at which point linearity of the sigmoid curve was optimal). This 

inverse slope has the dimensions of time. All curves met a goodness of fit (R2) of 

at least 0.95. 
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Figure 2.4: Dark adaptation curves. Raw data. To ensure optimal clarity of the 

individual data points (circles), data from both eyes of all respective AMD 

subjects were pooled (hollow black circles); the rationale for this grouping was to 

distinguish values of control eyes from those of AMD eyes. The y-axis represents 

the pure rod b-wave amplitude normalized against amplitude at 20 minutes of 

dark adaptation; x-axis represents time in minutes following transition from light 

to dark adaptation. Fitted lines (all dashed): controls (black), dry AMD (blue),

and wet AMD (red).

Best-fit parameters for thalf and rate were calculated for all groups (Figure 2.5).

Base values were identical for all three groups (0.04 ± 0.02 for non-AMD eyes, 

0.04 ± 0.02 for dry AMD eyes, and 0.04 ± 0.02 for neovascular AMD eyes). 

Therefore, the marginal rod contribution prior to beginning dark adaptation was 

not affected by AMD status. Best-fit coefficient values for thalf, the time to reach 
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half of the fully recovered pure rod b-wave amplitude (obtained at the end of the 

dark adaptation, i.e., t = 20 minutes), were significantly higher (P < 0.0001) in 

AMD eyes. These were estimated to be 9 ± 0.4 minimum for the non-AMD

group, 13 ± 0.4 for the dry AMD eyes, and 13 ± 0.3 for the wet AMD eyes. In 

addition, the slope parameter of the fitted curve (rate) was reduced compared to 

controls (P = 0.0008), implying a delay in recovery (not illustrated). The dynamic 

of recovery was equally delayed in both neovascular (wet AMD) and their fellow 

eyes (dry AMD). Inclusion of all subjects or subanalysis limited to pseudophakic 

subjects yielded similar results. As such, to eliminate potential contributions of 

various levels of lens opacification, we restricted data presentation to subjects 

with artificial lenses in both eyes (n = 12 AMD and n = 11 control subjects).



57

Figure 2.5: Dark adaptation results. Time to reach 50% recovery of pure rod b-

wave amplitude (A) and amplitude reached at 20 minutes of dark adaptation 

(B).Asterisk indicates that there was a statically significant difference for time to 

reach 50% recovery, between control and dry AMD eyes as well as between 

controls and wet AMD eyes (P < 0.05). Amplitudes of the pure rod b-wave 

recorded at 20 minutes of dark adaptation were not different among the three eye 

groups. Controls (black), dry AMD (blue), and wet AMD (red). Error bars

represent SD.
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Dark-adapted responses

Figures 2.6A through 2.6E provide the intensity-response curves for the 

dark-adapted mixed a- and b-waves. Neither a- or b-wave response curves showed 

any significant differences among the three groups with regard to amplitude 

(repeated measures ANOVA P values 0.65 and 0.31, respectively). Within the 

range of stimulus intensity tested, the mean maximal recorded mixed a-wave 

amplitude was −211 ± 45 in non-AMD eyes versus 211 ± 52 in nonneovascular 

fellow eyes and 207 ± 45 in neovascular eyes. Mean maximal b-wave values were 

329 ± 76, 319 ± 70, and 311 ± 70, respectively. There was no difference noted 

between neovascular and fellow eyes (Wilcoxon matched-pairs signed rank 

test: P = 0.20 for maximal a-wave and P = 0.38 for maximal b-wave).Implicit 

times were significantly delayed for both a- and b-waves throughout all stimulus 

intensities tested. Delays were more pronounced for a-waves (P < 0.0001). For 

more accurate determination of a-wave parameters, implicit time measurement 

was carried out at the highest available intensity (1.37 photopic log cd s/m2). Such 

high-intensity stimuli are now recommended by ISCEV in routine testing since 

they yield a larger a-wave with improved definition and lack of double trough 

(Marmor et al. 2009). Mean implicit time of the maximal mixed a-wave was 14 ± 

1 in non-AMD eyes, 16 ± 1 in dry AMD fellow eyes, and 16 ± 1 in wet AMD 

eyes (analysis of variance: F statistic 33.19, P < 0.0001).
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Figure 2.6: Mixed rod-cone–driven ERG responses. Responses elicited 

following 20 minutes of dark adaptation under a scotopic background with 16 

flashes of increasing strengths encompassing −5.22 to 1.37 scotopic log cd s/m2. 

Intensity responses for a-wave amplitude (A) and implicit time (B) as well as for 

b-wave amplitude (C) and implicit time (D), and finally for b/a ratio (E) are 

provided for the three eye groups studied: controls (black), dry AMD (blue), and 

wet AMD (red). (F) Averages (±95% confidence intervals, dashed lines) of 

normalized mixed a-waves elicited by the highest intensity stimulus (1.37 

scotopic log cd s/m2). The asterisk denotes a significant shift in implicit time 

(“shift to the right” as pointed by the arrow) between control eyes and eyes with 

either dry or wet AMD (P < 0.05). Controls (black), dry AMD (blue), and wet 

AMD (red).



60

B-wave implicit times were also significantly different among the three 

groups of eyes for all intensities tested (repeated measures ANOVA: P = 0.02). 

The mean implicit time of b-waves at their maximal amplitude was equally 

delayed in both eyes of AMD subjects when compared to non-AMD eyes (52 ± 6 

for non-AMD eyes compared to 57 ± 7 for the neovascular and 58 ± 7 for the non-

neovascular fellow eyes; analysis of variance: F statistic 8.4, P < 0.004).

To further investigate the origin of the delays in a-wave implicit times in 

AMD versus non-AMD eyes, normalization of the a-wave function was 

performed for each response elicited at the highest stimulus intensity. Such an 

approach allows controlling for interindividual differences in a-wave amplitude. 

Normalized photoresponses provide an estimate of the time course of cGMP-

channel closure (Breton et al. 1994) through the following equation:

1− a(t)
amax

⎡

⎣
⎢

⎤

⎦
⎥ = F(t)

where amax represents the maximal a-wave amplitude and F(t) represents the 

function of cGMP-activated current as a fraction of resting (dark) level. Group 

averages with 95% CIs (dashed lines) of normalized photoresponses are provided 

in Figure 2.6F. Results from fitting of the a-wave leading edge indicate that 

phototransduction activation kinetics were significantly delayed in both eyes of 

AMD subjects (to a similar extent) when compared to non-AMD eyes.
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Phototransduction activation kinetics in rods

To address whether rod-mediated activity accounts for these observed delays in 

AMD versus age-matched non-AMD eyes, parameters of activation of the rod 

photoresponse (RmP3, S, and td) were estimated using the Hood and Birch 

modification of the Lamb and Pugh model (see Methods section). Table 2.1 

summarizes all estimated rod-mediated ERG parameters. Maximum amplitude of 

the rod photoresponse (RmP3) did not differ among the three groups of eyes (P =

0.9580), whereas sensitivity (S) log values and time delay (td) showed significant 

differences. Mean logS was estimated to be 0.98 ± 0.19 in non-AMD eyes, 0.79 ± 

0.18 in neovascular eyes, and 0.78 ± 0.26 in nonneovascular eyes, yielding 

differences between AMD and non-AMD (P = 0.0039). Significance remained 

when comparison was limited to AMD subjects with intraocular lenses (P =

0.005). The time delay (td) parameter was allowed to vary in the ERG response 

model rather than kept constant. On average it was estimated to be approximately 

0.6 to 0.7 seconds higher in some AMD subjects (3.84 ± 0.53 vs. 4.47 ± 0.69) (see 

section below).

Table 2.1: Rod-mediated ERG parameters.
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Fellow eye macular phenotype and rod-mediated ERG parameters

To investigate whether maculopathy severity level in the non-neovascular fellow 

eye was related to any of the rod-mediated ERG parameters, a subgroup analysis 

of variance was performed (n = 6 eyes AMD1; n = 8 AMD2, and n = 6 in AMD3 

group; see Methods section). Subjects in the AMD3 group tended to have 

extensive areas of decreased pigment up to 0.5 DA and/or noncentral geographic 

atrophy. Scatter plots of logS, log RmP3, and td values are illustrated in Figure 2.7

for all groups. In terms of sensitivity (S), post hoc analysis with Bonferroni 

correction for multiple comparisons, yielded, interestingly, significance only for 

the AMD3 subgroup for both their non-neovascular and neovascular eyes (P =

0.002 for both). RmP3 did not vary significantly among subgroups (P = 0.67). 

Time delay (td) was the most variable ERG parameter and remained significant 

only in the AMD2 group (P = 0.029) when correction for multiple comparisons 

was applied.
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Figure 2.7: Phototransduction activation parameters. Obtained from fitting the 

leading edge of the isolated rod a-wave: (A) log sensitivity (logS); (B) maximal 

amplitude (log RmP3); (C) delay before onset (td). Asterisk indicates statistically 

significant differences between groups.

DISCUSSION

Our full-field ERG results indicate that a subset of AMD patients undergo 

dysfunction affecting both rod- and cone-driven retinal processing that span 

beyond the macula, across the whole retina. For instance, delayed recovery of the 

pure rod b-wave following partial rod bleaching was noted in both eyes of patients 

with unilateral wet AMD. These results provide the first objective evidence of a 
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whole retina-based impairment of dark adaptation. Abnormalities of dark 

adaptation in AMD have been documented primarily through psychophysical 

studies in the past (Owsley et al. 2007). Various groups have explored the validity 

of relying on the pure rod b-wave amplitude as an objective complement to 

psychophysical dark adaptation tests with success. Adrian (1945) first showed that 

the b-wave was reduced substantially after large bleaches and that it gradually 

recovered with time. Karpe and Tansley (1948) and Fulton and Rushton (1978)

also reported that the time course of b-wave amplitude recovery corresponds 

closely to the recovery of the visual threshold, measured psychophysically. Rod 

outer segments contain the photosensitive visual pigment known as rhodopsin, 

which consists of a visual chromophore (11-cis retinal) covalently bound to a rod 

specific protein, opsin. Absorption of photons by pigments results in 

photoisomerization of the chromophore to all-trans-retinal and generation of free 

opsin. Recycling of retinal to its 11-cis form and regeneration of rhodopsin is 

achieved through a well-characterized retinal pigment epithelium (RPE) pathway 

called retinoid visual cycle (Saari JC 2000; Lamb and Pugh 2004). Despite 

differences in the psychophysical and ERG experiments, two consecutive works 

by Cameron et al. (2006) and Ruseckaite et al. (2011) showed that both methods

extract a common time course for the main component of rod sensitivity recovery 

(commonly referred to as “S2” component). Lamb and Pugh (2004) reviewed a 

wide range of evidence indicating that this component represents in molecular 

terms “unregenerated opsin.” Our results suggest that the time course of rod b-

wave amplitude recovery is delayed in both eyes of patients with unilateral 
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neovascular (wet) AMD. Reasons underlying this defect remain to be explored. 

Since the component measured to assess dark adaptation was the pure rod b-wave, 

changes directly affecting its generation (depolarization of ON type bipolar cells 

by rods) must be examined.

Saari et al. (1998) suggested that all-trans retinal released by bleaching 

may have an effect itself in reducing rod bipolar cell sensitivity. It is known that 

large bleaches lead to the formation of millimolar levels of all-trans retinal in the 

outer segments (Saari et al. 1998) and that all-trans retinal leads to closure of 

cyclic nucleotide-gated ion channels of photoreceptor outer segments (Dean et al. 

2002; McCabe et al. 2004; Horrigan et al. 2005) and blocks the calcium channels 

of the synaptic terminal (Vellani et al. 2000). Either of these mechanisms would 

be expected to be associated with desensitization of the rod bipolar cell response.

Another possibility might be related to the loss of DHA that has been suggested to 

occur in AMD (Liu et al. 2010). Lower retina DHA levels have been associated 

with decreased binding affinity of IRBP (interphotoreceptor retinoid binding 

protein) (Chen et al. 1996). IRBP is a key transport protein involved in 

photopigment regeneration, and contains high-affinity DHA-binding sites for 

chromophores. Alterations in retinal lipid content may also impede the efficiency 

of the RPE visual cycle and therefore account, at least in part, for the observed 

delays in dark adaptation. Furthermore, other factors likely to delay the processing 

of visual cycle retinoids in AMD could be intrinsic abnormalities of the RPE cell 

layer itself. Several lines of evidence suggest that excessive accumulation of 

lipofuscin by RPE cells is significant in terms of the etiology of AMD (Sparrow et 
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al. 2003). Delayed rod dark adaptation is a common feature in patients with 

Stargardt's disease, an inherited juvenile form of macular degeneration that is 

characterized by excessive accumulation of lipofuscin and shares several 

phenotypic similarities with the dry form of AMD (Fishman et al. 1991). To 

further decipher the exact origin of the observed rod dark-adaptation delays, more 

experiments are undoubtedly required. A key aspect involves relying on a double-

flash approach as a means to isolate the photoresponse (also called PIII 

component) and examine its contribution to the reported panretinal defects. 

Previous double-flash recordings in AMD subjects by Jackson et al. (2006)

showed a significant delay in rod inactivation kinetics in late stages of AMD. We 

therefore must consider the possibility that the dark-adaptation delays (as 

measured by recording the pure rod b-wave) are caused, at least in part, by 

presynaptic events in photoreceptors and RPE.

Our study also provides additional evidence for panretinal defects in 

AMD: implicit times of dark-adapted a- and b-waves were prolonged in both dry 

and wet AMD eyes. Occurrence of such defects in both types of AMD suggests an 

underlying panretinal dysfunction that precedes the onset of neovascularization. 

Mechanisms responsible for increased implicit times can be related to generalized 

ischemia or overt activation of inflammation affecting the health of the entire 

neural retina. It is widely known that fellow eyes of advanced AMD patients are 

at the highest risk of developing choroidal neovascularization (CNV). The role of 

ischemia in the development of CNV has been well established. Systematic 

decrease in choroidal circulatory parameters has been observed with an increase 
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in the severity of AMD features associated with risk for the development of CNV 

(Grunwald et al. 2005). Pathological changes, such as drusen accumulation and 

thickening of Bruch's membrane, increase the distance between the 

choriocapillaris and the retina, reduce the oxygen flux to the photoreceptors, and 

induce hypoxia in these cells (Stefánsson et al. 2011). It is plausible that the ERG 

delays measured from the entire retina might predict the onset of CNV 

development in the fellow eye. Analogously, increased cone b-wave implicit 

times in 30 Hz flicker electroretinography have been associated with ocular 

neovascularization in cases of central retinal vein occlusion (Larsson et al. 2001; 

Roy et al. 1997). It would be relevant to prospectively follow this cohort of 

patients to address this hypothesis. Of interest, we examined whether there was an 

association between the number of injections (mean: 11 monthly injections) and 

the degree of panretinal dysfunction as assessed with the ERG, and found there 

was none among the 25 unilateral wet AMD subjects we studied. However, we 

cannot exclude that repeated intravitreal delivery of anti-VEGF agents may have 

impaired photoreceptor function, not only in eyes with wet AMD but also in 

fellows eyes via a systemic delivery (Matsuyama et al. 2011).

Overt activation of inflammation could also account for the observed 

delays in implicit times. Systemic and vitreal activation of the alternative 

complement pathway has been associated with genetic variants of CFH. Certain 

CFH haplotypes are known to confer high risk for developing advanced forms of 

the disease. A possible genotype-based association with a distinct ERG phenotype

may exist. Such a genetic association might even be stronger in the subset of 
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patients who exhibit a complementary generalized cone dysfunction. Such a 

subgroup has been consistently described even in earlier forms of the disease by 

Ronan et al. (2006) and Ladewig et al. (2003) and not only restricted to subjects 

with advanced morphologic changes in the retina, as reported in our study.

To investigate further whether implicit time delays in AMD are of 

receptoral or postreceptoral origin, we assessed rod-mediated parameters of 

phototransduction activation. Reduced sensitivity was observed only in those 

AMD patients with advanced nonexudative morphology in the fellow eye, such as 

extensive area of RPE depigmentation. Jackson et al. (2004) studied rod-mediated

responses during the early stages of the disease and found no abnormalities. Their 

results showed that among all macular phenotypic characteristics, increased 

retinal pigment had the least association with decreased sensitivity of activation. 

Several groups have reported a strong correlation between intermediate to 

advanced macular phenotypes and peripheral retinal involvement, as manifested 

through the presence of drusen and reticular pigment near the equator. Lewis et al.

(1985) first described the histopathology of peripheral reticular pigment and 

showed an association with macular degenerative abnormalities. Intriguingly, 

Seddon et al. (2009) associated peripheral retinal involvement with certain CFH 

genotypes (CFHrs1410996 variant and CFHY402H). Even though whole retina 

phenotype assessment and genotyping were not within the scope of our study, 

these reports provide further support that a distinct genotype may underlie certain 

ERG characteristics.
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Chapter 3. OSCILLATORY POTENTIALS IN AGING AND IN AGE-
RELATED MACULAR DEGENERATION: TREATMENT 
IMPLICATIONS2

INTRODUCTION

The full-field ERG is widely used to assess retina function (Creel D. 

2001). The ERG trace consists of several distinct light-driven components, with 

the a-wave, b-wave and OPs constituting the major ones. There are many lines of 

evidence supporting that the a-wave essentially reflects activity at the presynaptic 

photoreceptor level (Lamb and Pugh 2006) whereas the b-wave corresponds 

largely to post synaptic ON bipolar and Müller cell activity (Stockton and 

Slaughter 1989). Coinciding with the b-wave are the OPs, which reflect activity 

from the inner retina (Wachtmeister L. 1998). Based on pharmacological 

manipulations, OPs are generated from the light-driven activation of negative 

feedback pathways between amacrine cells, retinal ganglion cells and bipolar cells 

(Guité et al. 1990; Dong et al. 2004).

The traditional approach to characterizing OP properties involves band-

pass filtering to remove low frequency components such as the a- and b-waves. 

Individual OP peaks can then be identified in the time domain and trough-to-peak 

amplitudes and implicit times determined. An alternative representation of the 

power spectrum of OPs in the frequency domain can be achieved by applying Fast

2 A version of this chapter has been submitted for publication:
Dimopoulos IS, Freund PR, Redel T, Dornstauder B, Gilmour G, Sauvé Y. 
Simultaneous precocious changes in rod and cone-driven inner retinal function in 
the aging human retina. Invest Ophthalmol Vis Sci.
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Fourier Transform (FFT) analysis. The FFT analysis only retrieves the global 

frequency content of the OP signal, excluding time-related variations. Morlet 

wavelet transform (MWT) is a novel application that allows complex information 

to be dissected into elementary forms at different temporal positions and scales 

and then reconstructed with high precision. Wavelet transform of a function can 

be seen as an “improved” version of the Fast Fourier Transform (FFT) in that it 

allows analyzing non-stationary signals (such as the ERG) in addition to 

stationary ones. This approach, when applied to the human ERG, opens up a new 

analytical dimension of the ERG that can be applied to age-related changes in the 

healthy and diseased retina.

Numerous studies have documented age-related changes in the outer 

nuclear layer (ONL) of healthy human retinas (Jackson et al. 1999; Pandas-Jonas 

et al. 1995; Gartner and Henkind 1981). Curcio et al. (1993) described a 

preferential loss of parafoveal rods in aged retinas, which led us to rely on the 

full-field ERG as a means to assess age-related changes in rod- versus cone-

driven retina function in humans. We previously showed that the dark-adapted a-

wave but not b-wave was reduced in amplitude with age (Freund et al. 2011).

These results are in agreement with the potential occurrence of compensatory 

post-receptoral changes, in response to decreased photoreceptoral input, 

associated with b-wave amplitude preservation. From an anatomical perspective, 

these functional changes could reflect the sprouting of ON bipolar cell dendrites 

as characterized in the healthy aging retina; these dendrites expand into the outer 

nuclear layer, a dendrite free region in young healthy retinas (Liets et al. 2006).
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It is plausible that the retina undergoes such plasticity in its interplexiform 

circuitry prior to the detection of rod and cone dysfunction by using other 

methods. To validate this hypothesis, we sought to identify precocious 

compensatory changes in the inner retina of intermediate-aged healthy individuals 

(40-59y); for comparison purposes, younger (20-39y) and older (60-82y) groups 

were similarly studied. We extensively characterized OPs over a wide range of 

flash strengths using traditional and novel analytical methods. In addition, we 

relied for the first time on MWT to simultaneously quantify the frequency, peak 

time and power spectrum of the OP components of the human ERG. Recording 

and analyzing OPs, as done in this paper, provides a highly sensitive approach for 

the early detection of age-related functional changes in the human retina. If such 

changes occur, these must be taken into account as being part of an age-dependent 

baseline when screening for pathologies affecting the inner retina such as diabetic 

retinopathy, central vein occlusion and glaucoma.

METHODS

Subjects

Sixty-three healthy human subjects were studied. Inclusion criteria 

consisted of no ocular pathology (current or previous) and best corrected visual 

acuity of 20/20. These individuals were split into three groups according to age: 

20-39 years (n=26; mean age±SD: 24.6±4), 40-59 years (n=21; 52.1±5), and 60-

82 (n=16; 65.8±5). To compare the two OP extraction methods in pathological 

states, we further included five subjects with unilateral neovascular age-related 
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macular degeneration (AMD) undergoing intravitreal anti-VEGF therapy, as well 

as two subjects presenting with treatment-naïve unilateral serous pigment 

epithelial detachment (sPED). In each case, the fellow non-neovascular eye 

served as an internal control to identify potential inner retina dysfunction in the 

neovascular eye. All fellow eyes were classified as having intermediate dry AMD, 

defined by the presence of either many medium-sized drusen or one or more large 

drusen. This study received ethics approval from the “Health Research Ethics 

Board (Biomedical Panel)” of the University of Alberta (license #6194). All 

procedures conformed to the Code of Ethics of the World Medical Association 

(Declaration of Helsinki) and were done with the understanding and written 

consent of each participant.

ERG recordings

Subjects underwent bilateral full-field ERG recordings. Stimulus 

presentation, amplification (0.1 to 300 Hz bandpass, without notch filtering) and 

digital data acquisition were provided by the Espion E2 system (Diagnosys LLC, 

Lowell MA 01854, U.S.A.). Digitization rate was set at 1 kHz for all tests, with 

the exception of 5 kHz for scotopic intensity responses for which a higher rate 

was used in order to optimize definition of fast events such as the leading edge of 

the saturated a-wave. Dawson-Trick-Litzkow (DTL) type recording electrodes 

were placed below the limbus between the inferior eyelid and sclera in both eyes; 

reference electrodes (gold surface electrode; F-E5GH-60, Grass Technologies, 

West Warwick, RI 02893, U.S.A.) were placed on the lateral edge of the orbital 
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bone. A ground electrode (gold surface electrode) was placed in the center of the 

forehead, one inch above the eyebrows. Pupils were dilated by applying two drops 

of tropicamide 1% on each cornea twenty minutes prior to starting the recording 

session; pupil size (6.4±0.5 mm average diameter) remained unchanged between 

age groups); full dilation was confirmed after the end of the testing period. The 

visual stimuli consisted of flashes administered in a full-field Ganzfeld by a xenon 

bulb of 6,500ºK color temperature, (10 µs duration); light levels were calibrated 

with an IL1700 photometer (International Light Technologies Inc., Peabody, MA 

01960, U.S.A.) equipped with either a photopic or scotopic filter.

Photopic ERG

Subjects were initially light-adapted (background of 30 cd/m2, measured at 

the corneal surface) with the purpose of saturating rods to record cone-driven 

ERG responses.  White flashes were presented with the following increasing time-

integrated luminance along 6 stepwise increments: - 0.02, 0.38, 0.88, 1.37, 1.89 

and 2.39 photopic log cd⋅s/m2 (logarithm of candela seconds/meters square). The 

interval between each step was set at 10 s and each stimulus was presented 6 

times at 5 s inter-stimulus intervals. Responses were averaged at each step. 

Dark-adapted ERG

Following ISCEV (International Society for Clinical Electrophysiology of 

Vision) standard 20 minute dark adaptation (Marmor et al. 2009), white flashes 

were presented with the following increasing time-integrated luminance along 4 
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stepwise increments: (-0.02, 0.38, 0.88, and 1.37 scotopic log cd⋅s/m2), each 

averaged 3–5 times. To allow for maximal rod recovery between consecutive 

flashes, inter-stimuli-intervals were increased from 15 s at the lowest stimulus 

strength up to 60 s at the highest stimulus strength. 

OP extraction and analysis

A) Isolation of OPs according to ISCEV standards 

As specified by ISCEV’s “guidelines for calibration of stimulus and 

recording parameters” (Brigell et al. 1998), a 75-300 Hz digital band-pass was 

applied to isolate OPs.  Under dark-adapted conditions, five peak OP amplitudes 

(OP1-OP5) and their corresponding implicit times (t1-t5) were measured from the 

filtered traces (Figure 3.1A). The sum of the first four OP peaks was used to 

calculate the “summed OP amplitude” (Marmor et al. 2009). Under light-adapted 

conditions, four peak OP amplitudes (OP1-OP4) and their corresponding implicit 

times (t1-t4) were measured from the filtered traces (Figure 3.1B). Calculation of 

summed photopic OPs, always included OPs 1 to 3, and in addition OP4 when it 

could be elicited under higher stimulus strengths.
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Figure 3.1: Representative filtered luminance-response ERG waveforms. A) 

Dark-adapted responses showing the five distinct OP peaks (OP1-OP5) and 

corresponding implicit times (t1-t5). B) Light-adapted responses showing the four 

distinct OP peaks (OP1-OP4) and corresponding implicit times (t1-t4). The 

number of measured OP peaks changes as a function of flash strength. Two 

distinct OP peaks are identified (OP1 and OP2) at lower stimulus strengths (-0.02,

0.38 log cd⋅s/m2). A third OP ("OP3-4 complex") becomes apparent as the 

stimulus strength is increased. This OP complex splits and gives rise to two 

distinct OP peaks (OP3 and OP4) at higher stimulus strengths (>1.37 log 

cd⋅s/m2). The horizontal line starts at time point zero (stimulus onset) and 

represents amplifier calibration at zero microvolt amplitude. Scale bar represents 

time (x-axis) and amplitude (y-axis).
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B) Quantification of OPs with continuous MWT analysis

MWT analysis was adapted from a previous study of rat ERG signals 

described by Forte et al. (2008). The MWT was used to divide a continuous-time

function into smaller or shorter waveforms (wavelets). Unlike Fourier transform, 

which cannot capture changes in frequency response with respect to time, the 

continuous MWT allows generating the time-frequency representation of a signal 

with high resolution in both the frequency and time domains. In general, it has 

proven particularly useful for the analysis of transient, aperiodic and non-

stationary signal features, for both ERG and ECG. The equation of the continuous 

MWT is given below:

where (t) is the fitted mother wavelet (the Morlet function in this case, see below), 

t the time, a the location parameter and b the scaling parameter of the wavelet.

By applying changes in the location (a) and scaling (b) of the mother wavelet, 

both short duration-high frequency and long duration-low frequency information 

can be captured simultaneously. 

The Morlet wavelet (generated from raw “unfiltered” traces) provides a 

robust statistical model of the filtered OP waveform (Bui et al. 2002) It is a 

complex Gabor function composed of a real cosine component and an imaginary 

sine component multiplied by a Gaussian window (envelope) and is defined by 

the following equation:
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where fc is the fundamental frequency of the wavelet determined by the scaling 

factor b in the wavelet transform, i the square root of -1 and t the time. 

Continuous MWT was applied to each of the raw “unfiltered” ERG traces 

(0.1-300 Hz) to generate a map of the ERG power spectrum in the frequency and 

time domains and to quantify the three following variables: relative amplitude, 

oscillation frequency, and implicit time values for the OPs. The wavelet function 

software used consisted of the Matlab complex Morlet (Mathworks®, Natick, 

Massachusetts, U.S.A). Raw data were multiplied by half Welch window in order 

to smoothen the trailing edge of the ERG waveform after 118ms from flash onset. 

This modification was previously adopted by Forte et al. (2008) to remove 

terminal artifacts that might contaminate the wavelet analysis. Modified ERG 

signals were correlated with the Morlet wavelet at every time point. Scaling

values were chosen to encompass both the number of steps in frequency 

measurement and in the envelope of frequencies at which OPs occur (50-300 Hz). 

Scaling values differed for 1 kHz (light-adapted) and 5 kHz (dark-adapted) 

samples as scale to frequency conversions are dependent on sample rate. The 

magnitude of correlation at each point was measured as the complex modulus of 

the complex wavelet response. Local maxima were located using nearest-neighbor 

comparison. The largest local maximum in the 50-300 Hz range was considered to 

be the peak of the OP for dark-adapted responses. For light adapted responses, 
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largest local maxima were searched in two frequency ranges: 50-100Hz and 100-

300Hz. The complex modulus of the maxima was recorded as peak power 

(arbitrary units). The use of the complex modulus reduces the phase-dependence 

of the power measurement. The locations of these maxima in the time and 

frequency domains were recorded as peak time and peak frequency. To generate a 

wavelet scalogram, magnitudes of correlation coefficients across the ERG signal 

were expressed as a grayscale, with relative amplitude normalized to the peak 

value for each exposure. Maximum response appears white. 

Statistics

To ensure independence of samples, a single eye per subject was included 

in the analysis. The included eye was chosen based on the highest recorded a-

wave amplitude in the scotopic intensity response series except where there was a 

clear indication (e.g. excessive voltage noise due to poor electrical contact) to 

discard the recording in favor of the contralateral eye. Statistical significance 

between age groups was assessed using repeated-measures ANOVA with the 

Greenhouse-Geisser correction for sphericity. Posthoc analyses were done 

between the individual groups and at individual stimulus strengths or time points 

using the Bonferroni technique for multiple comparisons. GraphPad Prism was 

used for one-way ANOVA, linear regression, and correlation analyses (GraphPad 

Software, Inc. La Jolla CA 92037, U.S.A.). SPSS was used for the repeated-

measures ANOVA (SPSS Inc. Chicago, Illinois 60606, U.S.A.). Significance was 
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set at P<0.05. Data points on graphs represent mean ± standard error of the mean 

(SEM).

RESULTS

Scalogram features

Figure 3.2 displays representative examples of wavelet scalograms for a 

period of 250 ms after flash presentation at t=0 ms. Raw ERG traces have been 

superimposed on the bottom row scalograms (panels C-D) to determine the origin 

of each peak. Figure 3.2A shows a representative wavelet trace with a high signal-

to-noise ratio. Red triangles point to the peak with the maximum amplitude. In 

this example, peak OP amplitude occurs at 28 ms with a frequency of ~150 Hz. A 

small a-wave component occurs at 55 Hz. In Figure 3.2B, a myotonic reflex is 

seen at t = 125 ms, with the remaining of the trace having low baseline noise 

level. Figure 3.2C provides an example of wavelet amplitudes in the 50-250 Hz 

spectrum obtained when presenting a short duration (10 µs) full field flash of 0.88 

log cd⋅s/m2 strength in the light-adapted human retina. Two distinct peaks of 

comparable power can be identified. Superimposition of the raw ERG trace 

reveals that the low frequency band is in close proximity to the peak of the b-

wave, while concomitantly the high frequency band peaks during the rising edge 

of the photopic b-wave. 



87

Figure 3.2: Representative examples of ERG traces with MWT scalograms.

The y-axis for the scalogram and the ERG trace respectively represent 

“frequency” and “amplitude” (time zero corresponds to stimulus onset). 

Correlation magnitudes of the ERG signal are represented by shades of grey in 

terms of a scalogram, with relative amplitude normalized to the peak value for 

each exposure. Panel A shows a wavelet trace essentially deprived of background 

retina activity. Peak OP amplitude occurs at 28 ms with a frequency of ~150 Hz. 

A small a-wave-related component is observed at 55 Hz. Panel B illustrates the 

occurrence of a myotonic reflex (extraocular origin) occurring at 125 ms. Of note, 

in both panels A and B, the scalogram representation of the OPs is distinct of that 

from the a-wave, and the timing of the peak of the OP train (red triangle) is 
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synchronous with the b-wave ascending phase. Panel C shows the scalogram 

representation of a light-adapted response to a flash of 0.88 log cd⋅s/m2 strength. 

Two distinct peaks of comparable power can be identified on the scalogram. 

Superimposition of the ERG trace reveals that the low frequency band occurs at 

the same time as the peak of the b-wave. The scalogram allows separation of this 

low frequency event (bottom red triangle) from a higher frequency event (top red 

triangle) that occurs during the rising phase of the photopic b-wave. Panel D is the 

scalogram representation of a dark-adapted response to a mid- strength stimulus (-

0.02 log cd⋅s/m2). Two oscillators are superimposed in time: one corresponding 

to the second trough of the a-wave (lower triangle with frequency peaking at ~75-

80 Hz) and the other one corresponding to OPs on the ascending limb of the b-

wave (upper triangle with frequency peaking at ~150-160 Hz). The presence of a 

myotonic reflex can be noted at 140 ms.
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Figure 3.2D consists of a scalogram which appearance is representative of 

dark-adapted recordings, where ERG waveforms with “double-trough” a-waves 

are present. A low frequency band with a peak at 75-80 Hz is noted in close 

proximity to the second trough of the a-wave. A second high frequency peak at 

150Hz follows, which coincides with the ascending limb of the b-wave. The early 

peak has been previously attributed to the first OP (OP1) that coincides with the 

a-wave and splits it into a double-trough a-wave (Brunette JR 1972; el Azazi and 

Wachtmeister 1993). To remove the potential influence of a-wave onset on the 

low-frequency OPs, we conditioned the original ERG waveform (Figure 3.3A) to 

the lowest voltage before the first a-wave trough (Figure 3.3B) or before the 

second a-wave trough (Figure 3.3C). Wavelet analysis of such conditioned 

waveforms revealed that removal of the a-wave prior to the first trough had no

effect on the power of the low frequency OPs (Figure 3.3B), whereas removal of 

the first a-wave trough resulted in a 40% power reduction (Figure 3.3C). High 

frequency OPs remained unaffected. Therefore, this low-frequency peak can be 

attributed to the oscillatory system without contamination from the a-wave.
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Figure 3.3: Effect of the a-wave onset on dark-adapted OPs. Wavelet analysis 

after preconditioning the ERG waveform to the lowest voltage before the first 

(panel B) and the second a-wave trough (panel C). Power of the low frequency 

band (76Hz) is not altered after removal of the a-wave leading edge (panel B), but 

becomes significantly reduced once the second a-wave trough has been removed 

(panel C). The high frequency band remains unaffected. Power units are arbitrary 

units (complex modulus) and frequency is expressed in Hz.
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Dark-adapted responses

A) Band-pass filtering and trough-to-peak analysis 

For all age groups, the first four OP peaks (OP1-OP4) grew in amplitude 

and occurred earlier as stimulus strength increased (Figure 3.4). Aging was 

associated with a reduction of amplitudes of the first four OP peaks (OP1-OP4, 

Figure 3.4A-D) in addition to a prolongation of implicit times for all OP peaks 

(Figure 4G-J). There was no significant effect of stimulus strength on the 

amplitude of the fifth OP (OP5, Figure 3.4E), although its peak occurred earlier 

(Figure 3.4K). The calculated summed OP amplitude showed a similar 

dependency with increased stimulus strength (Figure 3.4F).



92

Figure 3.4: Effect of age on dark-adapted OPs. Amplitude and implicit time of 

the respective OP components as a function of stimulus strength. In all three age 

groups, amplitude increases and implicit time decreases, respectively, as a 

function of stimulus strength increments. Amplitudes of OP1 to OP5 are shown in 

panels A to E, and the summed amplitudes of these respective OPs are shown in 
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panel F. With the exception of OP5, there is a significant amplitude reduction 

with age for all individual OP components and summed OP amplitudes. Post-hoc 

analysis shows differences between the young (blue) and older groups (red and 

green). Implicit times of OP1 to OP5 (panels G to K) show a similar trend as for 

amplitudes: there is a significant implicit time prolongation with age for all 

individual OP components. Asterisks indicate p<0.05.
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B) Wavelet-derived parameters (amplitude, peak OP time and frequency)

MWT confirmed the relationship (described above) between stimulus 

strength and peak OP amplitude for all age groups (p<0.0001; Figure 3.5); see 

Figure 3.5A for representative scalograms. Relative amplitudes increased three-

fold for the young and two-fold for the older groups from -0.02 log cd⋅s/m2 to 

1.36 log cd⋅s/m2 flash strength. Peak OP time, defined as the location of the peak 

OP amplitude in the time domain, was decreased as a function of flash strength 

(p<0.0001). Caution was taken to include as OP peaks only local maxima that 

occurred after the trough of the a-wave. Such a trough was estimated to occur 

before 27.76 ms and 14.27 ms (90th percentile) for the lowest (-0.02 log cd⋅s/m2)

and highest (1.36 log cd⋅s/m2) strength, respectively. Significantly lower peak OP 

amplitudes (p<0.001, Figure 3.5B) and higher peak OP times (p=0.0028, Figure 

5C) were calculated for the two older groups. Figure 3.5D shows that the peak OP 

frequency remained unchanged as a function of flash strength for all age groups. 

One main source of oscillation could be identified for stimulus strengths higher 

than 0.38 log cd⋅s/m2 with a peak at 145-155 Hz. At moderate strengths (-0.02 log 

cd⋅s/m2), a second peak of oscillation with a mean frequency of 77 Hz and onset 

at 29.1±3.1 ms could be distinguished. This oscillatory peak accounted for 60% of 

the total observed power in the 50-300Hz frequency range. Potential a-wave 

contamination was excluded, as discussed previously. As flash strength increased, 

its peak time occurred earlier and in close proximity to the a-wave trough, making 
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quantification unreliable without pre-conditioning ERG waveforms to remove the 

a-wave.
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Figure 3.5: Analysis of dark-adapted OPs using MWT. A) Representative 

examples of MWT scalograms for increasing stimulus strengths; time zero 

represents visual stimulus onset. Isolation of OP trains from other oscillators 

allows quantifying distinct peak amplitude, timing and frequency (orange 
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triangle) for all stimulus strengths. For all age groups, peak OP amplitudes 

increase (B) and peak OP times decrease (C) as a function of stimulus strength. 

Peak frequency (D) is independent of stimulus strength, regardless of age. At the 

lowest stimulus strength (-0.02 log cd⋅s/m2), a second peak of oscillation can be 

recorded in synchrony with the a-wave peak (panel D). Lower peak OP 

amplitudes with delayed implicit times are characteristic of the older groups (red 

and green) when compared to the young group (blue).
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Light-adapted responses

A) Band-pass filtering and trough-to-peak analysis 

A more complex picture of OP generation was observed for light-adapted 

responses (Figure 3.6). The number of measured OP peaks varied as a function of 

flash strength. At lower strengths (-0.22 and 0.38 log cd⋅s/m2), two OP peaks 

could be distinguished (OP1 and OP2, Figure 3.6A-B). A third OP was evident at

0.88 log cd⋅s/m2, which we refer to as “OP3-4 complex” following previous

description by Rufiange et al. (2002) (Figure 3.6C). This OP complex would split 

and give rise to two separate OP peaks (OP3 and OP4, Figure 3.6C-D) at higher 

strengths (>1.37 log cd⋅s/m2). Initially, there was a two-fold increase in the 

amplitude of OP1 and OP2 for the first two strengths, followed by a plateau phase 

for OP1 and a decline and plateau phase for OP2 at higher flash strengths. 

Increased age was associated with amplitude reduction of both OP1 and OP2 

(repeated measures ANOVA: p=0.006 for OP1 and p=0.0029 for OP2), but 

Bonferroni adjustment for multiple comparisons limited the difference to only 

OP2 at the 0.38 log cd⋅s/m2 flash strength (Figure 3.6B; asterisk denotes 

significance after Bonferroni correction). The amplitudes of the third and fourth 

OPs (OP3 and OP4) were not affected by either flash strength or age. The 

calculated summed OP amplitude showed an initial positive linear growth with 

increasing flash strength, followed by a plateau phase for higher strengths (>0.88 

log cd⋅s/m2). Differences among age groups were only significant at the 0.38 log 

cd⋅s/m2 flash strength after Bonferroni adjustment (Figure 3.6E). Peak implicit 
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times for the first two OPs (OP1 and OP2) were reduced as flash strengths 

increased (p<0.0001). Such dependence was not noted for the late OPs (OP3 and 

OP4). Peak delays were recorded in both older groups for the first three OP 

components (p<0.0001; Figure 3.6F-H) but not for OP4 (Figure 3.6I).
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Figure 3.6: Effect of age on light adapted OPs. Amplitude and implicit time of 

the respective OP components as a function of stimulus strength. The number of 

measured OP peaks changes as a function of flash strength. There is a significant 

difference between young (blue) and older (red and green) groups for OP1 and 
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OP2 amplitudes. The relationship between summed OP amplitude and stimulus 

strength is best described as an initial linear increase followed by a plateau 

beginning at 0.88 log cd⋅s/m2 (panel E). OP1 and OP2 implicit times are 

inversely proportional to stimulus strength. When comparing the two older groups 

with the younger one, the first three OP peaks are delayed (panels F-I). Asterisks 

correspond to p<0.05.
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3.3.2 Wavelet-derived parameters (amplitude, peak OP time and frequency)

Figure 3.7A shows representative wavelet scalograms for different flash 

strengths under light-adapted conditions. More than one distinct band of 

oscillations can be identified in the frequency domain (white arrows). The red 

triangle highlights the peak with the maximum amplitude. By applying strict 

power criteria (local peaks within at least 1/3 of the maximum amplitude) and 

time domain filtering, candidate OP peaks could be more accurately defined. A 

frequency-domain representation of all candidate OP peaks as a function of flash 

strength is given in Figure 3.7B. At lower strengths (-0.02 and 0.38 log cd⋅s/m2)

one oscillatory peak at ~90-100 Hz was the main source of OP power. At higher 

strengths (0.88 and 1.37 log cd⋅s/m2) two distinct bands of oscillations could be 

noted: a set of high frequency OPs with a peak at 135±6 Hz and a set of low 

frequency OPs with a peak at 82±7 Hz. As flash strength further increased, the 

low frequency band could only be recorded in a subset of young individuals. The 

high frequency band remained the main source of OP power for the rest of the 

subjects. The location of the OP peaks in the time domain is illustrated in Figure 

3.7C. High frequency OP peaks (>120 Hz) were time locked to the onset of early 

OPs, whereas low frequency OPs (70-100 Hz) gave rise to both early and late 

OPs. Analysis of variance (ANOVA) was used to analyze differences in OP peak 

time and amplitude among groups. For older subjects, a significant delay was 

recorded for most OP peaks (Figure 3.7C; asterisk denotes significance at 

p=0.05).
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Figure 3.7: Analysis of light-adapted OPs using MWT. A) Representative 

examples of Morlet wavelet scalograms for increasing stimulus strengths; time
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zero represents visual stimulus onset. For a subset of stimulus strengths (middle 

two scalograms), two distinct oscillatory peaks are identified along the frequency 

domain (white arrows). The red triangle highlights the peak with the maximum 

power. B) Segregation of high (hollow circles) and low (filled circles) frequency 

OP peaks as a function of stimulus strength; aggregated data from all subjects, 

independently of age. C) Time domain of OP peaks as a function of stimulus 

strength. High frequency OP peaks (>120 Hz) are elicited prior to their low 

frequency counterparts (70-100 Hz). When comparing the two older groups (red 

and green) with the younger group (blue), most of the OP trains are delayed 

regardless of their peak frequency. Asterisks correspond to p<0.05.
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Amplitude analysis with frequency segregation revealed a pronounced 

reduction in peaks of the low frequency spectrum (Figure 3.8A). Contrastingly, 

the amplitudes of the high frequency OP peaks remained unaffected by age 

(Figure 3.8B). ANOVA results of wavelet-derived amplitude parameters are 

summarized in Table 1 for all flash strengths. 

Table 3.1: Comparison of MWT OP peak amplitudes among age groups.

Bolded p-values represent significant differences.

Intensity Low Frequency (70-100 Hz) High Frequency (>120 Hz) 
(Log cds/m2) F-statistic p-value F-statistic p-value 

-0.02 6.745 0.0022
0.37 11.92 <0.0001
0.88 13.23 <0.0001 0.5840 0.5601 
1.37 4.071 0.0236 0.4582 0.6343 
1.89   1.040 0.3586 
2.36   1.163 0.3194 
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Figure 3.8: Amplitude of the two distinct OPs segregated by frequency. A) 

Low frequency OP trains have reduced amplitudes in the older groups (red and 

green) compared to the young group (blue). B) Amplitudes of high frequency OP 

peaks are unaffected by age. Single and double asterisk correspond to p<0.05 and 

p<0.0001, respectively
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Comparison of the two OP extraction methods in pathological states

The above findings underline the notion that aging can introduce strong 

confounding factors when assessing inner retina function through OPs. To 

compare the ability of the two OP extraction methods to identify defects within 

the context of an aging-associated retinal disease, we recorded light-adapted ERG 

luminance-response functions and analyzed OPs from five subjects with unilateral 

neovascular (wet) age-related macular degeneration treated with intravitreal anti-

VEGF agents and two subjects with unilateral large sPED. The sPED cases were 

included as examples of pathology confined to the outer retinal layers. There was

no sign of intra-retinal or sub-retinal fluid and therefore anti-VEGF therapy had 

not been initiated.

Figure 3.9 shows representative examples of the MWT scalograms with 

corresponding filtered ERG traces obtained from 3 different patients with 

unilateral neovascular AMD under anti-VEGF treatment. The fellow non-

neovascular (dry) eye served as an internal control to identify potential 

implications of chronic (>10 monthly ranibizumab injections) VEGF blockade on 

OP generation. Panels A, D and G illustrate the MWT scalogram of the fellow 

non-neovascular (dry) eye and panels B, E and H the MWT scalogram of the 

neovascular (wet) eye. Panels C, F and I show filtered ERG traces from both eyes 

of each patient. Patient #1 (top row) presented with sub-retinal and intra-retinal 

fluid. For responses elicited by a flash stimulus of 0.38 log cd⋅s/m2, MWT 

detected a significant reduction in the low frequency OP band power (A: 21.6693, 

B: 13.8547). Time-amplitude analysis detected no difference in summed or 
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individual OP measurements (summed OP amplitude A: 24.129, B: 24.477). 

Patient #2 (middle row) presented with sub-retinal hemorrhage. For responses 

elicited by a flash stimulus of 0.88 log cd⋅s/m2, MWT analysis of the neovascular 

eye revealed an extinguished high-frequency OP band with a slight decrease in 

the low-frequency OP power (D: 19.3656, E: 22.0796). Filtered OP analysis 

(panel F) found significant reduction in the amplitudes of OP2 (almost 

extinguished) and OP3/4 (-47%). Patient #3 (bottom row) presented with sub-

retinal and intra-retinal fluid. For responses elicited by a flash stimulus of 0.88 log 

cd⋅s/m2, MWT detected a preferential loss of the high-frequency band (G: 14.065, 

H: 7.2719), with relative preservation of the low-frequency OP power (G: 

24.4159, H: 28.5706). Time-amplitude analysis (panel I) revealed reduction in the 

amplitudes of OP2 (-50%) and OP3/4 (-40%). MWT provided evidence that, in 

this set of patients, chronic VEGF suppression in the neovascular eye led to a 

selective power reduction of the high frequency oscillators compared to the low 

frequency. Scalograms generated with MWT revealed very close proximity of the 

two bands in the time domain. Their timing (26-32ms) coincided with the 

occurrence of the filtered OP2 and OP3/4 complex. Amplitude reduction in the 

neovascular eyes was confined to the filtered OP2 and OP3/4 complex peaks.
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Figure 3.9: OPs in neovascular (wet) AMD. MWT scalograms with unfiltered 

and filtered ERG traces obtained from patients with unilateral neovascular (wet) 

AMD under anti-VEGF treatment. Panels A, D and G illustrate the MWT 

scalogram of the fellow non-neovascular (dry) eye and panels B, E and H the 

MWT scalogram of the neovascular (wet) eye. A representative example of a 

normal MWT scalogram for each studied flash strength is given at the top right-

hand corner of panels A, D and G. Panels C, F and I show respective unfiltered 

and filtered ERG traces from both eyes of each patient.
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Figure 3.10 shows MWT scalograms with corresponding filtered ERG 

traces obtained with different flash strengths from a patient diagnosed as having 

unilateral untreated sPED. Panels A, D and G illustrate the MWT scalogram of 

the fellow non-neovascular (dry) eye, whereas panels B, E and H the MWT 

scalogram of the eye with PED. Panels C, F and I show filtered ERG traces from 

both eyes of the same patient. The top row illustrates responses elicited by a flash 

stimulus of 0.38 log cd⋅s/m2. MWT detected a significant reduction in the low 

frequency OP band power (A: 17.8148, B: 25.5021). Time-amplitude analysis 

detected a 25% reduction in OP2. The middle row illustrates responses elicited by 

a flash stimulus of 0.88 log cd⋅s/m2. MWT analysis of the eye with PED revealed 

a well-preserved high-frequency OP band (D: 8.1851, E: 9.9633) with significant 

reduction in the low-frequency OP power (D: 16.0634, E: 22.7136). Filtered OP 

analysis (panel F) identified OP3/4 as the main source of amplitude reduction (-

30%). The bottom row illustrates responses elicited by a flash stimulus of 1.36 log 

cd⋅s/m2. Power of the high-frequency band showed no difference between the two 

eyes. The low frequency OP power was primarily affected (G: 14.6721, H: 

20.3739). Time-amplitude analysis (panel I) revealed a universal decline in 

individual and summed OP amplitudes. In cases of sPED, all of the OP power 

reduction in MWT originated from the low-frequency oscillators. In terms of 

filtered OP analysis, the OP2 and OP3/4 complex peaks remained the main source 

of amplitude reduction. 
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Figure 3.10: OPs in pigment epithelial detachment (PED). MWT scalograms 

with unfiltered and filtered ERG traces obtained at different flash strengths from a 

patient with unilateral pigment epithelial detachment (PED). Panels A, D and G 

illustrate the MWT scalogram of the fellow non-neovascular (dry) eye, whereas 

panels B, E and H the MWT scalogram of the eye with PED. A representative 

example of a normal MWT scalogram for each studied flash intensity is given at 
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the top right-hand corner of panels A, D and G. Panels C, F and I show respective 

unfiltered and filtered ERG traces from both eyes of the same patient.

DISCUSSION

Previous work on age-related changes in human OPs

To our knowledge, age-related changes in human OPs have been 

addressed in two main previous studies. In the first study, Kegroat et al. (2001) 

evaluated individuals aged 75 and older to find amplitude reduction and 

prolonged implicit times for most OPs recorded under light- and dark-adapted 

conditions. Our study provided evidence that the inner plexiform layer in the 

healthy retina undergoes changes much earlier in life (40 years of age) and that 

most of these changes (especially in dark-adapted OPs) have reached their peak 

by the age of 60. In fact, changes in amacrine cell function may even precede 

detection of rod and cone dysfunction by other conventional approaches. Previous 

analysis of the dark-adapted ERG responses from the same individuals11 revealed 

no detectable decline in mixed a- and b-wave amplitude for middle-aged 

individuals (40-59y). As such, recording and analyzing OPs, as done in this paper, 

provides a highly sensitive approach for the early detection of age-related 

functional changes in the human retina. In the second study, Sannita et al. (1989) 

also examined OPs in a large population of subjects (aged 1 to 84 years) using 

Ag/AgCl dermal electrodes. The authors reported an initial increase of the OP 

amplitude from childhood to adulthood, followed by a decrease above 50 years of 

age. Implicit times for most OPs also increased with age. Although in agreement 
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with our findings, results from this study should be interpreted cautiously, since 

all full-field ERG recordings were performed in non-dilated eyes.

Kergoat et al. (2001) also utilized a single strength of light at two separate 

wavelengths to measure rod- and cone-driven responses and not the wide range of 

flash strengths used in the current study to reveal dynamics of human OPs. 

Hancock et al. (2008), on the other hand, studied the intensity-response function 

of dark-adapted OPs in 5 healthy subjects and reported reduced OP power with 

faster timing for stimulus strengths 10-fold higher than the ISCEV standard for 

producing OPs (0.54 log cd⋅s/m2). Our results contradict these findings. We were 

able to record ERG responses across a wide range of white-flash stimulus 

strengths (-0.02 to 1.37 log cd⋅s/m2) under both dark- and light- adapted 

conditions. Analysis of filtered dark-adapted OP responses showed a clear 

positive linear relationship with increasing flash strength; no plateau or decline 

phase was noted for any individual OP components or the summed OP amplitude. 

In agreement with Hancock et al. (2008), shorter implicit times were found for 

most OP components as the stimulus strength increased under dark and light 

adaptation. 

OP response attenuation with age

Age-related alterations in crystalline lens density, which reduce retinal 

luminance in older individuals, should be excluded as a possible explanation for 

the recorded attenuated OP responses. A sub-analysis restricted to older 

pseudophakic individuals (n=6) provided further support that the reduced OP 
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amplitudes and delayed implicit times were of retinal origin. In addition, even 

though some people develop cataracts during their middle-age years (40s and 

50s), these cataracts tend to be very minimal to affect ERG responses. In the 

present study, attenuated OP responses were recorded already by 40 years of age.

Affected parameters of the oscillatory response have been linked to 

underlying inner retina dysfunction (Wachtmeister L. 1998), especially loss of

integrity in the retinal microcirculation (Brown KT 1968). Such dependence has 

become clear through studying human retinal disorders that show attenuated OP 

responses as a characteristic ERG feature: diabetic retinopathy (Kizawa et al. 

2006; Bresnick and Palta 1987; van der Torren and Mulder 1993; Li et al. 1992),

retinopathy of prematurity (Akula et al. 2007), central retinal vein occlusion (Yu 

et al. 1998; Huang et al. 2001) and primary open-angle glaucoma (Holopigian et 

al. 2000). In both proliferative and non-proliferative diabetic retinopathy, 

individual and summed OP responses are reduced in amplitude and delayed in 

timing (Li et al. 1992). OP amplitudes have been found to decrease progressively 

as the retinopathy grade in fundus color photographs and the severity of leakage 

and capillary non-perfusion in fluorescein angiograms increases (Bresnick and 

Palta 1987). In primary open angle glaucoma, reduced and delayed OP responses 

have been reported (Holopigian et al. 2000; Vaegan et. al 1995; Gur et al. 1987; 

North et al. 2010). Experimental induction of glaucoma in primates has been 

found to result in selective loss of a low frequency oscillatory component in the 

multifocal ERG signal. In these studies, reduced OP responses correlated with 

areas of reduced retinal nerve fiber layer thickness (Rangaswamy et al. 2006; Luo 
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et al. 2011). An anatomical-functional correlation also exists in humans. Loss of a 

distinct oscillatory feature in the temporal retina of patients with glaucoma has 

been shown to lead to asymmetry between nasal and temporal multifocal ERG 

responses (Fortune et al. 2002). Such changes have been postulated to reflect 

abnormalities in the inner plexiform layer of the temporal retina, where classic 

OPs are thought to arise. The documented impairment of inner retinal cell 

function during the early stages of these diseases seems to closely resemble the 

age-related pattern of decline seen with our study. OP response attenuation with 

age could therefore reflect functional changes resulting from either 

dysfunction/loss of inner retina cells (Gao and Hollyfield 1992; Harman et al. 

2000) and/or changes in the inner retinal and choroidal vasculature (Ardeljan and 

Chan 2013; Hughes et al. 2006).

Evidence of two distinct OP peaks in the human retina

MWT analysis of the human ERG signal allowed simultaneous 

segmentation of the OP response in the frequency and time domains. This method 

revealed the existence of more than one oscillator in the dark- and light-adapted 

human retina. Similar findings were reported in rats by Forte et al. (2008), the 

original group to detail the MWT application to analyze the dynamics of rat OPs. 

In their experiments, two clusters of dark-adapted OP bands at 70Hz and 130Hz 

were identified. For moderate flashes, OP oscillators overlapped in time (50ms). 

At the highest stimulus strengths, the clusters were 20ms after the flash in the 

70Hz band, and 50ms after the stimulus in the 130Hz band. A similar pattern 
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characterized human dark-adapted OP responses, with bands at 77Hz and 155Hz.

At higher strengths, peak time of the low frequency band occurred earlier than the 

high frequency and in close proximity to the larger and steeper a-wave, making 

quantification unreliable without pre-conditioning ERG waveforms to remove the 

a-wave.

In the light-adapted human retina, MWT revealed a dual-band oscillatory 

system for specific flash strengths. High frequency peaks occurred earlier than 

their low frequency counterparts. Several studies have provided support for an 

intra-retinal source differentiation of generators of early and late OPs. 

Pharmacological studies in the mudpuppy retina have related the earlier OPs to 

the ON component and the later ones to the OFF component of the ERG 

(Wachtmeister L. 1981). Patients with congenital stationary night blindness, who 

have defective ON pathways, preferentially lose the first two OPs (early OPs) on 

the rising edge of the photopic b-wave (Lachapelle et al. 1983). The last OP 

wavelet of the human ERG is time-locked to stimulus offset (Kojima and Zrenner 

1978). It has been suggested previously that the last major OP of the photopic 

response as well as the i-wave (a post b-wave component recorded under light 

adaptation in humans, originating, at least in part, from retinal ganglion cells) are 

generated by the retinal OFF pathway (Lachapelle et al. 1998). In addition, 

pharmacological disruption of ON and OFF pathways has been shown to 

differentially affect the OPs in the amphibian retina; GABA-receptor antagonists 

modulate early OPs, whereas glycine-receptor antagonists affect the late OPs 

(Wachtmeister L. 1980). Zhou et al. (2007) matched the slow-sequence multifocal 
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ERG from the macular region of the retina of primates with Gabor functions and 

showed that OPs fell into two distinct frequency bands: a high frequency band 

peaking around 150 Hz that contributes to early OPs, and a low frequency band 

peaking around 80 Hz that contributes to both early and late OPs. In a subsequent 

study, the OPs at higher frequency were found to be more susceptible to 

experimental glaucoma (Rangaswamy et al. 2006). Based on the above, the 

segregation of light-adapted OP responses into two frequency bands separated in 

time suggests the possibility of ON and OFF system representation. Even in dark-

adapted (rod-driven) OP responses, the OFF system may still be represented, 

since there has been recent evidence of a direct excitation of cone OFF bipolar 

cells by rod photoreceptors in rodents (Hack et al. 1999).

Luminance dependence of the dual-band frequency oscillatory pattern

In the present study, MWT analysis not only confirmed the existence of a 

dual-band frequency oscillatory pattern in the light-adapted human retina but also 

revealed the luminance dependence of this pattern. A plausible explanation for the 

presence of a stimulus strength threshold for the appearance of the high frequency 

band could be sought at the complex intensity-response function of the cone-

dominated human ERG per se. In response to progressively brighter stimuli, the 

b-wave of the light-adapted ERG gradually increases in amplitude, reaches a 

plateau for a narrow range of stimulus strengths and then rapidly decreases with 

further increments in the flash strength. This unique phenomenon is known as 

photopic hill (Rufiange et al. 2002; Wali and Leguire 1992). According to Ueno et 
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al. (2004), the characteristic shape of the photopic hill results from the summation 

of two events: at higher flash luminance, the ON response amplitude decreases 

and the positive peak of the OFF response becomes delayed. This is supported by

the fact that mathematical modeling of a combination of both ON and OFF cone 

response curves can produce a hill effect (Hamilton et al. 2007). Intensity-

response analysis of light-adapted wavelet derived parameters showed that for 

low to moderate light stimuli (<0.88 log cd⋅s/m2) only the low frequency (80-100

Hz) band could be identified. At these stimulus strengths, OFF bipolar cells 

(hyperpolarizing type) are known to mostly contribute to the generation of the 

cone a-wave (Bush and Sieving 1994). Interestingly, the stimulus strength 

threshold for the appearance of the dual-band frequency pattern coincided with 

the occurrence of the plateau and decline phase of the photopic hill function 

(Freund et al. 2011). The relative amplitude of the high frequency band remained 

stable with further increments of flash strength (~10 arbitrary units of power), 

whereas the relative amplitude of the low frequency band yielded a characteristic 

“photopic hill” function (see Figure 3.5). Rufiange et al. (2002) found that the

OPs previously associated with the retinal ON pathway (OP1 and OP2) do not 

appear to show any deterioration as a result of progressively brighter flashes. 

Contrastingly, brighter flashes led to a complete abolition of the late OPs (mainly 

OP4) that are generated by the retinal OFF pathway (Nagata M. 1963). Although 

not proven directly, it can be postulated that the ON and OFF pathways are not 

only expressed in OP generation but may also possess different frequency 

spectrum characteristics. In support of this hypothesis, only OP peaks in the low 
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frequency band showed vulnerability to age-associated decline. Suzuki et al. 

(1998) reported a higher age-related vulnerability of the OFF compared to ON 

bipolar cells. Further work will be required to determine whether the distinct 

groups of oscillators identified by wavelet analysis can be attributed to 

pharmacologically distinguishable retinal pathways.

Advantage of Morlet Wavelet Transform over time-amplitude analysis

As a potential age-independent marker of inner retina function, the high 

frequency OP band could be of significant clinical utility, as one could exclude 

age as a confounder and attribute with higher confidence deterioration to a disease 

state per se. We compared the two OP analytical methods in the context of an age-

associated disease, to investigate what additional information MWT could provide 

over traditional time-amplitude analysis. Our findings show that eyes with 

neovascular (wet) AMD treated with anti-VEGF agents had selectively reduced 

OP power in the high frequency compared to the low frequency band, when 

compared to the untreated fellow eye. In cases of treatment-naïve sPED, all of the 

OP power reduction in MWT originated from the low-frequency oscillators. 

Filtered OPs failed to provide a similar differentiation; in both neovascular AMD 

and sPED cases, the OP2 and the OP3/4 complex peaks accounted for the 

recorded amplitude reduction. A possible explanation behind this observation is 

that, as an approach, time-amplitude analysis relies on the summed amplitude of 

multiple oscillators. For instance, based on timing, the OP2 and the OP3/4 

complex may reflect activity from both the low frequency and high frequency 



120

oscillators. Scalograms generated with MWT in the neovascular AMD eyes show 

the occurrence of both low and high frequency bands at the very same time 

(30ms) of occurrence of the OP3/4 complex for a specific flash strength (figure 

3.8).

Although outside the scope of the present study, why we see such changes 

in OPs of neovascular AMD eyes under anti-VEGF treatment remains to be 

elucidated. The issue of possible inner retina toxicity caused by prolonged VEGF 

blockade has been previously raised. Several lines of evidence indicate an 

important role for endogenous VEGF in the maintenance and function of adult 

retina neuronal cells, such as the photoreceptors and the Müller cells (Saint-

Geniez et al. 2008). Chronic inhibition of VEGF-A function in normal adult 

animals has been shown to lead to a significant loss of retinal ganglion cells 

(Nishijima et al. 2007). In addition, changes in retinal nerve fiber layer thickness 

have been reported in treated eyes of patients with unilateral neovascular AMD 

(Martinez-de-la-Casa et al. 2012).

In conclusion, MWT provides complementary information not obtainable 

through traditional analytical methods and as such optimizes the differential 

diagnosis of retinal disorders. Application of this approach to retinal dystrophies 

with distinct pathway deficits would not only further validate the clinical utility of 

MWT as a tool, but also provide further insight into the physiological origin of 

multiple oscillators in the human retina. 
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Chapter 4. EFFECT OF GENOTYPE ON RESPONSE TO ANTI-VEGF 
TREATMENT3

INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness 

in developed countries for individuals over 60 years of age. The neovascular (wet) 

form of AMD, although constituting 10% of overall disease prevalence, accounts 

for 90% of severe vision loss associated with the condition (Ferris, Fine, & 

Hyman, 1984). The hallmark of wet AMD is abnormal choroidal blood vessel 

formation and growth (choroidal neovascularization: CNV). Vascular endothelial 

growth factor (VEGF) is the major mediator of the CNV process (Spilsbury et al. 

2000). Therefore, over the past decade, intravitreal administration of anti-VEGF

agents (ranibizumab and bevacizumab) has become the mainstay of treatment for 

wet AMD. Although treatment response varies based on the criteria used, no 

single study reports universal response to anti-VEGF therapies. Using measurable 

data of responsiveness evaluation, Krebs et al. (2013) determined that about 15% 

of patients treated for at least 3 months with anti-VEGF injections would respond 

insufficiently. These patients will continue to experience decline in visual acuity 

and/or increase in retinal thickness and lesion size (Krebs et al. 2013).

Previous investigations have associated poor response to ranibizumab and 

bevacizumab with single nucleotide polymorphisms (SNPs) in the complement 

factor H (CFH) gene (Nissler et al. 2011; Chen et al. 2012) and the age-related 

3 This chapter contains as-yet unpublished data, presented in a paper-based 
format.
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maculopathy susceptibility 2 (ARMS2) gene (Teper et al. 2010; Tian et al. 2012).

Variants in these genes have been identified in recent genome-wide association 

studies (GWAS) as major AMD risk loci for the development of the disease and 

therefore could, to some degree, be associated with worse treatment outcomes. 

Two of the largest prospective pharmacogenetic studies so far (CATT, IVAN) 

failed to associate any of the individual high-risk variants with treatment 

responsiveness (Hagstrom et al. 2013; Lotery et al. 2013). It is, however, unlikely 

that in complex diseases, such as AMD, a single SNP will adequately explain 

treatment outcomes. A combination of single-nucleotide polymorphisms (SNPs) 

may be more likely associated with a phenotype of poor response even if each 

SNP has little individual effect. In support of such notion, some groups examined 

the cumulative effect of risk alleles at different loci to create models involving 

multiple genes. Kloeckener-Gruissem et al. (2011) found that a heterozygous 

genotype combination at the examined SNPs in the CFH and FZD4 loci was 

associated with higher likelihood of better visual outcomes. In a similar study, 

Smailhodzic et al. (2012) showed a cumulative effect of risk alleles in the CFH,

ARMS2 and VEGF genes with poorer response rate to anti-VEGF treatment.

Protective haplotypes and genotypes should also be taken into consideration when 

designing predictive models of treatment response. Haplotypes spanning the CFH

(Spencer et al. 2007) and SKIVL2/MYRIP (Kopplin et al. 2010) genes have been 

identified as protective factors for AMD.

Most pharmacogenetic studies for treatment response of AMD have relied 

on regression analysis and variation in allele frequency between poor and good 
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responders to identify candidate predictor SNPs. Statistical approaches based on 

regression analysis may lose statistical power because of the use of statistics with 

high degrees-of-freedom and the large number of hypotheses tested during 

combinatorial search involving multiple SNPs. In this current work, we propose 

the use of machine learning classification techniques to develop a multi-SNP

classifier that would accurately predict anti-VEGF treatment outcomes in AMD. 

The goal is twofold: first, to confirmthe hypothesis that combined genetic 

information in a selected set of previously associated SNPs can, with high rate of 

success, predict the response of AMD patients to treatment; and second, to 

propose a classifier with its decision rules that accurately predicts treatment 

response. Such methodology will not only provide a potential prediction tool but 

may also suggest possible epistatic (gene-to-gene) interactions that may otherwise 

remain undiscovered with regression methods.

METHODS

This study received ethics approval from the Health Research Ethics 

Board (Biomedical Panel) of the University of Alberta. All procedures conformed 

to the Code of Ethics of the World Medical Association (Declaration of Helsinki).

Patients

Eighty-four patients (mean age: 73.6, SD: 8.9) with unilateral and/or 

bilateral neovascular (wet) macular degeneration (Age-Related Eye Disease Study 

[AREDS] severity scale: 11b; definite end-stage disease) (Davis et al., 2005) were 
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recruited from the Alberta Retina Consultants (ARC). All patients were 

undergoing monthly intravitreal injections of ranibizumab (Lucentis, Novartis, 

Basel, Switzerland) and/or bevacizumab (Avastin, Genentech, South San 

Francisco, CA, USA) for a minimum of 12 months. In patients with bilateral 

disease, a single eye per patient was used in the analysis. Central macular 

thickness (CMT) was measured at baseline and monthly thereafter with optical 

coherence tomography (Stratus OCT, Carl Zeiss Meditec Inc., Jena, Germany). 

Snellen visual acuity (logMAR) was measured monthly after initiation of 

treatment. Patients with visual acuities reduced to counting fingers (CF) were 

assigned a logMAR value of 2.0. Data were collected from the day of neovascular 

AMD onset in the study eye (retrospectively) until month 12 after the first anti-

VEGF injection (retrospectively and prospectively). All AMD-related CNV lesion 

types were included in this study, except for serous pigment epithelial 

detachments (sPEDs) without evidence of CNV. Patients with missing data were 

excluded.

Response classification

Evaluation of response to anti-VEGF treatment was based on change in 

visual acuity and the presence of sub-retinal/intra-retinal fluid. “Poor responders” 

were characterized by at least two of the following: a) more than 0.1 logMAR loss 

in visual acuity at 12 months compared to baseline; b) absence of a decrease in 

CMT at 3 and 6 months after the first injection; and c) new macular fluid at 3 and 

6 months in different areas of the retina. Patients who experienced resolution of 
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fluid with decreased CMT and an increase in visual acuity more than 0.1 logMAR 

from baseline were considered “good responders”. Patients with preserved visual 

acuity (less than 0.1 logMAR change) and decreased CMT at 3 and 6 months 

follow-ups were considered “typical responders”. To simplify the decision tree 

model, typical and good responders were grouped under a single group.

Representative examples of poor and good responders are given in figures 4.1 and 

4.2 respectively.
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Figure 4.1: Representative cases of poor response to anti-VEGF therapy.

OCT scans and visual acuity measurements obtained from three different patients 

(A-C) at baseline (first row), 3 months (second row), 6 months (third row) and 12 

months (fourth row) after initiation of anti-VEGF therapy.
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Figure 4.2: Representative cases of good response to anti-VEGF therapy.

OCT scans and visual acuity measurements obtained from three different patients 

(A-C) at baseline (top row) and 3 months (bottom row) after initiation of anti-

VEGF therapy. 

Genotyping and SNP selection

Peripheral venous blood (10mL) was collected from each study participant 

in EDTA tubes. Genomic DNA was extracted form whole blood using the Gentra

Puregene Blood kit (Gentra Systems, Inc., Minneapolis, Minn.) according 

manufacturer's instructions. Patients were genotyped for 53 single nucleotide 

polymorphisms (SNPs) in 30 genes. SNP analysis was performed using high-

throughput matrix-assisted laser desorption-ionization time-of-flight mass 

spectrometry (MALDI-TOF MS) on the Mass ARRAY iPLEX Platform 
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(Sequenom, San Diego, CA). SNPs were selected based on previous genome wide 

association reports. Implicated genes could be clustered into four different 

biological pathways: a) inflammation and complement system regulation; b) lipid 

metabolism; c) oxidative stress and extracellular matrix remodeling; and d) 

angiogenesis. Several new loci recently associated with AMD development were 

also considered. (Fritsche et al. 2013) A summary of the selected SNPs is 

provided in table 4.1.
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Table 4.1: Summary of selected SNPs for genotyping AMD patients.

Candidate genes are represented in biological pathways.
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Classifier

The tool we used to perform our analyses was the WEKA machine 

learning toolkit (http://www.cs.waikato.ac.nz/∼ml/weka/ provided in the public 

domain by the University of Waikato, Hamilton, NZ). We employed the J48 

implementation of C4.5 algorithm, an extension of the basic ID3 algorithm 

designed by Quinlan (Quinlan, 1993). C4.5 builds decision trees from a set of 

training data in the same way as ID3, using the concept of information entropy. At 

each node of the tree, C4.5 chooses the attribute of the data that most effectively 

splits its set of samples into subsets enriched in one class or the other. The 

splitting criterion is the normalized information gain (difference in entropy). The 

attribute with the highest normalized information gain is chosen to make the 

decision. J48 constructs a decision tree based on the training data and produces 

rules of how decisions are made. An additional step, referred to as pruning, omits 

nodes/branches that can be removed without affecting the performance 

significantly. Pruning reduces the risk of over-fitting to the training data.

Synthetic Minority Over-Sampling Technique (SMOTE)

The classification of imbalanced data is a commonly encountered problem 

in the context of medical pattern recognition and data mining. A dataset is 

considered imbalanced if the classification classes are not evenly distributed. 

Non-responders to anti-VEGF therapy constitute a minority class, as in any cohort 

of neovascular AMD patients undergoing anti-VEGF treatment, the frequency of 
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non-responders has been estimated to be close to 15-20% (Krebs et al. 2013). The 

remaining 75% of patients are expected to be good/typical responders and as such 

constitute the majority class. A simple default strategy of guessing the majority 

class would give a predictive accuracy of 75% with a fairly low rate of correct 

detection of poor responders. To improve prediction of the minority class 

“oversampling” is required. The synthetic minority over-sampling technique 

(SMOTE) is a powerful approach to achieve oversampling without replicating 

minority class instances. With this method, the minority class is over-sampled by 

introducing “synthetic” examples that lie in close proximity to the k-minority

class nearest neighbors (Chawla and Nitesh, 2002). The value of a nominal 

attribute in a generated synthetic instance is determined by the most frequently 

occurring value in its nearest neighbors. The “synthetic” examples cause the 

classifier to create more general and less specific decision regions for the minority 

class and as such decision trees generalize better. In our cohort, the amount of 

over-sampling needed was 200%. 38 “synthetic” examples were added to the 

minority class to produce a total number of 122 instances. 
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Figure 4.3: SMOTE (Synthetic Minority Over-sampling Technique). The 

minority class is over-sampled by taking each minority class sample and 

introducing synthetic examples along the line segments joining any/all of the k 

minority class nearest neighbors. Image adapted from Sun et al. (2013).

K-fold Cross Validation

In k-fold cross-validation, the original sample is randomly divided 

into k equal size subsets. Of the k subsets, a single subset is retained as the 

validation data for testing the model, and the remaining k − 1 subsets are used for 

training. The cross-validation process is then repeated k times, with each of 

the k subsets used exactly once as the validation data. The average performance 

on the k test sets is then computed. Typically, k values between 5 and 10 are used. 
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To avoid over-fitting of the training module, a randomized filter can be applied to 

equally distribute SMOTE-generated synthetic instances within folds.

Analysis Metrics

In a two-way (binary) classification, four classification outcomes are 

possible, which can be displayed in the following confusion matrix: 

To measure performance of a classification model three measures are 

commonly used: precision, recall and accuracy. Precision or positive predictive 

value (PPV) is the proportion of class members classified correctly (TP) over the 

total number of instances classified as class members (TP+FP).

Recall is the equivalent of sensitivity and true positive rate (TPR). It is 

defined by the proportion of class members classified correctly (TP) over the total 

number of class members (TP+FN).

Another important measure is the fall-out of false positive rate (FPR). It is 

closely related to specificity (FPR=1-specificity) and represents the proportion of 

proportion of negatives cases that were incorrectly classified as positive
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Accuracy of a model is the proportion of true results (both true positives 

and true negatives) in the population.

The receiver operating characteristic (ROC) curve is defined by the plot of 

model’s sensitivity on the y-axis against 1-specificity or false positive rate (FPR) 

on the x-axis. The area under the ROC curve measures the probability that a group 

of patients will be correctly classified with the evaluated classification model.

RESULTS

Baseline Characteristics

All neovascular AMD patients were of Caucasian origin. Among them 

65/84 (78%) patients were classified as either good or typical responders and 

19/84 (22%) as poor responders. Median baseline Snellen visual acuity did not 

vary significantly between the poor responder (0.41 logMAR) and the combined 

good/typical group (0.47 logMAR) [p=0.10 two-tailed Mann-Whitney U-test]. 

Equal number of patients presented with visual acuities reduced to counting 

fingers (CF) in each group (n=5). Median baseline central macular thickness 

(CMT) was comparable between the two groups (404 μm vs. 436 μm; p=0.41 

two-tailed Mann-Whitney U-test). A summary of baseline and follow-up visual 

acuity and macular thickness measurements is provided is supplementary figure I.
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Decision Tree with SMOTE oversampling

Average performance was optimized with k=7 test sets. The summary 

statistics are provided in table 4.2. Cross-validation estimate of accuracy was 

78.68%. From a total of 122 real and synthetic cases, 52/65 (TPR=80%) good 

responders and 44/57 (TPR=77%) poor responders were classified correctly. 13 

poor responders were misclassified as good (FPR=22%) and 13 good responders 

as poor (FPR=20%). ROC area was 0.77 and 0.835 for good and poor responders, 

respectively. Upon manual validation, the decision tree classified correctly 77/84

(accuracy: 91%) of the non-synthetic (“real”) instances. Instances with missing 

values in the root node SNP (see below) were considered misclassified.

Table 4.2: Cross-validation statistics. Both non-synthetic and SMOTE-

generated instances were used in validation of the model by the WEKA machine 

learning toolkit.

aTPR: true positive rate; fraction of true positives out of the total actual positives

bFPR: false positive rate; fraction of false positives out of the total actual 

negatives
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The following 13 SNPs were used to create the pruned J48 decision

tree: rs4586 (CCL2), rs8192678 (PPARGC1A), rs1065489 (CFH), rs2285714 

(PLA2G12A), rs699947 (VEGFA), rs9319425 (FLT-1), rs10468017 (LIPC),

rs10033900 (CFI), rs1799865 (CCR2), rs8017304 (RAD51B), rs5888 (SCARB1), 

rs9542236 (B3GALTL) and rs3130783 (IER3/DDR1). An illustration of the 

merged decision tree is presented in figure 4.4. Class distribution per each SNP 

genotype is given in supplementary figure II. Supplementary figure III reports the 

actual and predicted class for all 84 patients based on genotype on the 13 SNPs 

used to create the decision tree.
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Figure 4.4: Decision tree. Each branch represents genotype on respective SNP 

locus and each leaf node the class label. PR: poor response; GR: good response.

The rs4586 SNP (CCL2) served as the root node of the decision tree, 

leading to the most homogeneous branches (highest information gain principle). 

As such, it was considered the most important “split” in the decision tree,

The rs9319425 (FLT-1), rs9542236 (B3GALTL), rs5888 (SCARB1) and 

the rs1799865 (CCR2) SNPs served as leaf decision nodes. Genotypic variation

on these SNPs determined whether the patient would be classified as a good or 

poor responder after taking into consideration genotype in multiple other loci.
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Two distinct decision paths classified the majority (70%) of poor responders in 

this cohort: a) the CCL2->PPARGC1A->CFH->PLA2G12A->FLT-1 (genotype 

combination: CT, GG, GG, TT, CT) and b) the CCL2->LIPC->CFI->CCR2 path 

(genotype combination: TT, CC, CC, TT/CT).

DISCUSSION

The first step in developing a pharmacogenomics classifier is to extract 

generalized learning algorithms from a dataset of training instances. The 

classification accuracy depends greatly on the quality of the training data.

Especially in the case of a binary or dichotomous classification, the two classes 

need to be clearly separated based on measurable and reproducible criteria. In

neovascular AMD, universal consensus of what defines good and poor response 

does not exist. Pharmacogenetic results regarding anti-VEGF therapy are thus 

sometimes inconsistent and not replicative in every study, possibly due to

underlying differences in study endpoints used (visual acuity, anatomic response, 

number of retreatments required, etc.) (Schwartz and Brantley, 2011). Visual 

acuity by itself can lead to inaccurate classifications regarding anti-VEGF therapy

efficacy. Despite marked improvement in retinal thickness and complete 

resolution of retinal fluid, visual acuity may continue to decline due to 

progression of atrophy to involve the foveal region. The opposite is also possible: 

improvement of visual acuity despite evidence of active neovascularization 

extrafoveally. Therefore, in our study, the combination of functional (visual 

acuity) and morphologic (decrease in retinal thickness) criteria allowed for more 
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accurate identification of insufficient responders to establish true 

pharmacogenetic associations.

A limitation of our study is that differences in underlying CNV lesion type 

characteristics were not taken into account. In one study (Ying et al. 2012),

predominantly and minimally classic lesions were reported to be associated with 

less gain in vision compared to occult lesions. However, other studies failed to 

support such associations (Lalwani et al. 2009; Lux et al. 2007). In addition, rare 

CNV variants such as retinal angiomatous proliferation (RAP) and polypoidal 

choroidal vasculopathy (PCV) may respond differently than other CNV lesion 

types to anti-VEGF treatment (Ying et al. 2012). Although none of the patients in 

our cohort was diagnosed with RAP or PCV, it is possible that other clinical 

factors or baseline OCT characteristics-apart from age, baseline visual acuity and 

lesion size- influence treatment outcome. Vitreomacular adhesions (VMAs), for 

example, have been associated with poor response to anti-VEGF treatment and 

less gain in visual acuity (Krebs et al. 2013; Lee et al., 2009). VMA’s may reduce 

response to anti-VEGF therapy via maintaining exposure of the macula to vitreous 

pro-inflammatory cytokines or interfering with its oxygenation and nourishment.

Cross-validation was used as a model validation technique to evaluate 

performance of the classifier. With all instances included (both real and synthetic, 

SMOTE-generated), the estimated false positive rate (FPR) for the good 

responder class was 22%. Based on the assumption that 15% of patients in any 

neovascular AMD cohort will respond insufficiently to anti-VEGF therapy, the 

classifier’s FPR is higher than that obtained when randomly classifying every 
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patient as a good responder (null hypothesis). Current practice affords such 15% 

FPR in anti-VEGF monotherapy. To be proven clinically useful, a prediction 

model will have to minimize existing FPR for the good responder class. A reason 

for the relatively high FPR could be sought at the introduction of synthetic values. 

Although necessary to construct a classifier with improved prediction of the 

minority class, these synthetic instances may have “invaded” the majority class 

territory and thus caused considerable confusion. In support of this notion, is the 

fact that manual validation using the “real” instances led to correct classification

of 81/84 patients. Such high accuracy is suspicious of an “over-fitted” decision 

tree, particularly tied to the current dataset that cannot be easily generalized. Two 

applied methods in the development of the decision tree minimized significantly 

the risk of over-fitting: cross-validation and pruning. Nevertheless, validation in 

an independent cohort is required to evaluate the classifier’s exact performance 

and accuracy. 

The root node of the decision tree was a SNP in the CCL2/MCP-1 gene. 

Genotypic variation in its receptor gene (CCR2) was also found to be a critical

determinant of treatment response. The chemokine (C-C motif) ligand 2 (CCL2), 

also referred to as monocyte chemotactic protein-1 (MCP-1), is a 13kDa cytokine 

that belongs to the family of CC chemokines. CCL2 acts primarily as a 

chemoattractant of monocytes, inducing differentiation and polarization of 

macrophages in peripheral tissues (Luster AD, 1998). Under physiologic 

conditions, the human retina is devoid of macrophages (microglial cells) in the 

subretinal space. In AMD, macrophages and microglial cells are pathologically 
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recruited in the subretinal space, secreting pro-inflammatory cytokines and 

angiogenic factors (VEGF) that promote photoreceptor degeneration (Combadiere 

et al. 2007) and choroidal neovascularization (CNV) (Ambati et al. 2003).

Macrophage recruitment is thought to be partially mediated through CCL2 and its

receptor (CCR2). Mice deficient in CCR2 have a predilection for developing 

CNV (Tsutsumi et al. 2003). A plausible role of the CCL2/CCR2 signaling 

pathway in AMD is further supported by the fact that SNPs in the CCL2 and 

CCR2 genes have been associated with an increased risk of developing the disease

(Anand et al., 2012). In addition, serum levels of CCL2 have been found to be 

significantly higher, while expression of CCR2 in peripheral blood mononuclear 

cells (PBMCs) significantly lower in AMD patients (Anand et al. 2012). Jonas et 

al. (2010) found a significant association of intraocular levels of CCL2 with 

neovascular AMD, even in the presence of normal VEGF concentrations. 

Refractoriness to anti-VEGF treatment may therefore be the result of an elicited 

inflammatory and angiogenic response in the microenvironment of the retina that 

is VEGF-independent. In cancers resistant to anti-VEGF treatment, the cytokine 

IL-17 promotes such VEGF independent pathway through recruitment and 

functional activation of myeloid derived suppressor cells that express MCP-1 and 

other pro-inflammatory and angiogenic factors (Chung et al. 2013).

The classifier was unable to unify all unresponsive patients under a single 

“SNP haplotype” (combinational genotype). This finding highlights once again 

the genetic complexity underlying AMD and its treatment prediction. 

Nevertheless, the majority of poor responders could be characterized by two 
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distinct SNP haplotypes. One of these haplotypes suggests interaction of an 

AMD-associated variant in the PPAR gamma (PPARG) co-activator 1 alpha gene 

(PPARGC1A) with genes of the complement (CFH), lipid metabolism

(PLA2G12A), and VEGF signaling systems (FLT-1). PPARGC1A is a major 

transcriptional co-activator of the proliferator-activated receptor C (PPARG). 

PPARs act as regulators of gene transcription and have demonstrated ability to 

reduce the likelihood and severity of pathologic retinal neovascularization (Del 

Cano and Gehlbach, 2008). ω3 long chain fatty acids, which can act as 

endogenous PPAR agonists, exert much of their modulatory effects on retinal 

neovascularization through PPARG (Stahl et al. 2010; SanGiovanni et al. 2005).

In three independent cohorts, variants in PPARGC1A were shown to confer 

protection against neovascular AMD (SanGiovanni et al. 2013). Interaction 

analysis showed statistical significant interactions with complement (CFH,

CFB, C3, C2) and VEGF (VEGFA, FLT1, KDR) variants. The rs8192678 SNP, in 

particular, was found to interact with variants in the VEGFR-1 receptor gene 

(FLT-1), as in our study. Thus, the PPAR-axis may not only be important in the 

pathogenesis of neovascular AMD but also potentially interfere with

responsiveness to anti-VEGF treatment.

A previous suggestive association between rs2285714 SNP (PLA2G12A)

and response to anti-VEGF therapy was supported in our cohort. The TT genotype 

was conditionally associated with poor response in a subset of patients. Wang et 

al. (2012) reported that carriers of the T allele were 3 times more likely to be poor 

responders than good responders. PLA2G12A codes for group 12A secretory 
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phospholipase 2.  Phospholipase A2 (PLA2) is a family of enzymes that catalyzes 

the hydrolysis of glycerophospholipids to arachidonic acid and lysophospholipids

(Murakami et al. 2011) and can exert proangiogenic effects by inducing VEGF 

production in vascular endothelial cells (Barnett et al. 2010). Increased PLA2

activity may also lead to overproduction of arachidonic acid and subsequent 

conversion to prostaglandin E2 (PGE2) that can potentiate pathologic ocular 

angiogenesis through interaction with its E4 receptor. In rat models of oxygen-

induced retinopathy and laser-induced choroidal neovascularization, the E4 

receptor has been shown to promote Müller cell VEGF production and enhance 

endothelial cell proliferation (Yanni et al. 2009).

Overall, the current study provides a novel approach to investigate 

potential pharamacogenetic interactions in the treatment of neovascular AMD. 

Although external validation in an independent cohort is required to assess the 

generalizability of the model, we herein provide preliminary evidence that 

variation in multiple susceptibility loci might better explain differential response 

to anti-VEGF therapy. AMD is a genetically complex disease and it seems highly 

likely that predicting treatment response will be genetically complex as well.
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Chapter 5. DISCUSSION

The aim of the current thesis was to describe genetic and 

electrophysiological aspects of age-related macular degeneration (AMD) and 

investigate their clinical implications in the treatment of the condition.

In the first chapter, evidence of non-macular photoreceptor dysfunction in 

both early and advanced stages of AMD was provided. Previous efforts to assess

photoreceptor dysfunction in AMD (Jackson et al. 2002; Jackson and Owsley

2000; Owsley et al. 2007) have relied merely on psychophysical tests, which are 

prone to subjective biases (fatigue, inattention to stimulus presentation, varying 

decision criterion among test takers). Our approach utilized the most objective test 

to assess retina function, which is independent of patient response: the full-field 

electroretinogram (ffERG). By designing a novel and standardized protocol, we 

were able to show that even during early stages of the disease (dry AMD), dark 

adaptation defects are present in patients with AMD. Unexpectedly, a subset of 

patients was characterized by panretinal cone abnormalities. This finding-

previously reported by Ronan et al. (2006) and Ladewig et al. (2003)- may reflect 

extensive morphologic changes in advanced stages of AMD or represent a distinct 

phenotypic manifestation within the heterogeneous context of AMD as a disease.

The identification of such phenotype suggests the possibility of a distinct genetic 

physiologic mechanism contributing to AMD (Ronan et al., 2006). This has

research implications for the investigation of the genetics underlying AMD.

Isolation of a distinct ERG phenotype can propel delineation of the remaining 
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genetic contributors to AMD. In addition, existence of an AMD subgroup with 

generalized cone and rod dysfunction may explain why some patients continue to 

lose visual function even though their clinical picture remains unchanged. This 

may hold especially true for neovascular AMD patients that continue to 

experience reduction in visual acuity even though their retinas appear completely 

“dried up” on OCT scans.

The second chapter provided electrophysiological evidence of changes in 

inner retina function that occur during normal aging and in AMD. We relied on 

analysis of the oscillatory potentials (OPs), a component of the ERG thought to 

originate from cells in the inner plexiform layer (Wachtmeister L. 1998). OP

changes in the healthy, dark-adapted retina were found to begin at earlier ages (40 

years) than previously shown (minimum of 60 years) and did not progress further 

at older ages. These changes should be taken into account when evaluating AMD,

a disorder that becomes most prevalent after 65 years of age (Kahn et al. 1977; 

Klein et al. 1992; Mitchell et al. 1995). To study light-adapted OPs, we adapted 

for the first time in humans a novel analytical method, previously used to study rat 

ERG signals (Forte et al. 2008): the Morlet Wavelet Transform (MWT). MWT

allowed the characterization of two distinct oscillators in the light-adapted retina: 

a high-frequency band time-locked to the onset of early OPs and a low frequency 

band that gave rise to both early and late OPs. Aging affected preferentially the 

power of the low-frequency band. The high-frequency band was identified as an

age-independent marker of inner retina function. As such, it can open new
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diagnostic avenues for assessing pathologies and/or retinal drug toxicities at

widely different ages.

We undertook additional analyses using MWT in subjects afflicted with 

neovascular AMD under anti-VEGF therapy in one eye and dry AMD in the 

fellow eye. While the high-frequency band power remained unaffected by age and 

in the dry form of AMD, it underwent selective reduction in patients undergoing 

chronic intravitreal anti-VEGF therapy to thwart choroidal neovascularization.

Why we see such changes in OPs of neovascular AMD eyes under anti-VEGF

treatment remains to be elucidated. Limited by the retrospective nature of the 

study, we cannot exclude the possibility of extensive inner retina damage caused 

by the initial hemorrhagic event. Contradicting this possibility is the fact that in 

treatment-naïve cases of serous Pigment Epithelial Detachment (sPED) associated 

with AMD, the high-frequency band remained unaffected. Location of the fluid 

within the retina may explain this observation. In sPED without intra- or sub-

retinal fluid, neovascularization is confined to the sub-RPE space. The origin of 

the high frequency band may lie in the more distal retina and therefore remain

unaffected in cases where a pathological state affects primarily the outer retina.

Another explanation for the observed OP power reduction seen in eyes 

treated with anti-VEGF agents should be sought at the biological consequences of 

prolonged VEGF signaling blockade. The issue of possible inner retina toxicity 

caused by prolonged VEGF blockade has been raised before. Several lines of 

evidence indicate an important role for endogenous VEGF in the maintenance and 

function of adult retina neuronal cells, such as the photoreceptors and the Müller 
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cells (Saint-Geniez et al. 2008), as well as the subretinal vasculature. Chronic 

inhibition of VEGF-A function in normal adult animals has been shown to lead to 

a significant loss of retinal ganglion cells (Nishijima et al. 2007). In addition, 

changes in retinal nerve fiber layer thickness have been reported in treated eyes of 

patients with unilateral neovascular AMD (Martinez-de-la-Casa et al. 2012). The 

above findings should raise caution to clinicians who are treating patients with 

anti-VEGF agents. If validated through a prospective, longitudinal study, MWT 

analysis of the OP component of the ERG can be used to carefully screen patients 

for the detrimental long-term effects of VEGF blockade. Alternative anti-

angiogenic approaches should be explored that target VEGF-dependent or 

independent pathways without damaging healthy vessels. Hypoxia inducible 

factors 1 and 2 (HIF) have been suggested as two candidate target molecules. 

HIFs are basic-helix-loop helix transcription factors that regulate VEGFA 

production and reduce experimental CNV without causing vision loss or 

endothelial damage in mice (Kurihara et al. 2012). Susceptibility factors 

contributing to anti-VEGF toxicity in the eye should also be investigated in the 

future (Quaggin SE. 2012).

In the last chapter, we aimed to investigate whether an individual’s genetic 

information can be used to predict response to anti-VEGF therapy. Using a novel 

tool to investigate potential pharamacogenetic interactions in the treatment of 

neovascular AMD, we provided preliminary evidence that variation in multiple 

susceptibility loci might better explain differential response to anti-VEGF therapy

compared to single gene SNP analysis. Although external validation in an 



163

independent cohort is required to assess the generalizability of the model, it seems 

likely that prediction of treatment response in a complex disease such as AMD 

will be a complex task as well (Kanoff and Miller, 2013). For this study, we relied 

on SNPs in genes previously associated with development of advanced AMD 

through genome-wide association studies (Fritsche et al. 2013). AMD associated

genes can be clustered into four different biological pathways: a) inflammation 

and complement system regulation; b) lipid metabolism; c) oxidative stress and 

extracellular matrix remodeling; and d) angiogenesis. In addition, we included 

gene variants reported to influence response to anti-VEGF therapy as well 

haplotypes spanning the CFH (Spencer et al. 2007) and SKIVL2/MYRIP (Kopplin 

et al. 2010). These haplotypes have been shown to be protective factors for AMD. 

It is possible that inclusion of additional putative variants will increase accuracy 

of the model in the future. 

Up to date, pharmacogenetic results regarding anti-VEGF therapy have

been inconsistent and not replicative in every study. The reason underlying these 

inconsistencies should be sought not only in genetic variability, but also in 

possible differences in CNV lesion features and morphology (Schwartz and 

Brantley, 2011). Vitreomacular adhesions (VMAs), for example, have been 

associated with poor response to anti-VEGF treatment and less gain in visual 

acuity (Krebs et al. 2013; Lee et al. 2009). VMAs possibly exert this effect via 

maintaining exposure of the macula to vitreous pro-inflammatory cytokines or 

interfering with its oxygenation and nourishment. Another potential contributing 

factor associated with responsiveness to anti-VEGF therapy is the level of CNV 
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maturation. Capillary angiogenesis is a VEGF dependent process until the point of 

vessel wall maturation. "Mature" vessels in CNV are lined with pericytes, thereby 

becoming less accessible to antibodies. Regression of mature capillaries seems to 

be a VEGF-independent process, relying molecularly on factors such as 

angiopoietin and its receptors (TIE-1 and 2) (Hirschi and D’Amore 1998; Sims 

DE. 2000; Holash et al. 1999). Therefore, inclusion of clinical predictive factors 

may improve precision and accuracy of the current genetics-based model.

Our study suggested a potential role of the CCL2/CCR2 signaling axis on 

modifying response to anti-VEGF monotherapy. Inflammation is one of the key 

contributors to the pathogenesis of neovascular AMD (Donoso et al. 2006). Apart 

from strong GWAS associations with complement pathway-associated genes, a 

number of inflammatory components (complement system proteins, Ig 

immunoglobulins, C-reactive protein, amyloid β) have been identified as the 

molecular constituents of drusen, the clinical hallmark of AMD (Anderson et al.

2009). In eyes with neovascular AMD, activated monocytes have been identified 

on the outer surface of Bruch's membrane (Cousins et al. 2004; Penfold et al.

2001). In addition, abnormal recruitment of macrophages in the subretinal space

has been shown to trigger production of vascular endothelial growth factor 

(VEGF) by the RPE, leading to subsequent angiogenesis (Apte et al. 2006).

Supportive of a crucial role of inflammation in neovascular AMD are topical anti-

inflammatory therapy trials that have shown to be effective in suppressing 

development of neovascular AMD when co-administered with or without anti-

VEGF drugs (Izumi-Nagai et al. 2008; Gomi et al. 2012; Flaxel et al. 2012). In
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patients unresponsive to anti-VEGF monotherapy, a combination “rescue” therapy 

of anti-VEGF therapy with immunosuppressant drugs (triamcinolone acetonide) 

has been shown to produce significant anatomic improvements (Veritti et al.

2013).

Understanding the factors underlying suboptimal responsiveness to anti-

VEGF monotherapy is important to guide research for future therapies. Until 

alternative treatments become available, identification of individuals most likely 

to be unresponsive to anti-VEGF monotherapy is highly demanded, as earlier 

commencement of combination therapy on these individuals may lead to 

improved final visual outcomes.

In conclusion, investigation of electrophysiological and genetic aspects of 

AMD revealed important implications for its treatment. AMD should be 

considered a heterogeneous group of disorders. In some cases, the whole retina 

may be involved challenging the widely accepted notion of a disease confined to 

the macula. Treatment shoud therefore be directed at a systemic level. Prolonged 

VEGF blockade, as a strategy, may be deemed suboptimal or result in undesired 

functional impairment in a subset of AMD patients. Pharmacogenetic research 

holds promise in developing individualized treatment approaches for AMD that 

optimize final patient outcome while reducing the risk of detrimental adverse 

effects.
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Supplementary Figures

Figure I: Baseline and follow-up VA and CMT measurements. For response 
evaluation, visual acuity (VA) was recorded at baseline and at 12 months post-
treatment. Central macular thickness (CMT) was recorded at baseline, 3 months 
and 6 months after the first injection.
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Figure II: Class distribution per SNP genotype. Distribution of good and poor 
responders based on genotype in 13 SNPs used to create the J48 decision tree. 
Both non-synthetic and SMOTE-generated instances are included. Each bar 
represents one possible genotype class per SNP: homozygous major, homozygous 
minor or heterozygous. Within each bar, class distribution is denoted with 
different color: Blue=good/typical responders; red=poor responders; 
black=missing values.
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Figure III: Manual model validation. Actual and predicted class for all 84 
patients based on genotype in 13 SNPs used to create the decision tree. 
Highlighted in grey are the misclassified instances. Instances with missing values 
in the root node SNP (rs4586) could not be manually classified and have been 
marked with a question mark in the predicted class column.
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