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Abstract 

 

Primary angle-closure glaucoma (PACG) is a common cause of irreversible blindness worldwide. 

The epidemiology of PACG varies significantly between different racial groups. Studies of the 

natural history have identified heritable phenotypic characteristics. Shallow anterior chamber 

depth and plateau iris configuration have been described in familial cases of PACG. In the early 

stages of the disease, intermittent contact between the iris and trabecular meshwork may have 

no consequence to intraocular pressure or glaucomatous optic neuropathy. These cases with no 

established structural or functional pathological changes are termed primary angle-closure 

suspects (PACS). The intermediate stage where elevated intraocular pressure (IOP) with or 

without trabecular meshwork damage is termed primary angle-closure (PAC). This thesis 

describes the clinical and genetic examination of families with PACS and more advanced 

disease. The majority of participants were of European origin. Molecular genetic investigations 

performed include parametric and non-parametric linkage analyses, quantitative trait loci 

linkage, a pilot case-control study and targeted gene screening for secondary causes of angle-

closure glaucoma (ACG).  

 

In the largest family of PACG recruited, two promising regions of linkage on chromosomes 10 

and 13, including a potential causative gene were identified. Phenotype-genotype correlation 

highlighted plateau iris to be the most prominent feature in affected individuals, although 

additional risk factors of shorter axial biometry and hyperopic refractive error were also 

observed. However, a number of unaffected individuals also carried the risk haplotypes from 

the two regions studied, indicating that a monogenic disease model was unlikely. At least two, 

or more genes, appear to contribute to the development of PAC/ PACG. The remaining smaller 

families did not provide any significant results on parametric linkage analysis with an autosomal 

dominant model. Quantitative trait linkage was applied on a number of traits measured by 

anterior segment optical coherence tomography (AS-OCT), which provided some support for 

the chromosomes 10 and 13 loci. Maximum iris thickness and adjusted axial length at the 

chromosome 10 region showed a LOD score of 1.3 and 1.5. Adjusted anterior chamber depth 

and lens vault on chromosome 13 showed LOD scores of 1.7.   

 

As the linkage results were not conclusive, a pilot case control study, followed by participation 

in an international consortium-led genome wide association study (GWAS) was performed. 

Three single nucleotide polymorphisms, rs1015213, rs3753841 and rs11024102, were found to 

be associated with cases of acute angle closure (AAC) and PACG. In advanced disease, these 

SNPs were implicated in Europeans and Asians alike. The loci for our family based analyses and 

the GWAS did not overlap. There is increasing evidence that a phenotypic predisposition such 

as plateau iris has a small number of genetic contributors, but advanced disease has further 
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contributions from common SNPs.  

 

In a small number of families, PAC was found in participating individuals but examination of 

additional family members eluded to genetic syndromes like Noonan, Marfan, Weill-Marchesani, 

Ehlers-Danlos syndrome and bestrophinopathies. Causative mutations in targeted genes such as 

FBN1 and BEST1 were found in some of these families. Angle-closure is often observed as part 

of a more complex ocular phenotype. 

 

Even though this work has shown evidence for familial and genetic tendencies in angle-closure, 

there is still insufficient evidence for genetic screening for primary and secondary ACG. The 

mainstay of treatment and management is done through early detection and intervention. 

During the clinical characterization of this study cohort, anterior segment optical coherence 

tomography (AS-OCT) provided an objective means of recording and identifying early disease. 

This cohort of 101 families with angle-closure will provide a useful foundation for follow-up 

work in genetic and clinical imaging studies.   

 

We conclude that PACG is a multifactorial disease, and in the earlier stages may have 

contributions from a small number of genes. When complex phenotypes involving angle-closure 

exist, additional genetic factors play a role. Future studies into the control and regulation of the 

extracellular matrix and pigment epithelium differentiation in the context of angle-closure would 

be of interest.  
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Introduction 

 

1.1 Background 

Glaucoma is the leading cause of irreversible blindness worldwide characterized by a 

progressive optic neuropathy, accompanied by visual field damage. The most common subtypes 

of primary disease are open angle glaucoma (POAG) and angle-closure glaucoma (PACG). Both 

are chronic conditions where ocular and systemic risk factors are increasingly being recognized.1 

The use of genomic tools to characterize the molecular basis of glaucoma predisposition has 

been more successful in POAG than PACG to date, in part due to the complexity in determining 

the clinical phenotypes. This thesis describes the clinical and molecular genetic investigation of 

families with a predisposition to angle-closure glaucoma.  

 

 

1.2 Clinical definitions of glaucoma 

Glaucoma may be classified into primary and secondary disease mechanisms. In the majority of 

cases, primary disease is observed, unrelated to any secondary ocular and systemic disorders. 

Primary glaucomas are further classified according to the appearance of the anterior chamber 

angle on gonioscopy (see section 2.3.1), a method of directly visualizing the insertion of the iris 

into the anterior chamber angle. Figure 1.2.1 illustrates the anterior segment of the human eye. 

The flow of aqueous humour following production by the ciliary processes, through the pupil 

and into the iridotrabecular angle is shown. Figure 1.2.2 shows the normal structures visible on 

gonioscopy. 

 

The working definition for glaucoma in population surveys is the presence of structural damage 

with a vertical cup:disc ratio (VCDR) ≥97.5th percentile of the normal population, together with 

a definite visual field defect consistent with glaucoma.2 This represents category 1 of the 

International Society of Geographical and Epidemiological Ophthalmology (ISGEO) classification 

of glaucoma. In the absence of visual field data, glaucoma is defined as advanced structural 

damage or asymmetry ≥99.5th percentile of the population (category 2). If the optic disc cannot 

be examined, category 3 of the ISGEO classification uses a visual acuity of less than or equal to 

3/60 (which means that a letter normally visible at 60 metres can only be seen by the subject 

at 3 meters), together with intraocular pressure (IOP) ≥99.5th percentile, or evidence of 

previous glaucoma filtration surgery.2  

 

For POAG, IOP is no longer a defining characteristic but a level of two standard deviations 

above the population mean, typically ≥21mmHg, remains an important risk factor for 

glaucoma.3 Better methods of classifying glaucoma into its subgroups have provided some data 

on disease prevalence. In Western populations, POAG is the predominant form of the disease. 
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The ISGEO guidelines define this as glaucomatous optic neuropathy (GON) in the presence of 

an open angle and no ocular abnormality to account for a secondary mechanism. For PACG, 

definitions include three stages of disease (Table 1.2.1). This reflects the natural history of the 

condition, with emphasis placed on gonioscopic features of angle-closure, and the presence of 

GON.  

 

Age of onset is also a common method of glaucoma classification. Both POAG and PACG are 

rare before the age of 40 years. Infrequent, severe, young-onset glaucoma within the first year 

of life, known as congenital glaucoma, or between the ages of 5 to 39 years, known as juvenile-

onset glaucoma, are often associated with rare single-gene mutations causative of the disease 

(See section 1.5 for known glaucoma genes).  

 

Secondary glaucoma can be defined as the presence of an ophthalmic or systemic condition 

that predisposes an individual to elevated IOP, which if sustained, leads to GON.4 Ocular 

syndromes such as pigment dispersion syndrome (PDS), exfoliation syndrome (XFS) as well as 

those associated with systemic disease such as diabetic neovascular glaucoma, and the uveitic 

glaucoma syndromes can lead to visual loss from secondary glaucoma.  
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Figure 1.2.1. Aqueous humour production and outflow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taken from: 

http://www.nei.nih.gov/health/glaucoma/glaucoma_facts.asp 

 

 

Figure 1.2.2 Gonioscopic view of anterior chamber angle structures.  

 

Adapted from Smith et al. Molecular Vision 2002:8:26-31.5 (A) is a schematic diagram showing 

the anatomical structures in Homo Sapiens: Iris; CB=ciliary body; SS=scleral spur; 

TM=trabecular meshwork; SC=Schlemm’s canal. (B) demonstrates the corresponding 

anatomical structures viewed by a gonioscope. 

  

http://www.nei.nih.gov/health/glaucoma/glaucoma_facts.asp
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Table 1.2.1 PACG and sub-group definitions. 

Stages of primary angle-closure 

according to ISGEO classification 

Definition 

Primary angle-closure suspects (PACS) Iridotrabecular contact (ITC) in two or more quadrants 

(≥  ) in both eyes, such that apposition is possible, 

but there is no other sequelae of disease  

Primary angle-closure (PAC) 

 

ITC with evidence of elevated IOP or presence of 

peripheral anterior synechiae (PAS), excess 

pigmentation in the AC angle, or ischaemic signs such 

as iris whorling or glaukomflecken. This category 

includes subjects with PACS and ocular hypertension.  

Primary angle-closure glaucoma 

(PACG) 

PAC with CDR ≥97.5th percentile, with a reproducible 

visual field defect 

Other clinical entities often used in 

PAC research 

Definition 

Narrow angles (NA)  on 

non-indentation gonioscopy with the eye in the 

primary position. When this definition is used, it is 

equivalent to PACS above. 

 

[2] Other physical characteristic such as short anterior 

chamber depth is used as the defining criterion for a 

case. The angle characteristics may not have been 

examined.  

 

 is observed, 

although clinical characteristics suggestive of angle-

closure may be present e.g. pigment on the TM. 

“Acute” angle-closure (AAC) Rapid elevation of IOP (typically >40mmHg) resulting 

in symptoms such as pain, blurred vision, red eyes, 

haloes, and signs of ocular ischaemia, in the presence 

of PAC/G in the affected eye and at least PACS in the 

fellow eye.  
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1.3 Epidemiology of glaucoma 

Globally, it is estimated that there are 60 million people with glaucoma. It is the second most 

common cause of blindness, but remains the leading cause of irreversible blindness worldwide.6 

China and India together make up over a third of the world’s population, and an estimated 9.4 

million people suffer from glaucoma in China alone.7 There are about 250,000 known glaucoma 

sufferers in the UK and an equal number (50%) that remain undiagnosed.8 This undiagnosed 

proportion is likely to be even higher in the developing world.   

 

1.3.1 Prevalence 

The prevalence and burden of glaucoma varies between racial groups. In Barbados, the 

prevalence of POAG has been estimated at 7%,9 one of the highest figures from recent 

population surveys of persons over 40 years of age. Most remaining geographical regions have 

an overall glaucoma prevalence of less than 4%.10 A meta-analysis of POAG prevalence data 

provided estimates of 2.1% in White populations, 1.4% in Asians, and 4.2% in Blacks.11 For 

PACG (Figure 1.3.1), the prevalence is approximately 3% in East Asian populations, such as 

Mongolia and Singapore.4,12 Population estimates of PAC(G) in Europe range from 0.1 to 

0.6%.4,13,14 A systematic review of the literature places this to be 0.4% in those over 40 years 

in people of European descent.15 The prevalence of angle-closure is highest in Alaskan Eskimo 

women. Up to 11.8% of those over 60 years have occludable anterior chamber angles, and the 

prevalence of PACG was reported at 2.1%.16 In Cape Malay people of mixed Southeast Asian, 

European and African ancestry, the prevalence of PACG has been estimated at 2.3%.17  

 

Around 6 million people suffer from secondary glaucoma globally.10 The prevalence of this 

depends on the underlying conditions. For example, in areas of the world where cataract 

extraction without intraocular lens (IOL) implantation is still widely practiced, aphakic glaucoma 

remains a significant problem.18 Exfoliation syndrome (XFS) and its secondary exfoliation 

glaucoma (XFG) is the commonest cause of secondary open angle glaucoma. The estimated 

prevalence of XFS(G) varies from 0.4% in Chinese to 11% in Iceland.19 

 

1.3.2 Incidence  

Direct measurement of the incidence of POAG can be difficult to ascertain as the structural 

changes and repeatable visual field loss may precede one another in newly diagnosed 

individuals. The Bedford eye survey in the 1970’s in the UK placed the incidence of POAG to be 

0.04% per year.20 In Barbados, the nine-year incidence of open angle-glaucoma was 4.4%, or 

an average of 0.5% per year, more than 10 times higher than the UK.21 A recent study from 

Italy found an average annual rate of POAG to be 0.32%, which is higher than reported in other 

White populations as the average age of their cohort was 67.5  9.4 years.22 The Rotterdam 

Eye Study showed that incidence of POAG increased significantly after the age of 70 to 75 
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years.23 An overall age- and gender-adjusted annual incidence rate for POAG in predominantly 

Caucasian populations can be placed conservatively at 14.5 per 100,000 population.24 

 

Unlike POAG, which is an asymptomatic disease, acute angle-closure (AAC) presents an 

opportunity for the incidence of angle-closure to be studied. White populations have the lowest 

incidence of AAC – this was estimated to be 4.7 cases per 100,000 (2 per 10-5 males compared 

to 5.3 per 10-5 females) people per year in Finland,25 compared to 15.5 per 100,000 (95% CI: 

10.5 to 13.9) in Singapore (Figure 1.3.2).26 The global distribution of POAG: PACG is 

approximately 50:50.6 but more people are bilaterally blind from PACG than POAG.4  
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Figure 1.3.1 Published prevalence rates of PAC(G) in different races.  

 

Data from He et al 2005.14 The South African Data represents prevalence in Cape Malays.27  

 

 

Figure 1.3.2 The incidence of symptomatic (“acute”) angle-closure.  

 

Taken from Foster & Low 2009.28 Expressed as age and gender standardized rates of 

cases/100,000 people/year in populations aged 40 years and older.  
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1.4 Risk factors for glaucoma  

1.4.1 Age  

The incidence and prevalence of GON increases with age in virtually all population-based 

studies. In the Baltimore Eye Survey, the prevalence of GON in White subjects aged over 80 

(2.2%) was 2.4 times higher than those aged 40 to 49 years old (0.9%).29 In Beaver Dam, a 

fivefold increase in prevalence was seen in people over 75 years (4.7%) compared to those 

between the ages of 43 to 54 years of age (0.9%).30 Both of these statistics referred to cases of 

POAG. Only two out of 4926 subjects (0.04%) were found to have PACG in Beaver Dam, and 28 

out of 7104 (0.4%) in Baltimore.29,30 

 

The contribution of age to the development of PACG is in part related to normal age-related 

shallowing of central and peripheral anterior chamber depth (ACD).31 An average shallowing of 

0.1mm per decade was seen in elderly Chinese subjects of the Liwan eye study,32 with similar 

trends observed in elderly White subjects from the EPIC-Norfolk Eye Study, a large UK 

population-based cohort.33 The most likely explanation for the age-related shallowing of ACD in 

all eyes, predisposing those with shallower anterior chambers to the development of PACG is 

likely to be the increasing thickness of the lens, and probable forward displacement of the lens 

in older eyes.34-37  

 

1.4.2 Race 

For POAG, people of African descent have the highest rate of disease and visual morbidity.29 

Typically, not only is the incidence and prevalence higher in this racial group, but their age of 

presentation is, on average, 10 years younger than their Caucasian counterparts,38 and the 

disease appears more aggressive.39 A recent study of subjects of African descent versus 

European descent with normal intraocular pressures and optic disc appearances found that 

even in this group of subjects, visual field testing detected more defects in the Black subjects.40 

 

Eskimos and Chinese are at greatest risk of PACG, much of this may be due to the differences 

in ocular biometry. Axial length (AL), corneal dimensions, angle and iris characteristics, lens 

thickness (LT) and ACD have slightly different characteristics between populations.41,42 

Unravelling differences in genetic ancestry and disease susceptibility (or modifier) loci may 

provide useful clues as into the pathophysiology of PACG. 

 

1.4.3 Intraocular pressure 

It is now widely recognised that elevated IOP is not a defining characteristic of glaucoma. It is 

possible to have elevated IOP with no GON, and statistically “normal” IOP with advanced GON. 

Despite this, IOP remains the main modifiable risk factor in the controlling visual loss from GON. 

Between 30 to 50% of people can develop GON despite having an IOP below the population 
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mean.3 This can be termed “normal pressure glaucoma (NPG)”. For clarity of description, NPG 

may be defined as structural and functional damage consistent with GON under ISGEO 

classification, with no evidence of secondary features, and an IOP  21mmHg throughout the 

course of the disease. The treatment for this subtype of glaucoma is similar to POAG, as a 

reduction of IOP helps to delay the progression of GON.43 Because the presenting IOP is lower, 

the therapeutic window for IOP reduction is smaller. Eyes that have IOP  8mmHg are at high 

risk of complications so surgery in NPG patients aims to reduce the IOP by 30% without 

uncontrolled hypotony of  5mmHg.44 

 

In pressure dependent, classical POAG cases, the risk of GON increases, but probably in non-

linear fashion, with increasing IOP.45 There is a diurnal variation in IOP with the highest levels 

detected before noon in 66% of all POAG patients.46 The same trend in the highest recorded 

IOP being found in the mornings was also observed in PAC(G) cases.47 PACG is an IOP 

dependent form of GON. There is a stronger correlation observed between pre-treatment IOP 

with visual loss from PACG than POAG.48 Other physical evidence of progressive disease in 

PACG is seen by a strong relationship between the highest IOP levels and the extent of PAS.49 

There is a group of patients in whom high IOP levels are found, but no structural and functional 

evidence of GON is observed. These patients are known to have ocular hypertension (OHT). 

Even in this subgroup of patients, a reduction in IOP by ≥ 20% reduces their 5-year risk of 

developing GON by 50%.50 

 

1.4.4 Sex 

It is unclear whether there is an association between sex and glaucoma, particularly in POAG. 

In a large Bayesian meta-analysis of POAG studies to date, Rudnicka et al reported that males 

were 1.37 times (95% CI: 1.22 to 1.53) more likely to develop POAG. This was true of POAG in 

all racial groups, particularly for Black men, after adjusting for potential confounding factors.11 

The majority of other reports describe women to be of higher risk - part of this may be 

explained by the longevity of females over males, so there are usually more females with POAG 

than males in the clinical and population setting. There are reports of decreased oestrogen (late 

menarche or early menopause) being a risk factor for females who develop POAG.51,52 In the 

collaborative normal-tension glaucoma study, female sex was a strong predictive factor for 

glaucoma progression. As NPG is a subgroup of POAG, it appears that additional risks, including 

sex, can alter the glaucoma phenotype.53  Most of the genetic loci for glaucoma reported to 

date have been of autosomal dominant inheritance. Primary congenital glaucoma (PCG) is 

autosomal recessively inherited. In this subgroup, more males than females are affected. It 

remains possible that there are additional genetic factors, such as a recessive X-linked gene 

that influences the higher proportion of males with PCG.54 
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The clear association between sex and GON lies in the risk of PACG. It has been consistently 

found in research studies into PAC(G) that older females are at greatest risk of angle-closure. In 

the acute angle-closure incidence study in Singapore, the relative risk of an angle-closure 

symptomatic attack is 9.1 for a person over 60 years of Chinese ancestry.26 Women are two to 

four times as likely to develop angle-closure than men, irrespective of race.16,25,26,55-58 This is 

likely to be due to smaller ocular anatomical dimensions in females than males in most 

populations studied (see also ocular biometry next page). Previous investigators have explored 

the relationship between premenstrual migraine and PACG,59 and psychiatric predispositions in 

triggering PACG.60 Paterson and Miller showed that aqueous outflow in females varied with the 

menstrual cycle, but was steady in normal male controls. They also showed that the release of 

relaxin in physiological states such as pregnancy, can increase aqueous outflow in the presence 

of oestrogen.61 Environmental influences therefore play a greater role in females with PACG 

than males. In subjects with predisposing ocular traits such as thicker irides and larger ciliary 

bodies,62 it is highly plausible that outflow resistance influenced by hormonal responses and 

fluid homeostasis are more easily compromised in females.   

 

Sex-specific molecular pathways such as oestrogen biosynthesis may be associated with PACG. 

Recently, two studies have suggested that CYP1B1 genotypes may contribute to the 

pathophysiology of PACG.63,64 This gene encodes for an important enzyme in the P450 

superfamily, which converts of oestradiol to several metabolites in the oestrogen and 

testosterone metabolic pathways.65 It could therefore have an influence of sex on the 

development of GON. In Chakrabarti's study, they found that the ancestral haplotype for POAG 

and PACG are the same at the CYP1B1 locus. Another study, which suggests that CYP1B1 has a 

potential role in PACG, is a genome-wide linkage study of a Chinese family where mutations in 

both MYOC and CYP1B1 were identified.64 It is plausible that CYP1B1 has an ancestral 

haplotype which produces an additive effect on some cases of GON, regardless of the anterior 

segment anatomy (i.e. open or closed angles).  

 

1.4.5 Central Corneal thickness 

Central corneal thickness (CCT) is one of the most heritable of all ocular characteristics.66 Age, 

sex, and race are important covariates accounting for 16.7% of the trait variance.67 From a 

clinical perspective, CCT is an important consideration for IOP measurement.68 For 

measurements performed with Goldmann applanation tonometry (GAT), which is the current 

clinical standard, a 100-micron increase in corneal thickness is associated with a mean increase 

of between 1.5 to 1.8mmHg increase in IOP.69 Similarly, GAT readings from a thin cornea 

underestimate the true value of IOP. The relationship between thinner corneas and likelihood of 

GON development remain present even after taking into account IOP measurement errors 

related to CCT.70 A thin CCT is considered a risk factor for the development of POAG, 
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particularly NPG and in people of African descent.71 It is also associated with faster rates of 

progression in POAG.72 Thicker CCTs are often observed in OHT subjects.68 

 

The evidence for thin CCT as a risk factor for GON is less strong in PACG cases, but a study of 

163 Korean patients by Hong et al showed that even if IOP is well controlled in PACG cases, 

subjects with CCT  540 microns are at higher risk of VF progression after 3 years than those 

with normal to thick corneas.73 However, other groups have concluded that CCT is associated 

with age and IOP, but thinner corneas not independently associated with POAG or PACG, 

particularly in East Asians.74 

 

1.4.6 Ocular biometry  

Ocular biometry (physical dimensions of structures within the eye) shows continuous variation. 

These ocular dimensions have a direct impact on vision as they relate to the refractive power of 

the eye. Final refraction is determined by various factors including corneal radius/ curvature, LT 

and position, as well as AL.75-77 These quantitative traits have been used as quantitative trait 

loci (QTL) for genetic investigation of disorders such as myopia.  

 

(A) Axial length 

Pathologic refractive error is almost always associated with extreme values of axial length.78-80 

In POAG, OHT, and NPG longer axial length has been shown to be a moderate risk factor of 

GON (see also refractive error below). Investigators have calculated that eyes with axial myopia 

and thin sclera have higher scleral tension, and shearing forces are exerted across the lamina 

cribosa.81 The lamina cribosa is a mesh-like structure in the sclera where the optic nerve head 

leaves the eye. These forces can lead to retinal ganglion cell loss and GON.82 Similar connective 

tissue changes have been known to occur in myopia and glaucoma.83    

 

Conversely, the association between a small eye with shallow anterior chamber has been 

recognized early in the 19th century by Von Graefe to be associated with “acute glaucoma”.84 

We now know that the components of a small eye, including its AL, ACD, lens position and 

thickness, anterior chamber width (ACW),85,86 and iris parameters87 are all contributors to the 

development of PACG (more detail is provided in the subsections below). Age, sex and height 

have been found to be associated with some of these measures. Several studies have shown 

that high-risk populations of PACG, (e.g. East Asians and Eskimos) have smaller eyes,32,85,88 but 

other authors have found no significant differences in ACD, AL and refractive error in separate 

populations of White, Black and Chinese races.89,90 

  

The heritability of AL is well known91-94 and several genetic loci have been reported using 

quantitative trait linkage analysis.95,96 Many genetic loci have been identified for myopia. Three 



Chapter 1, Introduction 

  21 

                          

monogenic causes have been identified for extremely short eyes (<20mm) including NNO1, and 

MFRP  (aka NNO2), and PRSS56.79,80,97 A co-ordinated process takes place during normal 

emmetropization, with stages during development, as well as post-natally for axial elongation. 

In a detailed study of MFRP as a genetic factor involved in these processes, Sundin et al 

presented the expression data of MFRP, a gene found almost solely in the RPE, to be present 

late in embryonic life.98 Patients with no MFRP function (null homozygotes) have axial lengths 

shorter than a normal new-born baby, indicating that the eye does not reach its normal size 

expected for gestation when a mutation is present. Thereafter, continued elongation of the eye 

to reach emmetropia in childhood is also disrupted, such that homozygote null individuals have 

a refractive error of > +10 dioptres sphere (DS) by the age of 6 years.98 They hypothesize that 

in the post-natal stages, MFRP is a single, but not the sole contributor of vitreous chamber 

elongation because this phase of development is also dependent on environmental factors of 

visual stimulation. This may be why subsequent studies of refractive error have failed to identify 

gene mutations associated with MFRP for cases where the refractive error was < +10 DS.99   

 

In the case of the NNO1 locus, the causative gene has yet to be identified. The linkage position 

was mapped to chromosome 11p, but not within the inclusion range of PAX6, a homeobox 

domain gene known to be involved in anterior segment development.79 Identifying QTL to axial 

length is not only important for the genetics of refractive error,91,96,100 it is also a key 

contributing factor to the development of PACG. 

 

More recently, PRSS56 was identified as a causative gene for posterior microphthalmos and 

ACG in consanguineous families from Tunisia, Turkey and the Faroe Islands.97,101,102 All affected 

individuals had biallellic mutations, axial lengths <20mm, and most had posterior segment 

abnormalities ranging from a poorly defined foveal pit, to chorioretinal folds. From these three 

publications, more than 10 mutations in PRSS56 have now been identified. The mouse model 

(Grm4) had expanded choroid, elevated IOP, narrow angles, and a spectrum of axial lengths 

that overlapped with wild-type littermate controls. At the age of 2 months, mutant mice had 

axial lengths 0-10% shorter than the wild-type. Pupil dilation caused approximately 20mmHg of 

IOP elevation in mutant, but not wild-type mice.97 Emmetropization in mice does not occur in 

the same way as humans, therefore the more variable axial length observations in the mutant 

mice could be influenced by allelic variation and underlying genetic background of the mice. In 

affected humans from consanguineous families, their genetic and phenotypic features showed 

less variation.97,101,102 

 

These monogenic causes for extreme hyperopia have not yet been shown to be contributors to 

non-syndromic PACG observed in the general population. However, understanding their role in 

post-natal emmetropization and avoidance of the excessive uveal expansion to stimuli such as 
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pupil dilation and intraocular surgery can help prevent visual loss in at risk individuals 

(AL<20mm).    

 

(B) Anterior chamber depth 

ACD refers to the distance between the corneal endothelium to the anterior surface of the lens, 

it is closely related to, and usually proportional to axial length. Shallow ACD is often the first 

clinical sign of a person who is at risk of PACG,41,103,104 so methods to identify this have been 

suggested as screening tools for PACG.35,105,106 The alternative phenotype of relative ACD 

(rACD), which is as a ratio (ACD divided by axial length) has been used by He et al in a twin 

study of heritability in young Chinese subjects. They found that the additive genetic effects 

were similar between ACD and rACD, their heritability estimates were 89% - 90% in 

monozygotic twins, even after adjusting for myopia. 

 

Age is an important factor influencing ACD. This quantitative trait increases from birth and 

peaks in the mid-teens to early twenties.84 An average decline of around 0.1mm per decade is 

observed in most populations after the age of forty.33,107-109 In high-risk populations of 

Mongolians and Greenland Eskimos, this rate of ACD decline was even greater.88,107  The 

underlying reason for this increase in ACD shallowing observed in high-risk populations remain 

to be determined. No definitive studies have been performed to examine whether it due to age-

related increases in lens thickness, or any ciliary body – lens – zonular complex changes in 

these populations.  

 

The reciprocal relationship has not been evident between ACD variation and POAG as conflicting 

results have been presented.110,111 There is one particular form of GON, which affects younger 

male myopes, known as pigment dispersion syndrome (PDS) or pigment dispersion syndrome 

with glaucoma (PDG). Concavity of the mid peripheral iris is observed with this subgroup, and 

the ACD in this subgroup of GON is much deeper than age and refraction corrected normal 

individuals.110  

 

(C) Lens thickness and position 

The position and thickness of the crystalline lens influences ACD directly. Ronald Lowe from 

Melbourne, who calculated this feature in his clinic cohort of PAC and normal patients, equation 

below, coined the term relative lens position.35  

 

 Equation 1: Relative lens position = ACD + ½ (lens thickness) 

                       Axial length 

 

The findings of Lowe suggest that people with thicker and more anteriorly positioned lenses are 
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more likely to develop PAC(G).35 This was later supported by several groups, including Sihota et 

al using a similar method of ultrasound in a family study,112 and other authors, using 

conventional ultrasound, higher resolution ultrasound biomicroscopy (UBM) and Scheimflug 

photography on unrelated individuals.113,114 In a more recent study from India on patients with 

earlier disease (PACS), a sex difference was observed. Ramani et al found that male subjects 

with PACS had more anterior lens positions but females had thicker lenses, compared to age-

matched normal subjects.115 Both sexes had shallower ACD and ALs compared to normal. 

Currently, there is not sufficient evidence to work out whether the co-ordinated intraocular 

positioning of the crystalline lens, and lens thickness itself are sex-determined traits in the early 

stages of PACS.  

 

At the population level, LT range from 4 to 8mm (mean 6.17mm, median 6.12mm).116 Lens 

thickness is a highly age- dependent trait, it is also associated with nuclear cataract and 

diabetes.117 After the age of 40, there is a 0.2mm per decade of lens thickening.116 Compared to 

PACG, people with POAG have thinner lenses.118  

 

Genetic abnormalities affecting lens thickness include microspherophakia, either presenting as 

an isolated trait, or as part of a connective tissue disorder such as Weill-Marchesani syndrome. 

Mutations causing this trait have been identified in FBN1, ADAMTSL4, ADAMTS10, and most 

recently, LTBP2. Zonular weakness and anterior lens dislocation can result in angle-closure in 

these cases. A highly myopic refraction associated with angle-closure should highlight the 

possibility of an anteriorly dislocated lens and an underlying genetic aetiology. Families 

presenting with these features will be described in Section 4 of the results.  

 

(D) Anterior chamber width 

The anterior chamber width (ACW) is a measurement of the horizontal cross-sectional diameter 

from scleral spur to scleral spur on two-dimensional anterior segment scans of the eye (Figure 

1.4.1). Anterior chamber width (ACW) has a linear relationship with ACD and AL86 but it 

performed worse than ACD ≤ 2.9mm or AL ≤ 23.5 as a screening test for angle closure in a 

Singaporean community polyclinic where majority of the participants were Chinese. Chinese 

ethnicity is a risk factor for developing PAC(G), and the findings from this group suggested that 

ACW was smaller, and AL shorter in the Chinese subjects compared to the other races in this 

study, but no racial difference was found for ACD.86 From the description of AL, ACD and ACW 

variation so far, it is clear that some, or all these traits may be found in people with PAC(G). 

They are associated with the disease trait of interest, as well as one another.  

 

(E) Iris curvature and thickness 

The idea of increased iris curvature and thickness was an early concept known to increase the 
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risk of angle-closure glaucoma.119 More recent publications have quantified iris curvature (I-

Curv) and thickness on anterior segment optical coherence tomography (AS-OCT).87 See Figure 

1.4.2. Wang et al found that the PAC(G) patients in their study had smaller I-Curv values but 

this was explained by the fact they had all been treated with laser iridotomies.87 As the I-Curv 

quantitative trait changes depending on whether a person has received treatment or not, I-Curv 

would not be a good quantitative trait to study for the genetics of PACG if the study group 

consists of a heterogeneous group of treated and untreated cases.  

 

After adjusting for age, sex, ACD and pupil size, most iris parameters, particularly thicker iris 

was associated with PAC(G) in this study of Singaporean subjects.87 There is some evidence 

that structural, or biomechanical properties of the iris may be contributing to the development 

of PAC(G) in Chinese eyes. He et al found that eyes that have had AAC or chronic PACG have 

higher levels of collagen type 1, compared to eyes at an earlier stage of disease (PACS).120 

Chua et al also found that tissue expression of SPARC and collagen 1 were increased in eyes 

with PACG.121 It is likely that these structural changes could lead to increased iris thickness but 

the clinical - histological correlation has yet to be shown definitively. Moreover, a previous study 

by Sihota et al using UBM to examine Indian eyes with acute and chronic PACG compared to 

POAG and controls showed a thinner iris to be associated with PACG, particularly in the acute 

presentation.122  Chua et al and Sihota et al  both found that increased SPARC121 and thinner 

irides were not observed in POAG.122  
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Figure 1.4.1 AS-OCT image showing the anterior chamber width. 

 

Taken from Nongpiur et al,86 showing the horizontal corneal diameter from scleral spur to 

scleral spur, indicated by the white arrows. The scleral spur appears as an inward protrusion of 

the corneal endothelium just above the ciliary body band.   

 

Figure 1.4.2 Schematic of iris measurements on AS-OCT. 

 

Taken from Wang et al, showing iris curvature (I-Curv), iris thickness (IT) at 750 and 2000 

microns from the scleral spur, and ITM represents the thickest point of the iris. I-Area is the 

cross-sectional iris area.87 
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1.4.7 Refractive error 

Myopia, particularly high myopia, has been reported to be associated with POAG.123 Several 

reasons exist for this: (1) there is a correlation between IOP and axial length,124 (2) there may 

be a common pathway for the development of glaucoma and myopia, (3) there may be 

difficulties in assessing CDR in an abnormal fundus where the retinal structures and posterior 

scleral coat may be elongated by high myopia.125  

 

At the other end of the spectrum, hyperopia is associated with the development of PACG. 

Congdon et al found hypermetropic refraction to be more common in White subjects than 

Chinese and Blacks but the corneal curvature to be smaller in Chinese than Whites and Blacks.90 

In a clinical practice in Western Australia, Lowe found 6% of patients with PAC to be myopic, 

57% to be less than 2 dioptres hypermetropic, 26% to be between 2 and 4 dioptres 

hypermetropic and a further 9% between 4 and 6 dioptres hypermetropic.126  

 

For extreme hyperopia of ≥ +10.00 DS (see also axial length section) two genes, PRSS56 and 

MRFP (aka NNO2) have been identified. Both of these are associated with ACG.80,101  A key 

phenotypic characteristic of hyperopic-nanophthalmic eyes, that is different from PACG, is the 

presence of thickened sclera as a result of collagen bundles and aberrant glycosaminoglycan 

metabolism in many such cases.80 The PRSS56 and MRFP genes cause autosomal recessive 

microphthalmia/ nanophthalmia.  

 

In non-syndromic AAC or PACG, hyperopia as a risk factor can be accounted for by the shorter 

axial lengths observed, usually >20mm but shorter than average for age and sex (23.9mm for 

males and 23.5mm for females <60y).33 Common variants in the MFRP gene have not been 

associated with any other form of refractive error.99  

 

1.4.8 Family history 

In Quigley's editorial article: “Chase the family”, he emphasized the importance of examining 

family members, particularly in the detection of POAG.127 From the Glaucoma Inheritance Study 

in Tasmania (GIST), McNaught et al examined 442 subjects from five families with a strong 

history of POAG. Forty-seven of them were previously diagnosed POAG cases, yet 27% of them 

were unaware of a positive family history. Thirty new POAG cases (7%) and 41 glaucoma 

suspects (9%) were identified as a result of direct examination of family members.128 Additional 

familial cases from the GIST study showed that the phenotype of GON in these cases occurs at 

an earlier age, and the patients are more severely affected than sporadic cases.129 Most adult 

onset POAG loci show autosomal dominant inheritance (Table 1.5.1). However, variable 

expressivity and partial penetrance observed points to its multi-factorial aetiology. Families 

where there are more than three affected family members are more likely to have an 
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underlying genetic cause of large effect. Linkage analysis in such pedigrees has successfully 

identified regions of interest in at least seven glaucoma loci where findings have been replicated 

by other groups (Table 1.5.1 – rows highlighted in blue). Other familial cases may only report 

one other affected family member, or the disease in a more distant relative, such that a genetic 

effect is present, but the mode of inheritance is complex.  

 

Data on reported family history of PACG is less well studied than POAG. A clinic report from 

Brazil found 25% of their cases to have a reported family history of PACG.130 A population 

survey in Harbin, Northeast China, found a positive family history to be a significant risk factor 

of PACG, with an odds ratio of 65 under univariate logistic regression, or odds ratio of 1.65 in 

the multivariate model.131 Amerasinghe et al found that the relative risk of narrow angles to first 

degree family members is seven times higher than the general population of Singaporean 

Chinese.132 Kong et al compared 332 PAC patients, 228 POAG and 193 controls in Shanghai, 

China to investigate a glaucoma family history, finding that a parent with PACG contributed 

most to the family history of glaucoma in the PAC, compared to POAG where siblings and 

children contributed more to the family history of glaucoma.133 In India, Venkatesh et al found 

that there was a 21 times greater odds of angle-closure in siblings of PAC/G subjects compared 

to open angle subjects in a hospital setting.134 A greater age effect was observed for glaucoma 

in PACG. Screening for glaucoma in first-degree relatives appears to be a feasible strategy for 

detecting high-risk individuals. 

 

1.5 Genes that cause glaucoma 

1.5.1 CYP1B1 

Early age of onset of GON often points to a genetic aetiology. Majority of PCG is diagnosed 

within the first year of life. Enlargement of the globes of the eye (buphthalmos) as a result of 

elevated IOP alerted clinicians to this diagnosis in the late 19th and early 20th century.135 

Observation of a high rate of incidence in Slovakia, particularly in the Gypsy subpopulation of 

1:1,250 compared to 1:22,000 of the non-gypsy population pointed to an autosomal recessive 

mode of inheritance.135 In 1997, Stoilov et al identified three homozygous frameshift mutations 

that resulted in null alleles of the CYP1B1 gene (GLC3A locus) resulting in PCG.136 The CYP1B1 

protein, part of the P450 superfamily of enzymes, is strongly expressed in the non-pigmented 

inner ciliary epithelium and the corneal epithelium of the anterior chamber.136 In the mouse 

model of the disease, Cyp1b1 participates in the early spatio-temporal expression patterns that 

establishes and/ or maintains axes of polarity during embryogenesis. In the later stages, 

Cyp1b1 is expressed in the dorso-distal end of the optic cup where the ciliary body and iris are 

derived.137 

 

It is unclear which ligand is metabolized during the development of PCG, but the hydroxylation 
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of oestradiol to its 2 and 4-hydroxylated forms is a characteristic reaction of the CYP1B1 

enzyme.138 Homozygous mutations lead to PCG, but heterozygous mutations of CYP1B1 have 

been found in other forms of glaucoma, including juvenile onset open angle glaucoma (JOAG), 

POAG, PACG, Peter’s anomaly, and Rieger’s anomaly. Hence, dysfunction of one CYP1B1 allele 

is sufficient to cause some eye disorders, suggesting a concentration dependent role for the 

enzyme.65  

 

1.5.2 MYOC 

The first glaucoma locus, GLC1A, was identified following genetic linkage to a region on 1q21-

31 in two large families with JOAG family showing autosomal dominant pattern of disease.139 

The causative gene, MYOC (previously known as TIGR),140 encodes a high molecular weight 

protein, myocilin, that forms complexes in vivo, presumably with itself, and other myocilin 

binding proteins.140 Mutations in the myocilin gene appear to confer a gain of function, and the 

protein is expressed in many ocular and non-ocular tissues, and is found in both intra- and 

extracellular spaces. The actual function of myocilin is still unknown, although its role in GON is 

closely associated with elevated IOP. Its expression level is highest at the trabecular 

meshwork,141 although it has also been found in neuroepithelial and photoreceptor ciliiary 

segments.142 Steroids, mechanical and oxidative stress, and molecules such as TGF-β1 and 

optineurin have all been reported to stimulate the transcription of myocilin in cultured 

trabecular meshwork cells.143 Myocilin is implicated in adult-onset POAG, but only 2-4% of 

POAG patients harbour MYOC mutations.143 For a list of known mutations, see 

http://www.myocilin.com/  

 

Ten to 20% of JOAG families have mutations in the MYOC gene. In some cases, additional 

genetic variants in OPTN144 and CYP1B1145-148 genes have been found. Most of latter gene 

variants were polymorphisms as they were also found in the controls screened, but the 

presence of multiple genomic changes in more than one causative gene has decreased the age 

of onset of GON in these reported cases. As POAG tends to affect older people, the diagnosis of 

JOAG should be considered if onset of the disease is between the ages of 12 to 35 years.149  

 

Soon after the identification of MYOC as the causative gene for JOAG in 1997, Alward et al 

characterized the phenotype-genotype correlations of MYOC mutations. They found 16 disease 

causing variations in 33 out of 716 patients screened (compared against 596 control subjects). 

The spectrum of disease was highly variable with age of onset ranging from 8 to 77 years, and 

maximal recorded IOP between 12mmHg to 77mmHg.150 In the same year, Allingham et al 

reported the characteristics of the Gln368STOP (Q368X) mutation in 27 people (from 3 

families), out of 83 people (from 29 families). All subjects with this mutation had elevated IOP, 

and 78% developed POAG by the age of 70.151 The Q368X variant is the most common form of 

http://www.myocilin.com/
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MYOC mutations found, and there is an age dependent variation in disease expressivity.152 Craig 

et al observed a founder effect with this mutation, but a simple dominant mode of inheritance 

was not seen with the pedigrees that were studied from the GIST study. They concluded that 

Q368X was an important phenotypic modifier.152 Further evidence for this came from other 

groups who observed that higher IOPs and earlier age of onset of disease if the Q368X variant 

was co-inherited with an OPTN mutation, as well as the GLC1L haplotype.144,153,154 

 

1.5.3 OPTN 

In 1998, Sarfarazi mapped the GLC1E locus in a large British family with classical NPG to 

chromosome 10p15-14.154 There were 15 affected individuals, and the highest recorded IOP 

was 25mmHg. Only two individuals had IOP ≥ 21mmHg. The causative gene was identified in 

2002, designated OPTN (for “optineurin”).155 Sequence alterations were found in 17% of 

hereditary POAG cases. The protein is expressed in the trabecular meshwork, non-pigmented 

ciliary epithelium, retina and brain, it interacts with diverse proteins such as Huntingdin, Ras-

associated protein RAB8, and transcription factor IIIA. It was hypothesized to have a 

neuroprotective role.155 Recently, a group from Japan identified three disease-causing mutations 

in OPTN to be involved in the pathogenesis of amyotrophic lateral sclerosis (ALS).156 Six 

consanguineous families underwent homozygosity mapping. Both homozygous and 

heterozygous mutations were found. In one family, the E478G heterozygous missense mutation 

showed autosomal dominant trait with reduced penetrance. Different intracellular properties 

were observed for these mutations, compared to the POAG, where the E50K mutation is 

associated with more advanced disease in British families.157 One of the patients from the ALS 

study with the homozygous Q398X mutation also had POAG, but another subject with the same 

mutation, as well as two others with the whole exon deleted, did not have any evidence of 

POAG. Advancements in molecular genetics are beginning to unravel more allelic conditions, 

whereby the same genes cause multiple conditions, depending on their molecular and 

biochemical pathways affected. The inheritance of GON, even in apparently Mendelian genes, is 

proving to be a complex phenomenon to study.   

 

Funayama et al screened 215 Japanese patients with POAG for mutations in the OPTN, MYOC 

and Noelin 2 (OLM2) genes. Noelin 2 was chosen as it showed significant sequence homology 

with MYOC, particularly at the olfactomedin domain where most MYOC mutations have been 

identified. Gene-gene interactions were examined by logistic regression, and the presence of 

OPTN variants with the missense mutation R144Q (located in the exon 4 myosin-like domain) of 

OLM2, was associated with worse visual field defects of statistical significance. Only one SNP of 

the MYOC gene was genotyped, and no association was found for GON at this SNP.158 They 

conclude that mutations in Noelin 2, OLM2, may be a cause of POAG, or a modifier for worse 

visual fields in NPG with OPTN variants, but this has yet to be replicated by other groups.  
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There are significant ethnic differences in OPTN mutations causing POAG.159-165  Ayala-Lugo & 

Pawar et al showed that only 1.2% of their cohort of 314 patients consisting of individuals of 

Asian, African, Caucasian and Hispanic ancestry had disease-causing variants. Many more silent 

coding sequence polymorphisms were identified. They showed a large Chilean family with the 

E50K mutation, but the sequence change did not segregate in a simple dominant pattern.159 

Given the low frequency of OPTN mutations, the presence of potentially disease influencing 

susceptibility variants (e.g. M98K where conflicting results have been found between 

populations due to differences in minor allele frequency),166-168 and sequence changes which 

confer no obvious additional risk for POAG (R545Q),166,169 genetic screening for OPTN mutations 

in the general glaucoma clinic is unlikely to be helpful currently. 

 

1.5.4 WDR36 

It has been debated whether WDR36 is a gene that causes POAG, or represents a modifier 

locus. Monemi et al presented three families where this region was first linked, and upon 

candidate gene exon sequencing in the region, the only mutation identified for this region was 

D658G of WDR36 in one large family.170 Seven affected individuals and nine mutation carriers 

harboured the mutation. The D658G mutation was screened in 670 POAG patients, and 13 of 

them (1.9%) were heterozygous for this SNP. Seven had POAG with elevated IOP, six had NPG. 

Twenty-three additional DNA alterations were identified from 129 unrelated probands, six of 

whom were linked to the GLC1G region previously. A total of 7% of all families screened 

showed mutations in WDR36 in the first report of this gene as a cause for POAG.170  

 

Fingert et al did not find an association between WDR36 and POAG,171 whereas other groups 

have reported mutations with minor frequencies that are likely to be causative for POAG. The 

WDR36 gene is uniquely involved in the immune system. It is highly regulated by interleukin 2 

(IL2), and encodes a yet unknown T-cell activation protein with a minimum of eight WD40 

repeats,170 found in highly proliferative tissues such as the eye, gut, and CNS.172 These WD40 

repeats contain protein-binding domains, including the Utp-21-specific domain and the 

cytochrome heme cd 1 (cyt cd1) domain. The latter is part of a bi-functional enzyme with 

cytochrome oxidase activity.173 This is not dissimilar to the function of CYP1B1 so there may be 

a common factor, such as a biomarker or metabolite that influences the development of GON 

by interacting with either of these genes. This gene is widely expressed in ocular tissues.170 In 

vitro yeast model systems have shown that disruption of the Utp-21 domain, in the presence of 

likely POAG causing mutations, leads to abnormal levels of pre- ribosomal RNA.174 Skarie & Link 

then showed that loss of WDR36 function leads to activation of the p53 stress-response 

pathway.172 Other studies investigating p53 and POAG have provided conflicting results.172  
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Summary of POAG genetics 

Considering the huge number of glaucoma sufferers worldwide, difficulties in phenotypic 

classification and genetic heterogeneity, including complex and oligogenic inheritance, has 

made it very difficult to identify genes of major effect. It is very likely that there is always more 

than one genetic mechanism in effect, particularly as most of the biochemical processes 

involved are highly complex.  

 

However, by studying Mendelian inheritance in large families with relatively homogeneous 

clinical characteristics, successful identification of the causative gene(s) CYP1B1, MYOC and 

OPTN have been applied to the genetic dissection of more common complex GON. The eventual 

ability to classify by molecular mechanisms identifying which major gene(s) are affected in an 

individual could have ramifications for prognosis and selection of the most effective treatment. 
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Table 1.5.1 Known genetic loci and modifiers for adult-onset POAG, in chromosomal order. 

Author (first, last et al ) Year Locus Chromosome  Gene MIM # Study design  Key characteristics Inheritance  

Sheffield, Nichols  1993 GLC1A 1q24.3-25.2 MYOC  137750 Two-point linkage 
in one family 

Average onset 18y, IOP often >50mmHg at presentation, 
normal trabecular meshwork 

AD  

Craig, Mackey  2001 GLC1A 1q24.3-25.2 MYOC 137750 Phenotype-
genotype 
correlation 

100% positive family history when Q368X mutation 
present; both paternal and maternal lines with glaucoma 
in 5 out of 8 families; founder effect of Q368X observed. 
Mean age 52y, mean IOP28mmHg, 28% needed surgery 

Oligogenic/ 
Complex 
(partial 
penetrance) 

Mackey, Criag  2003 GLC1A 1q24.3-25.2 MYOC 137750 Phenotype-
genotype 
correlation 

Four GIST families with T377M mutation, mean age 41y, 
IOP 22-40mmHg, 3 out of 4 families from Greece/ 
Macedonia with same haplotype; variable expression OHT-
POAG but more than half requiring surgery 

AD – partial 
penetrance 

Willoughby, Héon  2004 GLC1A 1q24.3-25.2 MYOC  Phenotype-
genotype 
correlation 

Chinese family with MYOC  mutation G252R & OPTN 
R545Q variant also found in Chinese controls – onset 33y. 
English-Canadian family with two MYOC  variants: Q368X 
& K398N polymorphism and OPTN mutation L41L – age of 
onset 36y compared to 50-83 y without the MYOC changes 

Oligogenic  

Suriyapperuma, Sarfarazi  

 

2007 GLC1H  2p15-16  611276 Two-point linkage 
in 7 families 

Mean age 64y (48-78), IOP 24-60mmHg, CDR mild to 0.9, 
characteristic VF loss, 90% treated with either drops or 
surgery 

AD 

Duggal, Bailey-Wilson  2007 GLC1H 2p15-16   Non-parametric 
linkage (NPL) in 
486 pedigrees 

Quantitative trait IOP used, adjusted for age, sex, 
glaucoma treatment and blood pressure. This was one of 7 
regions identified, but coincides with Suriyapperuma’s 
report, as well as loci for systemic blood pressure 

Polygenic 

Stoilova, Sarfarazi  1996 GLC1B 2cen-2q13 - 606689 Two-point linkage 
in 6 families 

Onset late 40y, low to moderate IOP (1/2 of affected s had 
<22mmHg IOP) 

Partial 
penetrance 

Charlesworth, Sale  2004 GLC1B 2cen-2q13 -  NPL linkage in 
GIST family 

Mean age 55y, criteria: one out of three: optic disc 
abnormality; elevated IOP; VF loss 

Partial 
penetrance 

Akiyama, Mizuki  2008 GLC1B 2cen-2q13 ?NCK2  Case-control IOP≤21mmHg; CDR≥0.7 (or ≥0.2asymmetry); any VF 
defect if <50y; -10dB between 50-55y; -15dB if >55uy 

Complex 

Baird, Bureau  2005 GLC1L 3p21-22 & 
1q23-25 

?/MYOC 137750 NPL linkage Associated with MYOC  mutation Q368X in 1/3 of affected 
individuals 

Oligogenic  

Sherwin, Mackey  2009 GLC1L 3p21-22 & 
1q23-25 

?/MYOC 137750 Case-control 
within large GIST 
family 

NPG which co-segregates with MYOC  mutation Q368X : 
mean age 54.3y, maximum IOP 24mmHg (with Q368X), 
15mmHg without Q368X 

Oligogenic 

Wirtz, Acott  

Samples, Wirtz  

1997, 
2004 

GLC1C  Refined to 
3q23-24 
 

 601682 Two-point & multi-
point linkage 

Open angles, CDR > 0.7, IOP >22mmHg; with age-
dependent penetrance 

AD (age de-
pendent) 
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Author (first, last et al ) Year Locus Chromosome  Gene MIM # Study design  Key characteristics Inheritance  

Petersen, Wirtz  2006 GLC1C 3q23-24   Phenotype-
genotype 
correlation 

Co-inheritance of the MYOC  T377M mutation; age of 
onset 21-53y, IOP 17-56mmHg, CDR 0.3-0.95; VF nil – 
severe. Higher penetrance observed for OHT and large 
CDR when both GLC1C haplotype and T377M mutation 
present. The MYOC  T377M mutation shows partial 
penetrance. 

AD (but 
onset always 
after 2nd 
decade) 

Monemi, Sarfarazi  2005 GLC1G 5q22.1 WDR36 609887 Two-point & multi-
point linkage 

Mean age 64y,  abnormal CDR and VF loss, normal or 
elevated IOP 

AD/ complex 

Kramer, Wirtz 2006 GLC1G 5q22.1 WDR36  Candidate gene 
sequencing of a 
linked family 

Mean age 64y, CDR > 0.7; IOP 16 – 34mmHg; 12 
polymorphisms found ; none of which were thought to be 
disease causing. Either a nearby non-coding mutation, or 
different gene(s) altogether may be responsible. 

Complex 

Fan, Pang  2007 GLC1M 5q ?WDR36 610535 Linkage to region 
and exclusion of 
candidate NRG2  

JOAG, mean age 19y, mean CDR 0.8, IOP 24-44mmHg, 
reproducible visual field loss. 92 JOAG cases and 92 
controls sequenced for NRG2 SNPs but no association 
found (P>0.12). No coding variants in WDR36 found but 
non-coding variants possible due to difference in genetic 
and physical maps. 

AD 

Wirtz, Kramer 1999 GLC1F  7q35-36  603383 Two-point & multi-
point linkage 
analysis 

POAG, IOP 22-38mmHg, CDR ≥ 0.6 ± visual field defects 
consistent with GON, open angles on gonioscopy 

AD 

Murakami, Mizuki 2010 GLC1F 7q35-36   Case-control NPG, mean age 47y, mean refraction -3DS, mean VF 
defect -10dB  

Complex 

Trifan, Sarfarazi  1998 GLC1D  8q23  602429  Middle aged, variable expression, IOP 18-26mmHg ± optic 
disc and VF changes consistent with GON 

AD  

Wiggs, Haines 2004 GLC1J 9q22  608695 Genome-wide 
linkage scan 

JOAG, onset before 35 years, IOP ≥ 22mmHg, GON in 
both eyes and VF loss in at least one eye, excluding ASDs 

AD 

Sarfarazi, Crick 1998 GLC1E  10p14-15 OPTN  602432 Linkage NPG in a large British family with 16 affected individuals, 
aged 23-65y, IOP 14-25mmHg, CDR 0.6 to 0.95 

AD  

Craig, Mackey 2006 GLC1E 10p14-15 OPTN  Case-control study OPTN M98K variant showed an association to NPG cf HTG, 
but not dominant optic atrophy / LHON cases. 

Complex 

Fingert, Stone 2011 GLC1P 12q14 TBK1  Linkage NPG in an African-American pedigree where a 780kbp 
region was duplicated and co-inherited with NPG.  

AD 

Wang, Pang 2006 GLC1N 15q22-24  611274 Two-point and 
multi-point linkage 

JOAG, mean age 22y; AL 22.9 – 33.1mm; IOP 25-
34mmHg, CDR > 0.7, open angles 

AD  

Thorleifsson  2007  15q22  LOXL1 177650 
153456 

GWAS Overlaps in region with Wang et al’s linkage study but this 
variant is only found in XFS and XF(G) cases, not POAG 

AD 

Wiggs, Haines 2000 GLC1I 15q11-q13 GABRB3 
locus 

609745 Genome-wide 
linkage scan 

Ordered subset analysis showed age at diagnosis of POAG 
to be a useful surrogate for age of onset, linked to this 
region in 15 families. 

Complex 
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Author (first, last et al ) Year Locus Chromosome  Gene MIM # Study design  Key characteristics Inheritance  

Allingham, Hauser 2005 GLC1I 15q11-q13 ? 
GABRB3 

609745 Ordered subset 
analysis 

POAG; using age at diagnosis as trait of interest to reflect 
severity 

Complex 

Pasutto, Reis 2009 GLC1O 19q13.33 NTF4 613100 Case-control study 7 heterozygous mutations were identified in NTF4 gene; 6 
were found in cases and 1 in a control subject 

Complex 

Liu, Hauser 2009  GLC1O 19q13.33 NTF4  Case-control study Non-synonymous coding changes found in 5 cases and 12 
controls, 2 of which were previously identified by Pasutto 
et al; this suggests that some of the NTF4 variants 
identified may be benign and not associated with POAG 

Complex 

Wiggs, Haines 2004 GLC1K 20p12  608696 Genome-wide 
linkage scan 

JOAG, onset before 35 years, IOP ≥ 22mmHg, GON in 
both eyes and VF loss in at least one eye, excluding ASDs 

AD  

Sud, Wiggs 2008 GLC1K 20p12 Excluded 
BMP2, 
PLCB1, 
PLCB4, 
BTBC3 

 Candidate gene 
re-sequencing of 
four families linked 
to region 

Same clinical criteria as Wiggs et al above. Four candidate 
genes, based on putative biological functions, were 
investigated by direct genomic sequencing of one affected 
member of each family.  

- 

 Note: Rows highlighted in blue show loci that have been replicated by more than one group. 
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1.6 Clinical phenotypes of PACG 

The disease of particular interest in this thesis is PACG (Table 1.2.1). This term is used when 

significant iridotrabecular contact (ITC), elevated IOP or presence PAS, and GON are found in 

the absence of any secondary causes. People with anatomically narrow angles (NA) may have 

at-risk biometric characteristics such as shorter axial biometry, shallow ACD, thicker irides and 

narrower ACW. However, individuals with NA may or may not develop visual loss from PACG. 

The most informative research studies guiding our knowledge on the progression of disease 

from narrow angles to PACS, then PAC and eventual PACG comes from work performed in 

Greenland31 India and Mongolia.175-177 The large population survey in Mongolia used central 

ACD of <2.53mm on ultrasound A-scan as a screening test for people at risk of NA. Six hundred 

and forty-four people were identified. Of these, 484 did not have any evidence of angle-closure. 

At the follow-up examination 6 years later, 52% of participants re-attended. Forty-one out of 

201 of these participants (20%) were found to have PACS.177 In Southern India, Thomas et al 

found that progression from PACS to PAC (defined by PAS formation and IOP elevation) was 

demonstrated by 22% (CI: 9.08 to 34.2%) of subjects examined after five years in a population 

survey.175 Progression from PAC to PACG was identified in 28.5% of subjects after five years 

(CI: 12 to 45%).176 These studies support the idea that ITC is the defining characteristic of 

angle-closure. 

 

With such a large number of people affected with PACG worldwide, screening is a potentially 

feasible public health strategy.177 Effective treatment modalities are also available. However, no 

single biometric measure to date has been found to be of sufficiently high specificity to be 

implemented for clinical screening of PACG, or earlier stages of the disease.178 Phenotypic 

biomarkers, such as the detection of ITC, have to be refined, and the search for genetic risk 

alleles to identify individuals who may be at risk of visual loss is an area of research currently 

lacking in PACG literature. A good understanding of the disease process and phenotypic 

variation is therefore of utmost importance. 

 

1.6.1 Clinical presentations and signs of PAC  

The pathophysiology of the PACG is closely connected to IOP elevation, mechanical obstruction 

of the TM and ischaemic changes in the anterior segment tissues, particularly the iris120 and the 

lens.179 The clinical history from a patient's symptoms such as the onset of intermittent pain 

and haloes in low-light conditions, can point a clinician toward the chronicity of the condition. 

Previous classifications that have focused on this have divided PACG into acute, intermittent, 

chronic and latent forms of the disease. This is helpful in the clinical assessment of a patient, 

but does not give information on the natural history of disease, or amount of visual damage 

that has already occurred. Latent angle-closure, or better described as asymptomatic PAC is the 

predominant presentation in at-risk eyes of chronic angle closure.12 The presence of symptoms 
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is more frequent in people with PAC, but is not specific enough to be a diagnostic criterion.180 

Symptomatic disease is rare in Asians, but the proportion of Caucasian people with 

symptomatic disease is unclear. Based on the rates of attendance to the A+E department at 

Moorfields Eye Hospital, an average of one case of symptomatic PAC is diagnosed out of 1,750 

emergency visits per week (personal communication, Dilani Siriwardena). This would indicate 

that symptomatic angle-closure is also rare in Caucasians.181  

 

Acute angle-closure (AAC) 

Nonetheless, the “acute” presentation of angle-closure is an ophthalmic emergency. Symptoms 

are often dramatic and painful, the patient often presents with a clear history of haloes, a very 

painful red eye, systemic malaise, and occasionally vomiting. It has been known that the 

headaches and generalized symptoms have caused delays in diagnosis and proper treatment 

when AAC is not recognized.182 About 10% of AAC cases present bilaterally.183 As this is less 

common, it is important to also look for an underlying systemic or precipitating cause.181 More 

details on environmental triggers are presented in section 1.5.2.5. Acute on chronic angle 

closure may also occur. Glaucomatous damage develops with prolonged elevated IOP, and 

physical damage to the trabecular meshwork.184 Up to 20% of patients can go blind during an 

acute episode of angle-closure.185 Poor prognostic factors include late presentation and IOP > 

50mHg,186 inadequate treatment, and mixed mechanism disease. 

 

Physical signs of AAC include the disease include conjunctival injection, a mid-dilated pupil, 

convex iris profile and ITC with shallow ACs. At least 270° of ITC is usually seen on gonioscopy. 

Corneal oedema increases with prolonged IOP elevation, making it difficult to assess the angle 

in the acute stages. Multiple areas of PAS may already be present if the disease is chronic. 

Evidence of ischaemic damage is seen with iris whorling, sectorial sphincter damage, or 

glaucomflecken on the anterior lens fibres.     

 

Chronic  PACG 

On the other end of the spectrum, “chronic” asymptomatic cases of PACG often do not present 

until significant visual loss has already occurred.187-189 A study comparing symptomatic vs 

asymptomatic disease in Singaporean subjects with PACG found that only 18% of symptomatic 

cases, compared to 53% of asymptomatic cases presented with end-stage defects on first 

presentation to hospital services.190 Alsagoff et al found that almost all their cases of AAC 

progress to chronic PACG over time, and 63% required surgical treatment to control the IOP. 

With more aggressive management of AAC, chronic visual loss from PACG can be prevented. 

Tan et al found that the mean time to detection of GON following AAC was 18 months, and 

early surgical intervention, including lens extraction for visually significant cataracts can improve 

the outcome of AAC/ PACG patients to a level where no topical medication is required at two-
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year follow up.191 Clinical signs of an eye with poor prognosis include uncontrolled IOP 

elevation, narrow anterior chamber angles with progressive PAS formation. It is clear that PACG 

is an IOP-dependent form of GON,48 and the GON that develops is actually secondary to the 

disease process that is taking place in the anterior chamber angle.84 The ISGEO classification of 

PACG is re-iterated below. For the purposes of our genetic study, an affected individual is one 

who has the anatomical predisposition to PACG, by showing characteristics of PACS, or more 

advanced disease.   

 

ISGEO classification of PACG 

Stage 1: PACS (primary angle-closure suspect)  

Initially, contact between the peripheral iris and the trabecular meshwork occurs with no 

clinically discernable impact on the angle or intraocular pressure.  In many epidemiological 

studies, anatomically NAs and occludable angles are used interchangeably. These terms are 

descriptive of an eye that may have clinically significant ITC. The ISGEO category of PACS is 

based on ITC obstruction of half or more of the circumference of the trabecular meshwork, 

which is thought to be clinically significant.    

  

Stage 2: PAC (primary angle-closure) 

Once there are pathological signs of the disease process, such as elevated IOP or evidence of 

PAS, progression to visual loss from PACG is greater. The PAC stage is when prophylactic 

treatment to open up the drainage channel is highly recommended. At this stage of disease, the 

optic disc and visual fields remain normal.  

 

Stage 3: PACG (primary angle closure glaucoma) 

The presence of clinically significant ITC, with structural and functional damage to the optic 

nerve suggestive of GON, is termed PACG. The same definitions of GON used for POAG of ≥ 

97.5th percentile for vertical CDR or ≥ 0.2 asymmetry in CDR, and a glaucomatous VF loss 

defined as a cluster of three contiguous points at 5% level on the pattern deviation plot 

(threshold strategy, 24-2 test pattern on the Zeiss-Humphrey field analyser 2) is applied for 

PACG.  

 

1.6.2 Mechanisms of angle-closure glaucoma 

Four key mechanisms have been described in the angle-closure pathogenesis. Majority of 

PAC(G) in Caucasians is caused by pupillary block.14,192,193 Angle-crowding mechanisms, or 

anterior non-pupil block, are the predominant pattern observed in Asian eyes. This includes 

plateau iris, which has been reported to have a hereditary tendency.194 
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Pupillary block 

The pressure differential between posterior and anterior chamber is an important variable that 

determines iris contour. Some iris convexity, or physiological pupil-block, is a normal finding in 

most eyes.195 Clinically significant pupil-block occurs when an increase in iris convexity brings 

the iris into apposition with the TM in more than half its circumference. When more than three 

quadrants are occluded, AAC may develop. Extreme anterior iris bulging is termed iris bombé, 

when pressure differentials of 10-15mmHg can be expected.179 This occurs when there is 

extensive posterior synechiae between the iris and anterior lens, preventing aqueous flow from 

posterior to anterior chamber. 

 

Other characteristics that contribute to pupil-block angle-closure include dimensions of the 

anterior segment, lens size and position, iris stroma and musculature, CB anatomy and 

physiology of aqueous outflow.179,195 Laser peripheral iridotomies (PI) for the treatment of 

angle-closure work by the principle of relieving the pressure differential so the iris contour 

changes from convex to flat. This separates the bulging iris from the TM and opens up the 

drainage angle. 

 

Angle crowding 

This mechanism of angle-closure often co-exists with pupillary-block. Patent laser PIs in the 

presence of angle crowding may not open up the drainage angles sufficiently to prevent IOP 

elevation or progression to GON. This mechanism is also observed in anatomically small eyes 

such as nanophthalmos. 

 

(A) Plateau iris 

Instead of the anterior iris shift and convexity, direct contact of the peripheral iris with TM as a 

result of features such thicker iris, and an anteriorly rotated ciliary body may be observed.179 

With the latter characteristic, the clinical entity plateau iris configuration is said to be present.196 

A more posterior insertion of the zonular fibres pulls the ciliary body into its anterior position, 

producing a characteristic double hump sign on gonioscopy.197  

 

(B) Pseudoplateau iris 

The presence of an iris cyst(s) can produce a configuration similar to plateau iris. An iris cyst is 

clinically diagnosed by observing a localized area of “bumpy” peripheral iris on gonioscopy 

(section 1.5.5.1).198 More males than females have been found to have pseudoplateau iris, 

compared to plateau iris configuration.199  

 

Lens induced angle-closure 

For older people, increasing lens thickness and (nuclear) cataract formation predisposes them 

to age-related angle-closure.200 Whether this is a phenocopy of an otherwise genetically 
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determined condition remains difficult to differentiate. However, genetic conditions that have 

primary effects on the crystalline lens such as spherophakia, and ectopia lentis in the 

fibrillinopathies represent true lens-induced forms of angle-closure (see section 4 of results). 

 

Malignant glaucoma 

Choroidal swelling is a mechanism posterior to the lens that pushes forward the lens-diaphragm 

to cause angle-closure. This is rare, and may be caused by environmental factors such as 

topiramate use (see also section 1.9). More typically, malignant glaucoma is characterized by 

shallowing of the anterior chamber and uncontrolled raised IOP after surgery for angle-

closure.201 Other terms such as cilio-lenticular block, ciliary block and aqueous misdirection have 

been used to describe this clinical phenomenon. The aetiology of this is unknown, but the 

anatomical interaction between ciliary processes, lens and anterior vitreous face that causes 

aqueous diversion into the vitreous cavity is likely to be of some significance.201 More recently, 

Quigley proposed an explanation that malignant glaucoma is not due to aqueous misdirection, 

but a result of poor vitreous fluid transport during an acute episode of choroidal expansion. This 

leads to liquid vitreous accumulating behind the vitreous gel, pushing the lens-diaphragm 

forward. In either case, posterior chamber IOP is much greater than that of the anterior 

chamber and the overall elevated IOP with co-existent angle-closure becomes very difficult to 

manage. This is why the condition is termed "malignant glaucoma".  

 

Transscleral cyclodiode laser photocoagulation has been shown to be effective treatment in 

normalizing IOP and deepening the anterior chambers of patients with malignant glaucoma.202-

204 These reports provide evidence that the ciliary body process and size are contributory 

factors in the development of malignant glaucoma since cyclodiode laser works by effective 

shrinkage of the ciliary body. It is likely that the choroidal expansion theory proposed by 

Quigley is a physiological reaction of angle-closure and its treatment such as laser 

iridotomy205,206 but itself is not the cause of malignant glaucoma.     

 

Each of the mechanisms and presentation of angle-closure may theoretically represent separate 

genetic sub-categories of the PACG phenotype. However, from previous experience in 

ophthalmic genetics, differentiation between dry and wet macular degeneration did not yield 

any differences in genetic susceptibility.207,208 Pupil block and angle crowding, or a mix of these 

two, are the predominant mechanisms present in eyes with PAC(G) and no secondary 

pathology.  
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1.7 Applying genomic tools to the understanding of PACG 

1.7.1 The human genome sequence 

The human genome project (HGP) started in 1990. It was an international multi-centre project 

set out to identify all, approximately 20-25,000 genes (3 billion nucleotide bases) in the human 

DNA. The goal was to provide a “periodic table” for biomedical research. The genome sequence 

itself is akin to strings of letters containing only 4 letters: A, T, G, and C. By 2003, two groups: 

the international public consortium, and Celera Genomics, a private company founded by J. 

Craig Venter (b.1946) had successfully sequenced and published the first draft of human 

genome sequence. The sequence reported by these two groups was based on a small number 

of individuals, and Craig Venter’s own DNA respectively. For every 100 – 300 letters of A/T/G/C, 

a nucleotide variation occurs. This is known as a single nucleotide polymorphism (SNP). More 

than 99% of the human genome sequence is shared between individuals, but the remaining 

1% determines individual and population differences. Of this 1%, SNPs account for 90% of the 

variation. Whether a particular SNP has a role in disease susceptibility, or other biological 

functions such as a response to an environmental trigger, depends on its position in the 

genome, and its related assembly during the production of proteins. 

 

In October 2002, another international multi-centre consortium was formed. This international 

HapMap project consisted of six participating countries: Japan, China, United States, United 

Kingdom, Canada, and Nigeria.209 The DNA samples used were provided by 270 people – two 

groups of 30 both-parent-adult-child trios of Nigerian Yoruba descent and Western European 

descent (living in Utah), the latter group was recruited by Centre d'Etude du Polymorphisme 

Humain (CEPH). The other two groups consisted of 45 unrelated individuals of Japanese, and 

Han Chinese descent. These four groups of participants are commonly referred to as YRI, CEU, 

JPT and CHB samples respectively. Similar to the HGP, data from the International HapMap 

Project is stored in publicly accessible databases. Allele frequencies of SNPs determined from 

this project have helped to inform researchers of multi-ethnic variability in SNP characteristics, 

and their expected genetic equilibriums. Different genotype and allele frequencies between 

various racial groups can explain in part some differences in disease prevalence and 

susceptibility. 

 

To further catalogue the extent of human genetic variation, the 1000 genomes project was 

launched in January 2008.210 This project was so named as scientists aimed to complete 

sequencing of at least 1000 individuals from more than 12 ethnic groups in the first three years 

of the study launch. The full-scale project has been divided into three stages, with a final aim of 

whole genome sequencing of 2500 individuals. By sequencing a large number of people, the 

project provides information on polymorphic (normal) variants that exist in multiple populations. 

This resource is immensely useful in identifying disease-causing mutations.  
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1.7.1.1 Mapping disease loci 

An important phenomenon in mapping of disease susceptibility regions is known as linkage 

disequilibrium (LD). This describes the non-random co-inheritance of alleles from different 

locations, either on the same, or different chromosomes. Alleles in LD are sensitive indicators of 

population genetic forces that structure the human genome. The forces include mutation rate, 

genetic drift, non-random mating and population structure. These LD blocks have been applied 

to gene mapping methods as they provide information on ancestral chromosomal blocks, and 

genes or neighbouring alleles that tend to be inherited together.211 The term “locus” (or pleural 

loci) is used to describe a hereditary unit(s), at some position of a gene, or DNA sequence.  

 

Gene mapping by LD mapping, is different to that of linkage analysis. Alleles co-inherited by LD 

do so as a result of factors other than physical location. Genetic linkage refers to alleles that are 

co-inherited because they are physically close together, and are therefore co-inherited during 

germ-line cell division (meiosis). Prior to sequencing success of the HGP, genetic linkage 

provided the earliest physical maps of the human genome. These linkage maps were based on 

the statistical probabilities of recombination events (or crossovers) that occur between two 

sister chromatids. Chromatids are identical copies of DNA, duplicated at each chromosome, for 

the purpose of cell division. The paternal chromatid pair, and maternal chromatid pair come 

together during meiosis, and exchange of DNA material occurs. These chromatid pairs separate 

during meiosis, in keeping with Mendel’s laws, so the amount of recombination reflects physical 

distance between two loci. Two segments of DNA that are close together are less likely to 

crossover, compared to two alleles in more distant positions. The probability of two unlinked 

loci to be co-inherited is 50%. This percentage is also known as the recombination fraction ( , 

theta). In this case of two unlinked loci,  = 0.5.212  

 

When recombination fractions are small, i.e.  < 0.1 to 0.12, a rough estimate of physical 

distance can be made. In general,  = 0.01 corresponds to one crossover per 100 meiosis, and 

is equivalent to one million nucleotides of DNA, 1000 kilobases, or one centimorgan (cM). 

Genetic maps assume equal recombination between males and females.212 They are particularly 

useful in small areas of 2cM or less. The two most well known genetic maps were described by 

DD Kosambi (b.1907 – d.1966), an Indian mathematician, statistician, and historian in 1944; 

and by JBS Haldane (b.1892 – d.1964), a British geneticist and evolutionary biologist in 1919. 

The key difference between these two genetic maps is that the Haldane map does not consider 

interference, but Kosambi’s does. Interference is defined as the probability of a crossover in a 

given chromosomal region, when there is already an existing crossover seen. Kosambi’s map 

function assumes that more interference occurs at small distances whereas less interference 

takes place when two loci are far apart. As complex statistical calculations were required to 

generate these maps, they are particularly prone to genotyping errors.212  
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There are 23 pairs of chromosomes in a human karyotype. Twenty-two pairs are autosomes, 

and the two sex chromosomes, X and Y, combine to determine female genetic status if the 

karyotype is XX; and male status if it is XY. Genotype calls for a male subject on chromosome X 

therefore cannot be heterozygous (e.g. ‘Aa’) as they only have one copy of the X-chromosome. 

Similarly, females should not have genotype data on chromosome Y.  

 

The macroscopic appearance of chromosomal karyotypes has also been used to locate or map 

genetic diseases where large segments of DNA may be altered. Each chromosome comprises of 

two arms, separated by a primary restriction, the centromere. The short arm is denoted by p, 

and the longer arm denoted by q. Landmark regions known as bands, or sub-bands are 

frequently quoted together with physical distances (in base pairs or megabases), and relative 

genetic distance (in centimorgans) to the second locus being compared. For example, the blood 

group ABO gene is located on chromosome 9q34. This corresponds to the long arm of 

chromosome 9, at the region 34.2 (i.e. sub-band two indicated by the first decimal place). 

Bands and sub-bands are incremental, numerically smaller near the centromere, and larger 

away from it.  

 

Physical distances and chromosomal positions are easily found on most genome databases. 

Three most widely used online resources are: the National Center for Biotechnology Information 

(NCBI) at http://www.ncbi.nlm.nih.gov; the ensembl project http://ensembl.org, developed by 

the Wellcome Trust Sanger Institute and European Molecular Biology Laboratory – European 

Bioinformatics Institute; and UCSC Genome Bioinformatics http://genome.ucsc.edu by the 

University of California’s Center for Biomolecular Science and Engineering. Sequence variations 

were also interrogated on the Exome Variant Server (EVS) http://evs.gs.washington.edu/EVS/ 

made available by the University of Washington. The current EVS gene model is that of NCBI, 

June 2012, and chromosome positions those of NCBI Build 37 (UCSC hg19).  

 

The immense amount of information now available on genomic DNA sequences, physical 

marker positions, prior identified genes, and surrounding regions, such as markers in linkage 

disequilibrium, have facilitated the identification of genetic factors with a role in human traits 

and diseases. However, the methods used have to reflect the underlying genetic model of 

inheritance. For Mendelian disorders with a clear mode of inheritance, linkage analysis was the 

most successful method of positional mapping of putative genes causing a disease. For complex 

disorders, determining the underlying genetic contribution to the disease and related traits can 

be a considerable challenge.  

 

  

http://www.ncbi.nlm.nih.gov/
http://ensembl.org/
http://genome.ucsc.edu/
http://evs.gs.washington.edu/EVS/
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1.7.2 Modes of inheritance 

Before embarking on genetic studies, mode of inheritance of traits and diseases are important 

to examine. Terms commonly used in Mendelian genetics are presented in Table 1.7.1.  

 

Autosomal dominant inheritance 

Traits and diseases that pass from parent to child, affecting consecutive generations, with 

approximately 50% of offspring of the affected parent also affected, is known as autosomal 

(i.e. non-sex chromosome) dominant. Sex limitation can occur, for example, in breast cancer, 

but both sexes are equally affected in classical AD disorders. A mutation in both alleles of an 

autosomal dominant (AD) gene pair is severe and often incompatible with life. An instance 

where mutations are found on both alleles, but are compatible with life, is known as co-

dominance. The inheritance of ABO blood groups is a good example of co-dominance. 

Dominant genes often encode structural proteins that are found in more than one organ or 

tissue. Manifestation of disease in multiple tissue-types is known as pleiotropy. In AD 

inheritance, the genotypes ‘AA’, and ‘Aa’ both produce the phenotype characteristic of the ‘A’ 

allele, and the capital letter usually denotes the dominant trait compared to ‘a,’ which is 

recessive to the ‘A’ allele in exhibiting the trait of interest.  

 

Autosomal recessive inheritance 

In autosomal recessive (AR) diseases, one normal allele will usually produce sufficient gene 

products (i.e. proteins) to carry out normal cell functions. The affected allele that carries the 

mutation is therefore “recessive” to the functioning copy. A mutation on one copy of a bi-allelic 

gene is known as a heterozygous mutation. A person with the heterozygous genotype ‘Aa’, 

often does not show any visible signs of disease. If both alleles are mutated (with different 

mutations), this is known as compound heterozygosity. Compound homozygosity is when two 

identical recessive mutations are found on both alleles. Recessive disorders occur more 

commonly in consanguineous marriages, as there is a higher likelihood of each parent sharing 

mutant recessive alleles from a common ancestor. Both alleles need to be affected, giving the 

genotype ‘aa’ for the disease phenotype to manifest in autosomal recessive disorders. 

 

X-linked recessive and dominant inheritance 

Sex-linked disorders may be X-linked recessive (XLR) or X-linked dominant (XLD). Human 

females carry two X chromosomes and males carry one X and one Y. Males are more likely to 

suffer from XLR disorders as they only have one X chromosome so the mutant recessive gene 

shows an immediate effect. Females may develop XLD disorders but these are generally lethal 

in males. Because the only way a father can produce a son is by transmitting his Y 

chromosome, there is no male-to-male transmission in X-linked disorders. However, all his 

daughters will be carriers. Half of the sons of a female carrier will be affected, and half her 
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daughters will be carriers. Because females have two copies of the X chromosome, one is 

usually inactivated (randomly) early during development of a female foetus. This process is 

known as lyonization. The inactivated X-chromosome is moved to the edge of the nucleus 

where it remains inert throughout the cell’s life, and is detected as the Barr body. Lyonization 

accounts for clinical mosaicism such as the blotches and streaks of depigmented retinal pigment 

epithelium seen in X-linked ocular albinism. 

 

Mitochondrial inheritance 

Mitochondrial DNA (mtDNA) is inherited exclusively with the mother’s ovum. Each circular DNA 

strand is 16,569 bases in length, encoding 37 genes for respiratory chain polypeptides, 22 for 

mitochondrial transfer RNA and 2 for mitochondrial ribosomal RNA.  The mutation rate for 

mtDNA compared to nuclear DNA (where the rest of the body’s genetic material is found) is 20 

times higher. Because disorders caused by mutations in mtDNA can only be passed down from 

carrier females in their ovum, they do not follow Mendelian laws of inheritance. A carrier female 

will give the mutation to all her offspring, but the mutation will not get passed down from any 

of her sons. An example of a mitochondrial eye disorder is Leber hereditary optic neuropathy 

(LHON). About 60% of carrier males but only 20% of carrier females with point mutations 

manifest LHON. Sex preponderance varies with different mitochondrial diseases. The phenotype 

and severity depend on the nature of the mutation, the presence and degree of heteroplasmy 

(mixture of normal and mutant DNA), and oxidative needs of the tissues involved. Alternations 

in mtDNA accumulate with age.  

 

Complex inheritance 

When discrete traits or a clear binary phenotype of “affected” and “unaffected” are not 

observed, multi-factorial or complex inheritance can produce a quantitative phenotype. 

Quantitative traits are typically influenced by multiple genetic factors, such as the genotype at 

one or more genes, as well as environmental factors that favour or provide resistance to the 

development of the trait [equations 2 and 3]. A disease where there are a large number of 

sporadic cases (with no known family history) can be suggestive of a complex disorder. One 

must be mindful that monogenic and complex disorders do co-exist, e.g. breast cancer where 

mutations in susceptibility genes, of which BRCA1 and BRCA2 are most important, account for 

less than 25% of familial breast cancers worldwide.213 Families where there is monogenic 

inheritance may be differentiated from complex inheritance families as there are typically four 

to five family members affected when a single genetic locus is involved.214 An evolving concept 

is one of oligogenic disorders, where Mendelian inheritance is observed, but two148 or three 

gene mutations are required for phenotypic expression of the disease.215 Examples of these 

include primary open angle-glaucoma and Hirschsprung disease respectively.148,216 
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In 1993, researchers into Hirschsprung disease (HSCR) identified the RET proto-oncogene to be 

deleted in affected individuals and asymptomatic obligate carriers of a family,217 but the 

deletional mutations alone did not explain the phenotypic expression of the disease. Mutations 

in the RET gene remain the major hereditary determinant of (HSCR), but subsequent work have 

shown that additional genetic modifiers e.g. co-segregation of the RET locus (Figure 1.7.1) with 

an additional one on chromosome 9q31 occurred when the RET mutations lie in non-coding 

sequences of the gene.215,218 Multiple other genetic aetiologies for HSCR have now been 

reported, including the transcription factor SOX10;219 and a risk genotype in the SNP rs7835688 

of the NRG1 gene of unrelated Chinese subjects compared to controls in a genome-wide 

association study (GWAS).220 This example illustrates that a small number of genetic factors can 

contribute to the development of disease and a variety of analysis methods (from linkage to 

association) were employed. The inheritance of traits that can only be explained by the joint 

action of two unlinked loci is known as epistasis.221  

 

Oligogenetic disorders can be differentiated from truly multi-factorial diseases as the latter can 

occur due to mutations, or presence of a risk allele, in one of any number of genes, 

independent of the genetic background of other susceptibility or causative loci.215  
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Table 1.7.1 Terms commonly used in Mendelian genetics 

Term Definition 

Genotype The variant of a gene within a subject 

Phenotype The physical trait resulting from one gene, or a set of genes 

Phenocopy An environmentally-induced mimic of a genetic disorder 

Penetrance The ability of a gene to express its phenotype. This may be 

calculated as a ratio of carriers who express the phenotype divided 

by the total number of gene carriers in the population 

Partial penetrance This term is used when a genetic mutation is inherited, but other 

(genetic) modifiers determine if the individual develops the disease 

phenotype 

Expressivity Variation in the severity of a disease or trait, normally characteristic 

of dominant traits and unusual in recessive disorders 

Variable expressivity This term is often used in the context of the same gene being 

inherited but the observed phenotype can be milder or more severe.  

Variable expressivity must be differentiated from (partial, or non-) 

penetrance, whereby the phenotype in the latter is not shown at all, 

despite the mutant gene being inherited. 

Pleiotropy Multiple (seemingly unrelated) phenotypic effects that are produced 

by a single gene, depending on the damage in different tissue types 

Genetic heterogeneity Identical or very similar phenotypes produced by mutations in allelic 

or non-allelic genes e.g. retinitis pigmentosa which may result from 

mutations in a host of different genes 

Allelic genes An allelic gene is one whereby mutations in the same gene can give 

rise to two or more distinct phenotypes/ diseases, depending on the 

underlying mutation 

Polymorphism A genetic (DNA) nucleotide change that affects the restriction pattern 

(see section 1.2.3) or genomic sequence. For practical purposes, an 

allele that exists at a frequency of more than 1% of the population is 

called a polymorphism. 

Wild-type This describes the "normal" (reference sequence) allele at a locus. 
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1.7.3 Linkage analysis in the genomic era 

Two-point linkage analysis has been successful in identifying hundreds of monogenic disorders 

that are highly penetrant in affected families. Penetrance probabilities (values up to 1.0, or 

100%) indicate the likelihood of observing a particular phenotype, given the genotype status 

alone. If the probability is 1.0, the disease state is always observed with a particular genotype. 

The “two-point” analysis therefore represents (1) the phenotype or affection status, and (2) the 

subject’s genotype at one particular locus. In most diseases, penetrance values of < 1.0 occur. 

This means that genotypes at other loci, environmental factors, genotypes and phenotypes of 

other relatives, may all have a potential role in observing a particular phenotype, given the 

genetic status. Linkage analysis is less successful if the mode of inheritance is uncertain for the 

trait of interest. The following items are factors to consider when applying linkage analysis to 

family studies. 

  

1.7.3.1 Selection of genetic markers 

Prior to the availability of abundant SNPs as genetic markers in the genome, other types of 

genetic markers were used for linkage analysis. Any marker that shows at least a one-

nucleotide base difference between two individuals can theoretically be used for this purpose. 

The usefulness of a marker depends on its informativity. Heterozygous individuals with 

genotype e.g. ‘Aa’ are most useful, as the parental origin of each allele can then be deduced. 

 

The first generation genetic markers were restriction fragment length polymorphisms. The 

underlying principle of this type of marker lies in the disruption of enzyme restriction sites due 

to presence of a polymorphism, therefore individuals carrying a polymorphism produces a 

different length of digested genomic DNA compared to the wild-type sequence.222 These are 

tagged with a radioisotope and exposed to autoradiography so the wild-type and polymorphic 

allele can be observed. These markers are not commonly used in modern day studies as it is 

time-consuming to prepare, and the two-allele system limits the informativity of these markers. 

 

Currently, SNP markers are most commonly used. These are also bi-allelic, so a maximum of 

two variants may be found at each allelic locus, but its abundance across the genome at every 

100 to 300 bases compensates for its relative lack of informativity. Rapid genotyping of these 

markers have been facilitated by the use of DNA microarray chips.223 Rapid, automated 

screening of the bi-allelic sequence at large number of SNPs (up to one million at the time of 

writing) without gel electrophoresis have made SNPs cost-effective markers for use in both 

linkage and association analyses. 

 

Other types of repeat polymorphisms such as microsatellites (also known as variable number 

tandem repeats or short tandem repeats) are multi-allelic and therefore more informative for 
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deriving parental genotypes. Microsatellites are often found in non-coding parts of DNA 

(introns). They range from 10 to 100 kilobases, and consist of two, three or four nucleotides 

repeats (e.g. CA, ATG, GATA). These are known as dinucleotides, trinucleotides, and 

tetranucleotides respectively. In coding regions (exons), tetranucleotides are most common.  

 

Accurate identification of microsatellite markers genotypes is more technically difficult than 

SNPs. They are also found in fewer quantities throughout the genome than SNPs. Commercially 

available genome-wide microsatellites markers generally span 400 markers at approximately 10 

cM from one another. These are selected for their heterozygosity, which can be calculated by 

the equation below:  

Equation 2:  

 

The heterozygosity value of a particular marker, H, where there are n alleles, which has a 

frequency of p at each allele, multi-allelic microsatellites can have a value of H approaching 1.0. 

For SNPs, two maximally informative alleles can only have a frequency of 0.5, therefore:  p = 

0.5 and n = 2, so H becomes 1 – [(0.5 x 0.5) + (0.5 x 0.5)] = 0.5. This value can be 

interpreted as the probability that an individual randomly selected from the general population 

is heterozygous at the locus.  

 

Depending on the purpose of a genetic study, the type, and number of genetic markers 

required to represent regions of interest will vary. Kruglyak224 found that 2.25 to 2.5 times as 

many SNPs are required to achieve the same informativity as the number of microsatellites 

typed for a particular study. However, in the other extreme where 50,000 markers are available 

on some linkage microarray chips, 125 times more than the 400 standard microsatellite panel, 

false positive results can become a problem. When too many markers are used for genetic 

linkage, multiple loci are co-inherited by chance and not due to small recombination fractions, 

thereby producing falsely elevated positive results.  

 

n

1i
pH i

20.1
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1.7.3.2 Selection of the trait of interest 

The optimal genetic linkage study design depends on the pedigree(s) under investigation. If 

there is a particular dichotomous trait characteristic that can be determined between affected 

and unaffected individuals, straightforward two-point linkage analysis may be applied. This is 

particularly relevant in families with three or more affected relatives across two generations.215 

The first informative meiosis provides phase (i.e. helps to infer shared genotypes). Subsequent 

informative meioses where shared genotypes are observed in affected individuals begin to 

provide statistical evidence of genetic linkage. The more people who share the dichotomous 

trait, the more likely it is to be a monogenic or Mendelian trait or disorder.  

 

If there is a positive family history of multiple affected individuals but the pedigrees are not 

large enough to provide two-point evidence of genetic linkage, due to missing phenotype or 

genotype information, these small families can still be combined with other ones, provided the 

dichotomous trait is exactly the same in the two or more smaller families. The statistical test for 

this type of combination to study a dichotomous trait is known as Wald’s sequential probability 

ratio test.212  

 

As described in RA Fisher’s work on quantitative trait genetics, continuous trait variables can be 

related to Mendelian genotypes, but trait values differ, depending on the genetic contribution of 

the allele, the genotype, and other genetic or environmental factors. In the case of a 

quantitative trait, the underlying model of inheritance is most likely to be multi-factorial. To 

successfully study the variance of the phenotype against the variance of other genetic and non-

genetic factors, the trait of interest should be normally distributed in the population. More 

complicated statistical methods have to be applied if the trait of interest is not normally 

distributed.225 Characteristically, first-degree relatives will share more similarity in quantitative 

trait variance than other distant or unrelated family members. This can be explained by the 

kinship co-efficient (fi, ), which is the probability that the two alleles, have descended from 

the same ancestor in a pair of relatives. Under genetic linkage principles, this description of 

alleles descended from a common ancestor is known as identity by descent (IBD). If there is no 

consanguinity,  = ½ f 2 + ¼ f 1 , where f 2 and f 1 are the probabilities of sharing two alleles 

IBD and one allele IBD respectively. Identity by state (IBS) is the term used in the coincidental 

possession of alleles that appear identical i.e. they have the same DNA sequence, but were 

actually inherited from different ancestors.225  
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1.7.3.3 Model-free (non-parametric) linkage analysis 

The proportions IBD sharing within relative pairs, compared to the dichotomous or quantitative 

trait of interest, are most commonly used for model-free linkage analysis. This type of analysis 

is also known as non-parametric linkage (NPL). It is also useful when the underlying genetic 

model of inheritance is unknown. For dichotomous traits, only affected individuals are 

considered in NPL analyses. For continuous traits, all available subjects may be included for 

analysis, so the use of a quantitative trait that is characteristic of the disease of interest can 

increase the sample size of participants analysed for a genetic study. Researchers studying a 

variety of complex disorders have used intermediate phenotypes, also known as 

endophenotypes, to study the disease characteristic of interest.226-228 Several mathematical 

algorithms have been applied to non-parametric QTL, the most commonly used ones are the 

Haselman-Elston method and the variance components method.229 Linkage computer programs 

that implement these algorithms include GENEHUNTER230 and MERLIN.231  

 

The simplest study design for NPL analysis is affected sib-pairs. For each sibling pair, the 

probability of sharing no alleles IBD is 0.25, one allele IBD is 0.5, and two alleles IBD is 0.25. A 

statistical test is then applied to compare the proportion of IBD sharing at a candidate locus 

with what would occur by chance. A significant NPL score is considered if the P-value is 2 x 10-5 

or less; or the NPL-score (sometimes called the Z-Score or LOD Score) is 3.6 or more. This is 

based on an alpha (false positive error rate) of 0.05. It is important to differentiate the LOD 

score from an NPL analysis from a parametric linkage test below. These are not synonymous 

and should not be compared numerically against each other. Depending on the markers 

chosen, two-point or multi-point NPL analysis may be performed. The difference between two-

point and multi-point parametric linkage is that multipoint linkage considers the crossover 

probabilities between two or more marker loci against the disease, whereas two-point linkage 

considers each marker locus against the disease trait separately.232  

 

 

1.7.3.4 Parametric linkage analysis 

While NPL analysis may be applied to both dichotomous and quantitative traits, model-based 

linkage methods can only be applied to dichotomous traits. Also known parametric linkage 

analysis, strong assumptions about the underlying genetic model have to be made. For 

example, to study a rare dominant disease, the observer has to provide disease frequency (e.g. 

1:10,000), a penetrance value, e.g. 99% in a highly penetrant family, as well as trait and 

marker frequencies. Phase-known pedigrees (i.e. known parental genotypes) are very 

informative for parametric linkage, as crossovers being transmitted to the next generation can 

be studied. The total number of crossovers can be observed by the “direct” method, which 

estimates the recombination fraction ( ) as the observed number of crossovers, divided by the 
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total number of meioses.212 For a pedigree where the binary phenotype is linked to a genetic 

locus,  has to be < 0.5, and the transmitted haplotype occurs in affected subjects more often 

than by chance. Two-point parametric linkage is implemented in the program MLINK of the 

LINKAGE software package, one of the earliest computer programs for linkage analysis.232 The 

newer software programs such as GENEHUNTER and MERLIN still refer to, and use some or all 

of the LINKAGE data formats as input. Multipoint linkage analysis with a parametric (model-

based) approach allows analysis to be performed on single, as well as multiple families. When 

many families with the same trait/ disease of interest are combined, each family linked to the 

same locus contributes a proportion to the LOD score. The final additive LOD score is then 

called the heterogeneity LOD (HLOD) score. The HLOD is always reported with "alpha value", 

which is the proportion of families that share this region of positive linkage. An alpha value of 

1.00 means there is no locus heterogeneity observed between families.  

 

1.7.3.5 LOD Scores (Z) 

In parametric linkage analysis, the logarithm of the odds (LOD) is a mathematical measure of 

the likelihood of segregation between a marker to a phenotype, given a genetic model of 

inheritance. This likelihood ratio is maximized, by calculating the maximum likelihood estimate 

(MLE), which is the value whereby the observed number of recombinants (i.e. cross-overs) and 

non-recombinant meioses, which best represents the probability of the given data set. The MLE 

is denoted as L( ), and it is calculated for a range of theta values from 0.0 to 0.5 (i.e. linkage 

at the locus when =0; to no evidence of linkage if =0.5). The value of  that produces the 

highest L( ) is the MLE. The equation L( )/ L(0.5) gives the odds ratio which expresses the 

probability of linkage vs non-linkage. The logarithm base 10 of this value gives us the LOD 

score, Z( ), which is shown in equation 3.  

Equation 3:  

 

By convention, a parametric linkage LOD score ≥ 3.0 is regarded as significant evidence that 

the two loci being examined are linked. This is equivalent to a 1000:1 odds ratio [log10(1000/1) 

= 3] of the loci being linked, at an alpha value of 0.05. A LOD score ≤ - 2.0 is evidence that a 

region is excluded from linkage, in the absence of multiple testing. Linkage data is not 

independent. When a large number of markers are used, exclusion of a single locus raises the 

probability of the trait being linked to another location. The threshold for genome wide 

significance using a P - value of 0.05 has been much argued, but it is widely accepted that for 

Mendelian traits, a LOD score of 3 or more is expected. 

  

For non-Mendelian traits where IBD sharing is calculated (NPL analysis), a "LOD" score of 3.6 or 

more is required. Algorithms that use identity-by -state (IBS) data instead of IBD require an 

)]5.0(/)([log)( 10 LLZ
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even more stringent "LOD" score of 4.0 to be considered significant. Even though the NPL 

results are commonly also called "LOD" or Z-Scores, they are calculated by different 

methods.233 For NPL analysis, the maximum likelihood testing is considered with respect to the 

probability of sharing zero, one or two alleles IBD (instead of recombination vs no 

recombination). One such example is the Holmans triangle for affected sib-pairs.234 Analyses 

that include other affected relative pairs were subsequently developed and implemented into 

popular allele sharing analyses programs such as GENEHUNTER and MERLIN. The Spairs and Sall 

statistic reported by Weeks & Lange235 and Whittemore & Halpern236 respectively calculates the 

observed IBD against all the possible configurations. For families with only two affected 

siblings, the Spairs and Sall statistic are equal. For families with multiple affected relative types, 

the Sall statistic adds increasing weight to families with more affected individuals as more 

sharing of a particular allele is found.233 When IBD information is incomplete, the Kong & Cox 

method estimates the maximum likelihood based on observed genotype data.237  

 

Regardless of whether parametric or NPL methods are applied, the best confirmation of a 

positive result found on linkage analysis is replication in an independent study. A nucleotide 

sequence change in a candidate gene is likely to be responsible for a disease if: (1) the 

nucleotide change does not occur in the normal population; (2) the nucleotide change alters 

protein function or expression; or (3) the change segregates the disease in affected family 

members but is absent in unaffected relatives. 
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Figure 1.7.1 Graph from a study where two regions of genetic linkage were found. 

 

Diagram from Bolk et al (2000) where [a] represents significant evidence of linkage to the 

major RET locus (paper also discussed in section 1.7.2).215 In the presence of a strong genetic 

effect the parametric LOD and NPL score would both show a very high value at the same 

region. The figure [b] demonstrates an area of suggestive linkage. The heterogeneity LOD 

score was 2.3, whereby 46% of families showed linkage to this region. The NPL and LOD 

scores, although plotted on the same scale here, are not calculated the same way.  
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1.7.4 Genome-wide association studies 

For any disease or trait where straightforward Mendelian inheritance is not observed, an 

adaptation of the case-control method used in traditional epidemiology studies may be applied. 

This study design, known as a genome-wide association study (GWAS),238 utilizes large cohorts 

of unrelated cases and controls, and compares their respective inheritance of dense markers 

across the genome. The genetic variants used are usually SNPs, but other variations such as 

copy number variations (CNVs)239 are increasingly being incorporated into GWAS.240 

 

1.7.4.1 Direct and indirect association 

The correct identification of polymorphic variants that are directly causing a disease depends on 

several factors: (1) current technology has made it feasible to screen a very large number of 

SNPs that are found in at least 1% in the normal population, i.e. the minor allele frequency is 

sufficiently represented in the cohort to detect a difference;238 (2) the putative biological 

function of a variant is consistent with the disease process, i.e. the variant leads to an amino 

acid change which then influences the pathophysiology of the condition;241 (3) if the variant lies 

in a non-coding region of the genome, they may be associated with the disease directly by 

regulating gene expression or splicing. These are likely to be very common in complex disorders 

but as the underlying molecular processes are complicated, we do not know enough about 

them to be able to predict effects due to non-coding variants.   

 

Indirect association can be thought of as surrogates for detecting the true causal locus. These 

associations are therefore weaker, but are extremely important in some situations, for example 

when the true causal locus is not available on a particular genotyping chip so one cannot be 

confident of a definitive negative result. Presence of an indirectly associated locus, which is in 

linkage disequilibrium (LD), or in close proximity with the causal locus, can provide important 

clues toward selection of candidate genes to screen in a particular segment of DNA. The study 

of LD patterns is related to the forces that determine their co-inheritance: which are mutation, 

recombination, and population history. Selection of a homogeneous population with little 

admixture is therefore an important part of planning a GWAS.  

 

Various measures have been developed to provide measures of pairwise LD. The two most 

commonly reported values are the D' and r2 values. The first value: Lewontin's D' is a measure 

of the co-variance between two loci, scaled within the constraints to lie between 0 to 1.242 It is 

also known as "association probability", useful for determining regions where little 

recombination takes place. The second value: r2, is the square of the conventional correlation 

coefficient between the allele at the typed locus, scored 1 and 2, and the allele at the causal 

locus, also scored 1 and 2. The r2 value is more useful for application of indirect association 

testing, because proxy SNPs can be selected to represent candidate genes for association 
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testing. A useful web-based application for SNP annotation and proxy search (SNAP) has been 

developed by the Broad Institute in Boston, USA. http://www.broadinstitute.org/mpg/snap/ 

 

 

1.7.4.2 Haplotype blocks and tag SNPs 

A combination of nearby alleles that are usually inherited together is called a haplotype (Figure 

4). These are useful for both linkage and association analysis. Recombinations that take place 

in a haplotype block can narrow down the region of linkage in a family study. In candidate gene 

case-control studies, researchers may select tag SNPs to represent a region of interest.243,244 

Tag SNPs make it possible to genotype a small number of alleles to identify genetic variation in 

a region without genotyping every nucleotide on the chromosome (Figure 1.7.2).209 Multiple 

regression models, denoted as R2, have been applied to generalize the r2 value for use in the 

selection of tag SNPs. The R2 value gives a measure of how likely a tag SNP is able to predict a 

causal variant. This is a mathematical derivation so the accuracy of tag SNPs in predicting 

causal genes cannot be guaranteed.  

 

 

1.7.4.3 Statistical analyses in GWAS 

As the design of a GWAS is based on the case-control study, familiar methods of statistical 

analysis including the chi-squared tests and odds ratios are usually applied. The chi-square test 

examines for a difference between the observed and expected genotype values. At each 

marker, the genetic variant can be considered either as an allele entity, or a genotype using 

both alleles. The degrees of freedom is calculated as the number of independent values minus 

one, therefore to examine a biallelic SNP at an allele level is a one degree of freedom test; for 

the three possible genotypes (AA, Aa, aa), two degrees of freedom are involved. The alleles 

and genotypes present in the control population have to be in Hardy Weinberg Equilibrium. The 

odds ratio measures the size of the association. A value of 1.0 means there is no increased risk 

to the cases compared to the controls, but values > 1.0 gives the odds of an event (or risk 

allele/ genotype) occurring in the cases more than the controls. Due to the large number of 

SNPs used for GWAS, correction for multiple testing has to be applied. The current standard for 

statistical significance in a GWAS is a P - value of approximately 1 x 10-8 on chi-square testing, 

after Bonferroni correction.   

 

http://www.broadinstitute.org/mpg/snap/
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Figure 1.7.2 Nearby alleles representing a region is known as a haplotype.  

 

Diagram reproduced from the International HapMap Project.209 
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1.7.5 Gene functions and protein assembly 

Coding regions of DNA are known as exons, and the intervening regions known as introns. 

Genetic information coded on each strand of DNA (when the double helix untwines) provides a 

platform for another nucleic acid, RNA (ribonucleic acid) to bind to the sugar-phosphate 

backbone. The bases on RNA are similar to DNA except that the pyrimidine, thymine (T) is 

replaced by uracil (U). The complimentary RNA strand to the DNA sequence, is created by the 

enzyme RNA polymerase (RNAP). The RNAP attaches itself at the TATA box, which is a non-

coding sequence of nucleotides that resides about 25 base pairs upstream (5' end) from the 

first exon of a gene. Complimentary nucleotides are added to the coding template of DNA (from 

the 5' to 3' direction) by RNAP until a stop codon is reached (see Figure 1.7.3). The new strand 

of RNA nucleotides then separate from the DNA template to from pre-RNA. This process is 

called transcription, and ends with the addition of a long chain of adenines added to the 3' end 

and a methylated guanine nucleotide to the 5' end (polyadenylation) of the pre-RNA chain. 

 

This pre-RNA chain's fate is to become messenger RNA (mRNA), as it leaves the nucleus and 

enters the cytoplasm to begin the process of building proteins, translation. As pre-RNA is a 

direct copy of the DNA template that includes introns (non-coding regions), these have to be 

removed prior to translation. A large protein complex, known as a spliceosome, assembles itself 

at the intron and exon boundaries of the 5' and 3' ends of the coding sequences. A number of 

interacting partners converge at this spliceosome complex to carry out the successful removal 

of introns from pre-RNA to form the mature mRNA. Translation then takes place on a platform 

of ribosomes, small particles composed of RNA and protein, and another RNA particle, transfer 

RNA (tRNA). There are 20 different tRNA molecules, each one corresponding to one of the 20 

different amino acids (Figure 1.7.4).  For every 3 codons (combinations of three bases A, G, C 

or U) on the mRNA strand, there is a complimentary tRNA with the anti-codon carrying the right 

amino acid. Protein synthesis occurs when the ribosome, mRNA, and tRNA carrying its amino 

acid bind to form the polypeptide chain. 

 

Some of the triplet codons code for the same amino acid, whereas a single nucleotide 

difference could produce a different amino acid. A "synonymous" change at the single 

nucleotide (SNP) level refers to a base change that does not alter the amino acid formed. If the 

base change results in a different amino acid being formed, this is known as a "non-

synonymous" change.   
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Figure 1.7.3 Diagram showing the processes of transcription and translation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taken from http://stemcells.nih.gov/StaticResources/info/scireport/images/figurea6.jpg 

 

 

Figure 1.7.4 Amino acid table.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This table shows the triplet codons that produce the twenty amino acids. The amino acid 

abbreviations and letter codes are shown in brackets. The three stop codons are also indicated 

here.  

http://stemcells.nih.gov/StaticResources/info/scireport/images/figurea6.jpg
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1.7.6 Abnormalities in gene function 

Unlike the common variants/ polymorphisms that have been discussed so far, a mutation is a 

permanent change in the genetic material, which can be germ-line (therefore affecting 

successive generations) or somatic. The presence of two or more cell lines (mutant and normal 

ones) is known as mosaicism. Advanced paternal age increases risk of new dominant mutations 

in aging sperm cells. Advanced maternal age leads to chromosomal non-disjunction in aged 

ova, whereby sister chromatids fail to separate into daughter cells. This leads to conditions such 

as trisomy 21 (Down syndrome). Chromosomal abnormalities tend to affect multiple systems or 

organs. 

 

Gene mutations (Table 1.7.2) can affect in the molecular pathway(s) in which the gene is 

involved. For example, mutation in a transcription factor gene can affect the transcription 

machinery of downstream genes. Some mutations are more likely to cause disease than others, 

such as an amino acid change that brings about a premature stop codon. These cellular 

processes are highly complex, such that the identification of a nucleotide change by linkage or 

association is only the beginning of our understanding of the molecular processes involved. 

 

1.7.6.1 Mutation detection 

Apart from direct sequencing of the DNA product to detect a mutation (see methods section), 

several other methods may also be applied. Heteroduplex analysis of a given sequence is based 

on the detection of DNA strands of the same length (homoduplex) vs sequence changes of 

even one base pair difference (heteroduplex). Denaturating high-pressure liquid 

chromatography (dHPLC) technology is used to separate DNA fragments of differing lengths.245 

Another widely applied method is single strand conformation polymorphism whereby short 

segments of DNA are separated into their single strands. Missense, nonsense and splice site 

mutations can change the tertiary structure of single-stranded DNA so a shift in mobility is 

detected on gel electrophoresis.246 
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Table 1.7.2 Different types of mutations and their consequence. 

Mutation type Consequence of change 

Missense A point mutation that produces a frameshift and creates codons that codes 

for different amino acids. This is usually a non-synonymous mutation i.e. the 

resulting protein is non-functional 

Nonsense This is similar to a missense mutation but the frameshift leads to the 

creation of a stop codon downstream. Missense and nonsense mutations 

can cause gain or loss of donor and acceptance of a splice junction sites. 

Exons may be lost and introns may be incorrectly incorporated into spliced 

mRNA 

Conserved Also known as synonymous mutations. This single base mutation still codes 

for the same amino acid or a tolerable change in amino acid sequence 

Null Results in no active gene product. Some missense and nonsense mutations 

can have this effect 

Gain of function Results in a new function of the protein product which may be beneficial 

(e.g. malarial resistance) or detrimental 

Transition  Purine replaced by another purine 

Transversion Pyrimidine replaced by another pyrimidine 

Insertion Insertion of a number of nucleotides, with an effect that the gene may not 

function normally 

Deletion Deletion of a number of nucleotides that may alter the function of the 

resulting protein 

Indel The presence of an insertion of one nucleotide, when the wild-type 

nucleotide has been deleted at the same point 
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1.7.6.2 Bio-informatics in health and disease 

There are many web-based resources now available for the study of genetics in health and 

disease. The Online Mendelian Inheritance in Man (OMIM) database is a comprehensive 

catalogue of human genes and disorders developed by McKusick and colleagues at Johns 

Hopkins (and elsewhere) to support human genetics research and the practice of clinical 

genetics.247 Each OMIM entry may represent a genetically determined phenotype, its locus, or 

the causative gene(s) and links to other genetic databases contain DNA and protein sequences, 

published references, and locus-specific databases. The OMIM web resource 

http://www.ncbi.nlm.nih.gov/omim is part of the National Center for Biotechnology Information 

(NCBI) network at http://www.ncbi.nlm.nih.gov. Frequently used databases on this platform 

include http://www.ncbi.nlm.nih.gov/projects/SNP/ for annotation of SNPs; and the BLAST 

server, (basic alignment search tool) http://blast.ncbi.nlm.nih.gov/Blast.cgi which is used for 

comparing sequence similarities for nucleotides and proteins.  

 

As a result of the human genome mapping project, genome sequences for Homo sapiens as 

well as a variety of other species are now well catalogued online. The Ensembl project, 

http://www.ensembl.org/index.html is a joint project between European Molecular Biology 

Laboratory of the European Bioinformatics Institute (EMBL–EBI) and the Wellcome Trust Sanger 

Institute in Hinxton, Cambridge. http://www.ebi.ac.uk/ Ensembl provides a graphical display of 

reference genomes from a karyotype level to individual nucleotides. As new genes and novel 

sequence changes are being identified and updated regularly, it is important to take note of the 

version of release. Key information on gene(s) of interest includes the coding regions and splice 

variants (isoforms). If more than one isoform exists, sequencing efforts need to cover all the 

known isoforms. Within these bioinformatic tools, it is also possible to obtain information about 

tissue expression patterns. A starting criterion for a suitable candidate gene may be its tissue 

expression pattern, in the organ of interest. 

 

 

  

http://www.ncbi.nlm.nih.gov/omim
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/projects/SNP/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ensembl.org/index.html
http://www.ebi.ac.uk/
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1.8 Genetic risk factors in PACG 

Familial aggregation of a disease or trait is often the first indicator that a major genetic locus 

exists for the condition. Large families with PACG have been described in the 1960’s.34,248 PACG 

is an anatomical subtype of glaucoma so the ideal trait to study would be a single binary or 

unique quantitative trait that characterizes the disease process and all its risk factors. 

Quantitative traits have been discussed in section 1.4.2 as relevant risk factors for developing 

GON, but none have emerged as the definitive characteristic for PACG. Research suggesting a 

genetic basis for PACG is abundant but no causative gene(s) have been identified to date.  

 

1.8.1 Heritability and twin studies 

Sibling and twin studies of PACG are rare. One pair of elderly monozygotic female twins 

presented to the emergency room with AAC following a fist fight with each other the night 

before.249 Twenty twin pairs of PACG were identified in Finland from the Finnish Twin Cohort 

and Hospital Discharge Registry.250 There were 7 monozygotic and 13 dizygotic twin pairs. 

Concordance was only found in 2 of the 5 monozygotic twin pairs and all 13 dizygotic twin pairs 

were discordant for the disease i.e. only one of the twins was affected. Other twin studies have 

used endophenotypes and not PACG as the end-point of study. 

 

As the ITC of the drainage angle is an important feature of PACG, He et al studied 472 twin 

pairs aged between 8 and 16 years for matrices that quantify the iridotrabecular angle251 (angle 

opening distance, angle recess area, and trabecular-iris space area: see also section 1.5.4.4). 

He found that variance of the drainage angle in Chinese children is largely due to genetic 

effects, with a heritability of 70% (95% CI: 64 to 75%). However, environmental effects 

contribute approximately 30% (95% CI: 25 to 36%) to the final trait.251 As twin studies tend to 

over-estimate the heritability observed, one can conclude from the above studies that 

environmental effects also have to be considered in the pathogenesis of PACG. 

 

Studies estimating heritability of quantitative endophenotypes of PACG such as ACD and relative 

ACD (ACD divided by AL) range from 60 to 90%. Alsbirk252 studied a high-risk Greenland 

Eskimo population and estimated that the most heritable measurement to be anterior chamber 

depth (heritability of 70%). Other anterior segment dimensions, including corneal diameter, 

radius of curvature, AL and relative position of the lens in Greenland Eskimos showed 

heritability estimates of 60-70%. The young Chinese twin study by He et al found the 

heritability of ACD and relative ACD to be 90% (95% CI: 88 to 92%) in both cases.92  

 

Hypermetropic refractive error is associated with angle-closure, but its contribution to PACG is 

likely to be incorporated with the heritability of ACD and AL.253-255 In the Finnish Twins Study, 

the heritability of hyperopia was 75%.256 Heritability estimates of 70% (CI: 48% to 92%) were 
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found for refractive error in Older Amish families. Age and gender were not associated with 

myopia in this study, but older age and female sex were statistically significant for hyperopia at 

all five thresholds of +0.50DS to +2.50DS in +0.50DS intervals.257 This reflects the relative 

contribution of shorter axial biometry, which is influenced by age and sex.33 

 

1.8.2 Segregation analyses  

The most recent segregation analysis reporting 114 PACG families from Chongqing, China,258 

found a significant difference between gender groups. They concluded that the inheritance of 

shallow angles may be a sex-influenced trait with a reported female:male ratio of 2.87:1, 

consistent with the ratio found in other East Asian population studies of PACG.4,12 Families with 

an unaffected (U) parent and an affected parent (A) accorded with an autosomal dominant 

hereditary trait, with the highest heritability found for female relatives with female probands.258 

 

Several investigators have provided data on the segregation of ocular biometry and PACG. 

Tomlinson & Leighton259 examined sixteen index PACG patients, their relatives (7 siblings, 14 

offspring) and 49 controls, finding that the unaffected relatives and patients with PACG also had 

smaller corneal diameters, shallower anterior chamber depths (ACDs), thicker crystalline lenses 

and shorter axial lengths compared to age-matched controls. However, those affected with 

PACG had more anteriorly positioned lenses, which were not observed in unaffected siblings 

and offspring.259 This finding was also observed by Rosengren260 and Philips & Storey.261 

Törnquist from Sweden262 found that eyes with PACG had ACDs of 1.0mm less than normal 

eyes, or two-thirds of the normal depth at corresponding ages. Spaeth examined 95 relatives of 

10 people with symptomatic or chronic PACG. He found the configuration of the anterior 

chamber heritable, especially of the peripheral anterior convexity of the iris.119 Sihota et al 

found that shallower ACD, thicker lenses and shorter AL segregated in family members affected 

with PACG compared to suspected and unaffected subjects.112  

 

Cross-sectional population studies support the findings of the family studies, that shorter AL 

and shallower ACD were all independent predictors of angle closure.263,264 Variations due to sex 

and race in PACG cannot be explained by ocular biometry alone.264 This makes molecular 

genetic studies that investigate loci, whereby ACD and AL contribute to the development of 

PACG, an important area of work. 

 

1.8.3 Linkage analyses 

Previous studies referring to the mode of inheritance of PACG have been presented as 

autosomal dominant,265 autosomal recessive,266 or multifactorial.267 While clear Mendelian 

inheritance patterns may be observed, multiple genetic and environmental influences268 may be 

also be responsible for the final ocular phenotype.  
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So far, only extremes of axial biometry (and their corresponding refractive error) have been 

successful in identifying genes associated with angle-closure glaucoma.79,80 Key examples of 

successful application of classical linkage analysis in these families include: autosomal dominant 

nanophthalmos (NNO1 locus), autosomal recessive nanophthalmos caused by MRFP mutations, 

and the ADVIRC phenotype secondary to BEST1 mutations. See also discussion of section 4 of 

the results.   

 

A previous genome-wide linkage scan has identified a locus for non-syndromic PACG in one 

Chinese Singaporean family on chromosome 10q.269 Affected individuals in two pedigrees (n=8 

and n=7 affected individuals respectively) of the same ethnicity were reported to have a mean 

AL of 22.4mm (range 20.0 to 23.5mm), mean ACD of 2.5mm (range 2.3 to 3.1mm). Multiple 

individuals from these two families presented with AAC, and had either PAC or PACG. The study 

utilized two-point linkage analysis with microsatellite markers on both families but the maximal 

LOD score of 3.4 (  = 0) was only found in one family. Genetic heterogeneity was observed. 

The causative gene(s) for either of these families have yet to be identified. Variation in non-

extreme ranges of axial biometry (within two standard deviations of the mean), is likely to be 

under polygenic control.265  

 

While the search for genetic risk factors in the “common” forms of PACG is underway, some 

syndromic associations of the disease such as nanophthalmos, microphthalmos and those 

associated with retinal degenerations have been previously studied (Table 1.8.1). These 

secondary genetic loci are important to be aware of, but are unlikely to play a major role in the 

common form of PACG. Whether sequence changes in these monogenic loci have allelic effects 

that can influence PACG remains to be determined. 
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Table 1.8.1 Syndromic conditions associated with shorter axial biometry and ACG. 

 Linked condition  Year Authors  

(First, last et al) 

Causative 

gene  

Chromosomal 

position 

OMIM 

number 

Trans-

mission 

Angle-closure characteristic or 

mechanism 

Nanophthalmos (NNO1) 1998 Othman et al NNO1 11p 600165 AD  High hypermetropia >+11DS (AL <20mm) 

Nanophthalmos (NNO2) 2005 Sundin et al MFRP 11q23 606227/ 
609549 

AR Nanophthalmos, high hypermetropia 
>+11DS (AL <20mm) 

Nanophthalmos (NNO3) 2008 Li, Zhang et al - 2q11-q14 611897 AD Hypermetropia +6.0DS to +11.25DS, mild 
ptosis, narrow palpebral apertures 

Oculodental dysplasia (ODDD) 2005 Vasconcellos et al GJA1 6q21-q23.2 164200 AD/ 
sporadic 

Clinical features overlap with HSS 

Hallerman-Streiff syndrome (HSS) 1970 Hopkins & Horan (later 
identified to 
be GJA1) 

6q21-q23.2 234100 Unknown Closed angles and PAS; overlapping 
features with ODDD 

Isolated microphthalmia (MCOP1) 1998 Bessant, Bhattacharya et 
al 

- 14q32 251600 AR Elevated IOP, corneal opacities, 
sclerocornea 

Isolated microphthalmia (MCOP2) 2004 
2000 

Bar-Yosef, Birk et al 
Percin et al 

CHX10 14q24.3 610092 AR Severe anterior segment abnormalities +/- 
colobomas 

Posterior microphthalmia, retinitis 
pigmentosa, foveoschisis, disc drusen 

2006 Ayala-Ramirez, Zenteno 
et al  

MFRP Premature 
truncation of 
protein 

611040 AR  High hypermetropia, ACG 

Familial exudative vitreoretinopathy 
(FEVR) 

1996 Azuara-Blanco, Tasman 
et al  

- - - XL (R), 
AD, AR 

Relative iris-lens pupil block or 
retrolenticular forces causing ACG 

Posterior microphthalmos (MCOP6) 2011 Gal, Rosenburg et al  PRSS56 2q37.1 613858 
 

AR Posterior microphthalmos, angle-crowding 
and extreme hyperopia 

Autosomal dominant 
vitreoretinochoroidopathy (ADVIRC) 

1982 
2002 
2004 

Kaufman et al 
Reddy et al 
Yardley et al 

BEST1 
(VMD2) 

11q12.3 193220 AD  Nanophthalmos in ADVIRC – congenital 
microcornea, cataract, abnormal axial 
length, ACG 

Autosomal recessive 

bestrophinopathy (ARB) 

2008 Burgess, Black et al BEST1 
(VMD2) 

11q12.3 611809 AR Diffuse RPE change, macular scarring, 
hyperopia, ACG 

Autosomal dominant Best disease 2000 
2010 

Marmostein, Pertrukhin 
et al  
Low, Webster et al 

BEST1 
(VMD2) 

11q12.3 607854 AD Hyperopia reported in 1/3 cases; ours is 
the only report of advanced ACG in AD 
Best disease 

* AD = autosomal dominant; AR = autosomal recessive; XL (D) = X-linked (dominant); XL (R) = X-linked (recessive). 
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1.9 Environmental triggers for angle-closure 

In our review article entitled "Pharmacological and environmental factors in PACG", a large list 

of triggers can bring about AAC. These include events such as stress,249 extreme weather 

conditions,25 pharmacological pupillary dilation and systemic drug use of compounds with 

sympathomimetic or parasympatholytic effects.181 Table 1.9.1 provides a list of the medications 

known to trigger AAC. 

 

In many cases, drugs with sympathomimetic or anti-cholinergic activity bring about AAC in 

people with co-existing anatomical or genetic predisposition. This is not always the case in 

drugs that cause an idiosyncratic reaction. Topiramate is one of the most common causes of an 

idiosyncratic reaction leading to acute transient myopia and angle-closure glaucoma, both a 

result of the anterior shift of lens, choroidal expansion and uveal effusion not too dissimilar to 

retrolenticular angle-closure and malignant glaucoma.270 Leung et al studied 20 patients before 

and after four weeks of commencing topiramate, an anti-epileptic drug that is also used for 

migraine prophylaxis. None of their cases showed any narrowing of the anterior chamber angle 

before and after treatment, despite two of their patients showing occludable angles of less than 

20° angle-width.271 The risk of an adverse reaction to a sulphonamide is approximately 3%, but 

majority of cases resolve by withdrawal of the precipitating treatment.272 

 

It appears that environmental factors that affect pupillary block and precipitate anterior non-

pupillary block mechanisms of angle-closure in the iris-ciliary body complex are more likely to 

have gene-environmental interactions that drugs that lead to retrolenticular (or idiosyncratic) 

reactions of angle-closure.  

 

A common presentation of secondary angle-closure is in the presence of XFS and XFG. Genetic 

variants on the LOXL1 gene have been identified to be major susceptibility factors in the Nordic 

population241 but can carry different risks in different populations, indicating a strong 

environmental influence.19 A number of other genetic factors that function in connective tissue 

maintenance such as contactin-associated protein 2 and metalloproteinase-1 are likely 

candidates for modifying genetic factors in the development of XFS to XFG.273 
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Table 1.9.1 List of medications known to trigger angle-closure.  

Sympathomimetic activity  

ß2-agonists salbutamol (albuterol), ritodrine 

-agonists Phenylephrine 

Nasal decongestants Phenylpropanolamine 

Cocaine  

Anti-cholinergic activity  

Tricyclic anti-depressants imipramine, clomipramine, trazadone 

Serotonin specific reuptake inhibitors paroxetine, citalopram, fluvoxamine, venlafaxine  

Muscarinic antagonists oxybutynin, atropine, botulinum toxin A, tropicamide 

Other drug classes (idiosyncratic reactions) 

Antihistamine Promethazine 

Amphetamines Ecstasy 

Sulfa containing drugs sulfamethoxazole, trimethoprim,  acetazolamide 

Thiazide diuretic Hydrochlorthiazide 

Anti-epileptic Topiramate 

Anti-depressant Escitalopram 

Published in Subak-Sharpe, Low, Nolan, Foster (2010).181 
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1.10 Aims of the thesis 

The overall aim of this study is to study the role of genetic factors and their contribution to the 

development of angle-closure glaucoma.  

 

The specific aims were: 

(1) To perform a genome-wide linkage analysis primary angle-closure in the largest reported 

Caucasian family to date. 

(2) Describe the clinical phenotype and genome-wide linkage results of a series of smaller 

families with primary angle closure. 

(3) Perform a pilot genetic case-control study of unrelated cases with AAC or PACG. 

(4) Provide a clinical and molecular genetic description of atypical families with secondary 

angle-closure glaucoma. 
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Materials and methods   

 

2.0 Overview of chapter  

One hundred and one families were examined over the course of this research. There were 88 

families with PACS or more advanced disease (Sections 1 and 2). Thirteen families had 

secondary angle-closure glaucoma (Section 4). See also results overview, section 3.0. Approvals 

for all studies mentioned in this thesis were obtained from the research ethics committees of 

Moorfields and Whittington Hospitals. Written informed consent was obtained from all subjects. 

The studies were conducted in accordance with the tenets of the Declaration of Helsinki.  

 

2.1 Family history and pedigree recruitment 

The index patient for each family (proband), underwent pedigree charting, specifically enquiring 

about a positive family history of glaucoma and/ or angle-closure. The accuracy of family 

history information was confirmed by corroboration of relatives attending the family screening 

clinic. Any family member of the proband, aged 20 years and older was eligible to attend for 

ophthalmic examinations to identify evidence of disease. Ethics approval was sought 

(Amendment 1 of the FOSP1012 research protocol) for genealogy contact tracing. Recruitment 

of distant relatives was done by an initial approach from our participants to their relatives, 

providing information about the project. The rationale for recruiting as many distant relatives as 

possible was to provide an opportunity to enhance the success of linkage analysis if two 

distantly related family members shared the same phenotype. Support from the Society of 

Genealogists was sought to identify relationships between distant relatives using publicly 

available genealogy and census data. A nominated family member from each of five of the 

largest families agreed to send letters of invitation explaining the research study to their distant 

relatives, inviting them to participate. A letter template is shown in Appendix II.  

 

Census returns between 1841 to 1911 for England, Wales and Scotland were used to search for 

key events such as births, marriages and deaths of ancestors using their full names, the 

relevant years (and quarters, if known) and districts within which these events took place. From 

1912 onward, marriage indexes now include the surname of the other spouse, allowing 

searches for descendants to include the mother’s maiden names. Web resources facilitated 

searches by cumulatively indexing birth, marriage and death between the years of 1837 to 

2005. We used www.freebmd.org.uk and www.ancestry.co.uk. There was no fee associated 

with the former site, but a subscription fee applies to the latter one. These were accessed by 

our genealogy team lead by Geoff Swinfield and Diana Bouglas. Other genealogy websites such 

as www.genesreunited.co.uk and www.one-name.org were also used to identify if previous 

genealogy research in these families had already been carried out. To confirm that the correct 

ancestors have been identified, some birth/ marriage/ death certificates were purchased 

http://www.freebmd.org.uk/
http://www.ancestry.co.uk/
http://www.genesreunited.co.uk/
http://www.one-name.org/
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through the Home Office Identity and Passport Service 

www.gro.gov.uk/gro/content/certificates. Addresses and telephone numbers for living 

descendants were then obtained from modern electoral registers, and telephone directories 

www.bt.com/index.jsp.  

 

2.1.1 Pedigree charting and analyses 

Pedigree details were recorded on clinical notes, and entered electronically to the Progeny™ 

database held on a server at Moorfields Eye Hospital. The program allowed clinical details as 

well as genetic data to be stored by each participating individual, and each individual was linked 

by a pedigree function on this program to his or her family members. Standard notation for 

pedigree charting was used.274 Affected individuals were indicated by black squares (males) and 

circles (females). For this thesis, individuals indicated in yellow represent family members who 

were examined and found to be unaffected (see appendix). Any other glaucoma subtypes 

identified were indicated in pink. A question mark in a square or circle was used for individuals 

where the diagnosis was uncertain.  

 

In order to examine family relationships of participating individuals, a standard pedigree file 

(.ped) was prepared in LINKAGE format indicating the following columns for each family:  

 

Family ID | Individual ID | Father ID | Mother ID | Sex | Affection | 

 

All quantitative traits were stored on the Progeny™ database and exported by tab delimited 

formats to SPSS for analysis. A unique individual ID was used to link any pedigree information 

with observed characteristics, which were analysed by linkage and statistical software 

respectively. The program PEDSTATS, available as part of the MERLIN package, summarized 

the relationships of our participants and the family members that complete a family unit. For 

example, if a mother and son pair participated in the study, without any other children, or the 

father, the minimum family unit to represent the genetic connection between the mother and 

son requires three individuals – i.e. the father, mother, and son. Therefore three lines of data in 

the above LINKAGE format were created for this family. This standard file created for each 

family will be referred to as the “pedstem” in this thesis. To check that the pedstems have been 

correctly created for each family, the program PELICAN was used to visualize the pedigree 

structure. After adding the phenotypic and genotypic data of interest, further error checking of 

family structures were performed in PEDCHECK and MERLIN.  

 

2.2 History taking 

Clinical details were recorded on standardized phenotyping datasheets developed at Moorfields 

Eye Hospital. The presenting complaint, history of presenting complaint, ocular history, 

http://www.gro.gov.uk/gro/content/certificates
http://www.bt.com/index.jsp
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medications, previous surgery, past medical history and social history were recorded for each 

participant attending the hospital for examination. Where possible, the same questions were 

asked of participating individuals who sent DNA to the laboratory for analyses, but did not 

attend for clinical examination.  

 

2.3 Clinical examination 

All participants who underwent clinical examinations 2.3.1 to 2.3.6 were examined by the 

author (SL) or Paul Foster (supervisor). Ophthalmic technicians from the glaucoma research 

unit performed the clinical investigations 2.3.7 to 2.3.12. Anterior segment imaging (2.4) was 

performed by the author, and in some cases by Pak Sang Lee (technical administrator), 

Catherine Grigg (optometrist), and medical students Kristie Fan and Ee Lin Ong. All personnel 

performing anterior segment imaging were trained by the author to acquire images by a 

standardized method during the course of this research. 

 

2.3.1 Gonioscopy 

There are three widely grading schemes for gonioscopy to record the features of the anterior 

chamber angle. The first one to be described was the Scheie grading system275 whereby a 

grade IV angle is a closed angle with “no structures visible”; grade III = posterior TM not 

visible; grade II = angle apex not visible; I = slightly narrow; 0 = wide-open angle with ciliary 

body band (CB) visible. All affected individuals in our study would therefore have grade III to IV 

angles.  

 

Instead of the Scheie method, we used the Shaffer grading scheme to record an estimate of 

the angle width of the iridocorneal recesses in primary position. The Shaffer grading system 

uses Arabic numerals to represent grade 0 = 0 degrees; 1 is approximately 10 degrees; 2 = 10 

to 20 degrees; 3 = 20 to 35 degrees; 4 = 35 to 45 degrees of angle opening. The scale is 

opposite to the Scheie system as the larger Arabic numerals represent wider angles in the 

Shaffer grading scheme.276  

 

The third method of gonioscopic grading is the Spaeth grading system.277 Firstly, the insertion 

of the iris root (graded A to E) is determined: (A) Anterior to Schwalbe’s line; (B) Behind 

Schwalbe’s line; (C) On the scleral spur; (D) Behind the scleral spur; (E) On the ciliary band. If 

the actual iris root insertion is obscured in primary position, indentation viewing is 

recommended. The (apparent) iris insertion in primary gaze is recorded and its actual insertion 

seen on indentation is recorded in a parenthesis. The angle width is estimated (from 0 to 40 

degrees, in 10 degree intervals) between the trabecular meshwork surface and the iris, about 

one third from its insertion into the ciliary body. This is similar to Shaffer grading. Thirdly, the 

configuration of the peripheral iris is documented (grade p to s). P = plateau; q = queer 
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(concave); r = regular (flat); s = steep (convex). Finally, the presence or absence of pigment is 

indicated with 0, 1+ to 4+ ptm (in short for posterior trabecular meshwork).  

 

We used a Goldmann-style magnaview lens (Ocular instruments, WA) for clinical examination 

(Figure 2.3.1). A narrow 1mm beam was used for static examination and kept away from the 

pupil to avoid illumination-related widening of the angle. High magnification was used to 

identify the corneal wedge and a longer beam used to mark the trabecular meshwork (TM). The 

observed gonioscopic angle between the TM and adjacent peripheral iris and areas of ITC were 

recorded for each quadrant. This was followed by a dynamic examination whereby the central 

cornea was indented to observe the iris and angle configuration. The iris configuration, 

presence or absence of pigment, and presence or absence of PAS were recorded on standard 

proformas. The following anatomical landmarks were also observed:- 

 

Schwalbe’s line 

Schwalbe’s line is a band of collagen condensation of the Descemet’s membrane between the 

trabecular meshwork and the corneal endothelium, appearing as a thin translucent line. A 

prominent schwalbe’s line may be due to posterior embryotoxons (seen in some anterior 

segment developmental anomalies). Caution was taken not to confuse a pigmented schwalbe’s 

with TM pigmentation. 

 

Trabecular meshwork (TM) 

The TM extends posteriorly from schwalbe’s line to the scleral spur (SS). Any contact between 

the peripheral iris to the TM was recorded. Where it was possible to determine, iris contact to 

the anterior non-pigmented or posterior pigmented back edge of the TM was specified.  

 

Pigmentation 

In the anterior chamber angle, the posterior TM can contain some pigment in adulthood. 

Pathological pigmentation is released from other structures such as the iris pigment epithelium 

and can appear as diffuse, granular, or blotchy pigment on the trabecular meshwork surface.275 

These features tend to be present prior to the formation of PAS in angle-closure278 and 

histologically appear to be extracellular and intracellular melanin.184 The presence or absence of 

abnormal pigmentation in the anterior chamber angle was recorded for all individuals 

undergoing gonioscopy. Some examples of pigmented anterior chamber angles are shown in 

Figures 2.3.2 and 2.3.3. Qualitative features were recorded whenever observed.  

 

Iris processes 

These were common, particularly in younger people and those with brown irides.279 The iris 

processes tended to be concave, and did not obstruct iris movement during gonioscopy. The 

presence or absence of abnormal PAS was recorded.  
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Iris insertion and configuration 

The peripheral iris configuration was categorized into regular, steep, plateau or concave.277 A 

gonioscopic example of plateau iris configuration is shown in Figure 2.3.4. Any abnormally high 

iris insertion was recorded during clinical gonioscopy. 

 

Ciliary band and iris root 

For normal open angles, the iris root was inserted at the anterior face of the ciliary body. Wider 

bands were observed in myopic patients, and usually narrow or absent ciliary bands were found 

for hyperopic patients, and those with PACG.   
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Figure 2.3.1 A patient undergoing gonioscopic examination of the anterior chamber angle.  
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Figure 2.3.2 Gonioscopic view of pigment in the anterior chamber angle.278  

Pigment on Schwalbe’s 

line (black arrow) and 

posterior pigmented 

TM (white arrow) in an 

asymptomatic PAC 

patient after LPI. A flat 

iris profile and open 

drainage angle is 

observed. 

 

Figure 2.3.3 Gonioscopic view of granular and blotchy pigmentation. 278 

 

Granular pigmentation 

and blotchy iris 

stromal pigment on 

the TM (white arrow) 

and pigment anterior 

to Swalbe’s line (black 

arrow) in a patient 

with narrow angles 

despite a patent LPI. 

 

Figure 2.3.4 Gonioscopic view of plateau iris configuration.278 

Plateau iris 

configuration, with 

pigment on 

Schwalbe’s line and 

iris processes (black 

arrow). The drainage 

angle is narrow but 

open in this case.  
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Figure 2.4.1 Examining a patient for angle-closure on the Visante AS-OCT.  

 

  



Chapter 2, Methods 

77 

2.3.2 Eye colour 

The clinical grading scale used in our study was 1=blue or grey (blue); 2=green/hazel 

(intermediate); 3=light or dark brown (brown) as described by Duffy280 and Kayser et al 

(categories shown in brackets).281  

 

2.3.3 Limbal anterior chamber depth estimation 

The van Herick method of slit-lamp assessment of limbal chamber depth (LCD) has been used 

in population surveys to detect narrow angles at risk of PACG. It is also a fundamental part of 

any comprehensive eye examination in ophthalmic clinics. Reports of good reproducibility 

between trained observers have been published.282 Traditionally, a four point grading system of 

LCD was used. The van Herick test was performed by comparing LCD to the thickness of the 

peripheral cornea, and graded as: <¼, ¼, ½, and 1. The grades refer to the separation 

between the peripheral iris and cornea on slit-lamp examination. Grading of LCD equal to ¼ (or 

less) indicate eyes that are at risk of PAC. 

 

The original description four-point van Herick grading method did not include a grade between 

½ to 1. Using the modified grading scheme of 0-5-15-25-40-75-100%, a grade ≤15% LCD 

gave a sensitivity and specificity of 84% and 86% of detecting narrow angles. These cases 

were confirmed with gonioscopy: only 90° (or less) of posterior TM visible was visible in the 

primary position.282 Using the traditional cut-off of ¼, specificity decreased to 65% but 

sensitivity increased to 99%.282 The seven point modified van Herick grading scheme was used 

for this study.  

 

2.3.4 Intraocular pressure measurement 

Majority of the patients underwent Goldmann applanation tonometry (GAT). Topical 

anaesthesia with g. proxymethacaine and fluorescein was used. Perkin’s tonometry, a handheld 

device using the same principles as GAT, was used for home visits. 

 

2.3.5 Pupil dilation  

Pharmacological pupillary dilation with g. tropicamide 1% was performed whenever the fundal 

view was not satisfactory for optic disc assessment. Other provocative tests such as the 

Mapstone test (g. pilocarpine 2% and g. phenylephrine 2.5%), and the dark prone position test 

were not performed on our study subjects.  

 

2.3.6 Optic disc and fundal examination  

All subjects underwent slit-lamp fundal examination of the optic disc, macula and peripheral 

retina using an aspheric +90D lens. Any significant findings were recorded. Specific to the optic 

disc, the vertical disc diameter (VDD) and cup:disc ratio (CDR) at the slit-lamp were recorded.  
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2.3.7 Visual acuity (VA) 

This was tested with the Snellen chart at 6-metres (or 2.4-metres using the reduced Snellen 

chart for home visits). The visual acuity was recorded as a fraction e.g. 6/6 or 6/36 whereby 

the numerator denotes the testing distance e.g. 6-metres; and the denominator is the distance 

at which the letter components would be separated by a visual angle of one minute of arc. For 

the 2.4-metre reduced Snellen chart, VA is recorded at the equivalent 6-metre notation.  

 

2.3.8 Visual field examinations  

The Humphrey visual field test using the SITA (Swedish Interactive Thresholding Algorithm) 

was performed. Numeric outputs recorded were mean deviation and pattern standard deviation. 

Mean deviation measuring overall field loss was considered abnormal at -5.0dB in our study. 

Pattern standard deviation measured focal loss or variability within the field, taking into account 

any generalized depression from other ocular problems such as cataract and was more specific 

for glaucomatous damage. 

 

2.3.9 Axial biometry and keratometry 

The IOLMaster (Carl Zeiss Meditec, Dublin, CA) was used to obtain anterior chamber depth 

(ACD), axial length (AL) and keratometry (K) readings.  

 

2.3.10 Auto-refraction and focimetry  

Refractive error was determined by auto-refraction (Humphrey autorefractor; Carl Zeiss 

Meditec, Jena, Germany) and where glasses are worn for distance, the lens power was 

measured by auto-focimetry.  

 

2.3.11 Ultrasound pachymetry 

Central corneal thickness was measured with an ultrasound probe mounted on a slit-lamp 

(Altair, Optikon 2000, Rome, Italy). This required topical anaesthesia of g. proxymethacaine.  

 

2.3.12 Additional investigations 

In most cases, scanning laser ophthalmoscopy (HRTII) was performed. Fundus photographs, 

scanning laser polarimetry (GDx) and poster segment optical coherence tomography (OCT) 

were only performed as clinically indicated.  

 

2.4 Anterior segment optical coherence tomography 

In 2005, anterior segment optical coherence tomography (AS-OCT) came onto the market as a 

high resolution non-contact technique to examine the anterior chamber (Figure 2.4.1). It uses a 

1310nm wavelength light that penetrates most anterior segment structures but is blocked by 

the pigment in the iris epithelium. This limits its use in visualization of the ciliary body in 
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majority of subjects. However, it was still possible to grade the mechanisms of angle-closure 

qualitatively on AS-OCT imaging (Figure 2.4.2).  

 

2.4.1 Image acquisition 

Image acquisition was performed in the dark (lighting conditions less than two lux). The 

subject’s refraction is entered into the Visante AS-OCT device (Carl Zeiss Meditec, Dublin, CA) 

to account for his/ her refractive error and examine the AC in the unaccommodative state. 

Horizontal scans transecting the 0  (nasal quadrant of the right eye) and 180  quadrants 

(temporal quadrant of the right eye) were obtained under scotopic conditions. Care was taken 

to align the fixation angle of the eye to obtain the interference flare. The whole AC chamber is 

examined under this first scan (left panel, Figure 2.4.2).  

 

This was followed in all cases by a high-resolution scan of the anterior chamber angle (right 

panel, Figure 2.4.2). The subject was asked to look nasally, and positioned so that the limbal 

cornea was perpendicular to the angle of the temporal quadrant being examined. To ensure 

accurate de-warping by the device software at the air-corneal interface, the central to limbal 

cornea had to appear in about two-thirds of the final image.  

 

2.4.2 Visante imaging software 

Before December 2008, all the images were acquired with Version 1.0 of the software. After the 

software upgrade to Version 2.0, image averaging was routinely applied. Averaging works by 

image registration algorithms that align a series of consecutive images (four, in the case of 

Visante AS-OCT; Figure 2.4.3) to produce an image of higher contrast, and therefore clearer 

visualisation of AS-OCT landmarks. The effect of image averaging is shown in Figure 2.4.4.  

 

Angle-closure on AS-OCT was defined as contact of the iris anterior to the scleral spur. For 

quantitative angle characteristics, the SS was defined (Figure 2.4.5), followed by the corneal 

endothelium, and anterior lens surface (Figure 2.4.6). After these were indicated, semi-

automated grading of quantitative angle parameters shown in Figure 2.4.7 were obtained. Each 

graded image was then saved and numerical data entered onto the Progeny genetics database 

(Section 2.9).  

 

The following quantitative measurements were gathered (Figures 2.4.6 and 7): - 

(1) Central corneal thickness (CCT) 

(2) Anterior chamber depth (ACD) 

(3) Angle-opening distance (AOD) at 500 m and 750 m (at 0  and 180 ) 

(4) Trabecular iris surface area (TISA) at 500 m and 750 m (at 0  and 180 ) 

(5) Anterior chamber angle at 0  and 180  
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(6) Scleral spur to scleral spur distance (ACW) 

(7) Anterior lens displacement or lens vault (LV): which is the perpendicular distance of anterior 

lens from the spur-to-spur distance 

 

Offline analyses of AS-OCT images were performed for the mechanism of angle-closure using 

the standard photographs shown in Figure 2.4.2. Only images from the right eyes were used, 

unless a patient was pseudophakic in that eye, or an artefact on the image prevented accurate 

analysis. In these cases, images from the left eyes were used. A qualitative assessment of the 

following mechanisms was performed: (A) pupil-block (B) anterior non-pupil block (C) plateau 

iris (D) lenticular (E) retrolenticular. Evidence mixed mechanisms e.g. (A) + (D) were also 

recorded. Presence of iris or CB cysts were recorded as pseudoplateau iris (Figure 2.4.8).   

 

2.4.3 Zhongshan Angle Assessment Program (ZAAP) software 

A second method for extracting quantitative data from these images (Figure 2.4.9) was 

available with the Zhongshan Angle Assessment Program (ZAAP, Guangzhou, China). Each AS-

OCT image was first exported as a jpeg file from the Visante device, and then imported into the 

ZAAP software which extracted a 300 x 600 8-bit grey scale image from the jpeg file, and 

performed noise and contrast conditioning.283 After identifying the scleral spurs at their likely 

positions (with the help of a magnifier window), the software applied edge detection algorithms 

to discriminate anterior and posterior borders of all the remaining structures in the AC. The 

advantage of ZAAP automated image processing was that additional parameters including 

anterior chamber area (ACA), anterior chamber volume (ACV), iris curvature (I-Curv), iris area 

(I-Area) and iris thickness (IT) could be extracted from the AS-OCT scans, that was not 

available on the Visante version 2.0 software. However, edge detection was not always 

successful (Figure 2.4.10) and a proportion of images had to be excluded from analysis (n= 50, 

14.4%). A summary of all the potential quantitative measurements that could be obtained from 

the Visante AS-OCT images is presented in Table 2.4.1.  
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Figure 2.4.2 Mechanisms of angle-closure on AS-OCT. 

 

A) Pupillary block angle-closure was characterised by convexity and bowing of the peripheral 

iris. B) In non-pupil block angle-closure, iris convexity was not as prominent and the anterior 

chamber depth was deeper than the other forms of angle-closure. C) Plateau iris may be 

considered one form of non-pupil block angle-closure, with ciliary body characteristics such as a 

closed iridociliary sulcus, that can only be partially viewed on AS-OCT imaging. D) Lenticular 

angle-closure had typical “vesuvian” iris profiles and central lens opacities. E) Retro-lenticular 

angle-closure, or commonly known as aqueous misdirection, may be induced by drugs or 

surgery. The panel on the left represents the low resolution AS-OCT scans, and the panel on 

the right high resolution AS-OCT scans.  
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Figure 2.4.3 Illustration of the image-averaging process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image registration algorithms align a series of images, four in the case of the Visante AS-OCT 

device, resulting in peak signal enhancement and noisy signals dampened to produce a mean 

(averaged) image. 

 

 

Figure 2.4.4 Effect of image averaging. The three images in this series are the outcomes of: (A) 

original image (not averaged); (B) average-of-3 images; (C) average-of-8 images.284  

 

 

Better contrast was achieved, with clearer definition of the SS once image averaging has  been 

applied.  
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Figure 2.4.5 Example where the SS was visible on one quadrant but not the other. 

  

The scleral spur on the right hand side (nasal quadrant) of this image was visible, together with 

some anatomical clues such as the trabecular meshwork shadow above it. It was possible to 

deduce the likely scleral spur position for the left hand side (temporal quadrant) even though 

the scleral spur was not clearly visible. 

 

Figure 2.4.6 Visante AS-OCT image showing ACD, CCT, ACW and LV. 

 

The measurements as demonstrated on this diagram are 540μm for CCT, 3.29mm for ACD, 

12.03mm for ACW and a LV of -100μm. This image is one of a myopic eye with open anterior 

chamber angles. After identifying the SS position, the marker for the corneal endothelium, and 

anterior lens positions were placed, and these measurements manually derived. 
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Figure 2.4.7 Visante AS-OCT image showing quantitative angle metrics available. 

 

Using the same scan, the SS positions were marked in a similar fashion for angle parameters. 

The green dot on the right side represents the SS placement, and once the user had defined 

this, the Visante software produced the angle-metrics markings at 500 and 750μm from the SS 

toward the iris surface.  

 

Figure 2.4.8 An iris cyst on AS-OCT imaging.  

 

This was demonstrated by a circular hypo-echogenic area and the abrupt termination of iris 

pigment epithelium characteristics. These cases were labelled as pseudoplateau iris. 
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Figure 2.4.9 Quantitative parameters measured by ZAAP software.  

  

The output area below the 

AS-OCT image showed 

readings from the temporal 

quadrant (left angle) and 

nasal quadrant (right angle) 

of a right eye.  

These measurements were 

easily exported to a tab- 

delimited file that could be 

imported for analysis.  

 

The magnifier and cursor 

function below facilitated 

SS identification by the 

observer. 
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Figure 2.4.10 Excluded scan due to poor application of ZAAP software to the AS-OCT image. 

 

The ZAAP software applied algorithms that worked on edge detection. The corneal, iris and 

anterior lens profile had to be detected correctly for accurate results. In this case, failure to 

identify the anterior lens surface has led to erroneous results for ACD, ACA and ACV.    
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Table 2.4.1 Measurements that can be made with the Visante AS-OCT images. 

Parameter Description Abbre-

viation 

Visante ZAAP  

Central corneal thickness ( m)  Distance from the end of corneal endothelium to the anterior corneal epithelial 
surface at the corneal apex 

CCT Manual Automated 

Central anterior chamber depth Distance from the central anterior lens surface to the anterior corneal epithelial 
surface – this includes the CCT. In this study was measured by the IOLMaster.  

ACD - - 

Actual anterior chamber depth Distance from the central anterior lens surface to the central corneal 
endothelium – excludes CCT 

aACD Manual Automated 

Trabecular–iris angle (°) Angle formed from angle recess to points 500 m from SS on trabecular 

meshwork and perpendicular on surface of iris 

TIA Semi-automated - 

Angle-opening distance ( m) Distance from cornea to iris at n m from the scleral spur (n typically 500 or 
750) 

AOD Semi-automated Automated 

Angle-recess area ( m2) Area of triangle between angle recess and iris and cornea n m from scleral spur 

(n typically 500 or 750) 

ARA - Automated 

Trabecular–iris space area ( m2) Area of trapezoid between iris and cornea from sclera to n m (n typically 500 or 

750) 

TISA Semi-automated Automated  

Iris thickness ( m) Measured perpendicularly 750 m, 2000 m from the SS, and at its thickest 

point of the iris cross-section  

IT - Automated 

Iris radius of curvature (mm) Radius of posterior iris surface using an arc transecting three points: iris root, 
pupil margin, and point of maximal iris displacement 

I-Curv - Automated 

Iris area ( m2) The cross sectional area of the iris  I-Area - Automated 

SS–iris insertion distance ( m) Linear distance from SS to iris insertion ACW Manual Semi-automated 

Anterior chamber area ( m2) Cross sectional area enclosed by the corneal endothelium, anterior iris surface 
and anterior lens surface 

ACA - Automated 

Anterior chamber volume ( m3) Whole volume enclosed by the corneal endothelium, anterior iris surface and 
anterior lens surface 

ACV - Automated 

Lens vault ( m) Perpendicular distance from the ACW to the central anterior lens surface LV Manual Automated 
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2.5 Sample collection 

Venous blood samples (2 x 9ml) in EDTA-bottles were the standard samples collected. In some 

cases, e.g. phobia of needles, buccal swabs were obtained.  

 

2.5.1 Hospital venesection services      

All peripheral blood samples taken at MEH were labelled with a unique laboratory ID number 

and date of birth when transferred from the Hospital to the Institute for DNA extraction.  

 

2.5.2 Postal service 

Participants who had relatives who were happy to participate but unable to attend MEH were 

provided with a package including the patient information leaflet, consent forms and 

instructions on how to return the blood sample in the self-addressed envelope to the Institute.  

 

2.5.3 DNA extraction and quantification 

DNA extraction was carried out with a commercial kit (Nucleon BACC II DNA Isolation Kit, GE 

Healthcare, UK) by the molecular genetics technician, Miss Beverley Scott.  

 

Quantification of extracted DNA was performed using NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE): 1.2 l of stock DNA was placed on the loading plate 

and the measurement lever lowered onto the sample. Single readings of the DNA concentration 

were taken, repeated measures (up to 3x) were performed if the concentrations outside the 

range of 200-1200 ng/ l were detected. For genotyping experiments, a standard concentration 

of 50 ng/ l was required. This was constituted in TE solution and samples kept in -20 C 

conditions between uses. 

 

2.6 Genotyping 

2.6.1 Microsatellites 

After DNA quantification, PCR reactions to amplify the DNA sections of interest corresponding to 

the microsatellite markers of interest were performed with the protocol below. Thermal cyclers 

GeneAmp ® PCR system 9700 or VeritiTM (Applied Biosystems [ABI], Foster City, CA) in a total 

volume of 9µl containing 100ng of genomic DNA, 0.2µl of fluorescently labelled microsatellite 

markers (ABI Linkage Mapping Set v2.5–MD10) and equal volumes of ABsoluteTM QPCR-mix 

(Abgene Limited, UK) were used for the PCR reactions. A standard thermocycling profile was 

used for all markers. This consisted of an initial denaturation (95ºC) for 15 minutes followed by 

35 cycles at 94 ºC for 60s, 57 ºC for 60s, 72 ºC for 60s, with a final extension step of 72 ºC for 

12 minutes. The PCR products for each panel were pooled with 1µl per fluorescent coloured dye 

(3µl in total) and diluted in 12µl of the Hi-Di formamide: GeneScanTM -500 LIZ ® fluorescent 

size standard mixture (ABI). This was done to denature excess markers and size-fractionate the 



Chapter 2, Methods 

89 

PCR products respectively. The sample was heated for 5 minutes at 95ºC and snap-frozen on 

ice for 5 minutes and centrifuged before loading onto the ABI Prism ® 3730 DNA Analyzer. The 

ABI 3730 uses GeneScanTM -500 LIZ ® as the size standard. Genotype scoring was performed 

with the GeneMapper version 2.0 program. 

 

2.6.2 SNP microarray chips  

Standard protocols are available for commercially available linkage microarray chips. In brief, 

DNA amplification was performed, followed by mixing with primers that were hybridized and 

fractionated. The amplified DNA product was combined with a coloured dye and precipitated 

before reconstitution in a formamide solution. A small amount (depending on microarray 

manufacturer) of the mixture was introduced onto the microarray chip and hybridized. The final 

stage involved single base extensions (of the SNP of interest) and staining with two coloured 

dyes. The scanner read the genotype for the two homozygous and one heterozygous states (AA 

and AA; AB respectively) by detecting red, green and yellow outputs on the scanner. The two 

manufacturers used for this study were Affymetrix and Illumina.  

 

2.6.3 Affymetrix platform  

Genotyping on this platform for Family A (section 1 of the results chapter) was outsourced to 

the molecular genetics laboratory at St. Thomas’ Hospital (Dr Peter Green). Quality control 

analyses and genotype exports were performed after receiving the raw data files .CEL and .DAT 

with offline Affymetrix software, supplied by Affymetrix. The raw files were first imported into 

G-COS, a data management program, where pedigree relationships were entered (LINKAGE 

format, see also section 2.1.1), and raw data files associated with the individuals that have 

been genotyped were uploaded. Cluster analysis was performed to ensure that the most 

accurate allele calls were being exported. MERLIN plug-ins on the G-TYPE software allowed 

pedigree (.ped), marker information (.map), and SNP information (.dat) files to be exported for 

analysis.  

 

2.6.4 Illumina platform 

All the remaining families were genotyped on the Illumina platform. This was performed at the 

Biomics Centre at St. George’s hospital, under the supervision of Dr Pia Ostergaard. The 

Infinium ® assay, multi-sample protocol was used for the Illumina Linkage-12 microarray chip 

containing 6,090 SNP markers. The same Infinium ® assay was used for the Cyto-12 

microarray chip which contained 299,167 markers. The infinium ® protocol was carried out 

over three days for each batch of genotyping performed. The numbers of samples processed 

were planned in multiples of 12 for both the Linkage-12 and Cyto-12 microarray chips.  
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Day 1 

Samples previously normalized to 50 ng/ l dissolved in Tris-EDTA (TE) solution for each batch 

of experiments was placed on deep microtitre plates.  The reagents and buffer kits for all 

Illumina products were supplied with the microarray chips upon purchase. Day 1 experiments 

were to amplify the DNA product, so 4 l of DNA was placed with 20 l of MA1 (buffer solution) 

and 0.1N sodium hydroxide to first fragment the DNA. The microtitre plate was then sealed 

with a cap mat, vortexed at 1600 rpm, followed by pulse centrifuge at 280 g. After 10 minutes 

of incubation, 68 l of a second buffer, MA2, and 75 l of MSM (the equivalent of the PCR 

mastermix) was added to the microtitre plate and sealed with a capmap. The plate was inverted 

10 times to mix the contents before pulse centrifuge and incubation at 37 C for 20 – 24 hours. 

Thermocycling was not required.  

 

Day 2 

After 20 – 24 hours in the oven, the microtitre plate contents was mixed by pulse centrifuge 

and 50 l of FMS (nucleotide bases) added to each well. The plate was sealed, vortexed at 

1600rpm and centrifuged before heating to 37 C for 1 hour. A dextran blue dye, PM1 was 

dispensed into each well to stain the DNA fragments. The plate was vortex and pulse 

centrifuged before incubating for 5 minutes on a 37 C heat block. The precipitation of the blue-

stained DNA is carried out with 300 l of 2-propanol, incubated in a sealed plate within a 

centrifuge at 4 C for 30 minutes. The centrifuge was then spun at 3000 g at 4 C for 20 

minutes after the half-hour incubation. At the end of the precipitation step, the supernatant was 

removed from the samples by vigorously tapping out the liquid, first with a big “smack” onto 

some absorbent padding, followed by continuous tapping for about a minute onto clean 

absorbent padding. The blue pellets of precipitated DNA were air dried to remove all traces of 

2-propanol at room temperature for 1 hour.  

 

Re-suspension of the DNA pellets was performed with 42 l of RA1, the plate was then sealed 

with foil and incubated at 48 C for 1 hour. The plate was then vortexed at 1800 rpm for 1 

minute, centrifuged and then denatured at 95 C for 20 minutes to prepare the DNA product for 

hybridization onto the bead chip. Pulse centrifuge at 280 g was performed before setting up the 

hybridization chambers for the samples and the microarray chips.  

 

The hybridization chambers (supplied by Illumina to the Biomics centre) were kept humidified 

by 2 x 200 l of PB2 for each microarray chip of 12 samples per chip. The beadchips were 

removed from their packaging and secured with hybridization chamber inserts before 15 l of 

the DNA solution (each sample) was pipetted onto the beadchip channels. Care was taken to 

ensure that the DNA sample solution covered the entire well, and a bolus remained the channel 

entry point to prevent drying at the hybridization stage. Once all samples were loaded, the 
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hybridization chambers were sealed and placed in a 48 C oven, set at rocker speed 5, for 16 – 

48 hours.  

 

Day 3 

Following hybridization, day 3 of the protocol involved washing and staining to prepare the 

beadchips for analysis by the scanner device. The plastic cover over each chip was removed, 

then the beadchips were placed into a secure hold and washed in glass containers with 200 l 

of WB1, followed by 200 l of PB1. This was to remove the hybridization solutions and any 

excess reagents. The beadchip alignment fixture containing a back frame, on which the 

beadchip was placed, followed by a plastic spacer, and then a glass backplate is all secured 

with two metal clamps to form a flow-through chamber. The flow-through chamber was put 

together in a container with 450 l of PB1. The flow-through chambers were secured onto the 

alignment bar of the Tecan flow through module (Te-Flow, Tecan Group Ltd, Switzerland), 

alongside a temperature monitoring probe.      

 

The following reagents for the post-hybridisation wash-stain cycles were introduced into the 

flow through module: - 

(1) 150 l of RA1 buffer 

(2) 450 l of XC1 

(3) 450 l of XC2 (these two steps, each incubating for 10 minutes to remove excess reagents) 

(4) 200 l of TEM (first fluorescent staining step, incubating for 15 minutes, performed at the 

recommended temperature by manufacturer, usually between 32 – 36 C) 

(5) 450 l of 95% formamide/ 1mM EDTA (incubating for 5 minutes, performed twice, 1 minute 

apart) was introduced to remove and denature all unbound DNA 

(6) Alternating fluorescent labelling now began with  

- 250 l of LTM three times, each incubating for 10 minutes 

- 250 l of ATM twice, each incubating for 10 minutes 

 

After each labelling step (5 times in total above), the flow through channel was washed twice 

with 450 l of XC3, 1 minute apart.  

 

The beadchips were then removed from the flow through modules and washed in 310 ml of 

PB1 by agitating the buffer surface with the holding device (10 times) for the bead chips, 

soaking afterward for 5 minutes. The beadchips were quickly transferred into 310 ml of XC4, 

once again agitated 10 times and then soaked for 5 minutes, taking care not to expose XC4 for 

more than 10 minutes. 

 

XC4 acted to coat the surface of the beadchips so care was taken not to disrupt the surface 
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coating by removing the beadchips with an interlocking pair of tweezers onto a test tube rack. 

They were then dried in a desiccator for 1 hour. After the hour of desiccating, the back surface 

of the beadchips were cleaned with alcohol wipes before placing to the BeadArray scanner at 

SGH Biomics Center. The Linkage-12 samples took an hour to scan per sample, while the Cyto-

12 took 3 hours per sample to scan. Raw data files were exported together with the .egt files 

into Bead Studio under a new project, before cluster analysis and genotyping exports were 

performed.  

 

2.7 Sequencing 

2.7.1 Primer design and optimization 

Sequences of 12 to 20 basepairs either side of the DNA region of interest were constructed 

using bioinformatics available on www.ensembl.org. The primer products were purchased from 

commercial suppliers. The optimum thermocycling profile was determined by gradient PCR and 

separated by gel eletrophoresis to examine the amplified DNA product to determine the most 

suitable thermocycling profile.    

 

2.7.2 Candidate gene selection and screening  

Due to the poor success of candidate gene approaches for detecting causative genes, these 

were only tested when there was significant evidence of linkage in the families analysed by 

genome-wide SNP genotyping. Senior research fellows, Dr Naushin Waseem and Dr Christina 

Chakarova, performed the majority of these experiments. 

 

2.8 Phenotype-genotype database 

All clinical characteristics were stored on a computer at MEH. Relevant details for the genetic 

investigation including: (1) Family identifier (2) Unique individual/ laboratory identifier (3) Date 

of birth (4) Diagnosis/ affection status were made available at the UCL molecular genetics 

laboratory and stored on a separate database. Clinical details were recorded onto standard MEH 

phenotyping proformas and subsequently entered onto a specialist phenotype-genotype 

database, Progeny™ (Indiana, USA) held at the hospital. 

 

2.8.1 Binary (diagnostic) categories 

For our study, angle-closure was defined as iridotrabecular contact in 2 or more quadrants (6 

clock hours) in either eye on gonioscopy or less than 2 quadrants of posterior TM visible in the 

primary position. These patients were considered “affected”. Occludable or narrow angles were 

those found to have angle-width of between 10-20° (Shaffer grades 1 or 2) in four quadrants 

(12 clock hours). These patients were often categorized as “uncertain diagnosis” for linkage to 

prevent errors from phenocopies. Diagnosis of glaucomatous optic neuropathy required 

structural changes (CDR of 0.7 or more) and/ or mean deviation of less than -5.0dB on 

http://www.ensembl.org/
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Humphrey visual field testing.  

 

2.8.2 Quantitative traits studied 

Anterior chamber depth (ACD) and axial length (AL) will be the main quantitative traits 

formulated for genome-wide linkage study. As it is a continuous scale, it allows individuals with 

“uncertain diagnoses” to also be included, to increase the number of participants in the 

analyses (section 2 of results). Newer quantitative traits such as lens vault and iris thickness 

were also explored.  

 

2.9 Genetic analysis software 

Data preparation was facilitated by Progeny™, Microsoft Access and Excel (Microsoft 

Corporation, USA), as well as SPSS versions 18 to 21 (IBM, Chicago, USA). After data 

conversion from spreadsheet or database format into tab or space delimited data files, 

TextMate (MacroMates Ltd, Cyprus) and NotePad++ (http://notepad-plus-plus.org/) were used 

for data/ text editing and input into the genetics software packages for analysis.  

 

Specific linkage or association formats were required for each program (see Appendix V for 

web-links for guidance and downloads) but commonly required data were:- 

(1) Pedigree file 

Pedigree ID Individual ID Father ID Mother ID Sex Affection status or quantitative trait 

(2) Marker information i.e. marker names and/or type   

(3) Marker distance information i.e. chromosome and basepair position   

(4) Marker allele frequency 

(5) Model for parametric linkage including disease allele frequency and penetrance 

 

Pedigree files were visualized in pictorial format by uploading the pedigree file into the Pelican 

pedigree drawing software (Example in Figure 3.1.5). Most of the pedigree diagrams in this 

thesis were generated in Progeny™. Cyrillic pedigree drawing software was used for the circular 

diagram in Figure 3.1.3. 

 

2.9.1 Power calculation 

Any family with more than ten informative meiosis was considered sufficient for investigation of 

linkage to a monogenic locus. Smaller pedigrees were combined to provide an overall picture of 

binary trait linkage and quantitative trait locus analysis. As many families were recruited as 

possible during the time-frame of the clinical work (2006-2009). 

 

2.9.2 LINKAGE software 

The program LINKAGE was considered the landmark genetic linkage computer program to 
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incorporate complex mathematical algorithms of two-point linkage into a user-friendly dos-

based package to calculate LOD scores.232 genetic linkage packages generally use the same, or 

similar formats as LINKAGE for coding the input files for analysis.  

 

2.9.3 Simwalk2 

This linkage analysis package was used only for the largest pedigree recruited (Section 1, 

Family A), which had too many individuals to be handled by the MERLIN analysis package 

described below. Table 2.9.1 shows the differences between the three main packages described 

in this thesis. Multipoint parametric linkage analysis was performed using the Monte-Carol-

Markov-Chain (MCMC) algorithm implemented in Simwalk2 by Eric Sobel et al.285 Input file 

formats were complex and required a MEGA2 plugin to convert the LINKAGE input files into a 

readable format for Simwalk2 (see Appendix V). 

 

2.9.4 MERLIN 

Multipoint parametric linkage analysis and quantitative trait linkage were performed with 

MERLIN, developed by Goncalo Abecasis et al.231 MERLIN (Multipoint Engine for Rapid 

Likelihood Inference) uses sparse trees to represent gene flow in pedigrees and is the fastest 

pedigree analysis packages around.   

 

2.9.5 PLINK 

PLINK is a whole genome association analysis toolset developed by Shaun Purcell et al to 

handle large scale phenotype/genotype data in GWAS analyses e.g. 1 million SNPs and 5000 

individuals without special computing requirements.286 As the data input format also required 

pedigree and marker files that were similar to LINKAGE/ MERLIN formats, it was possible to 

adapt data extracted from Bead Studio and Progeny software from the family-based linkage 

(results section 1 and 2) to the case-control design of unrelated individuals, using the probands 

(results section 3) for the pilot case-control analysis.  
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Table 2.9.1 Comparison of linkage software packages. 

 

Program 

 

Algorithm 

 

Solution 

 

Restrictions 

Computation time 

If missing 

data 

If increased 

markers 

If increased 

people 

LINKAGE Elston-

Stewart 

Exact 8 loci Slow Exponential 

increase 

(very slow) 

Linear 

increase 

(moderate) 

MERLIN Lander-

Green 

Exact ~20 people Moderate Linear 

increase 

(moderate) 

Exponential 

increase 

(slow) 

Simwalk2  Markov Chain 

Monte Carlo 

Estimate More than 

200 people, 

more than 30 

loci 

Moderate Linear 

increase 

(moderate) 

Linear 

increase 

(moderate) 
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2.10 Other statistical analyses 

Exported phenotypic data were saved as Microsoft Excel spreadsheets and analysed with 

statistical software such as SPSS versions 18 to 21 (Chicago) and MedCalc (Belgium). In 

general, numeric data was explored for normality before specific statistical tests such as 

students’ t-tests were applied. Binary logistic regression, ONE-way ANOVA and chi-squared 

testing were applied for two or more groups of ordinal data. Linear regression to evaluate 

quantitative traits was applied to phenotype-genotype analyses. Bland-Altman plots to evaluate 

limits of agreement (Figure 3.2.4) were generated with MedCalc software.    

 

2.11 Confidentiality 

The project was registered with the UCL Data Protection Officer, in adherence with the UCL 

Data Protection policy. All personal/ identifiable participant data were held either on the MEH 

hospital network (password and user-access protected) or on encrypted folders at UCL Institute 

of Ophthalmology, according to UCL guidelines.   
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Results 

 

3.0 Overview of results sections 

This chapter will be divided into four sections. During the course of recruitment of families with 

PACG, it was observed that there were more families with PACS and PAC than those who had 

visual loss from glaucomatous optic neuropathy. It became clear that mixed mechanism disease 

could exist within families with angle-closure. A total of 101 families were examined over the 

course of four years, 95% of whom were of Caucasian descent.  

 

The largest family (Family A) had 62 individuals linked by seven generations with available 

phenotypic information. We used genealogical resources to extend recruitment to distant 

relatives for this, and four other families. For Family A, twelve family members (including one 

unrelated spouse) were found to be affected by PACS or more advanced disease. They were of 

White British ancestry and the family have lived in the East London area since 1812. Two of the 

key clinical characteristics present for majority of affected individuals were: (1) the presence of 

plateau iris on gonioscopy and AS-OCT, and (2) axial biometry that was shorter than sex- 

specific means. A normative cohort (n=796) from the EPIC-Eyes epidemiology study of health, 

diet and disease was used to provide age and sex specific means of ocular biometry. Results of 

the genome-wide linkage study of this family will be presented in Section 1 of the results.  

 

Including the proband from Family A, there were 155 unrelated proband participants with 

PACS/PAC/PACG. Sixty-seven of these did not have any other family members available to 

participate (aka singletons). Section 2 details the clinical characteristics of all 155 probands, as 

well as 363 family members from the 88 probands who brought their relatives in for clinical 

examination. A total of 518 participants underwent clinical examination, and 432 subjects 

(83%) underwent SNP genotyping for genetic analyses. Multiple affected family members were 

observed in 54 families (see Family A and Appendix III), about one third of the number of 

probands. Part of the clinical work-up for mechanism of disease included AS-OCT, which was 

available for 354 subjects in this study (78 probands, and 276 family members).  

 

Section 3 details the singleton probands (n=67) and an additional group of 37 of the more 

severely affected probands from the small families. These individuals all had sufficiently dense 

SNP genotyping performed for a pilot case-control investigation to detect more common SNPs 

that may be associated with the development of PAC(G). The control group was the 1958 

British Birth Cohort, consisting of 2,705 individuals without any phenotypic data available.  

 

Section 4 presents 13 families that did not belong to any of the previous sections, and they 

consisted of secondary ACG cases, with suspected genetic aetiologies. Ocular and systemic 
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syndromes that present with ACG were discussed. 

 

Informed consent was obtained from each participant in this study, and research was 

conducted in accordance to the Declaration of Helsinki at Moorfields Eye Hospital, London, 

United Kingdom. 
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SECTION 1 

3.1 Family A 

This section describes a large family connected over 7-generations with more than ten 

informative meioses, suitable for genetic linkage analysis. Under a parametric model whereby a 

major gene is responsible for the disease, a family of this size would achieve a sufficient LOD 

score to examine the hypothesis.  

 

3.1.1 Genealogy and medical history  

Main branch of Family A 

In June 2007, proband A (V:8, Fig. 3.1.1) attended the family screening clinic with her sister 

(V:15) and daughter (VI:4). They gave a strong family history of glaucoma. The proband (V:8) 

had been treated for ocular hypertension for 15 years (from the age of 52 years). When she 

was examined with her sister (V:15) and daughter (VI:4), all three were found to have the 

same phenotype of plateau iris and angle-closure (Figure 3.1.2). The proband’s mother (IV:11) 

had a trabeculectomy at MEH. Including her mother, the proband had 9 other aunts and uncles, 

i.e. 10 siblings in generation IV who lived to adulthood, consisting of seven sisters and three 

brothers. A fourth uncle died in his first year of life. Five out of seven aunts were thought to 

have PACG, but none of the uncles were known to be affected. Two aunts (IV:9 and IV:19) 

were remembered to have severe headaches and tunnel vision; both were severely sight 

impaired from PACG in their early sixties. Two other aunts (IV:16 and IV:8) did not have any 

symptoms of angle-closure but had undergone trabeculectomies for IOP control. One aunt 

(IV:8) died of an anaesthetic complication during the procedure at the age of 58 years old, 

while the other (IV:16) had an uncomplicated trabeculectomy at the  age of 75 years. Of the 

two remaining aunts, IV:13 had good sight, and no ocular problems known. The diagnosis for 

IV:14 was unclear as she had an operation in one eye but no history of glaucoma was known. 

All but one uncle (IV:32) was deceased at the time of this investigation. The proband’s 

grandmother (III:11) also had a trabeculectomy in MEH but it was not certain if she had 

symptomatic angle-closure. During pedigree charting, the proband and her sister indicated that 

three of their first cousins (V:21, V:30 and V:32) had been investigated for glaucoma and may 

be affected with PACG. A program of clinical examination and genealogy recruitment was 

subsequently performed to confirm the clinical phenotype, and to conduct a genome-wide 

linkage scan of angle-closure in this family. 

 

Altogether, 55 family members attended MEH for clinical examination and seven were examined 

at home or elsewhere. The most useful information required for expanding this family tree 

included: full names; occupations, place of birth or last residence; and dates of key life events, 

namely births, marriages and deaths. With the help of some volunteers from the Society of 

genealogists, the family tree shown in Figure 3.1.3 was expanded to seven generations, starting 
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with individuals I:1 and I:2, born around 1814 and 1812 respectively. A total of 6 birth, 38 

marriage and 3 death certificates were requested from the Home Office to confirm the pedigree 

relationships and given family history. Proband A had a first cousin (V:33), whose husband had 

an interest and experience in tracing family trees. They were approached to send letters 

(Appendix II) on behalf of the research team to distant relations identified by the genealogists. 

To facilitate the description of the relationship of our participants and their clinical features, the 

extended relatives of Family A will be grouped into the following groups: Main branch, and 

branches A to C (Figure 3.1.3). 

 

Branch A of the extended pedigree 

No medical information about individuals I:1 and I:2 was available from their descendants. 

Genealogy records show I:1 to be a labourer from Bishopsgate, London who married I:2, a 

laundress from Spitalfields, London. They had seven children, three boys and four girls, of 

whom we were only able to trace descendants from three of these (Figure 3.1.3: II:1, II:3, and 

II:5; the other 4 not shown). All three married and had children.  

 

Couple II:1 and II:2 had one son (III:1). The great-grandson (V:1) of individual II:1 sent a 

blood sample to the research laboratory but did not attend to be examined. He was 

hypermetropic from the age of 15-16y but had never been known to have narrow angles or 

glaucoma. Couple II:3 and II:4 had two sons (III:3 and other not shown); while couple II:5 

and II:6 had four sons and four daughters, including the proband’s grandmother, III:11; and 

individual III:4 (proband’s grand-aunt). The central pedigree shown in Figure 3.1.3, outside of 

the branches A, B, and C, will be termed the “main branch” of Family A. The main branch, 

together with branches B and C, represent all descendants of the couple II:5 and II:6, with the 

exception of III:4, who has been grouped into branch A. This is because of suspected 

consanguinity between III:3 (son of II:3 and II:4) to his first cousin III:4 (daughter of II:5 and 

II:6) on the British census record. They were married in 1898 and had three daughters (not 

shown) and one son (IV:4). We examined two out of five of their son’s children (V:2 and V:3, 

rest not shown). The first cousin relationship between III:3 and III:4 was not known/ could not 

be confirmed by V:2 and V:3. However, the genealogy history and records matched their 

grandmother’s full name and place of death to individual III:4. Their mother (IV:3) was known 

to have POAG. Individual V:2 (60y) was found to have pigment dispersion syndrome with 

glaucoma (PDG), and his sister V:3 had a normal eye examination. It was not certain if PDG 

was transmitted from the maternal side of their family.  

 

Individual III:4 had a second marriage to III:5 in 1913 whereby she had two daughters, one of 

whom was IV:6 (other not shown). The granddaughter of IV:6 (individual VI:2) had previously 

investigated her own family tree. She confirmed the two marriages of her great-grandmother 
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III:4 but was not certain if there was any consanguinity. This lady, VI:2 only had one brother, 

VI:3. The two siblings VI:2 and VI3, together with VI:2’s second husband (VI:1), and one of her 

daughters (VII:1), sent in blood samples to the research laboratory but did not attend to be 

examined. None of these four participants had any eye problems known.   

 

Branch B of the extended pedigree 

The recruitment of branch B started with interest in the proband’s grandmother III:11. Her 

youngest son, IV:32 was still alive at the age of 91 years. Following a home visit, individual 

IV:32 confirmed the strong family history of PACG, mainly affecting the females (5 sisters, his 

own mother III:11, and a maternal aunt, III:15) in his family. As far as he was aware, his aunt 

III:4, mentioned above (in branch A), did not have any eye problems. The affected maternal 

aunt (III:15) was the youngest child of II:5 and II:6 and had married twice. In her first 

marriage, there were 3 sons and 3 daughters (only one is shown). One of her sons, IV:30, had 

two boys, V:44 and V:45 who were 69 years old and 60 years old. Both these individuals 

attended MEH to be examined and had normal eye examinations, see Table 2. In her second 

marriage, she had two daughters, one of them was still alive at the age of 86 years (IV:27). 

This lady is a first cousin of IV:32 (proband’s uncle) and IV:11 (proband’s mother). They had 

lost touch for many years but IV:32 remembered that this cousin (IV:27) had a sister (IV:28) 

and both girls had a daughter each. Nine family members from this branch of the family were 

examined at MEH. Individual IV:27 had been treated at her local hospital for POAG for more 

than 15 years with timolol and lantanoprost drops. All four quadrants of both eyes were closed 

on gonioscopy with significant PAS in the right eye. She had advanced PACG. Her daughter 

V:41 had plateau iris configuration but no evidence of angle-closure or glaucoma.  

 

Branch C of the extended pedigree 

Both the proband (V:8), and her uncle (IV:32) did not remember much of about the three 

brothers in generation III, who were their granduncles, and uncles respectively. The great-

granddaughter (VII:35) of individual III:12 attended MEH for clinical examination and had a 

normal eye examination. She reported no eye problems in her father, and her grandfather, who 

were direct descendants from individual III:12.  
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Figure 3.1.1 Pedigree tree constructed for Family A at the first consultation. 

 

Subjects in grey indicate the first cousins of V:8 and V:15 who were thought to have been affected by PAC(G) from the family history provided. The first 

phase of clinical recruitment was for all relatives indicated in this diagram who have been highlighted grey, or with a labelled question mark, indicating that 

there is a possibility that the individual may have the same phenotype as the first three participants (V:8, V:15 and VI:4).  
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Figure 3.1.2 AS-OCT images of Proband A, her daughter, and sister at first presentation. 

 

Plateau iris configuration was observed for all three patients (V:8, VI:4, and V:15) on 

gonioscopy. The above AS-OCT images represent the right eyes of each of these three patients. 

The high resolution AS-OCT scans clearly show bulky ciliary bodies for all three subjects, with 

angulation of the peripheral iris consistent with plateau iris.  
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Figure 3.1.3 Genealogical extension of Family A to the grandparents of individual III:11.  

 

 

 

 

Pedigree from Fig. 3.1.1. (called Main Branch here) was extended by genealogical searches to 

include branches A-C, up to individual III:11’s grandparents. The proband is V:8 (blue arrow) 

and individual III:11 was our proband’s grandmother. This diagram shows that a number of 

individuals from extended pedigree tracing had angle-closure on clinical examination (shaded as 

black squares or circles). There was no male-to-male transmission observed, and the only 

affected male was V:30, a first cousin of the proband. From branch B, two out of nine 

individuals examined were affected. There were no individuals examined from Branches A and 

C affected with angle-closure.  



Chapter 3.1 Results – Largest pedigree to date 

105 

 

3.1.2 Clinical examinations 

Typical of a disease of late onset, many of the individuals affected with PACG on account of 

family history were deceased. Of the living relatives, 55 participants attended MEH, four were 

examined at home (V:6, V:14, V:15, IV:32), and one at the EPIC Norfolk study centre (VI:14). 

Two participants sent in optician reports with their consent forms but did not attend for 

examinations (V:7, V:12). Table 3.1.1 provides the clinical and biometric characteristics for this 

family.  

 

3.1.2.1 Newly diagnosed individuals  

Twelve new diagnoses of angle-closure were made (See table 3.1.1, under “clearly affected”), 

where ITC was observed in two or more quadrants on gonioscopy. None of the living 

participants had AAC. There was only one subject with PACG, IV:27 (86y female). Her optic 

discs were glaucomatous (CDR 0.9 RE and 0.7 LE with inferotemporal notch), and gonioscopic 

angle-width completely closed in all quadrants of both eyes, with widespread PAS affecting the 

right eye more than the left. Her IOP was 18mmHg on two topical agents, and reduced to 

14mmHg following laser iridotomy. Her presenting iris profile was convex but her daughter 

(V:41) had plateau iris configuration with no other abnormal findings. They are fourth and fifth 

degree relatives of the proband respectively. 

 

Individual V:30 (71y male) was suspected to have pre-perimetric glaucoma as he had large 

cup:disc ratios (0.7 on the left and 0.8 on the left) with corresponding abnormal scanning laser 

ophthalmoscope findings on the left but no visual field defects on perimetry, and normal IOPs 

at 20mmHg bilaterally. He was hypermetropic with ITC in three quadrants of both eyes and 

significant pigment in the angles. He was the only male affected subject with the characteristics 

of: (1) plateau iris configuration and (2) axial biometry shorter than the sex-specific mean       

(-0.99 SD). These two characteristics were common in most of the affected relatives (Table 

3.1.1).  

 

Subject V:11 (72y female), proband’s sister-in-law, was found to have PACS and there was no 

history of consanguinity. The granddaughter (VII:2) of V:11 was the youngest affected, and 

had the highest degree of hypermetropia (VII:2, axial length -3 SDs shorter than sex-specific 

means, +5.50DS). The angle-closure phenotype appeared not to be expressed in VII:2’s mother 

(VI:9, gonioscopic angle width 20° in all quadrants). However, similar to her daughter, the short 

axial length and hypermetropia were present in VI:9 (-1.5 SDs, +4.13DS). Her sister, VI:7 was 

less hypermetropic at +0.38DS but had the same AL as their mother V:11. This branch of the 

family had convex iris configurations and may therefore carry a different genetic mechanism to 

the predominantly observed plateau iris in the other affected individuals.  
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The red box in table 3.1.1 indicates individuals from the main branch of the pedigree with the 

largest degree of shared characteristics. The proband V:8 was recorded to have a flat iris 

profile, but this was due to the use of pilocarpine eye drops previously. The clinical 

management for PAC regardless of pupil block or plateau iris mechanisms were treated with 

LPIs so those with elevated IOP or PAS were treated. Individuals VII:2 and V:11 (PACS) were 

also treated because they were deemed to be at increased risk (older age, and very short axial 

length respectively). The proband’s sister also required ALPI. Three individuals were offered 

follow-up appointments to monitor their condition as no clear indication for treatment was 

found at the time of their diagnosis.  

 

3.1.2.2 Participants with uncertain diagnoses 

Gonioscopic evidence of plateau iris configuration was observed in eight additional relatives 

(Table 3.1.1, under “uncertain diagnosis”). Apart from individual VI:25, who was myopic and 

had a normal sex-specific axial length, all remaining individuals with plateau iris shared the 

phenotype of shorter than expected axial length compared to the EPIC-cohort. However, 

without evidence of elevated IOP or PAS on gonioscopy, nor angle-closure of more than two 

quadrants, these individuals did not have any medical intervention, and were considered 

“unknown” for affection status during genetic linkage analysis. This reflects a conservative 

phenotypic classification to avoid misclassification of disease phenocopies.  

 

3.1.2.3 Other ocular conditions found 

Interrogation of the clinical data showed other extremes of ocular phenotypes, particularly the 

presence of pigment dispersion syndrome, myopia and open angle glaucoma. On average, 

affected subjects had axial biometry -1.00 SD shorter than expected, and unaffected individuals 

+0.25 SDs longer than sex-specific means (P <0.0001, 95% CI of mean difference: +0.65 to 

+1.82). Longer axial length is a major determinant of myopic refractive error, and in this family 

was found to be more prominent in generations VI and VII (see table 3.1.1, under “other ocular 

conditions”). There were six subjects with myopia of worse than -5.50 DS compared to no 

individuals in the older generations IV and V with the same amount of high myopia.  

 

Three individuals had concave iris configurations, pigment in the anterior chamber angle, and 

evidence of iris transillumination on slit-lamp biomicroscopy consistent with PDS. No glaucoma 

was detected in individuals VI:28 and VI:30 respectively, but subject V:2 had asymmetrical 

optic discs of CDR 0.6 in his left eye in the presence of a disc haemorrhage and CDR 0.4 in the 

right eye. His mother who was unrelated to Family A had POAG may have influenced the ocular 

phenotype observed in V:2. His sister V:3 had slightly short axial biometry (-0.38 SDs, +3.88 

DS hyperopia) but no evidence of angle-closure on gonioscopy at 20-30° angle-width in all 

quadrants.  
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Primary open angle-glaucoma was observed in individual V:21, and neither of her two brothers 

were found to have PAC. Their mother (IV:14) was one of the sisters in generation IV who was 

known to have had an eye operation but there was no clear history of AAC or PACG. The 

spouse of V:22 is myopic and has POAG. Interestingly two of the young myopes (VII:3 and 4) 

were her granddaughters.   

 

The presence of these complex phenotypes, and the obvious influence of the non-related 

spouses of Family A with PAC and POAG have influenced the anterior chamber angle, axial 

biometry and glaucoma status of their descendants. This then highlighted the need to use a 

combination of different approaches to investigate the genetic aetiology of PAC(G).  



 

 

Table 3.1.1 Clinical characteristics of participants from Family A. 

Table 3.1.1 Clinical characteristics of participants from Family A. 

KEY: ††Individuals whose phenotype may have been influenced by the other parent who is not related to Family A. †Married in/ spouse. U = unknown.      108

             

 
 
ID 

 
 
Branch 

 
 
Age/ 
sex 

 
 
Diagnosis 

Endopheno-
types 

Gonioscopy Biometry (mm/ DS) Medical and surgical management 

GON IOP 
>21 
mmHg 

PAS Pig-
ment 

Iris 
Config-
uration  

Axial length Spherical 
equivalent 
(DS) 

Highest 
IOP 
(mmHg) 
* Acute 

Required 
topical 
medica-
tion 

Laser and 
intraocular 
surgery (bilateral 
unless otherwise 
stated) 

mm Sex-
specific 
difference  
(in SD) 

Deceased individuals (inferred diagnosis) 

III:15 B ~60 F PACG Yes Yes U U U U - U - Yes Yes 

III:11 Main ~60 F PACG Yes Yes U U U U - U - Yes Yes 

IV:8 Main   58 F PACG Yes Yes U U U U - U - Yes Yes 

IV:9 Main ~60 F APACG Yes Yes U U U U - U * Yes Yes 

IV:11 Main   65 F PACG Yes Yes U U U U - U - Yes Trabeculectomy 

IV:16 Main   75 F PACG Yes Yes U U U U - U - Yes Trabeculectomy 

IV:19 Main ~60 F APACG Yes Yes U U U U - U * Yes Unknown  

               

Clearly affected 

IV:27 B 86 F PACG Yes Yes Yes Yes Convex 23.06 -0.99 +2.88 18 Betoptic, 
Xalatan 

Laser PI 

V:41 B 43 F PACS No No No No Plateau 21.98 -1.13 +0.38 16 No Monitoring only 

V:8  Main 72 F PAC No Yes Yes Yes Flat 22.52 -0.67 +0.63 26 Xalatan Laser PI 

V:15 Main 64 F PAC No Yes Yes Yes Plateau 21.59 -1.46 +4.25 28 No Laser PI, ALPI 

V:30 Main 71 M PACG Yes No No Yes Plateau 22.63 -0.99 +1.88 20 No Monitoring only 

V:32 Main 76 F PAC No Yes Yes Yes Plateau 23.04 -0.22 +1.25 14 No Laser PI 

V:33 Main 65 F PACS No No No No Plateau 22.44 -0.74 +0.75 18 No Monitoring only 

V:34 Main 61 F PAC No No Yes Yes Plateau 23.34 -1.13 -1.13 21 No Laser PI 

VI:4 Main 44 F PAC No Yes Yes Yes Plateau 22.27 -0.88 -0.25 32 No Laser PI 

VI:7†† Main 49 F PAC No Yes No Yes Convex 22.12 -1.01 +0.38 22 No Laser PI 

VII:2†† Main 28 F PACS No No No Yes Convex 19.77 -3.02 +5.50 20 No Laser PI 

V:11† Main 72 F PACS No No No No Convex 22.11 -1.02 +2.00 16 No Laser PI 
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ID 

 
 
Branch 

 
 
Age/ 
sex 

 
 
Diagnosis 

Endopheno-
types 

Gonioscopy Biometry (mm/ DS) Medical and surgical treatment 

GON IOP 
>21 
mmHg 

PAS Pig-
ment 

Iris 
Config-
uration  

Axial length Spherical 
equivalent 
(DS) 

Highest 
IOP 
(mmHg) 
* Acute 

Required 
topical 
medica-
tions 

Laser and 
intraocular  
surgery  

 

mm 
Sex-
specific 
difference 
(in SD) 

Uncertain diagnosis 

VI:9†† Main 47 F NA No No No No Flat 21.57 -1.48 +4.13 20 No  

V:6 Main 74 M Unknown No No No Yes Convex 21.53 -1.91 +1.88 15 No  

V:24 Main 64 M Unaffected No No No No Plateau 23.15 -0.56 -0.50 14 No  

VI:12 Main 39 F NA No No No Yes Plateau 21.6 -1.45 +0.75 17 No  

VI:14 Main 50 F Unaffected No No U U Plateau 22.66 -0.55 plano 15 No  

VI:22 Main 40 F Unaffected No No No No Plateau 21.97 -1.14 -0.38 19 No  

VI:25 Main 42 M Unknown No No No Yes Plateau 23.87 0.04 -2.75 14 No  

VI:26 Main 48 M Unknown No No No Yes Plateau 23.26 -0.47 +0.63 20 No  

V:43 B 62 F Unknown No No No No Plateau 22.69 -0.52 +1.25 16 No  

VI:38 B 39 F Unaffected No No No No Plateau 22.28 -0.87 -0.63 16 No  

Other ocular conditions 

V:21 Main 77 F POAG No Yes No No Flat 25.42 1.81 -6.13 24 Cosopt  

V:23† Main 77 F POAG No Yes No No Flat U U -4.75 20 Xalatan  

V:2 A 72 M PDG No Yes No Yes Concave 23.73 -0.07 -3.38 22 Lumigan  

VI:28 Main 52 M PDS No No No Yes Concave 27.02 2.67 -10.50 17 No  

VI:30 Main 50 F PDS No No Yes Yes Concave 25.35 1.75 -4.88 16 No  

VI:6 Main 36 F Myope No No Yes Yes Concave 26.48 +2.67 -8.75 24 No  

VI:15 Main 43 F Myope No No No Yes Flat 24.48 1.01 -6.75 21 No  

VI:21 Main 34 F Myope No No No No Flat 23.92 0.53 -4.13 16 No  

VII:3 Main 22 F Myope No No No No Concave 25.09 1.53 -7.75 16 No  

VII:4 Main 27 F Myope No No No No Flat 24.52 1.04 -5.63 10 No  
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ID 

 
 
Branch 

 
 
Age/
sex 

 
 
ISGEO 
diagnosis 

Endopheno-
types 

Gonioscopy Biometry (mm/ DS) Medical and surgical treatment 

GON IOP 
>21 
mmHg 

PAS Pig-
ment 

Iris 
Config-
uration  

Axial length Spherical 
equivalent 
(DS) 

Highest 
IOP 
(mmHg) 

Required 
topical 
medica-
tions 

Laser and 
intraocular  
surgery (bilateral 
unless otherwise 
stated) 

mm Sex-
specific 
difference  
(in SD) 

Not examined 

V:7 Main 77 F Unknown No Yes U U U U U U 25 No  

V:12 Main 69 M Unknown No U U U U U U U U Xalatan (Pseudophakic) 

Unaffected 

IV:32 Main 94 M Unaffected No No No Yes Flat 23.78 -0.03 +2.00 17 No  

V:14† Main 64 M Unaffected No No No No Flat 25.19 +1.14 -4.13 18 No  

V:3 A 76 F Unaffected No No No No Flat 22.86 -0.38 +3.88 12 No  

V:9† Main 70 M Unaffected No No No No Flat 23.08 -0.62 +1.38 16 No  

V:17 Main 80 M Unaffected No No No Yes Flat 23.07 -0.63 U 17 No  

V:18† Main 78 F Unaffected No No No No Flat 22.63 -0.57 U 8 No (Pseudophakic) 

V:22 Main 78 M Unaffected No No No Yes Flat 24.21 +0.33 +2.13 18 No  

V:25† Main 64 F Unaffected No No No Yes Flat U U U 14 No  

V:28 Main 69 F Unaffected No No No No Flat 22.33 -0.83 +1.13 15 No  

V:35† Main 61 M Unaffected No No No Yes Flat 24.34 +0.43 -3.00 19 No  

V:36† Main 73 F Unaffected No No No No Flat 24.83 +1.31 -1.25 14 No  

V:37 Main 71 M Unaffected No Yes No No Flat 23.64 -0.15 +0.75 22 No  

V:44 B 72 F Unaffected No No No Yes Flat 24.52 +0.58 -2.13 16 No  

V:45 B 63 M Unaffected No No No Yes Flat 23.02 -0.67 +0.13 12 No  

VI:16 Main 55 F Unaffected No No No Yes Flat 22.80 +0.43 -0.25 16 No  

VI:19 Main 48 M Unaffected No No No No Flat U U -2.13 13 No  

VI:23 Main 45 F Unaffected No No No No Flat 25.02 +1.47 -0.88 14 No  
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ID 

 
 
Branch 

 
 
Age/ 
sex 

 
 
ISGEO 
diagnosis 

Endopheno-
types 

Gonioscopy Biometry (mm/ DS) Medical and surgical treatment 

GON IOP 
>21 
mmHg 

PAS Pig-
ment 

Iris 
Config-
uration  

Axial  length Spherical 
equivalent 
(DS) 

Highest 
IOP 
(mmHg) 

Required 
topical 
medica-
tions 

Laser and 
intraocular  
surgery* 

mm Sex-
specific 
difference  
(in SD) 

Unaffected (cont’d) 

VI:24 Main 42 F Unaffected No No No No Flat 23.61 +0.26 -0.50 16 No  

VI:27 Main 43 F Unaffected No No No No Flat 23.45 +0.13 -1.13 15 No  

VI:29 Main 46 F Unaffected No No No No Flat 23.97 +0.57 -0.50 8 No  

VI:31 Main 32 M Unaffected No No No No Flat U U U 21 No  

VI:32 Main 28 M Unaffected No No No No Flat 21.77 -1.71 +0.38 19 No  

VI:33 Main 45 M Unaffected No No No No Flat 24.74 +0.77 -1.38 16 No  

VI:35 C 51 F Unaffected No No No No Flat 23.63 +0.28 -0.38 12 No  

VI:36 B 24 M Unaffected No No No No Flat 24.14 +0.27 -1.25 8 No  

VI:37 B 26 M Unaffected No No No No Flat 24.26 +0.37 -1.13 12 No  

VI:39 B 36 F Unaffected No No No No Flat 22.83 -0.40 -0.63 7 No  

               

spouse 
of V:6 

Main 56 F Unaffected No No No No Flat 21.64 -1.42 U 15 No  

spouse 
of V:33 

Main 64 M Unaffected No No No No Convex 23.73 -0.07 +1.25 16 No  

spouse 

of VI:4 

Main 46 M Unaffected No No No No Flat 22.90 -0.77 -0.50 15 No  
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3.1.3 Mode of inheritance 

Vertical transmission characteristic of autosomal dominant disorders was observed in Family A. 

However, more females were affected than males. This can partly be attributed to the majority 

of the offspring of III:10 and III:11 being females (7 daughters and 3 sons in adulthood) in the 

main branch of family A, whereby 5 of their daughters had the disease. Transmission by X-

linked dominance was also considered and analysed by linkage analysis of chromosome X.  

 

There was no direct evidence of non-penetrance, although subject V:10 was deceased and we 

could not establish his affection status. As described previously, his wife V:11 was found also to 

have PACS and non-penetrance could be possible in their daughter VI:9.  

 

Two stages of genome-wide linkage analysis were performed in this family. An autosomal 

dominant model of transmission in the first instance, followed by a non-parametric model using 

IBD-sharing methods. It remained plausible that mitochondrial inheritance could be responsible 

for the female preponderance of disease but this was not investigated further in this thesis. The 

possibility of X-linked and mitochondrial inheritance will be discussed further in Section 5.3. 

 

3.1.3.1 Statistical assumptions 

Firstly, the binary affection status of “clearly affected with PACS/PAC/PACG” or “clearly 

unaffected” was used, with any uncertain phenotypes and spousal contribution coded as 

phenotype “unknown”. Using an assumption of a rare disease allele frequency (0.001), and an 

autosomal dominant mode of inheritance with a low phenocopy rate (0.01, 0.9, 0.9) was made. 

LOD scores were generated under the hypotheses of homogeneity and heterogeneity. For 

further analysis in MERLIN, the pedigree structure and analyses were reduced to the nine 

clearly affected individuals (Figure 3.1.6) and modelled for a parametric analysis with the same 

assumptions above, as well as a model free (non-parametric) approach.  

 

3.1.4 Genotyping and quality control 

Genotyping was done in 2009, and repeated in 2010 using the Affymetrix and Illumina 

platforms respectively. More individuals were genotyped than required to allow for inclusion in 

linkage analysis if more subjects were required. DNA samples were prepared at a standardized 

concentration of 50ng/μl and genotyped according to manufacturer’s guidelines. The Affymetrix 

experiments were done externally at the Department of Molecular Genetics at Guy’s Hospital, 

and subject to their quality control checks including automated call-clustering, gender, IBD 

sharing and Mendelian error checks. Twenty-six samples were genotyped using the Affymetrix 

10K Linkage chip (10,204 markers) but only 22 had call rates >98%, four samples were below 

93%. These four samples were repeated to achieve call rates >98%.  

The Illumina experiments were performed under the guidance of Dr Pia Ostergaard at the 
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Human Genetics Research Centre, St. George’s University of London. Twenty-four samples from 

this family were genotyped on the Cyto12 chip (294,377 markers) on the Illumina platform, 

followed by a further 11 samples using the Linkage-24 chip (6,090 markers) at a later date. The 

relationship status of participants was checked against their genotype using the GRR software 

(Figure 3.1.4) to identify errors in pedigree charting and any possible non-paternity. This figure 

was generated with genotype data from the 35 individuals genotyped on the Illumina platform.   

 

The Bead Studio software (Illumina, Illumina Inc, San Diego, USA) was used to perform outlier 

analysis based on the amount of missing data (per individual) and heterozygosity. Clustering of 

homozygous and heterozygous SNP calls were automated by Bead Studio (Figure 3.2.6) but for 

any SNP with a low call rate, manual clustering was performed. Heterozygous calls on the X-

chromosome were used to check for gender inconsistencies. Overall call rates were >98% for 

all samples and no gender mismatches were found. Bead Studio highlighted Mendelian 

inconsistencies. Further checking was performed by PedCheck software so all genotyping level 

and pedigree level Mendelian inconsistencies were replaced with a ‘0’ for unknown genotype 

calls. Where individuals were genotyped on two different chips, the most informative markers 

were selected (see below) and custom export software used for both the Affymetrix and 

Illumina platforms to prepare the data files in the correct linkage format for analysis.  

 

3.1.5 Linkage analysis 

Data from the Affymetrix experiments were analysed with the help of Professor Heather Cordell 

at the Institute of Human Genetics, Newcastle University. Limited computer power was 

available at our laboratory so a reduced pedigree structure was used to confirm the results 

obtained, using the Illumina DNA microarray dataset. For both sets of genotyping data, more 

markers were available than required for linkage analysis. Due to shared genetic background of 

family members within the pedigree, markers that are too densely packed can give artificially 

elevated linkage results due to linkage disequilibrium (i.e. regions of non-random co-inheritance 

of alleles) rather than true linkage between the trait and marker of interest. After stringent 

quality control checks, the markers sets were reduced to the most informative markers per 

centimorgan, n=2,357 and n= 3,547 markers for Affymetrix and Illumina respectively.  

 

3.1.5.1 Linkage analysis with data from the Affymetrix 10K SNP chip 

The large size of this family limited the software packages that could be used for linkage 

analysis. In order to use the maximum available genotypes, the Monte-Carlo Markov-Chain 

approach applied by Simwalk was used. The pedigree structure and raw genotype call data was 

prepared in a .ped file (LINKAGE format), and the accompanying .dat (data file with marker 

names), .map (list of markers and their positions), .freq (frequency files estimated from all 

genotyped individuals in the study) files were read into the Mega2 data conversion software to 
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generate the simwalk files for analysis. A parametric linkage model of 0.01 trait frequency, 

0.001 allele frequency and 0.9 penetrance was used. Figure 3.1.5 shows the pedigree structure 

and affection status of the individuals included in this analysis. Table 3.1.2 summarizes the 

results from this analysis.  

 

3.1.5.2 Linkage analysis with data from the Illumina SNP chips 

The reduced pedigree structure shown in figure 3.1.6 represents all the affected individuals, as 

well as IV:32 who was the oldest unaffected relative. Raw genotype calls were prepared in the 

standard .ped file (LINKAGE format), and the accompanying .dat (data file with marker names), 

.map (list of markers and their positions), .freq files (frequency files) according to MERLIN 

formats (http://www.sph.umich.edu/csg/abecasis/Merlin/tour/input_files.html). Additional 

parametric and non-parametric model files were uploaded for the analyses. For the parametric 

analysis, the same model of 0.01 trait frequency, 0.001 allele frequency and 0.9 penetrance 

were used. Results shown in Table 3.1.3. The only linked regions on MERLIN parametric 

analysis that overlapped with the Affymetrix data were on chromosomes 10 and 13. 

Haplotyping with microsatellite markers to investigate segregation in these two regions were 

performed.  

 

3.1.5.3 Regional mapping with ABI microsatellite markers 

Figures 3.1.8 and 3.1.9 show that segregation of markers along the candidate regions of 

chromosomes 10 and 13. For chromosome 10, the proband’s immediate family and cousins 

carried the same 3-10-4-3 haplotype (n=7) but this was not found for the more distant relatives 

IV:27 and V:41 (Branch B, highlighted in yellow in Figure 3.1.9). When the haplotype was 

genotyped for the entire family (Figure 3.1.9), a further 10 family members (6 males and 4 

females) carried the same haplotype. Closer phenotypic examination revealed that two of these 

subjects had narrow angles (Female, VI:12) and plateau iris (Male, VI:25) respectively, two 

others had shorter than reported axial biometry V:28 (Female, -0.82 of sex and age-adjusted 

mean) and V:45 (Male, -0.67 SD of sex and age-adjusted mean), three had entirely normal 

ocular examinations (Male, V:22; Female, VI:24; Female, VI:27). The proband’s brother (V:12) 

lived in Australia with his son (VI:9) and no phenotypic data was available. However, the family 

described V:12 to have dark brown eyes similar to the proband, has had bilateral cataract 

surgery and was using IOP lowering drops, Xalatan. He may have had PAC(G). The son has no 

history of any ocular problems but was too young to exclude angle-closure. The last subject to 

carry the same haplotype was the second cousin to the proband and he was diagnosed with 

pigment dispersion glaucoma in his early sixties at MEH (individual V:2). Two additional 

individuals had the former 3-10-4 part of the haplotype: V:6 and VI:3. V:6 had shorter than 

average axial biometry (-1.91 SD of sex and age-adjusted mean). No phenotyping data was 

available for VI:3. Two branches of affected individuals (proband’s niece VI:7 and great-niece 
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VII:2) and her second cousin (V:41 and her mother IV:27) had evidence of angle-closure but 

did not carry the same haplotypes as the remaining affected individuals. These two branches 

are highlighted in Figure 3.1.9 with a red and yellow respectively. Interestingly, the gonioscopic 

iris profile of these two branches had predominantly convex configurations compared to the 

plateau iris configuration that was observed for the seven affected individuals from the main 

branch of the family.    

 

For chromosome 13, initial microsatellite genotyping was unsuccessful for individuals V:41, and 

VI:4. Figure 3.1.8 showed that individual V:33 carried the other (blue) allele to the susceptibility 

(red) allele. These microsatellite makers from D13S175 and D13S1243 (haplotype 5-2-3) were 

located at the start of the chromosome 13 (Figure 3.1.8). All affected individuals with successful 

genotyping shared the 5-2-3 haplotype except individual V:33, who had a different genetic 

profile (Figure 3.1.8). She had plateau iris configuration but normal IOP and no pigment or PAS 

in the anterior chamber angle. No treatment was initiated. The phenotype observed in V:33 was 

present either by partial penetrance of the causative gene, or represent a phenocopy of primary 

angle-closure.  
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Figure 3.1.4 GRR software output showing IBS sharing.  

This enabled verification of pedigree charting, and shows a half-sib pair (indicated in green) 

who were reported as a full sibship.  
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Figure 3.1.5 Pedigree used for linkage analysis with 26 genotyped individuals on Affymetrix 

platform.  

 

 

The pelican software (see Appendix V) was used to generate this pedigree diagram by reading 

in a LINKAGE format .ped file. This method was used to visually check that all family members 

were connected and no pedigree errors were found.   

 

 

Table 3.1.2 Simwalk parametric results using Affymetrix data from genotyped subjects.  

Ensembl region LOD score SNP of interest Location 

7p22 1.258 rs709280 0 cM 

8q24 2.025 rs2256821 151 cM 

10p15 1.760 rs725314 0 cM 

13q13 1.868 rs725600 2.9 cM 

16p12 1.312 rs722074 30 cM 

Two regions highlighted by the red box overlapped with findings using Illumina data, see table 

3.1.3.
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Figure 3.1.6 Reduced pedigree structure used for MERLIN linkage analysis. 

 

The nine “clearly affected” individuals indicated in the red box of Table 3.1.1 are shown here. 

This pedigree structure was used for a second (affected only) analysis to reduce errors from 

non-penetrance in the family, i.e. apart from affected individuals, the affection status of 

everyone else included in the analysis were set as ‘0’ for unknown.   

 

Table 3.1.3 MERLIN linkage results using Illumina data and reduced pedigree.  

Parametric (AD) Non-parametric 

 

 

 

 

 

 

 

 

Genetic 

Position 

(cM) 

Cyto-

genetic 

region 

Multipoi

nt LOD  

>1.0 

SNP with 

highest 

score 

SNP with  

highest 

score 

Genetic 

Position 

(cM) 

NPL(all) 

(P-

value) 

-log10 

(P) 

>1.0 

217.16 3q29 0.340  rs6771732 80.71 0.0454 1.343 

 

53.7-64.2 5p13 2.122 rs10473090 rs10941407  62.28 0.08 1.11 

43-48 5p14 0.866  rs7716893 44.89 0.007 2.131 

  

1.2-20.3 10p14 1.869 rs7917054 rs7902767 23.94 0.0239 1.621 

 

0.3-12.5 13q12 1.814 rs9506765 rs9510005 5.926 0.0167 1.777 

 

123.7-

127.7 

17q25 1.237  rs4789378 116.76 0.0047 2.329  

The red box indicates the two regions that overlapped with positive findings from Affymetrix 

data (Table 3.1.2). The rows in grey were independently confirmed (see section 3.1.6). 
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Figure 3.1.7 Microsatellite haplotyping of chromosome 10 candidate region. 

 

 

 

Figure 3.1.8 Microsatellite haplotyping of chromosome 13 candidate region.  
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Figure 3.1.9 The shaded haplotype “3-10-4-3” on chromosome 10; and the susceptibility locus (*) on chromosome 13 represented in the whole family. 

 

Branch with VII:2 (highlighted in red) is doubtful because of possible inheritance from the married in spouse V:11 who had PACS. The branch with IV:27 who 

had the most advanced PACG did not share the chromosome 10 haplotype with the rest of the family (see yellow highlight). Both these branches have convex 

iris configurations. The proband V:8 is indicated with a blue arrow.  
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3.1.6 Next generation sequencing of the proband 

Given the phenotypic diversity of individuals carrying the risk alleles on chromosomes 10 and 

13, The linkage analysis was re-run independently by Dr Michael Simpson and Dr Pia 

Ostergaard using only seven clearly affected individuals from the main branch of the family (see 

red box of Table 3.1.2). The more distant relatives, IV:27 and V:41 were excluded. All available 

genotypic data was exported from Bead Studio into MERLIN format, followed by the cluster 

function on MERLIN to trim the Cyto-12 markers into a set of haplotypes not in LD with one 

another before running a parametric linkage analysis with an autosomal dominant model of 

0.01 trait frequency, 0.001 allele frequency and 0.9 penetrance. 

 

This was followed by whole exome sequencing of the proband by in-solution hybridization 

followed by massively parallel sequencing. More than 6.8Gb of sequence data was generated, 

such that >80% of the coding bases of the GENCODE-defined exome were represented by at 

least 20 reads. Candidate SNPs were selected by identifying small insertions and/or deletion 

variants with an in-house variant calling pipeline by Dr Michael Simpson at Department of 

Molecular Genetics, Guy’s Hospital, London, UK. The exome variant profiles were examined 

under a model of a rare autosomal dominant disorder, requiring at least one previously 

unobserved, heterozygous, nonsynonymous or splice site substitution or a coding insertion or 

deletion, that segregated in the rest of the family members. All candidate variants identified by 

exome sequencing that were located in the linkage regions identified above were tabulated in 

Table 3.1.4. Sanger sequencing of these candidate SNPs were performed by Dr Naushin 

Waseem and Dr Christina Chakarova at the Department of Genetics and Epidemiology, UCL 

Institute of Ophthalmology (see section 3.1.7).   

 

3.1.7 Sanger sequencing of candidate gene regions 

Four chromosomal regions: 5p13, 10p13-15, 13p13-q12, and 17q24-25 were of particular 

interest as novel mutations were identified on exome sequencing (Table 3.1.4), and these 

regions had linkage results of LOD > 1.0 on parametric analysis (Table 3.1.3). However, only 

the 10p13-15 and 13p13-q12 regions were replicated on two genotyping platforms (Affymetrix 

and Illumina), using two different methods of parametric linkage analysis with Simwalk2 (Table 

3.1.2) and MERLIN software (Table 3.1.3) respectively.  

 

The region of chromosome 10p13-15 includes the OPTN gene previously identified in normal 

pressure glaucoma,155 but no mutations were found on sequencing this gene in the proband 

(V:8), her affected daughter (VI:7) or the proband’s unaffected uncle (IV:23). The two other 

candidate genes on chromosome 10p13-15 showed novel mutations in the proband: RPP38 

(c.A224C, p.E75A) and PITRM1 (c.G2887A, p.V963I) but these changes did not segregate with 

the disease in the family. Similarly, none of the mutations identified on chromosome 5 and 17 
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of the proband segregated with the disease (personal communication, Dr Naushin Waseem). 

 

Two novel changes were identified for the SPATA13 gene on chromosome 13: one was a 

deletion c.1431_1439del, p.477_480del and the second, a nonsynonymous change c.G719A, 

p.R240K. A proportion of carriers of the chromosome 10 (3-10-4-3) haplotype also showed the 

carried the p.477_480del change. This triple amino acid deletion segregated completely with 

the microsatellite marker D13S175 (see also Section 3.1.5.3). Figure 3.1.9 shows the carriers of 

the chromosome 10 haplotype and SPATA13 triple amino acid deletion. Phenotypic 

characteristics for this family were presented on Table 3.1.1.  

 

Eighteen family members carrying the SPATA13 deletion were indicated by asterisks (*) in 

Figure 3.1.9. Sanger sequencing confirmed V:33 not to be a carrier of the p.477_480del variant. 

Phenotypic diversity was seen for deletion carriers. This was best illustrated by the proband’s 

two daughters. Individual VI:4 had plateau iris and PAC, while the other daughter VI:6 was a 

high myope of -8DS with pigment in the trabecular meshwork and slightly elevated IOP without 

clear signs of PDS. No clinical information for the proband’s son VI:5. Their cousin VI:12 was 

suspicious of PACS from the plateau iris configuration and short axial biometry. Individuals 

VI:25 and VI:26 also had plateau iris configuration on AS-OCT imaging but their sister VI:27 

had a normal eye examination. VI:28 and 30 were a pair of siblings with myopia and iris signs 

consistent with PDS. Individuals VI:36 and VI:27 were too young to have a conclusive 

phenotype: they had low myopia and normal anterior chamber angles at the time of 

examination. Individual V:44 a small amount of pigment in his anterior chamber angle but an 

otherwise normal eye examination.  

 

The nonsynonymous change c.G719A, p.R240K did not segregate with any of the phenotypic 

characteristics studied (personal communication, N Waseem) but the p.477_480del change was 

an excellent candidate as a major genetic contributor of PAC in this family. However, with the 

observation of two individuals VI:28 and 30 with the p.477_480del variant but an extreme 

discordant phenotype of PDS instead of PAC, this genetic change may be displaying pleiotrophy 

where a range of phenotypic effects were produced, depending on an individual’s genetic 

background. The genetic modifier may include the chromosome 10 haplotype (3-10-4-3) 

reported. The common features of PAC and PDS include: [1] they represent abnormalities of 

the anterior segment, in particular the iris configuration, that predispose an individual to 

elevated IOP, [2] and the presence of a hyperopic and myopic refractive error respectively (i.e. 

abnormalities in axial length compared to age- and sex-adjusted averages).    
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Table 3.1.4 Suggestive linkage regions and mutations found on exome sequencing. 

Ensembl region Start bp End bp Candidate genes with splicing or non-

synonymous mutations 

1p36 5,723,490 7,544,175 TNFRSF25 

3p26 0 2,588,000  

5p13 31,871,848 34,867,814 PDZD2, MTMR12 

5q13-14 75,736,065 79,427,948 AGGF1, PDE8B 

5q31 134,934,929 138,048,796  

5q35 172,178,676 173,212,447  

6p21 44,041,233 44,343,667  

6q13 65,351,158 77,426,059 EYS 

7p15-14 28,681,580 40,913,825 PDE1C, CDK13 

9q21  82,369,278 92,221,350 SLC28A3, FAM75C1, CDK20, S1PR3 

9q22 100,649,588 101,093,504  

9q31-33 110,551,812 121,610,667 SVEP1, KIAA0368, TNC, PAPPA,  

10p13-15 0 15,271,638 PITRM1, RPP38 

13p13-q12 0 23,901,882 SPATA13 

13q31-33 92,971,688 109,148,349 FARP1, NALCN, ERCC5, SLC10A2 

15q22 65,619,621 66,321,441  

17q21-23 45,486,458 59,394,799 MRC2, FTSJ3, MYCBPAP, TEX14, GH1 

17q24-25 68,829,061 74,650,743 DNA12, DNAH17, SDK2, TMC8, 

LGALS3BP, ENGASE, TMC6 

 

The Ensembl regions tabulated here were the linkage regions identified by the analysis run by 

Dr Michael Simpson and Pia Ostergaard. Any unobserved, heterozygous, nonsynonymous or 

splice site substitution or a coding insertion or deletions (in the proband) within candidate 

genes in these loci were tabulated. The genes of interest were then indicated in the last column 

of this table. A complete list of all candidate genes with splicing or non-synonymous mutations 

can be found in Appendix IV.  
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3.1.8 Phenotype-genotype correlations 

Genotypes found at the two most promising regions of linkage on chromosome 10 and 13 were 

explored: (1) presence or absence of susceptibility haplotype on chromosome 10, (2) presence 

or absence of the p.477_480del variant on chromosome 13, or (3) presence of both genetic 

factors were then compared to the following clinical characteristics: presence of plateau iris, 

and axial biometry. The categorical variables were examined with a chi-squared test and 

students’ t-test for the continuous variables. Plateau iris was significantly associated with 

affection status (P<0.0001) with a relative risk of 7.4x more likely to be affected with angle-

closure than a relative without plateau iris. Affected individuals were more hyperopic (mean of 

+1.20 DS ± 1.8) compared to the myopia found in unaffected individuals (mean of -1.50 DS  ± 

2.8). Compared to the population, axial biometry of affected individuals was -1.0 standard 

deviations shorter than expected for AL and -0.8 standard deviations shorter for ACD.  

 

The presence of the chromosome 10 (3-10-4-3) haplotype was associated with plateau iris 

(P=0.023), but more significantly with ocular refractive components: age and sex-adjusted ACD 

(P<0.0001); sex-adjusted AL (P<0.0001) and spherical equivalent (P=0.003). For subjects with 

the SPATA13 p.477_480del change, the relative risk of being affected was 6.9x higher than a 

relative without it (P=0.003). Axial biometry and refractive error were not associated with the 

chromosome 13 haplotype (P values 0.58 to 0.95) but plateau iris remained an associated 

phenotype (P=0.042). When both genetic susceptibility loci were present, plateau iris 

(P=0.002), shorter sex-adjusted AL (P=0.003), shorter age and sex adjusted ACD (P=0.02) and 

hyperopic refraction (P=0.032) were all significantly associated with the co-inheritance of these 

two areas of linkage.  

 

Having explored the univariate associations above, binary logistic regression was performed to 

determine which factors best predicted the affection status in this family. The sex adjusted axial 

length was consistently significant in all models tested (P values 0.022 to 0.029), and remained 

a significant factor with the addition of either (1) chromosome 13 haplotype or (2) presence of 

both the chromosome 10 and 13 haplotypes (P=0.009). In the absence of genetic data, the 

clinical findings of shorter axial length (P=0.025) and plateau iris (P=0.011) were both 

significant predictors of angle-closure in this family.  

 

There were three individuals with PDS in this family (2 males and 1 female), one of them 

carried the chromosome 10 haplotype and the other two had the chromosome 13 p.477_480del 

SPATA13 variant. Converse to having shorter axial biometry, these individuals were more 

myopic with an average axial length +2.0 standard deviations longer than the population 

average. Pigmentary deposits in the anterior chamber angle of patients with PDS and PAC can 

occur in the pathophysiology preceding a rise in IOP and subsequent GON, and may be another 
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common feature connecting the diverse phenotypic observations found in the carriers of 

p.477_480del variant of SPATA13 in this family. More genetic investigations using axial length 

as a quantitative trait will be presented in Section 2 of the results.  

 

3.1.9 Discussion 

This is the largest Caucasian family with angle-closure reported to date, and the detailed 

phenotypic characterisation showed plateau iris to be a prominent phenotype of affected 

individuals. There were two branches of relatives (IV:27 and VI:7) where a convex iris profile 

(pupillary-block mechanism) was more prominent than plateau iris. Only subject IV:27 suffered 

from advanced glaucoma as the disease was detected early and treated in the remaining 

affected individuals (Table 1). There was phenotypic and genetic heterogeneity in primary 

angle-closure, even within a single family.  

 

The genetic loci heterogeneity observed between the main branch compared to the extended 

family in branch B in this family supports the hypothesis that multiple genes may be involved in 

the development of PACG. We have found a region suggestive of linkage on chromosome 

10p14 in the main branch, but it did not segregate fully with either PAC of all affected 

individuals, nor just the individuals with the plateau iris phenotype (See section 3.1.5.3). 

Consideration of phenotype-genotype correlations showed that a combination of shorter axial 

length and plateau iris was more common in carriers of the 3-10-4-3 haplotype, but a second 

locus may be involved in determining if angle-closure develops. This region on chromosome 

10p14 is upstream of the OPTN gene (GLC1E), a genetic factor which causes autosomal 

dominant normal pressure glaucoma,155 and more recently, it was identified to cause 

amylotrophic lateral sclerosis in a number of autosomal recessive families in Japan.156 The 

OPTN gene did not appear to be involved in the pathogenesis of PACG in this family.  

 

For chromosome 13p13-q12, the SPATA13 p.477_480del variant was found in six affected 

individuals of the main branch of the family, and the distant relatives (IV:27 and her daughter). 

It is possible that the chromosome 10 haplotype region contains a susceptibility locus which is 

not a rare mutation, but when observed with the SPATA13 p.477_480del change, a more 

clinically identifiable phenotype emerges. There were two individuals with PAC that did not carry 

either the chromosome 10 or 13 risk haplotypes: the proband’s niece VI:7 and great-niece 

VII:2. These two are both doubtful as their genetic susceptibility may have been transmitted 

from individual V:11 who was an unrelated spouse. The phenotypes observed may be 

phenocopies. Interestingly, the siblings VI:7 and VI:9 share the same chromosome 10 

haplotype background (9-6-4-3 but not 3-10-4-3 from their father) yet only one of them has 

angle-closure requiring treatment. The haplotype 9-6-4-3 was transmitted to VII:2 (daughter of 

VI:8), and she had pupillary block PAC, was significantly hypermetropic (+5.0DS), requiring 
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treatment at the age of 28y. She was the youngest individual to be treated in this family. In the 

absence of the SPATA13 p.477_480del variant in this branch of the family, it can only be 

inferred that a further locus is responsible. This branch of the family also provided some insight 

into the possibility of reduced penetrance of the chromosome 10 susceptibility haplotype, as the 

9-6-4-3 (i.e. the other, or non-3-10-4-3) haplotype was found in VII:2 and her unaffected 

mother VI:8. Since the Sanger sequencing of the entire chromosome 10 linkage region 

(personal communication, N Waseem and C Chakarova) did not reveal any mutations that 

would account for angle-closure, it may be inferred that the chromosome 10 region contains a 

modifier or susceptibility locus, that could be a more common SNP.  

  

The candidate gene SPATA13 stands for spermatogenesis associated 13. It is required for 

MMP9 upregulation in colorectal tumour cells, and it regulates actin cytoskeletal organization for 

HGF-induced cell migration. Small case-control studies of SNPs in the MMP9 and HGF gene have 

been shown to be associated with PACG previously.287,288 Further work on its cellular localization 

and function, in relation to the potential role of SPATA13 as a major gene involved in anterior 

segment morphology and axial length determination is on-going.  

 

The evidence of linkage was weaker for the regions on chromosome 5p13 and 17q24-25. Table 

3.1.5 provides a summary of the candidate genes, their putative functions and clinical 

associations. These regions were not found to be linked on the second genotyping platform 

(Affymetrix), see Table 3.1.2, and segregation of the novel changes in clearly affected 

individuals were not observed on Sanger sequencing (personal communication, N Waseem and 

C Chakarova). Based on current literature, the only other potential candidate gene on 

chromosome 5 is the WDR36 gene locus, previously known to cause POAG, now more widely 

known as a modifier locus. This gene was in a different cytogenetic region of 5q22. A genome-

wide quantitative trait linkage study of IOP in Mongolia found significant linkage to the WDR36 

region,289 and it has been established that a significant proportion of glaucoma in Mongolia is 

due to PACG.12 However, gonioscopy was not performed as part of that study so it remains 

unknown as to whether the WDR36 region is an important contributor to angle-closure related 

elevated IOP in East Asians. The WDR36 region did not show linkage in this Caucasian family.   

 

Considering all individuals requiring treatment for PACS or PAC(G) in this family, they were aged 

between 28 years to 86 years old. Although there was genetic and phenotypic heterogeneity, 

plateau iris was a prominent clinical finding. Glaucomatous visual loss was reported for seven 

deceased relatives, generally in their sixth decade of life, all of who were female. In contrast, 

only two living individuals had PACG: IV:27 (86 years old female) had advanced glaucoma, and 

the only affected male (71 years old), individual V:30, had glaucoma. X-linked dominant 

inheritance was excluded as no linkage was found to chromosome X. Difficulties with glaucoma 
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phenotyping have made it difficult to identify causative genes in previous studies. There are 

four causative genes for POAG (see section 1.5) but none for PACG. More recently, three 

susceptibility loci have been identified for PACG290 but genetic linkage was not found to any of 

those genes/ cytogenetic locations in this family. This was not surprising as monogenic, rare 

changes with large effect segregating in families, probably have different aetiologies to the 

susceptibility loci identified on GWAS that tend to be more common SNPs. More about the PACG 

GWAS will be discussed in Section 3 of the results.     

 

Although the genetic aetiology of POAG and PACG are not likely to be the same, there are a few 

examples where POAG mutations may be found in patients with PACG. One Chinese study 

found the mutation Leu432Val in CYP1B1 and Arg46Stop in MYOC in three individuals from one 

family with PACG.64 The Arg46Stop mutation has been found in normal controls,291 subjects 

with JOAG, POAG, as well as PACG.292,293 It may act by modifying the age of onset or severity of 

end-organ glaucoma damage in an individual that already has a genetic susceptibility. Vincent 

et al proposed a multi-allelic contribution of CYP1B1 as they observed more heterozygous 

CYP1B1 changes in their mixed glaucoma population compared to other known glaucoma 

genes.148,294 The specific mutation Leu432Val in the Chinese family may also be a polymorphism 

with functional implications that alters the gene’s ability to hydroxylate β-oestradiol. 148
 Genetic 

linkage was excluded for the MYOC and CYP1B1 regions for the family reported in this section, 

although Sanger sequencing of POAG genes were not performed. 

 

It was observed that there were three individuals with PDS in this family (VI:28, VI:30, and V:2) 

as well as VI:6 who had high myopia and elevated IOP with some pigment and iris concavity 

without the more classical signs of PDS. Glaucoma that occurs as a result of PDS is also known 

as pigmentary glaucoma (PDG). The condition characterized by iris changes such as 

transillumination, Krukenberg spindles (pigment on the posterior aspect of the cornea) and 

hyperpigmentation of the trabecular meshwork.295 Out of the four individuals mentioned above, 

two were males and two were females. At the time of examination, their average age was 53 

years old. PDS and PDG usually affects younger men, with an onset of disease between the 

second to fourth decade,296 so findings in this family were not typical of PDG. Since all four 

individuals carried some genetic susceptibility factor: either the chromosome 10 haplotype or 

the chromosome 13 risk allele in our study, it could be proposed that an oligo-genetic 

mechanism was responsible for the phenotypes observed in this family.  

 

The possible risk profile could include a combination of: (1) extremes of ocular biometry of 

either -1.0 SD shorter, or +2.0 SD longer than the population expected (2) clinically identifiable 

plateau iris or concave iris configuration (3) pigmentary changes in the anterior chamber angles 

(4) elevated IOP or GON. Previous evidence showed that PDS and PDG are genetically 
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heterogeneous, with putative loci on 7q35-36297 and 18q11.298 In the linkage study, Andersen et 

al reported four three-generation families with 28 affected individuals with PDS showing 

autosomal dominant mode of inheritance. The presence of elevated IOP or GON was not 

required for the definition of “affected” status. Two-point linkage analysis localized the disease 

region to 7q35-36, with a maximal LOD score of 5.72 in one Irish family, supported by the 

other three smaller families (one other Irish, and two mixed European descent),297 but the 

causative gene has yet to be identified. Neither the 7q35-36 nor 18q11 loci were found on 

linkage analysis in Family A.  

 

A potentially important limitation of the findings in this section is that linkage was found to 

telemetric and centromeric regions, which require caution in interpreting results. Further 

limitations exist in whole exome sequencing, namely difficulties in capture data, depth of 

sequence, alignment back to the genome and erroneous calls. With increasing bioinformatics 

and knowledge of sequence changes, variants that may have been thought to be causative 

genes may actually be rare variants present in the population.  

 

Due to the complex ocular phenotypes observed in this family and no clear monogenic evidence 

of linkage, other approaches for genetic analysis including quantitative trait linkage would be 

required. In the next section axial biometry will be used as an endophenotype, as well as iris 

thickness, to see if the smaller families recruited into this research study support the clinical and 

genetic findings of Family A. This data represents the largest collection of familial angle-closure 

reported in Europe and North America to date.  
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Table 3.1.5 Function of potential candidate genes. 

Chromoso-

mal 

Location 

Candidate 

Gene  

Name/ function Biological plausibility/ function Clinical associations 

5p13 PDZD2 PDZ domain containing protein 2 Protein domain that binds to C-terminals of transmembrane receptors or ion 

channels, upregulated in primary prostate tumours and prostate 

tumorigenesis. 

Prostate cancer 

5p13 MTMR12 myotubularin related protein 12 Catalytically inactive phosphatase that regulates myotubularin intracellular 

location 

 

10p13-15 RPP38 ribonuclease P protein subunit 
38kD 

A protein complex that generates mature tRNA molecules by cleaving the 5’ 
ends.  

Alzheimer disease 

10p13-15 PITRM1  pitrilysin metallopeptidase 1 ATP-independent protease degrading mitochondrial transit peptides after 

cleavage, including the breakdown of amyloid beta A4 mitochondrial 
proteins. 

Alzheimer disease 

13p13-q12 SPATA13 spermatogenesis associated 13 Guanine nucleotide exchange factor required for GTPase dependent cell 

migration, adhesion, assembly and disassembly. Required for MMP9 
upregulation in colorectal tumour cells. Regulates actin cytoskeletal 

organisation for HGF-induced cell migration.  

Tumour angiogenesis 

and progression 

17q24-25 DNAI2 Dynein, axonemal, intermediate 

chain 2 

Forms part of the dynein complex of respiratory cilia, and sperm flagella.  Primary ciliary 

dyskinesia type 9 

17q24-25 DNAH17 dynein, axonemal heavy chain 
17 

Force generating protein of respiratory cilia, implicated also in sperm 
motility. 

 

17q24-25 SDK2 sidekick cell adhesion molecule 

2 

Cell adhesion protein that guides axonal terminals to specific synapses in 

neurons. 

 

17q24-25 TMC8 transmembrane channel-like 8 Protein found in the endoplasmic reticulum that forms a transmembrane 

channel- like protein with 8 predicted transmembrane domains. 

Epidermodysplasia 

verruciformis; squamous 

cell carcinoma 
TMC6 transmembrane channel-like 6 Similar transmembrane protein to TMC8 

17q24-25 LGALS3BP Lectin, galactoside-binding,  
soluble, 3 binding protein 

Beta-galactoside-binding proteins implicated in modulating cell-cell and cell-
matrix interactions. 

 

17q24-25 ENGASE endo-beta-N-

acetylglucosaminidase 

Enzyme involved in processing of free oligosaccharides in the cytosol Insulin resistance 
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SECTION 2 

 

3.2 Overview of  pedigrees with primary angle-closure  

There were 155 probands, who were divided into sub-groups: 

(1)  Individuals with no other family available for study (n=67) 

(2)  Some with multiple affected family members (n=54) 

(3)  Some with only 1 affected (n=34) 

 

Out of the 67 singletons, 28 had PAC and 39 had PACG. Fifty-four families (including Family A) 

had multiple affected family members. Appendix III details the pedigree structures. Thirty-four 

probands were the only affected individuals within their families. A total of 432 individuals out 

of the 518 participants (83%) underwent genome wide SNP genotyping. This included all 

singletons (n=67), 50 out of 54 families (Appendix Family 3.01 to 3.53 and Family A) and 13 

out of the 34 families with only one affected family member. 

 

An average of four family members, range of 1 to 67 attended for phenotyping, or provided 

blood samples for genetic investigation. Majority (n=79, 90%) of the families were European 

descent: 73 out of 88 families were White English; one Maltese; one Greek; two Scottish and 

two Irish. There were nine non-European families: one Nigerian; two Jamaican; one Chinese; 

two Indian; one Iranian and two mixed – Indian/English and Iraqi/English.  

 

Binary trait linkage analysis was performed for the 50 multiple affected families and a total of 

63 families were analysed for quantitative trait linkage analysis.  

 

3.2.1 Affection status in our participants 

We used the presence or absence of PACS as the defining binary characteristic of  "affected"/ 

"unaffected" status respectively. This is due to: (1) its strength of association as the preceding 

phenotype in the natural history of PACG, and (2) the ISGEO classification of ITC in two or 

more gonioscopic quadrants for narrow angle/ PACS is a widely used research standard for 

identification of at-risk individuals. Table 3.2.1 summarizes the diagnosis, and relationship of 

participating individuals to the probands in this study. There were 36 individuals who sent blood 

samples in for genotyping but were not examined in clinic. Fourteen were given affection status 

“unaffected” and 22 were coded as clinical diagnosis “unknown”. Those who were given the 

diagnosis “unaffected” instead of "unknown" were based on either a reliable history taken from 

the family, or normal ocular findings based on optician reports sent in together with their blood 

samples. For individuals who had been examined, but the diagnostic category of “unknown” 

was used, these were situations when the angle phenotype was altered by cataract surgery, or 

when younger individuals had narrow but open angles but were not old enough (≥60 years) for 
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a definite diagnosis of angle-closure to be made. Table 3.2.2 shows the clinical characteristics 

of probands and their family members with a clear diagnosis that was established at the family 

screening clinic. There is a female preponderance of angle-closure, shown in table 3.2.3. The 

relative risk of being an affected female, was 1.59x higher compared to being an affected male 

(CI: 1.29 to 1.95x, P < 0.0001). This was more prominent in earlier disease (PACS) compared 

to PAC and PACG (Table 3.2.3). On average, subjects with PACS were 52y (±13y), those with 

PAC were 60y (±11y) and PACG cases were 70y (±12y), consistent with previous studies that 

showed increased disease severity was observed with increasing age, P < 0.0001 between all 

groups.  
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Table 3.2.1. Participant diagnoses in each relationship group. 

 Proband  First degree relatives 

n=199 

Second degree relatives 

n=48 

Third degree relatives 

n=25 

Distant 

n=53 

Unrelated 

n=38 

Total 

n=518 
 

Unaffected 0 84 (16%) 36 (7%) 14 (3%) 41 (8%) 32 (6%) 207 (40%) 

PACS 17 (3%) 47 (9%) 4 (1%) 1 (0.2%) 2 (0.5%) 1 (0.2%) 72 (13.9%) 

Father 
Mother 

Brother 

Sister 
Son 

Daughter 

0 
2 (0.4) 

6 (1.2) 

17 (3) 
7 (1.4) 

15(3) 

Grandfather 
Grandmother 

Uncle 

Aunt 
Nephew 

Niece 

0 
0 

0 

1 (0.25) 
0 

3 (0.75) 

Paternal 
Male cousin 

Female cousin 

Maternal  
Male cousin 

Female cousin 

0  
0 

 

 
0 

1 (0.2) 

   

PAC 76 (15%) 23 (4%) 2 (0.4%) 3 (0.6%) 0 (0%) 0 (0%) 104 (20%) 

Father 

Mother 

Brother 
Sister 

Son 
Daughter 

0 

1 (0.2) 

7 (1.3) 
6 (1) 

3 (0.5) 
6 (1) 

Grandfather 

Grandmother 

Uncle 
Aunt 

Nephew 
Niece 

0 

0 

0 
1 (0.2) 

0 
1 (0.2) 

Paternal 

Male cousin 

Female cousin 
Maternal  

Male cousin 
Female cousin 

1 (0.2) 

0 

 
 

0 
2 (0.4) 

   

PACG 62 (12%) 12 (2.4%) 0 (0%) 1 (0.2%) 1 (0.2%) 0 (0%) 76 (14.8%) 

Father 

Mother 
Brother 

Sister 
Son 

Daughter 

1 (0.2) 

3 (0.6) 
2 (0.4) 

4 (0.8) 
2 (0.4) 

0 

Grandfather 

Grandmother 
Uncle 

Aunt 
Nephew 

Niece 

0 

0 
0 

0 
0 

0 

Paternal 

Male cousin 
Female cousin 

Maternal  
Male cousin 

Female cousin 

0 

0 
 

 
1 (0.2) 

0 

   

Unknown 0 33 (6.4%) 6 (1.2%) 6 (1.2%) 9 (1.7%) 5 (1.2%) 59 (11.3%) 

 

Total 155 (30%) 199 (38%) 48 (10%) 25 (5%) 53 (10%) 38 (7%) 518 (100%) 
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Table 3.2.2. Ocular and demographic characteristics of participants with a clear diagnosis. 

Risk factors Probands  First degree relatives Other relatives 

Sympto-

matic 

n = 66 

Asympto-

matic 

n = 89 

Affected 

 

n = 82 

Unaffected 

 

n = 84 

Affected 

 

n = 14 

Unaffected 

 

n = 91 

Continuous  Mean (SD) Mean (SD) Mean (SD) 

Age 65 (12) 63 (13) 54 (14) 47 (16) 54 (19) 48 (19) 

ACD† 2.41 (0.3) 2.60 (0.4) 2.41 (0.3) 2.74 (0.4) 2.31 (0.3) 2.94 (0.4) 

AL 22.0 (0.9) 22.2 (1.0) 22.7 (0.9) 23.5 (1.0) 22.3 (1.0) 23.6 (1.1) 

Spherical 

equivalent 

+2.00 

(±2.02) 

+1.63 

(±2.59) 

+0.28 

(±2.53) 

-0.98 

(±2.64) 

+0.69 

(±1.57) 

-1.05 

(±2.20) 

Highest IOP 35 (17.1) 25 (11.3) 19 (6.2) 16 (4.6) 18 (3.6) 15 (3.9) 

Gonioscopic angle 3.3 (3.6) 6.5 (5.1) 6.2 (5.1) 26.7 (10.6) 5.3 (3.3) 32.2 (11.7) 

Cup:disc ratio 0.5 (0.20) 0.5 (0.26) 0.4 (0.17) 0.4 (0.20) 0.4 (0.27) 0.3 (0.16) 

Categorical  n (%) n (%) n (%) 

Sex n = 155 (out of 155) n = 166 (out of 199) n = 105 (out of 126) 

     Female 

     Male 

54 (35%) 

11 (7%) 

62 (40%) 

28 (18%) 

54 (27%) 

28 (14%) 

43 (22%) 

41 (21%) 

12 (9%) 

2 (2%) 

48 (38%) 

43 (34%) 

Van Herick  n = 137 (18 missing) n = 151 (15 missing) n=100 (5 missing) 

     0% 

     5% 

     15% 

     25% 

     ≥ 40% 

21 (14%) 

15 (10%) 

20 (13%) 

4 (3%) 

0  (0%) 

10 (6%) 

27 (17%) 

28 (18%) 

8 (5%) 

4 (3%) 

10 (5%) 

16 (8%) 

22 (11%) 

17 (9%) 

10 (5%) 

0 (0%) 

2 (1%) 

6 (3%) 

9 (5%) 

59 (30%) 

1 (0.8%) 

5 (4%) 

4 (3%) 

2 (1.6%) 

2 (1.6%) 

0 (0%) 

0 (0%) 

4 (3%) 

8 (6%) 

74 (59%) 

Occludable angle* n = 155  n = 166 n = 105 

     Yes 

     No 

39 (25%) 

26 (17%) 

34 (22%) 

56 (36%) 

30 (15%) 

52 (26%) 

0 (0%) 

84 (42%) 

10 (8%) 

4 (3%) 

2 (2%) 

89 (71%) 

Pigment in angle n = 130 (25 missing)  n = 147 (19 missing) n = 93 (12 missing) 

     Yes 

     No 

44 (28%) 

11 (7%) 

45 (29%) 

30 (19%) 

35 (18%) 

40 (20%) 

11 (5%) 

61 (31%) 

7 (6%) 

5 (4%) 

17 (13%) 

64 (51%) 

Presence of PAS n = 135 (20 missing) n = 150 (16 missing) n = 97 (8 missing) 

     Yes 

     No 

26 (17%) 

30 (19%) 

15 (10%) 

64 (41%) 

16 (8%) 

62 (31%) 

0 (0%) 

88 (44%)  

3 (2%) 

11 (9%) 

2 (2%) 

81 (64%) 

* Defined as 180 degrees of angle-closure on gonioscopy, i.e. Shaffer grade 0-1 in two or more 

quadrants, where the pigmented trabecular meshwork was not visible. †Pseudophakic patients 

were excluded for ACD analyses.  

 



Chapter 3.2 Results – Smaller pedigrees 

 

134 

Table 3.2.3 Non-proband participants (n=363): their relationships, age and diagnosis. 

Relationship to proband PACS 

n=55 

PAC 

n=28 

PACG 

n=14 

Unaffected 

n=207 

Unknown 

n=59 

Total 

n=363 

Male relatives (M : F) 1 : 3  1 : 1.5 1 : 1.3 1 : 1 1 : 1  

Father 0 0 1 3 4 8 

Brother 6 7 2 18 7 40 

Son 7 3 2 22 8 42 

Uncle 0 0 0 2 0 2 

Nephew  0 0 0 17 3 20 

Cousin 0 1 1 7 2 11 

Distant cousins 0 0 0 16 2 18 

Total, n 13 11 6 85 26 141 

Average age (SD) 52y (12) 61y (10) 68y (12) 49y (18) 52y (18)  

       

Female relatives (F : M) 3 : 1 1.5 : 1 1.3 : 1 1: 1 1 : 1   

Mother 2 1 3 6 6 18 

Sister 17 6 4 14 3 44 

Daughter 15 6 0 22 5 48 

Grandmother 0 0 0 1 0 1 

Aunt 1 1 0 1 0 3 

Niece 3 1 0 14 3 21 

Granddaughter 0 0 0 1 0 1 

Cousin 1 2 0 6 4 13 

Distant cousins 2 0 1 25 7 35 

Total, n 41 17 8 90 28 184 

Average age (SD) 52y (12) 60y (12) 71y (12) 50y (18) 57y (19)  

       

Non-related individuals       

Male 1 0 0 20 1 22 

Female 0 0 0 12 4 16 

       

First-degree relationships are highlighted in grey. The average age, and ratio for each diagnosis 

is highlighted in blue.  
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3.2.2 Family history and genealogy 

It was often difficult to differentiate a positive family history of AAC, from PACG, or another 

glaucoma subgroup, such as POAG. The family history was deemed to be positive if there was a 

verifiable history of either (1) a sudden increase of intraocular pressure consistent with AAC 

that required laser iridotomy, or (2) advanced glaucomatous visual field loss with a mechanism 

described to be due to angle-closure (i.e. presence of risk factors such as hyperopia, or 

symptoms of AAC, or reported history of peripheral iridotomies/ iridectomies).  

 

A positive family history was reported by 39 probands and their families (25%). A negative 

family history was reported by 67 families (43%) and the family history was unknown in the 

remaining 53 families (34%). The probands who reported a positive family history were slightly 

younger (mean 59y ± 11y) than those with a negative family history (mean 64y ± 13y) but this 

difference was not statistically significant, t-test, P = 0.07. 

 

Pedigree charting was performed for each proband (n=155), and the family history 

corroborated with subsequent participants attending the family clinic. The participation rate for 

living first-degree relatives identified by pedigree charting was 199 out of 330 (60.3%). Five 

families with distant relatives in the London region were approached to work in partnership with 

the researchers and the society of genealogists (section 2.2.2) to recruit additional distant 

relatives. The participation rate was highest for the Family A presented in the previous section. 

Out of 42 invitation letters sent (see Appendix II), 20 replies were received and 55 participants 

attended the hospital for clinical examination, and 12 sent venous blood samples. A similar 

approach was taken for the remaining four families. However, out of 75 invitation letters sent, 

only 13 distant relatives attended for clinical examination and an additional six venous blood 

samples were sent to the laboratory.  

 

3.2.3.1 Acute presentations of angle-closure (APAC/APACG) 

Seventy-four subjects had had symptomatic angle-closure (45 APAC and 29 APACG), of whom 

65 were probands (38 APAC and 27 APACG; 42% of index cases) There were more female than 

male probands who presented with AAC (chi-squared test, P=0.03). The majority of family 

members were asymptomatic (n=354, 98%). Only five families (5.6%) had two family 

members who presented with AAC. Two of these pairs were sisters; a mother and son pair; a 

brother and sister pair; and pair of male and female paternal first cousins. In those families 

with more than one relative with AAC, there was no statistically significant difference in the sex 

of family members affected (chi-squared test, P=0.63).  After combining all probands and 

family members with AAC, the most predictive factors for symptomatic angle-closure were 

females with pigment and PAS in their anterior chamber angles. See table 3.2.4 for results of 

the binary logistic regression. 
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Table 3.2.4 Factors associated with AAC and glaucomatous optic neuropathy (PACG). 

 Subgroup B-coefficient 95% confidence interval P-value 

 

AAC     

Current age Per decade 0.202 -0.18 to 0.66 0.281 

Sex Male  -1.611 -18.84 to -0.33 0.016 

Adjusted ACD * Per 0.5mm -0.589 -1.47 to 0.05 0.065 

Adjusted AL † Per 1.1mm -0.580 -1.72 to 0.21 0.138 

Angle-width ‡ Per degree -0.055 -0.17 to 0.02 0.136 

PAS Absent  -1.272 -2.88 to -0.22 0.024 

Pigment Absent  -1.467 -3.42 to -0.31 0.010 

Family history Present  0.220 -1.11 to 1.43 0.699 

     

PACG     

Current age Per decade 0.678 0.37 to 1.30 0.002 

Sex Male  0.520 -0.71 to 2.11 0.389 

Adjusted ACD * Per 0.5mm 0.115 -0.65 to 1.09 0.337 

Adjusted AL † Per 1.1mm 0.144 -0.68 to 0.99 0.891 

Angle-width ‡ Per degree -0.116 -0.24 to -0.06 0.001 

PAS Absent  -0.031 -1.31 to 1.51 0.954 

Pigment Absent  -2.038 -4.55 to -0.86 0.002 

Family history Present  1.083 0.029 to 2.43 0.040 

     

 

*Adjusted for age and sex by z-score transformation (standard deviation [SD]=0.5mm); 

†adjusted for sex by z-score transformation (SD=1.1mm); ‡ average gonioscopic angle-width 

in degrees (from 4 quadrants).  
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3.2.3.2 Families with PACG 

Optic disc and visual field findings suggestive of PACG were only present in 76 participants 

(15%, 76 out of 518), of whom 62 were probands (40% of index cases). The fourteen 

remaining participants with PACG constituted of 12 first-degree relatives (three mothers, two 

brothers, four sisters, two sons and one daughter) and two cousinships (male cousin to 

proband, and female first cousin once-removed). Only 5 families (5.7%, 5 out of 88) had two 

individuals with PACG. Two of these pairs were siblings, two parent-child pairs, and the distant 

cousinship above. There was no sex difference in the probands or relatives affected by PACG 

(chi-squared test, P=0.597 and P=0.794 respectively). Seventeen probands with PACG had 

family members at earlier stages of the disease (16 with PACS, 16 with PAC, 40 unaffected and 

12 unknown). Nine families had PACG with no other affected family members (n=14). 

 

In contrast to AAC, older age, narrower gonioscopic angle-widths and a positive family history 

of disease were factors associated with an individual developing PACG (Table 3.2.4). Only a 

small number of subjects (10%) had PAS while 29% had pigment in the anterior chamber 

angles. Binary logistic regression analysis in our cohort did not find PAS to be significantly 

associated with PACG in our cohort, but the pigment in the anterior chamber angle was an 

associated factor (P=0.002).  

 

3.2.3.3 Families with PACS/ PAC without glaucoma 

This clinical picture describes the majority of families in this thesis. There were eighteen 

probands with PAC but when additional relatives were examined, none were found to be 

affected (n=27). There were seven PACS probands where no other affected relatives (n=14) 

were found. Six families had PAC only (average 2.2 affected), five had PACS only (average 2.4 

affected) and 21 families had relatives with PACS (n=30) and PAC (n=23) but no PACG.  

 

When comparing clinical characteristics of individuals with PACS compared to PAC, average IOP 

was 16mmHg ± 3mmHg for PACS and 26mmHg ± 11mmHg for PAC. Synechial PAC accounted 

for one third of all PAC. Pigment in the anterior chamber angle was a common finding, affecting 

two-thirds of PAC cases and one-third of PACS. In support for shorter axial biometry in more 

advanced disease, we found that PACS subjects were less hyperopic (mean +0.57DS ± 2.6 

DS) than PAC subjects (mean +1.44 DS ± 2.4 DS). After correcting for age and sex, the 

severity of disease appeared to have a relationship to the relative axial biometry (see also 

section 3.2.5). Table 3.2.5 shows that PACG cases had the shortest ACDs and ALs compared to 

PACS or PAC. The differences between these groups were found to be statistically significant 

(ANOVA, p<0.0001 for both adjusted-ACD and adjusted-AL). The average cup:disc ratio for 

PACS was 0.34 ± 0.2 and PAC was 0.41 ± 0.2. The differences between PACS and PAC in 

refraction and cup:disc ratios were found to be significant (t-test, P= 0.03). 
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Table 3.2.5 Quantifying the difference in axial biometry between family clinic participants and 

EPIC-Norfolk controls by standard deviations (SD).  

 

Figure 3.2.1 Distribution of ACD in first-degree relatives compared to more distant ones.  

 

The histograms plotted above have been adjusted for age- and sex- compared to the EPIC-Eyes 

cohort. The blue lines indicate ACDs expected for age and sex. Deviation to the left for first-

degree relatives indicates they have shorter ACDs than the population mean. The histogram 

peaks regress toward the mean as the relationship becomes more distant from second to fourth 

degree relatives.   

 

 No. of standard deviations different from same age- and sex-matched 

population controls (negative values are smaller/shorter) 

ACD (confidence interval) 

 

AL (confidence interval) 

Unaffected 0.29 (0.17 to 0.41) 0.10 (-0.05 to 0.24)  

PACS  -0.73 (-0.89 to -0.57) -0.77 (-0.96 to -0.57) 

PAC  -1.14 (-1.31 to -0.97) -1.10 (-1.26 to -0.95) 

PACG -1.26 (-1.48 to -1.04) -1.02 (-1.25 to -0.78) 
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Figure 3.2.2 Distribution of AL in first-degree relatives compared to more distant ones. 

 

A similar trend was observed for AL adjusted for sex- compared to the EPIC-Eyes cohort. The 

blue lines indicate ALs expected for sex. Deviation to the left for first-degree relatives indicates 

they have shorter ALs than the population mean. The histogram peaks regress toward the 

mean as the relationship becomes more distant from second to fourth degree relatives. 
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3.2.4 Axial biometry compared with EPIC-Eyes Normative Cohort 

Normative data was obtained from the EPIC-Eyes cohort. At the time of this investigation, 795 

individuals from EPIC-Eyes had been examined. In order to adjust for sex for AL, as well as age 

and sex for ACD, a z-score transformation was performed: the mean sex-specific, or age- and 

sex specific values for each category was subtracted from the raw value of ACD and AL, then 

divided by the sex-specific or age and sex specific standard deviation in the population.  A value 

of zero would therefore mean an individual had axial biometry that was expected for his age 

and sex. This zero reference point was plotted against the z-score adjusted ACD and AL for the 

different relationship types of the participants attending the family clinic (blue lines on Figures 

3.2.1 and 3.2.2). These z-score transformations were made to account for the influence of age 

and sex for ACD, and sex for AL, as age was not a significant factor in determining AL in the 

EPIC-Eyes cohort of 795 subjects (Personal communication, Paul Foster).  

 

Males and females were represented separately for ACD and AL, as females are known to have 

shorter ACD and AL than males. Mean readings (of proband and family clinic participants 

combined) were indicated as red lines on the x-axis. Mean ACD in the whole cohort of 

participants was 2.91 mm ± 0.3 mm. Pseudophakic subjects and those on pilocarpine were 

excluded from ACD plots. Mean AL was 22.93mm ± 1.0 mm. The standard deviation in the 

population for ACD was 0.40 and 1.2 for AL, which were both greater than the SDs reported for 

affected participants in our study (Table 3.2.2). Figure 3.2.1. showed that first degree relatives 

had shorter ACDs than other types of relatives. If no differences exist in ACD distributions 

between our cohort and the population mean, the histograms would show a normal distribution 

and the histogram would peak at a z-score of zero. Our results showed that first-degree 

relatives had shallower ACD (-0.41 SDs shorter; 95% CI: -0.55 to -0.26), compared to ACDs of 

+0.26 SDs deeper (95% CI: +0.07 to +0.45) than the population mean in second to fourth 

degree relatives. A similar trend was observed for AL (Figure 3.2.2. where first-degree relatives 

had shorter ALs of -0.39 SDs (95% CI: -0.53 to -0.24) was observed, compared to more distant 

relatives who had a mean AL z-score of -0.13 SDs (95% CI: -0.32 to 0.05), i.e. closer to the 

population mean.  

 

The deviation toward shorter biometry in first degree relatives suggest a strong hereditary 

tendency that was not observed in distant relatives. Both AL and ACD have characteristics 

suitable for QTL linkage analysis but they do not fully represent the phenotype of the anterior 

chamber angle under investigation. An individual with a shallow ACD and short AL does not 

necessarily have closed angles on gonioscopy or AS-OCT. Nonetheless, shorter axial biometry is 

a consistent phenotype observed for affected individuals so adjusted-ACD and AL values were 

brought forward for QTL linkage analysis.  
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3.2.5 Other clinical characteristics of interest 

3.2.5.1 Angle width 

The definition we used for an affected individual was someone with iridotrabecular contact (i.e. 

Shaffer grade 0-1) in two or more quadrants to have the diagnosis of PACS. Angle-width was 

estimated in every quadrant of both eyes with gonioscopy for all participants, and a separate 

category of “narrow”, which was an average of 10° or less was calculated. These two criteria 

were presented in Table 3.2.6 in comparison to angle-closure on AS-OCT following treatment. 

Angle-width in degrees was considered not to be an ideal endophenotype or QTL to study as it 

can change with laser and surgical treatments performed.299,300 The average angle width 

between affected and unaffected individuals was summarized in Table 3.2.2. 

 

3.2.5.2 Eye colour and pigment 

There were more cases of angle-closure in brown-eyed subjects (chi-squared test, P=0.001) 

compared to other lighter eye colours. Although no difference for presence of PAS was found 

for eye colour groups (chi-squared test, P=0.416), there was a significant association between 

brown eyes and pigment in the anterior chamber angle (chi-squared test, P<0.0001). Logistic 

regression of pigment in the anterior chamber angles found brown eyes to highly predictive 

(P<0.0001) followed by narrower angle-width (P=0.006) but these were not influenced by 

refraction, ACD or AL. In our cohort, brown eyes were also associated with plateau iris (chi-

squared test, P=0.023). 

 

3.2.5.3 Non-Caucasian families 

Out of the nine non-Caucasian families, there was only one proband who had symptomatic AAC 

(60y female of Indian origin). The majority were asymptomatic but there were three relative 

pairs with advanced PACG requiring treatment (two Chinese sisters, a Caucasian mother and 

her son who was English-Iraqi mixed race, and a Jamaican father-daughter pair). They account 

for 60% (3 out of 5) relative pairs with PACG, suggesting that non-Caucasian families may be 

more susceptible to more advanced disease. Plateau iris and non-pupil block mechanisms 

accounted for more than half (nine out of 16) of the affected individuals in these families.   

 

3.2.6 Gonioscopy and AS-OCT findings 

Qualitative grading of AS-OCT images with the standard photographs of Figure 2.4.2 allowed 

comparisons to be made to the gonioscopy findings. AS-OCT was used to record objectively the 

angle configuration in our family clinic participants. Participants who were pseudophakic or on 

pilocarpine were excluded from this analysis and only pre-treatment images (n=266) were 

used. 
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3.2.6.1 Mechanisms of angle-closure 

Pupillary block as indicated by AAC was found in 45 out of 104 PAC (43%) and 29 out of 76 

(38%) PACG cases. Plateau iris on gonioscopy accounted for 54% (39 out of 72) of PACS cases, 

45% (47 out of 104) of PAC and 30% (23 out of 76) of PACG cases. The proportion of plateau 

iris cases decreased as the severity of PACG increased. On a per family basis, plateau iris was 

the main mechanism in 49% of families (n=43 out of 88). Lens-induced or mixed mechanism 

disease was not specifically recorded on clinical examination. However, whenever cataracts 

were recorded on clinical examination, nuclear sclerosis was the most common subtype (75%, 

15 out of 20). There were 32 cases (6%) who had already undergone cataract surgery. No 

cases of retrolenticular angle-closure were observed.  

 

We did not perform UBM examinations on our study participants as non-contact AS-OCT 

imaging was deemed to be more participant-friendly, and reproducibility studies found UBM and 

AS-OCT to have good agreement for quantifying angle-characteristics.301 Out of 266 pre-

treatment images, there were 33 AS-OCT images with pupil block features, compared to 30 

identified on gonioscopy (convex iris configurations). The 95% confidence intervals for these 

proportions of pupil-block cases were similar, at 7.6 to 15.4% on gonioscopy, and 8.6 to 16.6% 

on AS-OCT. However, not all the cases of pupil-block were associated with PAC. Pupil-block only 

accounted for 24% (n= 8 on AS-OCT) to 36% (n=11 on gonioscopic peripheral iris description) 

of the angle-closure cases. This is much less than the previously reported values of around 

70%.302 

 

The proportion of plateau iris cases on AS-OCT (12%, 32 out of 266) was smaller than that 

identified on gonioscopy (35%, 77 out of 219 cases where the peripheral iris configuration was 

accurately recorded). Non-pupil block cases that were not plateau iris on AS-OCT, accounted for 

a further 10% (n=27) of cases. The limited CB view on AS-OCT may explain why there were 

more cases observed on gonioscopy than AS-OCT. The proportion of non-pupil block and 

plateau iris associated angle closure was found account for 52% of angle-closure cases (n=46 

out of 89) in our cohort. There were six cases of pseudoplateau iris (iris cysts) but half were 

associated with closed, and the other half associated with open anterior chamber angles. 

 

At the time of clinical examination, eighty-six (right) eyes with AS-OCT imaging had previously 

undergone treatment. Table 3.2.6. shows a range of 41 to 48% (see red boxes) of these cases 

had residual angle-closure after treatment, according to gonioscopic findings consistent with 

ISGEO classification. Out of 63 individuals who were treated with PI, or PI and ALPI (see table 

3.2.6), 41 of them (65%) had plateau iris configuration (PIC) on gonioscopy. Of these, 16 cases 

or 39% (95% CI: 23 to 55%) had elevated IOP and closed angles despite treatment, and would 

be considered cases of plateau iris syndrome (PIS). The mean age of our PIC/PIS cases was 
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60y (range: 30 to 90 years). The presence or absence of PIC/PIS (n=41) and the presence or 

absence of symptoms were of borderline significance (chi-squared test, P = 0.09). A separate 

analysis of PIS and symptoms was not performed due to the small sample size of 16 individuals 

only. The likelihood of symptomatic angle-closure would be higher in PIS due to narrower 

angle-width (closed, by definition) and higher IOP. Mean IOP for PIC cases was 21mmHg (SD 

8; 95% CI 18 to 24), compared to 31mmHg for PIS (SD 14; 95% CI: 25 to 39) in our 

participants. Crowding of the anterior chamber angle had a direct effect on elevating the IOP. 

 

Recent studies have used AS-OCT parameters to determine subtypes of PAC.303,304 Eyes with 

APAC had the narrowest angles, smallest anterior segment dimensions, thickest iris and largest 

lens vault (LV) compared to asymptomatic cases.303 Cases of APAC have a predominant lens 

mechanism indicated by a much larger LV than PACS/PAC and PACG combined (P < 0.001) 

whereas the earlier cases of angle-closure (PACS) have a mechanism predominantly due to iris 

crowding.303 The latter was shown in the same paper where iris thickness for PACS was most 

significantly different from APAC cases (P < 0.001), but to a lesser extent for PAC and PACG (P 

< 0.04 and 0.02 respectively). This fits in with our finding where plateau iris was more common 

in PACS, followed by PAC and PACG. In Baek et al’s paper, hierarchical clustering clearly 

demonstrated one cluster with thicker irides and deeper ACDs (predominant iris crowding) 

compared to the second cluster of higher LV and narrower angles (predominantly lens 

induced).304   

 

Lenticular and retrolenticular mechanisms of angle-closure were uncommon in our participants. 

Lenticular angle closure (Figure 2.4.2, E & F) was found in 13 out of 37 cases (35%) of 

persistent angle-closure following treatment. In contrast, lenticular angle-closure was observed 

in only two out of 268  (0.7%) baseline AS-OCT scans, both of which were associated with slit 

openings, i.e. narrow but open anterior chamber angles. There were no reported cases of 

retrolenticular angle-closure, sometimes known as aqueous misdirection. Retrolenticular angle-

closure was much more likely to be observed in atypical/ syndromic families described in 

Section 4 of the results.  
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Table 3.2.6 Gonioscopic and AS-OCT definitions of angle-closure, and the proportions of residual angle-closure despite treatment.  

 

Four different criteria (A to D) for the “closed angle” column were used. Criterion D, based on ISGEO classification, shows that between 41-48% (red boxes) 

of cases that have been treated still have closed angles on gonioscopy.   

* PI = peripheral iridotomy; ALPI = argon laser peripheral iridoplasty; CEIOL = cataract extraction and intraocular lens implantation; trab = trabeculectomy.  

DEFINITIONS LASER INTERVENTIONS 

PI (n=54), and PI with ALPI (n=9) 

INTRAOCULAR SURGERY ± LASER 

CEIOL/trab/both ± PI/ ALPI (n=23) 

Subtotal 

 Open angle Closed angle  Open angle Closed angle   

   Missing 

scans 

  Missing 

scans 

 

(A) Low resolution scan  

(Closed = slit or iris contact anterior to SS) 

22 (35%)  40 (65%) 1 17 (74%) 6 (26%) 0 86 

(B) High resolution scan  

(Closed = slit or iris contact anterior to SS) 

36 (62%) 22 (35%) 5 12 (60%) 8 (40%) 3 86 

(C) Gonioscopy (“Narrow” = average Shaffer 

10° i.e. grade 1 in all quadrants) 

5 (8%) 58 (92%) 

“narrow” 

N/A 8 (35%) 15 (65%) 

“narrow” 

N/A 86 

(D) Gonioscopy (Closed = ITC in 2 or more 

quadrants according to ISGEO) 

37 (59%) 26 (41%) N/A 12 (52%) 11 (48%) N/A 86 
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3.2.6.2 Lens vault and iris thickness 

Out of all the quantitative traits measured on the AS-OCT, lens vault and iris thickness were 

considered the best candidates to bring forward, in addition to adjusted ACD and AL, for QTL 

linkage analysis. Both were normally distributed in our participant population, and reflected 

some aspect of the disease phenotype observations so far. These traits remain unchanged with 

LPI treatments299 so subjects that have already been treated can also be included for analysis. 

Lens vault (LV) was chosen because a larger LV reading corresponds to a shallower ACD 

position but the mechanism for LV thickening could also include lens factors that may explain 

the diversity of the refractive errors observed in the affected (hypermetropic) and PDS (myopic) 

participants in Family A. To reduce any influence of age and sex, linear regression was 

performed and the residual values (Figure 3.2.3) were exported for QTL analysis.  

 

For iris thickness, larger mean values were observed in subjects with plateau iris and those 

without (Table 3.2.7). Using the ZAAP software, iris thickness was measured at 750μm, 

2000μm, and at its maximum (ITmax). The differences were only statistically significant at 750 

μm (P=0.001) and its maximum (P=0.001) but not at 2000μm (P=0.574). This fits in with the 

clinical observation that plateau iris cases have thicker peripheral irides, which becomes less 

prominent when further away from the periphery. Linkage analysis using ITmax as a 

quantitative trait was performed as a surrogate for the plateau iris phenotype.     

 

3.2.6.3 Other quantitative AS-OCT findings  

Multiple other quantitative traits including angle-metrics were measured during the AS-OCT 

grading process and presented in Table 3.2.8, demonstrating the difference between probands, 

first degree and more distant relatives. Traits that were significantly different between these 

relationship categories include: ACD, ACA, ACV, LV and AOD750. There were minor 

measurement differences between the Visante and ZAAP software, apart from ACW where the 

Visante semi-manual readings appeared to be larger than ZAAP, and a conflict was found for 

the statistical difference between relationship groups. The Bland-Altman plot demonstrated this 

bias (Figure 3.2.4) where a cluster of higher readings for Visante was found when the ACW was 

<12.0mm (on average). Although ACW was also explored for QTL analysis (Table 3.2.10), 

caution should be taken for results.   
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Figure 3.2.3 Histogram showing adjusted LV measurements in family clinic participants.  

 

 

Figure 3.2.4 Agreement between Visante user defined SS to SS distance compared to ACW 

measured by ZAAP software. 
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Table 3.2.7 Summary of iris quantitative characteristics in plateau iris compared to normal iris 

configuration.  

  

 Plateau iris on 

gonioscopy 

Mean (SD) 

Normal iris 

configuration 

Mean (SD) 

t-test, P-value 

Iris thickness at 750μm 0.47mm (0.08) 0.43mm (0.09) P = 0.001 

Iris thickness at 

2000μm 

0.43mm (0.09) 0.43mm (0.10) P = 0.574 

Maximum iris thickness 0.60mm (0.08) 0.56mm (0.08) P = 0.001 

Average iris area 1.46mm2 (0.27) 1.36 mm2 (0.27) P = 0.003 

Iris curvature 0.28mm (0.12) 0.24mm (0.15)  P = 0.05 



Chapter 3.2 Results – Smaller pedigrees 

 

148 

Table 3.2.8 Quantitative measurements on AS-OCT imaging. 

 

See also table 2.4.1 for abbreviations and nomenclature for quantitative measurements. aACD 

represents actual ACD excluding CCT. TIA, ARA, ACA and ACV could only be ascertained with 

the ZAAP software. Average values of angle metrics on horizontal scans were used from 

baseline images. *These variables showed significant differences between groups (one-way 

ANOVA). 

  

 Probands 

[n=21] 

Mean (SD) 

First degree 

Relatives [n=130] 

Mean (SD) 

Distant relatives 

[n=88] 

Mean (SD)  

P-value 

aACD 

     On Visante* 

     Using ZAAP* 

 

2.13mm (0.34) 

2.09mm (0.32) 

 

2.61mm (0.39) 

2.58mm (0.49) 

 

2.75mm (0.44) 

2.69mm (0.41) 

 

P=0.009 

P=0.005 

Trabecular iris angle (TIA) 12.67° (6.06) 20.56° (13.63) 27.78° (13.94) P=0.08 

Angle opening distance 

     AOD500 on Visante 

     AOD500 using ZAAP  

     AOD750 on Visante*    

     AOD750 using ZAAP* 

 

0.11 m (0.05) 

0.11 m (0.05) 

0.16 m (0.07) 

0.16 m (0.07) 

 

0.21 m (0.17) 

0.16 m (0.14) 

0.31 m (0.25) 

0.26 m (0.19) 

 

0.29 m (0.19) 

0.23 m (0.15) 

0.43 m (0.25) 

0.35 m (0.21) 

 

P=0.07 

P=0.17 

P=0.03 

P=0.05 

Angle recess area (ARA) 0.11 (0.08) 0.16 (0.13) 0.22 (0.13) P=0.22 

Trabecular-iris space area 

     TISA500 on Visante 

     TISA500 using ZAAP  

     TISA750 on Visante 

     TISA750 using ZAAP 

 

0.04 m2 (0.02) 

0.04 m2 (0.02) 

0.08 m2 (0.03) 

0.08 m2 (0.03) 

 

0.07 m2 (0.06) 

0.07 m2 (0.05) 

0.14 m2 (0.11) 

0.13 m2 (0.09) 

 

0.10 m2 (0.06) 

0.09 m2 (0.05) 

0.20 m2 (0.12) 

0.17 m2 (0.09) 

 

P=0.14 

P=0.27 

P=0.07 

P=0.11 

Anterior chamber width 

     On Visante 

     Using ZAAP* 

 

11.75mm 

(0.45) 

11.65mm 

(0.64) 

 

11.93mm (0.43) 

11.76mm (0.60) 

 

11.87mm (0.44) 

11.67mm (0.66) 

 

P=0.24 

P=0.04 

Anterior chamber area 

(ACA)*  

15.24 m2 

(3.28) 

19.60 m2 (4.18) 20.77 m2 (4.37) P=0.007 

Anterior chamber volume 

(ACV)* 

98.08 m3 

(25.5) 

129.15 m3 (35.0) 139.19 m3(37.6) P=0.015 

Lens vault (LV) 

     On Visante* 

     Using ZAAP* 

 

875 m (336) 

967 m (276) 

 

515 m (366) 

550 m (317) 

 

468 m (407) 

461 m (340) 

 

P=0.003 

P=0.003 
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3.2.7 Genotyping for smaller pedigrees 

All DNA microarray genotyping of individuals from the smaller pedigrees was performed at St. 

George’s University of London. The Illumina Infinium platform was used (see methods, section 

2.6.4). Peripheral blood samples (10ml) were collected in EDTA-bottles and genomic DNA 

extracted by a commercial kit (Nucleon BACC II DNA Isolation Kit, GE Healthcare, UK). 

Quantification of extracted DNA was performed using NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE). After following the manufacturer’s instructions for 

the genotyping protocol, readouts from the scanner were imported onto Bead Studio before 

linkage analysis. The QC checks included IBS analysis (Figure 3.2.5), gender checking, and 

automated call-clustering (Figure 3.2.6). Manual clustering was performed for SNPs with call 

rates <95%. Heterozygous calls on the X-chromosome were used to check for gender 

inconsistencies. Mendelian errors were highlighted by Bead Studio and further checked with the 

PedCheck software so all genotyping level and pedigree level Mendelian inconsistencies were 

replaced with a ‘0’ genotype call before linkage analysis. 

 

Majority of samples (n=284) were processed on the Illumina Linkage-12 chip with 6920 SNP 

markers, while 91 were processed on the Illumina Cyto-12 chip (337,297 markers). To 

standardize the genotyping data into LINKAGE/ MERLIN format for analysis, only the most 

informative markers from each chip were selected (n=2716 for Linkage-12 and n=3547 for 

Cyto-12). A further set of overlapping SNPs from both chips (n=3498) was included. The final 

pedigree file contained the pedstems, and genotype calls from 9761 SNPs. These were exported 

from the Bead Studio software and entered into MERLIN for linkage analysis.   

 

3.2.7.1 Mode of inheritance 

Out of the 54 families where there were multiple affected individuals, presumed autosomal 

dominance was observed in 80% (n=43) families. These included all vertical transmissions of 

two or more generations from parent to child (n=17 father to child) and (n=26 mother to 

child). In eleven families, only one generation of siblings were affected. Out of these, five 

families only had affected sisters (Appendix Families 3.01, 3.26, 3.27, 3.31, 3.44). Apart from 

Family 3.02 where the affected mother I:2 had PACG and transmitted this to two of her sons, 

there were no other families where mitochondrial inheritance was highly suggestive. Therefore, 

autosomal dominant inheritance was used for parametric linkage analysis.    

 

3.2.7.2 Binary trait linkage analysis 

Similar to the previous section, unknown and unaffected individuals were given an affection 

status of ‘0’ if their angle-closure status could not be confirmed, or if they had clearly open 

angles respectively. The same statistical assumptions as those for Family A were used:  a rare 

disease allele frequency (0.001), and an autosomal dominant mode of inheritance with a low 
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phenocopy rate (0.01, 0.9, 0.9). Using these parametric analysis settings, no linkage was 

detected when all families were combined. The maximum LOD score was only 1.1 for Family 

3.28 shown in Appendix III. For chromosome X, the MINX software pre-compiled in MERLIN 

was used. No suggestive or significant areas of linkage were found. Lack of any evidence of 

linkage confirmed the heterogeneity of the disease that would require other methods of 

analysis. 

 

3.2.7.3 Quantitative trait linkage analysis  

In order to maximize the clinical data, and use the genotyping data more efficiently from the 

less informative families: for example, where only the proband was affected, but clinical and 

genotyping data was available for more family members, a quantitative trait approach was 

taken. The data formatting was similar, but instead of affection status, the quantitative trait 

values were substituted by using a programming script. The method of QTL linkage 

implemented in MERLIN is the Haseman-Elston (1972) procedure305 where the squared trait 

differences for sib-pairs were regressed on IBD allele sharing. Areas of positive QTL linkage 

demonstrated more sib-pair allele sharing and smaller squared trait differences. A total of 63 

families were analysed in this manner. A summary of the relative pair counts generated by 

PedStats in MERLIN is shown in Table 3.2.9, this included 62 affected sib pairs and 67 affected 

parent-child pairs. Figure 3.2.7 shows a summary of the family structures based on the 

pedigree files, the average size was 7.25 individuals (3 to 23), across 2.65 generations.  

 

Figures 3.2.8 to 3.2.10 show the results for the most promising QTLs: adjusted ACD, AL, LV and 

iris thickness. Multiple regions of suggestive linkage were identified where LOD scores (also 

known as Z-scores as this is a NPL analysis) were greater than 1.0. However, no statistically 

significant or definite regions of linkage were found, where the LOD score was greater than 3.6 

(see section 1.7.3.3). For age- and sex-adjusted ACD, two regions on chromosome 2 and 7 

respectively were found to have LOD scores greater than 2.0 (Figure 3.2.8). There were three 

regions of suggestive linkage for sex-adjusted AL, two on chromosome 10 and one on 

chromosome 13 (Figure 3.2.9). The former locus at the start of chromosome 10 lies in the 

same position as the susceptibility haplotype identified for Family A in the previous chapter. 

This same region gave a LOD score of 1.2 for iris thickness. The second peak on chromosome 

10 at 100cM was also present for lens vault, shown in the same figure (blue asterisks). The 

third peak on chromosome 13 at 80cM corresponds to another peak for iris thickness, shown in 

Figure 3.2.10. For lens vault, it was interesting to note that the peak LOD score of 1.7 was at 

the start of chromosome 13, which corresponds to the region the SPATA13 variant identified in 

Family A. A summary of the quantitative traits considered is shown in Table 3.2.10. There was 

some evidence of QTL linkage to the candidate gene regions presented in Family A.   
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Figure 3.2.5. GRR software to visualize relationships between individuals by amount of IBS 

sharing.  

 

Two pairs of twins (sharing IBS of around 2.0) were included in our study. Majority of first 

degree relatives (sib-pairs and parent-offspring pairs) shared an average of 1.5 alleles IBS. The 

unrelated individuals were important to note for the case control study described in the next 

section. 

 

 

Figure 3.2.6. Automated call-clustering with Bead Studio.  
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Table 3.2.9 Summary of affection status and relationship pairs in QTL dataset. 

 

 

Figure 3.2.7 Summary statistics of pedigrees used for QTL linkage.  

  

 Sib-pairs Half-sibs Cousins Parent-

child 

Grandparent Avuncular 

Condition       

Unaffected 31 0 28 74 19 19 

Discordant 57 3 40 132 27 98 

Affected 62 2 3 67 3 29 
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Figure 3.2.8 Genome-wide linkage results of ACD. 

 

 

Figure 3.2.9 Genome-wide linkage results of axial length and lens vault. 
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Figure 3.2.10 Genome-wide linkage results of maximum iris thickness. 
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Table 3.2.10 Summary of quantitative trait linkage results where Z-scores > 1.0. 

Note - The marker positions here indicate the approximate location of the peak LOD score.  

 Z-scores Marker 

Distance* 

Other supportive evidence 

Chromosome 1    

     Iris area 1.6 120cM  

     ITmax 1.7 120cM  

     Adjusted ACD  1.2 160cM 

250cM 

 

     ACW 1.2 25cM  

Chromosome 2    

     Iris area 1.3 130cM  

     Adjusted ACD 2.3 30cM  

     ACV 1.5 75cM  

Chromosome 5    

     Iris area 1.1 15cM  

     ITmax  2.4 170cM  

     Adjusted ACD 1.1 150cM  

     ACW 2.4 160cM  

Chromosome 6    

     Iris area 1.4 120cM  

Chromosome 7    

     Adjusted ACD 2.3 100cM  

Chromosome 9    

     LV 1.3 25cM  

Chromosome 10    

     Iris area 1.1 110cM  

     ITmax 1.3 

1.2 

5cM 

120cM 

Same region as Family A 

     Adjusted AL 1.5 
1.7 

5cM 
100cM 

Same region as Family A 

     LV 1.3 100cM  

     ACW 1.2 100cM  

     ACV 1.3 90cM  

Chromosome 12    

     Iris area 1.1 95cM  

     ACV 1.8 130cM  

     Adjusted ACD 1.2 50cM  

Chromosome 13    

     Iris area 1.6 40cM  

     ITmax 1.6 80cM  

     Adjusted AL 1.4 80cM  

     Adjusted ACD 1.7 20cM Similar region as Family A 

     LV 1.7 20cM Similar region as Family A 

(see also Figure 3.2.11) 

     ACW 1.2 70cM  

     ACV 1.7 90cM  

Chromosome 18    

     LV 1.2 40cM  

Chromosome 22    

     ACV 1.1 55cM  
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3.2.8 Discussion 

3.2.8.1 Clinical findings 

When Lowe et al first described a series of families with angle-closure in Australia,34 little was 

known about the natural history of the disease. He noted that the rate of AAC increased as 

ACDs got shallower, but the co-inheritance of PACG in multiple family members was much less 

than angle-closure observed without glaucoma. He proposed a major environmental component 

to the disease mechanism, while emphasizing that familial PACG rare but definitely observed.306 

Subsequent groups, such as Spaeth et al, Tomlinson et al and Sihota et al all reported small 

ocular biometry to be prominent in familial disease.112,119,259 All these reports had low rates of 

AAC, similar to what was found in our study, where AAC was only present in more than one 

individual in five families. Current classifications of PACG no longer differentiate between AAC 

and PACG.  

 

Consistent with what is now known about progression of PACS to PACG, the age effect was 

demonstrable in the families reported in this section. PAC cases were on average eight years 

older than PACS, followed by another 9-year difference between PACG and PAC (Table 3.2.3). 

The female preponderance to angle closure was also more prominent in earlier (PACS) stages 

of the disease. Multiple different genetic factors may influence the 1) ocular biometry, 2) 

mechanism of disease and 3) susceptibility to glaucomatous optic neuropathy. These three key 

components are intricately linked and no single clinical feature or quantitative trait represented 

the whole observed phenotype.  

 

More recently, with better imaging techniques and understanding of mechanisms of angle-

closure, Etter et al demonstrated a 50% rate of plateau iris configuration, in a small collection 

of predominantly white American families.194 We have confirmed that plateau iris in an 

important phenotype and likely to be more prominent than pupil block when angle-closure is 

inherited. This mechanism was also found in half the families reported in this section. It has 

been widely reported that younger patients with angle-closure often have the plateau iris 

phenotype.196,307 Stieger et al reported on 137 Caucasian subjects < 60 years old with recurrent 

symptoms of angle-closure and found the prevalence of PIS to be 47%. They concluded that 

plateau iris is a congenital disorder, rather than pupillary block, which is acquired.308 The 

underlying genetic aetiology and how this anatomical predisposition then increases one’s risk to 

GON is an area that will need further research.  

 

In our study, the prevalence of PACG in non-probands was 4% (14 out of 363). The current 

estimate for PACG in European derived populations is 0.4%.15 Our cohort was therefore 

enriched for more advanced disease, and 25% of the families had a positive family history of 

AAC or PACG. Out of the five families with two individuals with PACG, three of them had non-
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European ancestry. Whether it is an environmental or genetic influence which determines inter-

racial differences in PACG remains to be determined.  

 

3.2.8.2 Genetic analyses 

This section of results has attempted to dissect the molecular mechanisms by combining both 

parametric and non-parametric linkage analysis to comprehensively study the observed clinical 

and imaging features. Family studies of glaucoma genetics represent a very valuable resource 

for gene identification (Table 1.5.1), but in PACG we were limited by the potential multifactorial 

aetiology, high rate of phenocopies, and possible reduced penetrance of any major genetic 

factor involved. This heterogeneity would explain why there were no shared regions observed 

for the parametric binary trait linkage analysis performed on the smaller families when the 

same parameters implemented for Family A were used. Although there was a female 

preponderance of the disease 3 females: 1 male for PACS and 2 females: 1 male for PAC and 

PACG, no linkage was found to chromosome X to suggest a sex-linked genetic aetiology.    

 

The most interesting result in this section was the evidence to support an important locus on 

chromosome 10p14 using a QTL approach for these smaller families. The QTL linkage results 

for adjusted axial length and maximum iris thickness showed Z-scores of 1.2 to 1.5, meaning 

these traits and genotypes were shared in a proportion of the smaller families (Figures 3.2.9 

and 10). This same locus was found in Family A to be associated with shorter AL and the 

plateau iris phenotype (see Table 3.2.10 and Section 3.1.8). In this case, the maximum iris 

thickness was used as a surrogate for the plateau iris phenotype (Table 3.2.7).  

 

A second QTL linkage peak was found at 100 cM of chromosome 10, cytogenetic region 10q23. 

A small positive Z-score of 0.4 was observed here for maximum iris thickness but it continued to 

increase to 1.2 at 120cM (Figure 3.2.10). The earlier peak of 100cM was associated with more 

QTLs, namely adjusted AL, LV, and ACW (Table 3.2.10). In 2003, a genome wide linkage scan 

by Aung et al of two large Chinese families with PACG found a region of significant linkage in 

chromosome 10q11.269 The maximum parametric LOD score of 3.4 at marker D10S220 was 

reported, but this region did not overlap with any of our QTL analyses. 

 

On chromosome 5q33 to 5q35, three regions of linkage for the QTLs ACD, ITmax and ACW 

spread over 20cM were identified (Table 3.2.10). The Z-scores for ITmax and ACW were both 

2.4, which were the highest in this series of results, but would still not be considered to be of 

statistical significance. These candidate regions would need further study by methods such as 

next generation sequencing of the families that contributed most to the QTL Z-scores for each 

trait. At the annual ARVO meeting in 2012, GWAs were presented for both ACD and ACW. With 

1668 Chinese participants from Singapore and 890 from Beijing, China, AS-OCT measurements 
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of ACW were used as QTLs for the GWAS. More than five intragenic regions (chromosomes 

4,5,6,7,9,12,13,19) were identified as potential associations with ACW, with chromosome 

7p14.3 and 12p13.31 (rs2532501) being the most significant.309 However, our QTL analysis of 

ACW did not show linkage to either chromosome 7 or 12. Much larger sample sizes for both the 

familial and GWAS approach are required to elucidate the genetics of ACW determination.   

 

Multiple regions of QTL linkage were observed for ACD in our study (chromosomes 

1,2,5,7,12,13). The maximum Z-scores were 2.3 at chromosome 2p23-2 (30cM) and 

chromosome 7q22 (100cM). The former region includes the CYP1B1 locus, where recessive 

mutations cause primary congenital glaucoma. Chakrabarti et al have found that ancestral 

CYP1B1 haplotypes were involved in a proportion of POAG and PACG cases in India.63 As 

previously mentioned, Vincent et al have also proposed a multi-allelic contribution of CYP1B1 in 

mixed glaucoma phenotypes including PACG.148 However, there have been no studies 

evaluating the contribution of CYP1B1 alleles and haplotypes to ACD as an endophenotype.  

 

The genetics of ocular biometry, in particular ACD and AL, have always been of great interest 

as they are also endophenotypes of myopia. In a twin study, Zhu et al found linkage to 

chromosome 5q with AL at 98cM with a LOD score of 3.40 (P=0.0004).96 We found ACD, ITmax 

and ACW to show some suggestion of QTL linkage to 5q between 150-170cM, but not AL. In an 

isolated Sardinian population, AL was linked to chromosome 2p24 (LOD 2.64) at 41cM and 

chromosome 1p32.2 for ACD (LOD 2.32) at 85cM. None of these regions have been replicated 

in any other populations to date.95  

 

More recently, Fan et al identified a locus on chromosome 1q41 harbouring the zinc-finger 11B 

pseudogene ZC3H11B to show genome-wide association with AL variation (rs4373767, P = 2.69 

x 10-10) in 1,860 Chinese adults, 929 Chinese children, and 2,155 Malay adults.310 The findings 

were replicated in 1,119 highly myopic cases and 5,433 controls. The ZC3H11B gene and two 

neighbouring genes SLC30A10 and LYPLAL1 were all found to be expressed in human neural 

retina, RPE and sclera. This region was not linked to our study of PAC families, where the 

average AL in affected individuals was shorter than the population mean. The genetic 

mechanisms determining shorter ALs (hyperopia) vs longer ALs (myopia) may be different, and 

both are likely to be multifactorial.  

 

A recent large international consortium of 31 cohorts (Consortium of Refractive Error and 

Myopia, CREAM)311 provided support for this by examining 55,177 individuals (42,845 

Caucasians and 12,332 Asians) for two chromosomal regions on 15q14 (rs634990) and 15q25 

(rs8027411), regions previously reported by Solouki et al and Hysi et al respectively.312,313 The 

risk allele on 15q14 was associated with moderate myopia (<-3.0DS) when hyperopia of 
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>+3.0DS was used as the reference group. The SNP on 15q25 did not replicate the original 

association, but harboured an interesting candidate gene RASGRF1, where the knockout mouse 

model had a heavier crystalline lens. This 15q25 region remains a susceptibility locus for myopia 

and refractive error (probably low myopia), but may not act by a mechanism that distinguishes 

hyperopia and moderate myopia like 15q14. Neither of these regions were linked to the traits 

studied in our small PAC families.  

 

The only GWAS study of ACD to date was presented at ARVO 2012 by Vithana et al where three 

well-characterized population based studies: Singapore Malay Eye Study (SiMES), Singapore 

Indian Eye Study (SINDI) and Beijing Eye Study (BES) with a total of 5,308 participants were 

analysed. Two strongly associated intragenic SNPs on chromosome 3q27.1 were identified 

showing P < 5 x 10-7.314 The gene of interest, ABCC5 (rs1401999) was widely expressed and 

regulates cGMP levels in its role as an organic anion pump. They were able to replicate the 

finding in a further cohort of Chinese subjects P < 1 x 10-6 but not in Caucasians. This SNP was 

only marginally associated with PACG in a group of patients. The authors hypothesize that the 

ABCC family of genes may be involved in glaucoma as ABCC4 has previously been found in the 

trabecular meshwork of a rabbit model with pigmentary glaucoma. There are also mouse 

models with mutations in other ABCC genes. Further results from this study are awaited. 

 

In the previous section of results, we reported a SPATA13 deletion on chromosome 13p12 to 

co-segregate plateau iris and short axial length in individuals clearly affected with PAC. The QTL 

analysis for lens vault in this section highlighted a similar region at the start of chromosome 13 

(Figure 3.2.13), although the peak Z-score for LV was approximately 15 cM away from where 

the marker for family A was found. More detailed segregation of the families that linked to this 

region for lens vault (15cM) and ACD (20cM), together with Sanger sequencing of candidate 

genes will be required to elucidate if an anterior segment gene, possibly involved in determining 

the iris-lens-diaphragm position, may be found in these PAC families. The complex phenotype 

seen in family A where some carriers of the p.477_480del variant had myopia and concave 

irides could in part be represented by LV as a QTL. A second QTL linkage peak was observed on 

chromosome 13q (80cM) where the traits AL and ITmax completely overlap (Figure 3.2.13). 

Although this region was not found in the parametric linkage analyses of Family A, it would be 

worthy of further investigation as it combines the key phenotypic traits observed so far at the 

same chromosomal region.  

 

The results from the linkage analyses of these smaller families have once again rejected the 

hypothesis of a single gene locus to be responsible for PAC. Oligogenetic mechanisms remain 

possible, with the candidate traits of ACW and ITmax at chromosome 5q33 to 35 providing the 

highest Z-scores in the QTL analyses.  
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3.2.8.3 Family based screening for PAC 

This study was designed to recruit as many families with angle closure as possible, and in the 

process first degree and more distant relative were clinically screened for PACG. Longer term 

follow-up will be required to determine the incidence of glaucoma in this cohort. Due to the sex 

and phenotypic variation between PACS, PAC and PACG, it would be important to elucidate the 

underlying mechanism(s) by which anterior segment crowding such as plateau iris in PACS can 

influence the development of glaucoma.  

 

A positive family history of angle-closure or glaucoma is often under-reported in the clinical 

setting.133 Our recruitment strategy was biased towards families with a positive family history 

(25%), but nonetheless highlights that familial tendencies in PACG may be just as important as 

POAG. 

 

While we have not been able to identify any causative genes for angle-closure with the use of 

family-based linkage studies so far, the clinical biomarkers of plateau iris and shorter axial 

biometry can already be applied to the clinical setting. The absence of these traits can reassure 

first-degree relatives of affected patients. When more robust molecular markers have been 

identified to be causative or associated with PACG, they can be tested in higher risk families 

such as this cohort. We have developed a useful resource for the study of genetic profiling or 

counselling in the management of PACG in the future.  
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Figure 3.2.11 Chromosome 10 candidate regions. 

 

 

Figure 3.2.12 Chromosome 5 for iris thickness and ACD. 
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Figure 3.2.13 Chromosome 13 candidate regions. 
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SECTION 3 

 

3.3.1 Rationale for a pilot GWAS  

When the idea for this project was first conceived, DNA microarray genotyping chips were not 

yet widely available. The successful discovery of the Complement Factor H gene in age-related 

macular degeneration in just 96 subjects in 2005207,208,315 opened a new approach to the 

traditional epidemiological method of a case-control study. By comparing a group of patients 

with a disease including their “susceptibility gene locus” against a group of control subjects 

without the disease, therefore lacking the “susceptibility gene locus” an association between the 

genetic risk and disease can be made. The term “genome-wide association study” uses markers 

across the human genome, typically 500,000 or more SNPs, and compares very large samples 

of patients in order to identify common disease variants with small to moderate effects. Despite 

our modest budget in completing this family based genetic study of angle-closure, a pilot GWAS 

was designed by genotyping as many unrelated probands (n=104) as we could afford with the 

Cyto12 Illumina DNA genotyping chip (297,344 markers) and compared their genetic 

background against a group of controls available from the British 1958 Birth Cohort (n=2705) 

who were genotyped on the Illumina 1.2M chip. This section was carried out under the 

guidance and assistance of Professor Heather Cordell, Newcastle University, UK. 

 

3.3.2  Participants and clinical findings 

To prevent population stratification and erroneous genetic effects from different ancestry of 

participants, only White British subjects of European ancestry were included for the pilot GWAS. 

Sixty-seven of these were the “singletons” who had attended the family clinic but did not have 

any available family members to participate in the family based linkage studies. Probands from 

the remaining families contributed to the 37 remaining subjects. After excluding the subjects 

who failed genotyping (see below), only 99 cases were included for analysis. There were 36 

APAC, 19 APACG, 38 chronic PACG, 4 chronic PAC, and 2 PACS cases. Table 3.3.1 shows the 

phenotypic characteristics of these 99 participants. These controls from the British 1958 Birth 

Cohort did not have prior ophthalmic examinations to exclude angle-closure but the low 

frequency of angle-closure in the population (0.4%) made it feasible to use unphenotyped 

controls.  

 

3.3.2 Genotyping and quality control checks 

Laboratory experiments for the MEH cases were performed at St. George’s University of London 

and the same quality control checks described in the previous sections: >95% call rates, 

automated call-clustering, and gender checks were performed. The GRR program was used to 

visualize IBS sharing amongst samples and all samples showed 0 IBS, meaning they were all 

unrelated to one another. Five out of 104 subjects were excluded from final analysis due to 
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admixture on ancestry markers (n=3, Figure 3.3.1), low call rate (n=1, 82% call rate) and 

atypical clinical characteristics more akin to secondary angle-closure due to a connective tissue 

disorder (n=1). Atypical cases and other genetic causes for secondary angle-closure glaucoma 

will be reported in section 3.4.  
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Table 3.3.1 Diagnosis and clinical summary of cases from MEH 

 MEH Cases (n=99) 

Age (mean, SD) 66 years (11.5) 

Sex (n, %)  

     Male 28, 28.3% 

     Female 71, 71.7% 

Diagnosis  

PACS (n, %) (2, 2.0%) 

     Chronic 2 

PAC (n, %) (40, 40.4%) 

     Acute 36 

     Chronic 4 

PACG (n, %) (57, 57.6%) 

     Acute 19 

     Chronic 38 

Quantitative traits (mean, SD) OD OS 

IOP in mmHg 30.5 (15.9)  31.8 (16.4) 

ACD in mm 2.50 (0.27) 2.51 (0.29) 

AL in mm 22.05 (0.87) 22.03 (0.82) 

SE in dioptres +1.75 (2.30) +1.20 (1.97) 

MD in decibels -4.70 (7.16)  -6.24 (7.74) 
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Figure 3.3.1. Multidimensional scaling to check ancestry against HapMap clusters: top left (CEU, 

Caucasian), right (YRI, African), left (JPT/CHB, Asian). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Majority of our samples (in red) clustered around the CEU genotypes, except from 3 outliers 

who were excluded from analysis. They were self-reported Caucasians but may have had some 

admixture in their ancestry.  
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Figure 3.3.2. Manhattan plot for angle-closure. It shows a SNP on chromosome 4 to have -

Log(P) value of 5.36. Each autosomal chromosome (1-22) is shown in a different colour across 

the x-axis. 

 

 

Figure 3.3.3. The Q-Q plot showing observed and expected SNP genotypes between angle-

closure cases and 1958 birth cohort controls.  

 

There was minimal deviation of the solid line X=Y, suggesting that genotypes obtained from the 

MEH cases were suitable for analysis against the 1958 BBC controls. However, there was no 

upwards curve at the end of the Q-Q plot observed, suggesting none of the SNPs demonstrated 

highly significant associations.  
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Figure 3.3.4. Potential candidate regions of genome-wide significance in this exploratory study. 

Seven chromosomal regions were identified to have –Log(P) values of 4.29 to 5.36. None of 

these were statistically significant after correcting for multiple testing. A significant P-value of 

4.2 x 10-7 or -Log(P) of 6.5 following Bonferroni correction would be required for statistical 

significance. 
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3.3.4 Results of PLINK association analysis 

The software PLINK was used to compare 117,963 SNPs from the Cyto12 Illumina chip used for 

the MEH cases that overlapped with the Illumina 1.2M chip used for the 1958 BBC controls. The 

analysis was based on a chi-squared comparison between the observed and expected 

genotypes from the cases and controls. Figure 3.3.2 shows the -log(P)-plot of our pilot GWAS of 

angle-closure cases. No regions reached statistical significance on a genome wide level, which is 

generally considered to be a P-value of less than 1x10-8. After adjusting for multiple testing 

(117,963 SNPs), the expected P-value for significance in our data set would be 4.2x10-7 but this 

level of significance was not observed in our dataset. The most significant SNP only showed a 

P-value of 4.37x10-6.  

 

The Q-Q plot (Figure 3.3.3) was generated to search for evidence of systematic bias such as 

unrecognised population structure, genotyping artifacts and analytical approach. It 

characterizes the extent to which the observed distribution of the test statistic follows the 

expected (null) distribution. Our data showed reasonable association of X=Y of the genotypes 

between the MEH cases and 1958 BBC controls. The most significant SNPs with the lowest P-

values were annotated with the WGAViewer software316 (Figure 3.3.4). It remains possible that 

true genetic associations were present for common SNPs and angle-closure in the MEH cases 

but were not identified because of: (1) a small effect size of the associated SNP, such that a 

much larger sample size is required; (2) the associated SNP may not have been present on our 

genotyping of 117,963 SNPs so more markers may be required. 

 

3.3.5 Collaborative work with international angle-closure consortium 

During the course of this work, we were approached by a larger international angle-closure 

consortium based in Singapore to add the MEH case samples into a replication study, where a 

number of significant associations (combined P-values less than 1x10-9) were found in 1,854 

PACG cases across Asia, compared to 9,608 controls from five centres (Stage 1). In the 

replication analysis, a further 1,917 cases and 8,943 controls from a further six centres, 

including our samples from MEH, was performed (Stage 2).290 Details presented in the 

subsequent sections will include some results from the collaboration led by Professor Tin Aung’s 

team in Singapore. 

 

3.3.5.1 Sample collection 

Only more advanced cases of acute PAC/PACG or chronic PACG were recruited from MEH and 

the samples were sent to the Genome Institute of Singapore for genotyping: 47 APAC, 26 

APACG and 59 PACG (total n=132). These cases included the 36 APAC, 19 APACG and 38 PACG 

(total n=93) that were analysed in the pilot GWAS reported in the previous sections of this 

chapter. The controls comprised of 4,703 healthy individuals of UK European descent, recruited 
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and genotyped by the Wellcome Trust Case-Control Consortium 2. Our sample collection 

represented the UK cohort presented in the publication.290  

 

3.3.5.2 Association of three novel susceptibility loci for PACG 

Genotyping of the discovery cases (Stage 1) was done on the Illumina 610K Quad Beadchips, 

whereas the MEH cases (part of Stage 2) was performed using the Sequenom MassArray 

platform. With the use of different genotyping platforms for cases and controls, as well as 

between the cases from the two stages of the GWAS, stringent quality control filters were 

implemented, followed by adjustments for genetic stratification was performed for the discovery 

cases (Stage 1). Only 15 SNPs were brought forward to Stage 2 for replication analysis. The 

association test performed examined PACG disease status using a 1-degree of freedom (d.f.) 

score-based test using logistic regression fitted for genotype trends. The threshold for genome-

wide significance was set at P < 5 x 10-8.  Three sequence variants were clearly identified as 

candidate susceptibility genes for PACG: PLEKHA7 on chromosome 11, COL11A1 on 

chromosome 1 and an intragenic region between PCMTD1 and ST 18 on chromosome 8.  

 

Table 3.3.2 summarizes the location of the top 8 hits from our pilot GWAS and a comparison of 

the three novel loci reported by the international consortium. Previously published candidate 

gene studies in PACG have also been summarized on the same table. Interestingly, the fourth 

SNP identified by the international consortium, rs3788317, was in the region of one of our top 

hits on the pilot GWAS. The gene of interest, TXNRD2 encodes of a mitochondrial enzyme, 

thioredoxin reductase 2.  
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Table 3.3.2. Candidate loci identified by our exploratory GWAS (8 locations, shown in bold) compared to previously published candidate regions in 

chromosomal order.  

Cytogenetic 

region 

Position P-value Candidate genes  Putative gene function References 

1p36   MTHFR Methylentetrahydrofolate reductase is an NADPH 

dependent enzyme which produces the co-substrate 5-
methyltetrahydrofolate for homocysteine remethylation 

to methionine 

Michael et al  

1p21 103,379,418 - COL11A1 at 3753841 

(P-value 9.22 x 10-10) 
Encodes for one of the two alpha chains of type XI 

collagen  

Vithana et al  

2q32   CALCRL Calcitonin receptor-like receptors are widely found in 
the body, inducing vasodilation in the presence of 

adrenomedullin  

Cao et al 
Awadalla et al 

4p15 25,690,944 4.37 x10-6 - - - 

6p22 16,287,092 2.04 x10-5 - - - 

6q26 163,764,382 4.37 x10-5 - - - 

8p23 8,471,286 4.07 x10-5 - - - 

8q11 52,887,041 - Between PCMTD1 & ST18 at 
rs1015213 

(P-value 3.29 x 10-9) 

The function of PCMTD1 is largely unknown, whereas 
ST18  is a zinc finger protein (aka ZNF387 or KIAA0535) 

which inhibits colony formation in cultured breast 
cancer cells  

Vithana et al 

7q21   HGF Hepatocyte growth factor is involved in cell signalling 

through its receptor c-MET, a proto-oncogene.  

Veerappan et al  

Awadalla et al  

9q32 116,291,173 2.63 x10-5 - - - 

10q26 128,960,303 5.75 x10-5 - - - 

11p15   NNO1 locus Nanophthalmos, causative gene unknown Othman et al  

11p15 11,878,901 5.13 x10-5 PLEKHA7 at rs11024102 
(P-value 5.33 x 10-12) 

Encodes for a protein important for the maintenance 
and stability of adnerens junctions. These junctions 

maintain tissue homeostasis in epithelial and endothelial 

cells  

Vithana et al  

11q23   MFRP (NNO2 locus) Membrane frizzled related protein is specifically 

expressed in the RPE and ciliary body, thought to 

modulate ocular growth 

Sundin et al  
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20q13   MMP-9 Matrix metallopeptidase 9 breaks down extracellular 

matrix, and degrades type IV and V collagens. It also 
has a role in tumour-associated tissue remodelling.  

Wang et al  

Awadalla et al  
Cong et al 

22q11 15,909,814 4.27 x10-5 TXNRD2 at rs3788317  

(P-value 1.73 x 10-7) 

Encodes a mitochondrial enzyme thioredoxin reductase 

2 that maintains thioredoxin in a reduced state, 
implicated in the defences against oxidative stress.  

Vithana et al 

Two of our regions on the pilot GWAS overlapped with the findings of the international angle-consortium based in Singapore, shown in rows coloured grey.  



Chapter 3.3 Results – Pilot GWAS 

 

173 

3.3.6 Discussion 

Out of the eight candidate loci identified in our exploratory case-control study using only 

117,963 markers, two of them proved to be in regions later confirmed by the international 

consortium to be of genome wide significance. The first was the gene PLEKHA7, which had the 

smallest P-value (5.33 x 10-12) in the large scale GWAS. This gene lies close to the NNO1 locus 

linked to extreme nanophthalmos where axial lengths of less than 19mm and refractive errors 

of more than +7DS were observed79 but the GWAS could not demonstrate an effect of 

PLEKHA7 on axial biometry or nanophthalmos. However, it does suggest that physiological 

mechanisms that maintain homeostasis in epithelial and endothelial tissues can alter the 

susceptibility to AAC and PACG, i.e. more advanced stages of the disease. This is likely to be an 

additional factor to the familial tendencies, or areas of linkage that we observed in the previous 

sections. None of the regions presented in Table 3.3.2 were consistent with the linkage results 

that have been presented so far.  

 

The second region that overlapped between our exploratory case-control and the GWAS was 

the fourth most significant locus in Vithana et al’s paper: TXNRD2. Tissue expression studies 

and the relationship between this gene and its potential contribution to AAC or glaucoma have 

not yet been studied. The enzyme thioredoxin reductase (TR) is a dimeric NADPH-dependent 

FAD containing enzyme that catalyses the reduction of the active site of disulphide of 

thioredoxin and other substrates. It is a member of a family of pyridine nucleotide-disulphide 

oxidoreductases and a key enzyme in the regulation of the intracellular redox environment both 

in the cytosol and mitochondria.317 This gene partially overlaps with the COMT gene on 

chromosome 22. The COMT gene encodes for catechol-O-methyltransferase (COMT) which 

catalyses the transfer of a methyl group from S-adenosylmethionine to catehcholamines, 

including the neurotransmitters dopamine, epinephrine and norepinephrine. Oestrogens such as 

17β-oestradiol, catabolized in hydroxylation reactions, are inactivated by methylation, a process 

catalysed by COMT.318  

 

The CYP1B1 metabolic pathway and COMT pathway are both important players in oestradiol 

metabolism. There is increasing evidence that the inheritance of particular variants in these 

oestrogen-metabolizing genes can modulate the risk of hormone dependent disorders such as 

prostate, ovarian, lung and breast cancer.318 There were 71 females compared to 28 males (2.5 

to 1) in our exploratory case-control study. The relationship between these genes and the 

female preponderance to PACG is an area in need of future studies.    

 

3.3.6.1 Previous case-control studies 

Prior to the GWAS reported by Vithana et al, all previous case-control studies investigating 

candidate genes for PACG had limited sample sizes. In 2006, Wang et al found a single 
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nucleotide polymorphism (SNP) rs2664538 in the MMP9 gene to be associated with AAC in 

Taiwanese Chinese (n=78 cases compared to n=86 controls)287 but this failed to be replicated 

in a Singaporean Chinese group of AAC/ PACG subjects (n=217; 85 acute and 132 chronic 

PACG).319 Cong et al studied 211 Southern Chinese patients with PACG but did not find rs17576 

to be associated with PACG.320 There has only been one study of PACG in Caucasians, 

performed in Australia, which found that out of 107 patients and 288 controls, the SNPs 

rs3918249 and rs17576 were significantly associated with PACG.321  

 

Following identification of a transgenic mouse model that overexpressed an adrenomedullin 

receptor to reflect acute angle-closure glaucoma,322 Cao et al investigated the corresponding 

receptor gene (CALCRL) in 207 individuals with acute and chronic PACG, compared to 205 

ethnically matched Southern Chinese controls. They found a nominal association between 

rs1157699 and the haplotype TCT in acute PACG but not for chronic PACG.243 Awadalla et al 

found a different haplotype to be associated with PACG but did not investigate the acute and 

chronic PACG cases separately.323 In the mouse model, calcitonin receptor-like receptor (CLR) 

transgenic mice between 1 to 3 months of age developed acute and transiently elevated IOP 

characteristic of AAC in humans. Endogenous adrenomedullin of the iris ciliary body origin 

causes pupillary palsy and angle closure in these mice that overexpress adrenomedullin 

receptors in the pupillary sphincter muscle. These studies suggest that the iris tissue is closely 

involved in the pathogenesis of some cases of angle-closure.  

 

Together with physiological responses, pharmacological response of pupillary dilation can also 

have an effect on iris and anterior chamber crowding. The pupil dilation response to topical 

cholinergic antagonist tropicamide is influenced by the carrier status of the ApoE4 allele.324,325 

This risk allele is most commonly associated with late-onset Alzheimer’s disease. It has been 

found to be a latent risk factor for the development of PACG in Chinese subjects,326 but not in 

people from Saudi Arabia.327  

 

In an investigation into hyperopia, a small case control study of the hepatocyte growth factor 

(HGF) gene found the SNPs rs12536657 and rs 5745718 to be associated with hyperopia of 

>+2.00DS.328 Awadalla et al found the same gene to be associated with PACG in a Nepalese 

population.288 A small case-control study (n=108 cases, 93 controls) of CHX10 and MFRP, 

homeobox genes known to be associated with smaller ocular dimensions, found no association 

to PACG subjects with ALs measuring 22.5mm or less.329  

 

There has been a lot of interest in plasma homocysteine levels, and the heterozygous 

methylentetrahydrofolate reductase (MTHFR) C677T variant in the pathogenesis of GON in 

various glaucoma subgroups including POAG, PXG, PDG, NPG, and PACG. Significant variation 
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has been observed between ethnic groups.323 The polymorphism and moderate elevation of 

plasma homocysteine is thought to induce vascular injury, alter extracellular matrix remodelling, 

and cause neuronal cell death.330 For PACG, Awadalla et al did not find any association between 

MTHFR variants in Caucasians and Nepalese,323 although Michael et al reported an association 

between the C677T variant and Pakistani cases of PACG, and not POAG.331  

 

None of the previous case-control studies described above were of sufficient sample sizes to 

determine an effect of genome wide significance, thereby explaining the conflicting results 

obtained. Larger scale studies and meta-analyses will be required in the future to confirm their 

significance.  
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 SECTION 4 

A number of families with atypical features of angle-closure will be discussed in this results 

section. They illustrate the genetic heterogeneity and phenotypic heterogeneity even when 

known causative genes are involved.  

 

3.4.1 Proband 1: The youngest reported case of acute angle-closure 

Clinical history 

The youngest case we came across who presented with AAC was induced by pharmacological 

pupil dilation in a 3-year-old child of African origin.332 She was born at 36 weeks gestation and 

was under investigation for possible cardio-faciocutaneous (CFC) syndrome, manifesting as 

cardiac defects, developmental delay, mild dysmorphism, bilateral ptosis, sparse hair, and dry 

skin. She was referred at age two to her local hospital for investigation of amblyopia. Her best-

corrected visual acuity was 6/12 and 6/9 OD and OS respectively. At her last outpatient visit, 

her pupils were dilated with 2.5% phenylephrine and 1% cyclopentolate, twice to each eye. Her 

refraction was +6.50/-1.00x30 OD and +5.00DS OS. Four days later, she presented with a two-

day history of bilateral red eyes and vomiting for one day. Both corneas were oedematous, with 

shallow anterior chambers on slit-lamp biomicroscopy. Her pupils were fixed and mid-dilated 

with IOPs of 50mmHg bilaterally on Perkin’s tonometry. She was managed at her local hospital 

with intravenous acetazolamide, topical hypotensive agents, including pilocarpine and steroids. 

After 24 hours, her right cornea had cleared, the pupil was reactive and the IOP was 15mmHg 

(Figure 3.4.1). After a further 24 hours, both eyes had normal IOPs on maximal medical 

treatment with no relative afferent pupillary defects. Her ACDs were very shallow at 2.39mm 

OD and 2.59mm OS (age specific normal range: 3.25-3.54mm)333 with short ALs of 19.9mm OD 

and 19.8mm OS (age specific normal range: 20.12-20.54mm).334  

 

Upon referral to our centre, she was examined by non-contact AS-OCT, which showed angle-

closure in both eyes. Examination under anaesthesia with gonioscopy and UBM showed convex 

anterior iris insertions, anteriorly positioned ciliary bodies, and no secondary causes of angle-

closure (Figure 3.4.2). Bilateral surgical iridectomies were carried out electively. Post-operative 

AS-OCT imaging showed flattening of the iris plane indicating that the pupil-block mechanism 

that triggered the acute increase in IOP was eliminated. Subsequent pupil dilation showed no 

tendency towards an IOP rise or pupil-block on AS-OCT. This child’s IOPs are now 10mmHg 

without medication. Her optic nerve examinations showed cup:disc ratios of 0.3 with no 

glaucomatous features. 

 

Genetic analyses 

Given the syndromic features described for this patient, we wanted to investigate if any of the 

genes implicated in CFC syndrome may be related to her presentation of AAC. No previous 
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reports of AAC and CFC were found on literature review, but other ocular signs including ptosis 

and amblyopia have been reported. CFC syndrome is an autosomal dominant condition with 

mutations identified in BRAF, KRAS, MEK1 and MEK2.335,336 Both parents of this case were 

unaffected. A peripheral blood DNA sample from the patient was sent to the National Genetics 

Reference Laboratory (Manchester, UK) to be screened for mutations in the BRAF, KRAS, MEK1 

and MEK2 by bidirectional fluorescent sequencing. Two sequence changes were identified on 

BRAF. c.1517+20T>C (amplifier for exon 12), and c.1518-48C>T (amplifier for exon 13) but 

neither were thought to be pathogenic. No other differences were detected for KRAS, MEK1 and 

MEK2. A second group of genes known to be involved with CFC syndrome, the Noonan 

subgroup, includes PTPN11 which is responsible for 45% of all Noonan cases.337 No mutations 

were detected by dHPLC analysis of exons 2,3,4,7,8,12,13. Costello syndrome, which has 

similar features to CFC syndrome, is another autosomal dominant condition where 82-92% of 

cases are caused by mutations in the HRAS gene.338 Bidirectional fluorescent sequencing was 

performed on the whole coding sequence of HRAS, including the immediate splice donor and 

acceptor sites. No differences were detected.  

 

As candidate screening of causative genes in the CFC and related syndromes found no 

mutations, an additional blood sample was sent to South Thames genetics laboratory for array 

comparative genome hybridization (CGH). This was aimed at excluding microdeletions at a 

chromosomal level giving the patient syndromic features and an extremely early onset of angle-

closure. Array CGH utilizes labelled DNAs with genomic clones of known location applied to 

arrayed/ spotted glass slides. The reference (normal) and test (patient) DNAs are labelled 

differentially with cy3 or cy5. Regions of gain or loss of genomic sequence is seen as a shift in 

the ratio of intensities of the two flurochromes along each chromosome. Once again, no 

abnormalities were detected.   

 

Comment 

In summary, this was a case of AAC precipitated by pharmacologic mydriasis in a 3-year-old 

child. The environmental factor of pharmacological pupil dilation was probably the main trigger 

for angle-closure in this case, and her ocular susceptibility features included a bulky and 

anteriorly rotated ciliary body, and shorter than average axial biometry. Guided by her clinical 

features of syndromic CFC, genetic investigations targeting known causative genes were 

investigated. When no mutations were identified, a genome wide screen for microdeletions 

using CGH was performed. Both these lines of investigations failed to identify the underlying 

genetic aetiology in this case.  

 



Chapter 3.4 Results – Atypical families 

178 

Figure 3.4.1 Acute angle-closure in a child with cardio-faciocutaneous syndrome.  

 

This photograph was taken 24 hours after intensive medical therapy. The left pupil remained 

dilated, with conjunctival injection in both eyes.  

 

Figure 3.4.2 Pre-operative UBM examination under anaesthesia. 

 

This revealed a bulky ciliary body, which is anteriorly rotated, giving this UBM image a plateau-

like iris configuration. Iris convexity is also present, which contributed to this child’s pupil-block 

angle-closure upon pharmacolotical pupil dilation. The red arrow indicates the scleral spur and 

area where the trabecular meshwork would be found. Iridotrabecular contact and angle-closure 

is demonstrated here. 
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3.4.2 Proband 2: A teenager with angle-closure, whose father had glaucoma 

Clinical history  

A 14-year old boy of Sri Lankan origin, born of a consanguineous marriage (figure 3.4.3), was 

referred to the paediatric glaucoma service at MEH 5 years ago with elevated IOP of 23mmHg 

and 26mmHg in the right and left eyes respectively. He was found to have bilateral lens 

subluxation, some phacodenesis and lax zonules. His best-corrected visual acuity at 

presentation was 6/9 bilaterally, the anterior chamber angle was very shallow, he had clear 

corneas and cup: disc ratios of 0.6 and healthy neural rims. This boy had previously been 

examined by a medical geneticist due to a positive family history of glaucoma and suspected 

Weill-Marchesani syndrome (WMS; MIM277600) in his father. The child was a breech delivery at 

full term, had normal developmental milestones, with no hearing problems, no developmental 

delay, and no abnormal cardiac signs. He suffered from mild asthma. His hands and feet were 

normal, although his toes were slightly short and his joints were slightly hypermobile. Unlike the 

classical WMS cases, this child was tall (75th percentile for his age). His primary medical 

problem was he was severe myopia, diagnosed at age 3 years, and by the time he was 14, his 

refraction was -10.0 DS in the right eye and -12.0 DS in the left eye. Most of this was lenticular 

myopia as his axial biometry was short at 21.7mm in the right eye and 22.0mm in the left eye. 

His anterior chamber depths were 1.7mm in the right and 1.3mm in the left, B-scan 

ultrasonography showed microsperophakia. The lens thickness was 4.35mm in the right eye 

and 4.35mm in the left eye. Gonioscopic examination showed closed angles and PAS in both 

eyes so he underwent bilateral laser PIs soon after presentation. After 4 years of follow-up, he 

was on IOP lowering medications: g. cosopt (timolol 0.5% + dorzolamide 1%) in both eyes, g. 

bimataprost 0.03% in both eyes, and g. homatropine once a night to the right eye. 

Homatropine acts by pushing the iris-lens diaphragm back as there was chronic shallowing of 

the right anterior chamber, and closed angles suspicious of malignant glaucoma. Gonioscopy of 

the right eye showed Shaffer grade 0-1 angles, whereas the left eye angles were Shaffer grade 

2, despite having higher IOP. His highest recorded IOPs were 23mmHg in the right eye and 

30mmHg in the left eye. There was more PAS in the left eye (270 degrees) compared to the 

right (180 degrees).  The AS-OCT images showed slit opening in the temporal quadrant of the 

right eye, and all remaining quadrants in both eyes were closed. Figure 3.4.4 shows a clinical 

photograph of the child and his father. Both are highly myopic as seen by the minimisation of 

the facial rim and left eyes of this photograph behind their glasses. There was no evidence of 

glaucoma damage on visual field examination of the child, and his last visit IOPs were 15mmHg 

in the right eye and 21mmHg in the left eye. 
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Clinical history of the boy’s father 

The child’s father is a patient under MEH and was also receiving medical treatment in Chennai, 

India. He had evidence of lens subluxation, both were subluxed infero-temporally, but his 

angles were open to 30 degrees throughout in both eyes. He had dense iris processes and 

patchy pigmentation on gonioscopy but no evidence of angle-closure. The child’s father had 

classical WMS habitus, with broad feet, short toes and brachydactyly. His height was 172cm 

(25th centile for his age), with hypermobile joints but had no cardiac problems. This gentleman 

was also born of a consanguineous marriage, his parents were first cousins, the family tree is 

shown in figure 3.4.3. The diagnosis of WMS was made in Sri Lanka, he knew of a distant 

cousin (V:6, his second cousin once removed) with WMS, bilateral lens subluxation and 

advanced glaucoma. This gentleman’s eye examination at last follow up was 6/18 in the right 

eye and 6/9 in the left eye. The highest recorded IOPs were only 22mmHg bilaterally but he 

showed significant loss of visual field (figure 3.4.5) with a mean defect of -14.61 dB in the right 

and -14.0dB in the left eye. After a period of topical eye drops with g. lantanoprost 0.005% od, 

g. brinzolamide 1% bd, and g. apraclonidine 1% bd, he underwent bilateral lensectomy, 

vitrectomy and trabeculectomies, in the right eye followed by the left. Both IOL implants 

required transcleral fixation due to dislocation of the capsular bag. Following surgery he no 

longer needed any topical anti-hypertensive medication and maintained IOPss of 14mmHg in 

both eyes. There was low-grade chronic inflammation of the left eye, which required topical 

steroids treatment for over 6 months. The cup: disc ratios are 0.8 in both eyes, and his 

refractive error was corrected from -12.0DS in the right eye (axial length of 23.76mm, lens 

thickness 5.4mm which is thicker than average) and -13.0DS in the left eye (axial length of 

23.61mm, lens thickness 5.62mm) pre-operatively to -0.5DS in both eyes post-operatively. The 

clinical photograph shown in figure 4 was taken after right eye surgery, but before the left eye 

surgery was performed. A table summarizing the phenotypic features of this family, and the 

next two families with connective tissue disorders is presented in table 3.4.1.   
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Figure 3.4.3 Pedigree diagram for the teenager with suspected WMS.  

 

 

The teenage proband (VI:1) is indicated with a filled-in square (male) and a triangular symbol 

indicating he is the index case. His mother (V:4) is second cousin once removed to his father 

(IV:7), and his paternal grandparents (III:2 and III:6) were first cousins. His father has one 

maternal first cousin (IV:9) known to have had cataract surgery at an early age but no medical 

history of WMS or glaucoma. His father’s paternal first cousin (IV:2) has no eye problems, but 

has a daughter who is being treated for glaucoma. Individual V:6, who is second cousin once 

removed to IV:7, also has bilateral subluxed lenses and advanced glaucoma. Due to the 

consanguineous history of the proband’s parents, it is thought that his mother may be a carrier 

of a causative mutation.  
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Figure 3.4.4 High myopia seen in both proband and his father. 

 

 

The index case is shown on the left and his father on the right. Both are wearing glasses to 

correct for high myopia. Concave lenses used for myopia correction make the eyes behind the 

glasses look smaller, and the left facial rim is indented, in both cases, illustrating the 

minimization effect of glasses used for myopia correction. Myopia was diagnosed in the proband 

at the age of 3 years, and his father at the age of 6 years.  

 

 

Figure 3.4.5 Visual field defects of the proband’s father. 

 

Bilateral arcuate scotomas suggestive of glaucomatious optic neuropathy were observed in the 

proband’s father.  

 

  



Chapter 3.4 Results – Atypical families 

183 

Genetic analyses 

Although the glaucoma (or elevated IOP) mechanisms were different in this father and son pair, 

where the son had angle-closure and father had open angle glaucoma, it was thought that the 

primary mechanism for abnormal aqueous regulation was the lens dislocation in both cases. A 

proportion of cases of ectopia lentis have mutations in the fibrillin (FBN1) gene so a DNA 

sample was sent for direct sequencing at the South Thames molecular genetics laboratory. No 

mutations were detected on sequencing of all 65 exons of the gene. Other genetic factors 

known to cause WMS include ADAMTS10 and ADAMTS17, where homozygous mutations cause 

lenticular myopia, glaucoma, spherophakia and short stature.339 Direct sequencing did not 

reveal mutations in ADAMTS10 and ADAMTS17. Due to the highly consanguineous nature of 

this family, another candidate gene ADAMTSL4, found to be the cause of autosomal recessive 

ectopia lentis340 was also sequenced by the Sonalee Laboratory of Marfan Syndrome and 

Related Disorders (St. George’s Medical School, London, UK). Once again, no mutations were 

identified. As the ADAMTS family of genes encode enzymes with many similar proteins, it 

remains possible that a related, but yet unknown gene may be the cause of ectopia lentis and 

associated glaucoma in this consanguineous family. Further research by homozygosity mapping 

is currently being undertaken by some collaborators: Gavin Arno, Aman Chandra and Sahar 

Mansour at UCL Institute of Ophthalmology and St. George’s Medical School.  

 

Comment 

In summary, the teenager described in this family had a secondary (lenticular) cause of angle-

closure. He had no evidence of glaucoma after four years of follow-up as prompt treatment was 

initiated and the mechanisms of angle closure: pupillary block and aqueous misdirection were 

addressed during his clinical management. After treatment was initiated to widen or stabilize 

the anterior chamber angle-width, the main risk of glaucoma developing would be from 

prolonged IOP elevation. Interestingly, his father’s maximum recorded IOP was only 22mmHg 

but bilateral arcuate scotomas consistent with his optic disc morphology were seen. This family 

demonstrates the complex and mixed aetiology of secondary glaucoma. In any individual with 

high myopia and risk of glaucoma (both open and closed angles), a genetic aetiology should 

always be suspected. However, like the earlier case, direct candidate gene screening was not 

able to identify the molecular mechanism in the family.   
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Table 3.4.1 Clinical characteristics of the three families with ectopia lentis. 

 BCVA Refraction IOP ACD AL CDR  VF defect (MD) CCT 

 OD OS OD OS OD OS OD OS OD OS OD OS OD OS OD OS 

Family 2 (Autosomal recessive ectopia lentis, causative gene unknown)   

Proband 2 (VI:1) 6/9 6/9 -10.50 -12.63 23 30 1.7 1.3 21.70 2.00 0.6 0.6 Nil Nil 561 559 

Proband's father (V:1) 6/18 6/12 -13.00 -12.00 22 22 U U 23.76 23.61 0.7 0.6 -14.61 -14.00 529 531 

Family 3 (Autosomal dominant ectopia lentis, FBN1)   

Proband 3 6/4 6/6 -2.75 -2.37 22 44 2.0 2.6* 24.5 24.1 0.2 0.4 Nil Nil 600A 608A 

Proband's sister 6/7.5 6/7.5 +2.50 +2.50 U U 2.15 2.16 U U 0.2 0.3 Nil Nil 520A 521A 

Proband's son 6/4 6/4 Plano Plano 18 18 3.12 3.10 24.4 24.3 0.3 0.3 Nil Nil 560A 562A 

Family 4 (Autosomal dominant ectopia lentis, FBN1)            

Proband 4 6/12 6/18 U U 12 22 U 2.10 23.10 22.80 0.3 0.3 Nil Nil U U 

Proband's mother 3/60 6/6 +4.87† +5.00† 19 18 5.94† 5.64† 28.89 28.50 0.0 0.1 Toxo† Nil 646 635 

Proband's daughter 6/12 6/9 -12.00 -12.00 18 18 4.36 5.56† 23.78 23.97 0.3 0.2 Nil Nil 658 643 

 

BCVA = best-corrected visual acuity; U= unknown; IOP here represents the highest recorded IOP; Where there were visual field defects, the numeric value 

represents the mean deviation (MD); CCT measurements were done by ultrasound pachymetry or AS-OCT, indicated by A. AS-OCT readings of CCT are usually 

lower that for ultrasound pachymetry. * this reading was taken after trabeculectomy; † this symbol indicates the aphakic eyes. In proband 4’s mother, a large 

right macular scar that may be secondary to toxoplasmosis (Toxo†) was seen, explaining the poor visual acuity in her right eye (see figure 3.4.7).  
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3.4.3 Two families with FBN1 mutations 

The last family introduced the idea that connective tissue disorders (CTD), which have 

numerous causative genes, can be an underlying reason for the development of secondary 

angle-closure, and glaucomatous visual loss.  

 

3.4.3.1 Proband 3: AAC and an family history of early knee replacements 

Clinical history 

A 53-year-old white British businessman presented to MEH with a 24-hour history of blurred 

vision in his left eye, associated with redness and pain. His visual acuities were 6/6 and 6/18 at 

presentation OD/ OS. His opticians recorded a refractive error of  -1.50 / +1.75 x 65 OD and -

2.25/ -1.00 x 50 OS, with intraocular pressures of 14mmHg and 38mmHg OD/ OS. He was 

found to have shallow anterior chamber angles, and closed angles on gonioscopy so g. 

levobunolol 0.25% bd, pilocarpine 2% qds and oral acetazolamide was started. The next day, 

his IOPs were 18mmHg and 4mmHg OD/ OS. When he attended for a follow-up visit a week 

later, bilateral prophylactic laser iridotomies were performed. Post-iridotomy, the IOP in his left 

eye remained high at 13mmHg OD and 44mmHg OS. Left eye iridoplasty (ALPI) was applied 3 

weeks after his bilateral PIs. The patient was started on g. lantanoprost 0.005% and g. 

apraclonidine 1% drops after ALPI. A trabeculectomy was scheduled 3 months later due to 

persistent poor IOP control in the left eye. Mitomycin-C augmented trabeculectomy was 

performed, and a gradual decrease in IOP from 44 to 24 to 17 mmHg over a period of 6 weeks, 

aided by bleb massage at three consecutive visits. He was maintained on topical steroids six 

months after trabeculectomy and his final IOPs after 5 years of follow up was 14mmHg in the 

right eye and 15mmHg in the left eye, both without any topical anti-hypertensive medications. 

There remains gonioscopic evidence of angle-closure (OS>OD) in both eyes, with significant 

PAS formation OS. After the initial episode settled, his refractive error (auto-refraction) was 

recorded as -3.00 OD and -1.75/ +1.75 x 35 OS. The patient was aware of the change in 

refractive error during the acute episode. This suggests a lenticular aetiology, although no 

phacodenesis or ectopia lentis was observed on slit-lamp examinations. The patient’s axial 

biometry showed normal dimensions at 24.5mm and 24.1mm for axial length OD/ OS, but his 

anterior chamber depths were 2.6 and 2.0 mm OD/ OS. The AS-OCT images are presented in 

figure 3.4.6. As a result of the prompt and effective treatment, his cup: disc ratios remain 

unchanged at 0.2 and 0.4 OD/ OS, with no evidence of visual field defects over the follow-up 

period of 5 years so far. 

 

There was no family history of glaucoma for this patient but his mother, brother and sister have 

all had retinal detachments (a known feature of Marfan syndrome). His siblings both had hip 

replacements in their sixties. The index case was assessed by a cardiologist for mitral valve 

prolapse, and dilation of the aortic root in the sinuses of Valsalva (>3.8cm), which are the 
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hallmarks of Marfan syndrome. None of these cardiac features were present.  

 

Genetic analyses 

Given the family history of joint problems and retinal detachments, direct sequencing of the 

FBN1 gene was performed by the Sonalee Laboratory of Marfan Syndrome and Related 

Disorders (St. George’s Medical School, London, UK). A heterozygote substitution of nucleotide 

3422 from C to T in exon 27 was identified. This sequence change substitutes leucine (L) for a 

proline (P) at codon 1141 in the domain cbEGF-like #13 of the fibrillin-1 protein. It has been 

previously reported in a patient with apparently classic Marfan syndrome,341 but shown more 

recently to be a single nucleotide polymorphism. [EVS, entry 18/3/13 and on www.umd.be, a 

FBN1 mutation and polymorphism database.] The variant affects one of the amino acids whose 

role in the cbEGF-like domain is not clear yet, and the extent of the putative damage (if any) 

caused by the change cannot be established. This sequence change was confirmed in a second 

DNA sample from the patient, but genetic test results were not available for other family 

members. There is a strong phenotype-genotype correlation of FBN1 and cardiac signs, with 

mutations more likely to be located in exons 24 to 32.342 It is possible that this SNP is 

associated with isolated ocular signs such as lens related angle-closure as described in the 

proband.   

 

Comment 

In this family, the proband’s clinically unaffected sister had physiological pupillary-block and 

shallow anterior chambers. It remains possible that an exaggerated physiological response to 

external stimuli such as stress or ingestion of pharmacological agents that could trigger AAC, 

and cause her to have an episode of AAC like her brother. Similar to the index cases of the 

previous two families described, prompt and effective treatment prevented significant glaucoma 

in the proband in this family.  

  

http://www.umd.be/
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Figure 3.4.6 Anterior segment OCT imaging of family 3. 

(A) The 53-year old male index case, (B) his 65-year old sister with narrow but open angles, (C) 

his 18-year old son with normal anterior chambers and open drainage channels. The right eye 

of each subject is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image A of the index case was taken three years after laser iridotomy. Pupil-block had been 

eliminated, shown by the flat iris plane observed. In his older sister, image B, physiological 

pupil block illustrated by the convexity of the iris is seen. Although her angles were narrow, 

there was no contact between the iris and the scleral spur (red arrow) and she had no evidence 

of angle-closure on gonioscopy. His son, image C, had a completely normal ocular examination. 
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3.4.3.2 Proband 4: AAC and a family history of dislocated lenses 

Clinical history  

A 44-year old lady presented to casualty with blurred vision and recurrent pain in the left eye at 

night. The pain would typically start at 6pm and last until she fell asleep. Her visual acuity was 

6/18 in the left eye, with anterior dislocation of her crystalline lens, resulting in shallow ACDs of 

2.1mm centrally. Her IOPs were 22mmHg in the left and 12mmHg in the right. Nine years 

before this presentation she had an episode of gradual decline in her visual acuity and her 

optician noted her right lens to be inferiorly dislocated. The right eye was treated with 

vitreolensectomy and placement of an anterior chamber IOL without complication. No angle-

closure was detected in her right eye when she presented with problems with her left. She was 

treated with g. pilocarpine in the left eye followed by a peripheral laser PI. Patency was 

achieved but no gush of aqueous occurred. Thirty minutes later her eye pain recurred and the 

intraocular pressure was found to be 60mmHg. At this point acetozolamine was administered 

and pupil dilation with g. atropine 1% was given to the left eye. Her IOP stabilized to 18mmHg 

after another half an hour even though her anterior chamber remained shallow (Figure 3.4.7 

D). The treatment response suggests that aqueous misdirection had occurred. She then 

underwent left lensectomy and anterior chamber IOL placement without complication. At 2 year 

follow up her IOPs were 13mmHg in the right and 15mmHg in the left without topical 

medication. Dilated fundal examination showed cup disc ratios of 0.3 in both eyes with no 

evidence of glaucomatous visual loss. With regard to Marfan related signs and symptoms, there 

was no arachnodactyly or increased arm span. Her aortic root was enlarged (4.2cm) and she 

takes propranolol 40mg tds for this. 

  

Both her mother and daughter were known to have ectopia lentis, her mother’s lenses had 

completely dislocated in both eyes and was aphakic. Her fundus photographs are shown in 

figure 3.4.7 (A and B). The proband’s mother was highly myopic (average AL = 28.7mm), with 

marked peripapillary atrophy consistent with a myopic fundus. With +4.00DS distance 

correction, her visual acuity was 6/6 in the left eye. The right eye had peripheral scarring 

consistent with toxoplasmosis choroidopathy.  

 

At the time when the proband had her right lens dislocation, her daughter was examined and 

found to have bilateral superonasal lens subluxation at the age of 5 years. The left eye 

underwent vitreolensectomy and was left aphakic. The right lens subluxed further such that it 

was beyond her visual axis (figure 3.4.7 E). Contact lens correction achieved visual acuities of 

6/6 and 6/5 respectively. Both anterior chambers were deep and she had normal IOPs. 

Biometric features of the proband and her family members are shown in table 3.4.1.  
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Genetic analyses 

With such a strong family history, genetic testing was performed for the proband’s daughter 

when she was five, as it was most important to characterize the molecular defect, and examine 

the child for systemic features of Marfan syndrome requiring treatment. Genetic testing was 

performed at the North West Thames Genetics service using SSCA analysis followed by direct 

sequencing of the FBN1 gene. A heterozygote substitution of nucleotide 4096 from G to A in 

exon 33 was identified. This mutation substitutes glutamic acid (E) for a lysine (K) at codon 

1366 of the fibrillin-1 protein. It was a novel mutation at the time of identification, found to 

disrupt the conserved amino acid sequence. Like the previous family, this mutation was found 

in a cbEGF-like domain #19 of the fibrillin-1 protein. The proband was confirmed to be a carrier 

of the same mutation. This mutation has been reported in one other case of ectopia lentis with 

no cardiac manifestations of Marfan syndrome.343  

 

Comment 

Marfan syndrome (MFS) is an autosomal dominantly inherited connective tissue disorder, but 

about one third of patients have neither parents affected and represent de novo mutations from 

either parent.344 A causative mutation can occur anywhere in the 65 exons of the FBN1 gene, 

which encodes the microfibrillar protein fibrillin-1. MFS is the most serious condition in the 

spectrum of MFS related disorders, including MASS phenotype, ectopia lentis, and some cases 

of thoracic aortic aneurysm. The most common ocular manifestation is ectopia lentis, which is 

present in 54% of patients with Marfan syndrome.342 Early detection in childhood cases is 

critical. Had the lens subluxation not been detected in the proband’s daughter, she could have 

had a very poor visual outcome due to the onset of amblyopia. Like all the previous cases 

described so far, early treatment to manage the lens dislocation and secondary angle-closure 

are critical to the prevention of glaucomatous optic neuropathy.  
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Figure 3.4.7 Colour photographs of family 4. 

 

Photographs A+B represent the proband’s mother, C+D the proband, and E+F the proband’s 

daughter, their right and left eyes respectively in each row. Lens subluxation was observed in 

all 3 generations although the proband was the only one who presented with angle closure.  
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3.4.4 Angle-closure glaucoma and bestrophinopathies 

The next three families were joint patients of the glaucoma and medical retinal service at MEH. 

Best disease (OMIM#153700) is an autosomal dominant macular dystrophy characterised by 

vitelliform macular lesions (egg yolk appearance), a normal electroretiongram (ERG) and loss of 

the electo-oculogram (EOG) light-rise. The molecular cause of Best disease was first linked to 

BEST1 (VMD2) in 1998.345 In 2008, colleagues at our hospital and Manchester Eye Hospital 

described a new phenotype related to BEST1 mutations.346 They discovered that when both 

alleles of the BEST1 gene carry mutations, the null phenotype, called autosomal recessive 

bestrophinopathy (ARB) is observed. This includes central visual disturbance with widespread 

photoreceptor cell death, characterised by irregular, small pale subretinal deposits on fundal 

examination. Typical features were seen on autofluorescence imaging (Figure 3.4.12). Up to 

50% of ARB patients also suffered from ACG. 

 

3.4.4.1 Family 5: “Classical” Dominant Best disease 

Clinical history 

A 42-year-old white female (II:4) with bilateral macular scarring characteristic of Best disease 

was seen with her three older siblings in clinic. The family was of white English ancestry with no 

history of consanguinity (Figure 3.4.10). Both parents were deceased, and the only available 

family history was “poor sight” in the paternal grandmother. Two of the index patient’s siblings 

(II:1 and II:3) had clinical evidence of Best disease. The older affected sister, II:1 (Figure 3.4.9 

A) had asymmetrical disease, with a normal left fundus appearance and macular scarring of the 

right eye only. Their affected brother, II:3 (Figure 3.4.9 B) had bilateral disease, and had 

similar fundal findings as the proband (Figure 3.4.9 C). Their unaffected sister (II:2) had normal 

fundus findings.  

 

A summary of the ocular characteristics is shown in Table 3.4.1. All four siblings had short axial 

biometry, but only the individuals affected with BEST disease were found to be hypermetropic. 

The proband also had evidence of advanced secondary ACG. On AS-OCT examination, all four 

siblings had evidence of pupil-block angle-closure (Figure 3.4.8). This was confirmed on dark-

room gonioscopy where the convex iris configuration and iridotrabecular contact in more than 

180° of the angle-circumference was observed for all four subjects. Both sisters and brother of 

the proband underwent laser iridotomies. Although the proband (II:4) was the youngest sibling, 

she suffered from uncontrolled ACG, requiring multiple filtration and seton surgery that 

eventually led to corneal endothelial loss and significant corneal opacity of the left eye. In 2008, 

the IOP in the right eye began to rise to a maximum of 43mmHg despite maximal topical IOP 

lowering agents so lens extraction was performed. At one-week follow-up, post-operative 

shallowing of the AC was observed, with elevated IOP of 40mmHg consistent with aqueous 

misdirection. Pupillary dilation with g. atropine 1% alone decreased the IOP to 40mmHg and 
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deepened the anterior chamber. The IOP began to rise over a period of 9 months, requiring 

cyclodiode laser treatment that helped to deepen her right anterior chamber and lower the IOP 

to 10mmHg after a period of significant post-operative inflammation. No further topical 

treatment was required after 6 months of her cyclodiode treatment, and no further progression 

of glaucoma in her right eye has been recorded over the last two years. 

 

Electrophysiological testing showed normal ERGs but EOGs showed neither dark troughs nor 

light-rise in the proband (II:4) and her affected sister (II:1). However, the affected brother 

(II:3) showed a relatively normal EOG light rise of 170% and 160% in the right and left eyes 

respectively (Figure 3.4.10). An abnormal EOG light rise pathognomonic for Best disease is 

generally accepted at 155%. A clearly normal EOG light rise is 180%. Although the light rise for 

the affected brother was not greater than 180%, it is unusual to observe intrafamilial 

differences in EOG findings. The unaffected sister (II:2) had such a clear light rise (200% 

bilaterally) that the test was stopped earlier than the other patients, who had a longer light-

adapted phase.  

 

Genetic analysis 

Bidirectional Sanger sequencing of BEST1 in the three affected siblings revealed a base 

substitution in the coding region (exon 8), c.914T>C, p.Phe305Ser, but no other variants. This 

was performed at the National Genetics Reference Library in Manchester, UK. The p.Phe305Ser 

mutation has previously been described as segregating in a dominant fashion in another family 

with Best disease.347 The unaffected sibling from this family was wildtype at this allele. The 

haplotype carrying the mutation is illustrated in black (Figure 3.4.10). The affected brother 

(II:3) with an EOG light-rise had the same non-disease haplotype (yellow) as his unaffected 

sister (II:2). Both parents were unavailable for genetic analysis; however, the markers were 

informative enough to infer that the affected brother, II:3, had inherited a different allele from 

the non-carrier parent (I:2) compared to the other two siblings II:1 and II:4 (red). (Figure 

3.4.10)  

 

Comment 

We found by haplotype analysis and phenotypic observation in family 1 that the non-diseased 

haplotype shared by the brother (II:3) and his unaffected sister (II:2) had the effect of 

mitigating a normal EOG. Both these individuals also had short axial dimensions and angle-

closure, suggesting there may be other genetic factors related to BEST1 that could influence 

axial length and ocular dimensions, including the risk of angle-closure. Intraocular surgery for 

ACG in the presence of BEST1 mutations is associated with a high risk of malignant glaucoma, 

which will be discussed further with the presentation of the next two cases.   
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Figure 3.4.8 Anterior segment OCT images of family 5.  

Taken in the dark of the right eyes (A-D) and left eyes (E – H) of family 1, individuals II:1 to 

II:4 respectively.  

 

The affected sister (4A and 4E) and affected brother (4C and 4G) had slit openings on AS-OCT 

but iridotrabecular contact in more than three quadrants on gonioscopy. Figure 4B and 4F show 

closed angles in the sister without Best disease. The proband (4D and 4H) had the shallowest 

anterior chamber depths. Her left eye is aphakic, with a thickened cornea from aphakia and 

corneal decompensation from previous surgery.   

 

 

  



Chapter 3.4 Results – Atypical families 

194 

Figure 3.4.9 Posterior segment imaging of family 5.  

Colour photographs, autofluorescence and posterior segment OCT are presented from the left 

to right for each eye.  

 

Row A: Individual II:1 (affected sister) had a completely normal left posterior segment 

examination but significant RPE layer thickening on the right. Row B: Individual II:3 (affected 

brother) had disruption of the inner segment: outer segment interface. Row C: Individual II:4 

(proband) had exudative vitelliform lesions, demonstrated in the right eye. 

 

 

Figure 3.4.10 Genetic and electrophysiological analysis of family 5.  

 

The non-diseased haplotype of brother II:3 is shared with his unaffected sister II:2. He had an 

unusual EOG light rise, which suggests non-penetrance of this particular phenotype, at least at 

the 305 position of exon 8.  
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Table 3.4.2 Clinical characteristics of subjects with BEST1 mutations. 

 BCVA Refraction IOP ACD AL CDR  Fundus   

 OD OS OD OS OD OS OD OS OD OS OD OS OD OS 

Family 5 (Dominant Best Disease) 

Affected sister (II:1) 6/60 6/9 +4.00 +4.00 18 14 2.52 2.43 20.46 20.84 0.3 0.3 SRF Normal 

Unaffected sister (II:2) 6/6 6/6 Plano Plano 14 13 2.66 2.74 21.98 21.93 0.3 0.3 Normal Normal 

Affected brother (II:3) 6/36 6/36 +0.75 +0.75 19 20 2.56 2.64 22.54 22.60 0.3 0.3 VL, SRF VL, SRF 

Proband 5 (II:4) 6/18 CF +3.50 +3.50 38 24 2.20 2.06 20.70 21.63 0.5 0.3 VL, SRF VL, SRF 

Family 6 (Autosomal Recessive Bestrophinopathy) 

Maternal uncle 6/6 6/9 +0.75 +0.75 13 14 3.35 3.39 25.15 23.33 0.3 0.3 Normal Normal 

Maternal aunt 6/9 6/9 -5.25 -5.75 18 18 3.38 3.44 23.29 23.31 0.1 0.2 Normal Normal 

Carrier Mother 6/6 6/9 -1.50 -3.00 20 18 2.48 2.43 22.99 23.09 0.4 0.4 Normal Normal 

Proband 6 6/36 6/36 -1.25 -7.00 46 16 2.31 1.90 22.12 22.16 0.7 0.8 Fleck, AF Flecks, AF 

Carrier father 6/6 6/6 -0.50 -0.50 18 18 2.84 2.72 22.73 22.88 0.6 0.4 Normal Normal 

Unaffected brother 6/6 6/9 -0.75 -0.75 18 18 3.45 3.44 23.29 23.31 0.3 0.2 Normal Normal 

Family 7 (Autosomal Recessive Bestrophinopathy)        

Proband 7 HM 6/36 +1.75 +1.50 34 26 2.98 2.85 21.59 21.60 0.8 0.5 CMO, AF Flecks, AF 

Carrier Son 6/6 6/6 -2.00 -1.50 16 19 4.31 4.33 25.45 25.44 0.2 0.2 Normal Normal 

Carrier Daughter 6/5 6/6 -1.25 -2.25 10 10 3.87 3.80 23.79 23.76 0.3 0.3 Normal Normal 

BCVA = Best corrected visual acuity; SRF = subretinal fluid; VL = vitelliform lesion; CF = counting fingers; N/A = not available; AF = autofluorescence 

appearance consistent with ARB; CMO = cystoid macular oedema. 
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3.4.4.2 Family 6: Autosomal recessive bestrophinopathy (ARB) 

Clinical history and surgical management 

A 24-year-old student attended for a second opinion as she was concerned about her central 

vision, which had been poor since she was 8 years old, and she was beginning to notice the 

constriction of her visual fields as a result of her glaucoma (see Figure 3.4.11). She was 

diagnosed as having Best disease at Great Ormond Street Hospital for Children based on an 

abnormal EOG light-rise, but no other family members had any fundal abnormalities, unlike 

“classical” dominant Best disease. However, there was a family history of ACG, affecting her 

maternal grandfather. Her mother, and her maternal aunt were both treated with laser 

iridotomies to prevent AAC. The family is of White Scottish descent, with no family history of 

consanguinity. 

 

At presentation, proband 6 had IOPs of 16mmHg in the left eye (which had a filtering bleb) and 

46mmHg in the right eye. Her visual acuities were 6/24 in the right, and counting fingers on the 

left. The left eye had evidence of aqueous misdirection demonstrated by the extremely shallow 

anterior chamber depth of less than 2mm (Figure 3.4.13 E and F). This had developed after the 

trabeculectomy was performed. Another clinical sign of the aqueous misdirection was the 

myopic shift from plano to -7.50 / +0.75 x 138 in the left eye following intraocular surgery. The 

refraction in her right eye was -1.75/ + 1.00 x 18. Gonioscopic examination revealed blotchy 

pigmentation and bilateral peripheral anterior synechiae (PAS), more in the left than right eye. 

  

To manage the elevated IOP in her right eye, this patient underwent iridotomy and iridoplasty. 

The AS-OCT findings the baseline angle configuration in (Figure 3.4.13 A), and closed angles 

despite the use of pilocarpine in (Figure 3.4.13 B). Her IOP remained elevated at 36mmHg 

despite laser treatment and medical therapy with g. iopidine 1% tds, g. lantanoprost 0.005% 

nocte, and g. timolol 0.25% bd. Right clear lens extraction and intraocular lens implantation 

was performed two weeks later. One week post-operatively, shallowing of the anterior chamber 

in the right eye, was observed. The IOP gradually increased from 14mmHg to 35mmHg five 

weeks after the surgery. Figure 3.4.13 C shows the relatively anterior right intraocular lens 

implant position observed at the time. She was commenced on g. atropine to both eyes, 

treating the sub-clinical aqueous misdirection in the right, and definite aqueous misdirection in 

the left. The anterior segment deepened significantly in the right eye after g. atropine drops 

were instilled. As the timing of the IOP increase around five weeks may be also be due to an 

element of steroid responsiveness, the post-operative steroid drops to the right eye were 

tapered down gradually, converting to g. rimoxelone 1% and g. diclofenac 0.1%. The elevated 

IOP of over 30mmHg in the right eye persisted, so cyclodiode laser ablation of the ciliary body 

was performed. There was significant post cyclodiode inflammation but the aqueous 

misdirection resolved. No further shallowing of the anterior chamber or elevated IOP in the 
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right eye has been observed at subsequent follow-up examinations. Further management of the 

left eye was restarted with clear lens extraction and intraocular lens implantation. The left eye 

IOP started to increase as the filtering bleb began to fail, and some aqueous misdirection was 

observed with the anterior chamber shallowing of the left eye. Left cyclodiode laser treatment 

was then applied. Four months after left cataract surgery, the patient was using g. diclofenac 

qds, g. cosopt and g. lantanoprost 0.005% nocte to both eyes.  Her IOP at the last visit was 

16mmHg in the right eye, 26mmHg in the left with a completely cupped left disc, although 

central visual acuities were 6/36 bilaterally. Further filtration tube surgery, and possibly left 

vitrectomy, is being planned for the future management of her left eye to control the IOP.  

 

The proband’s relatives were invited to the family clinic for examination. Her mother and 

maternal aunt had both undergone bilateral prophylactic laser iridotomies for symptomatic 

angle-closure, at an early stage of the disease. Neither her mother nor aunt had glaucomatous 

visual field defects. The most unusual phenotypic characteristic in her mother and aunt was the 

presence of angle-closure when they were both myopic. Biometric features of the case and her 

family members are presented in Table 3.4.2. Her father and brother and uncle had normal eye 

examinations. Electrophysiological testing showed an abnormal EOG in the index case only. 

 

Clinical and Molecular Genetic Diagnosis of ARB 

Results of the molecular genetic analysis performed at NGRL, Manchester, showed two 

mutations in the BEST1 gene found in proband 6. The first one was c.454 C>G previously 

reported in Burgess et al 2008 in another family with ARB.346 The other mutation is a novel 

change at c.481+1 G>T, which is a splice mutation predicted by the following three splice site 

prediction programs to be likely to be pathogenic: Splice Sequence Finder(Montpelier) 

www.umd.be/SSF; Berkley Drosophila Genome project www.fruitfly.org/seq_tools/splice.html, 

and NetGene 2 www.cbs.dtu.dk/services/NatGene2. The proband’s mother was found to be a 

carrier of the mutation c.481+1 G>T, suggesting her father is a carrier of c.454 C>G. Mutation 

status of her brother, uncle and aunt were not investigated. Whether the mutational carrier 

status of her mother with the c.481+1 G>T mutation is associated with ACG remains to be 

determined.   

 

Comment 

Mutations in BEST1 have now been found to be causative for a number of distinctive retinal 

dystrophies, including autosomal dominant vitreoretinochoroidopathy (ADVIRC; 

OMIM#193220),348 autosomal recessive bestrophinopathy (ARB; OMIM#611809)346 and most 

recently, circumferential retinitis pigmentosa.349 Table 3.4.3 shows the differences in phenotype 

for the clinical subgroups of BEST1 mutations that have been associated with ACG.  

 

http://www.umd.be/SSF
http://www.fruitfly.org/seq_tools/splice.html
http://www.cbs.dtu.dk/services/NatGene2
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Figure 3.4.11 Fundus photographs and visual field defects in proband 6.  

 

Bilateral cupped optic discs and corresponding visual field defects are seen. There is bilateral 

macular scarring and RPE disturbance across the fundus. This is unlike dominant Best disease, 

which is more localised centrally.  
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Figure 3.4.12 Typical fundus photograph and autofluorescence associated with ARB.  

 

 

These images are courtesy of Mr Andrew Webster. 
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Figure 3.4.13 Anterior segment imaging of proband 6.  

 

The right eye is shown in A-D, left eye E-G. Significant iridotrabecular contact was seen in the 

right eye on AS-OCT (A), and upon instillation of g. pilocarpine 2% drops, the angle remained 

closed (B). One week after right clear lens extraction (C), the angles were still closed on 

gonioscopy and AS-OCT. The anterior chamber (AC) continued to shallow over five weeks, 

requiring g. atropine drops to deepen the AC, and treat any subclinical aqueous misdirection. 

Figure (D) shows a good response to g. atropine, the IOP was lowered and more open AC 

angles were seen. The left eye underwent trabeculectomy before these images were taken (E 

and F). Figure F shows a superior bleb is on the left side of this cross- sectional image, taken 

vertically. On high resolution AS-OCT, significant iridocorneal contact completely occluding the 

anterior chamber angle is seen in figure F. After clear lens extraction in the left eye, the AC 

shallowed initially, but deepened after cyclodiode ablation of the ciliary body (G). The IOP in the 

left eye remains high and will require further surgical management. 
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3.4.4.3 Family 7: Autosomal recessive bestrophinopathy (ARB) 

Clinical history  

A 44 year old white female diagnosed with macular dystrophy at the age of 19 years presented 

at the age of 35 years old to the glaucoma service with elevated IOP (34mmHg RE and 

26mmHg LE), closed angles and GON in the right eye. Her visual acuities were 6/60 RE and 

6/36 LE. She underwent bilateral YAG laser iridotomies followed by right trabeculectomy. One 

week after the trabeculectomy, she was attended with severe right eye pain and uncontrolled 

IOP (47mmHg). The right anterior chamber was very shallow and aqueous misdirection was 

diagnosed. She underwent right vitrectomy and anterior reformation, and remained stable for 

many years on oral acetazolamide 500mg bd, g. cyclopentolate 1% bd RE, g. timolol 0.25% bd 

LE, and lantanoprost nocte LE. Gonioscopic examination showed iridotrabecular contact in all 

four quadrants of the right eye (Shaffer grade 0-1), but only one quadrant of the left eye. 

There was also PAS formation in both eyes.  

 

The diagnosis of ARB was made in 2008 when the phenotype was recognized, and electro-

diagnostic testing showed generalized retinal dysfunction on full-field ERG and severely 

subnormal EOGs (125% on the right eye and 135% on the left).  At her last follow up visit, the 

vision in her right eye had deteriorated significantly to HM only due to marked cystoid macular 

oedema (Figure 3.4.14) despite being on long term acetazolamide. Her intraocular pressures 

were 11mmHg in the right and 16mmHg with significant cupping of the right optic disc. Bilateral 

juxtapapillary drusen was also observed. 

 

Both her children, daughter aged 18y and son aged 16y were referred for clinical examinations. 

Due to the recessive nature of the condition, both children would be carriers. Like the carrier 

parents of the previous case, they were low myopes. Both had some atypical translucent iris 

strands up to the level of the TM on gonioscopy otherwise normal eye examinations. Anterior 

segment OCT findings from this family are shown in Figure 3.4.15. Clinical features of this 

family have also been summarized in Table 3.4.2. 

 

Genetic analyses 

Direct sequencing was performed by Alice Davidson at the University of Manchester, where two 

heterozygous variants: c.102C>T p.Gly34Gly and c.572T>C p.Leu191Pro were identified. The 

former synonymous change p.Gly34Gly is a synonymous change, but it is located at the 3’ end 

of the first translated exon of BEST1 and causes disease by the introduction of a cryptic splice 

site that alters pre-mRNA splicing. In vivo experiments showed that an mRNA transcript with a 

premature stop codon p.Glu35TrpfsX11 would be formed, and this product is presumably 

degraded by nonsense mediated decay.350 Her son is a carrier of the p.Gly34Gly mutation, and 

interestingly has longer axial lengths than expected for his age. Genetic data was not available 
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for her carrier daughter.  

 

Another genetic investigation of interest is the presence of juxtapapillary drusen in the proband 

of this family. Early onset and peripapillary drusen have been found to be associated with the 

c.245C>T p.R345W mutation of the EFEMP1 gene that encodes for fibulin-3.351 This gene has 

been found to be mutated in other retinal disorders such as Malattia Leventinese and age-

related macular dystrophy.352 Direct sequencing of the proband did not reveal a c.245C>T 

change so the peripapillary drusen may have been sporadic in nature. 

 

Comment 

The finding of disc drusen in proband 7 was most likely a sporadic event, although at least 

three other “small eye” syndromes have been associated with disc drusen. These are: (1) 

Alagille syndrome, characterized by posterior embryotoxons, shorter axial lengths, and optic 

disc drusen.353 These patients also have hepatic, cardiac, and skeletal abnormalities. (2) 

Noonan syndrome – similar to the 3 year old child presented in the beginning of this chapter – 

has a 4% rate of optic nerve head drusen.354 (3) Posterior microphthalmos associated with 

MRFP mutations (NNO2 locus) was found to exist with retinitis pigmentosa, foveoschisis and 

optic disc drusen.355 These syndromes demonstrate that short axial biometry is an 

endophenotype for syndromic angle-closure. The presence of optic disc drusen may be collagen 

deposits from abnormal embryogenesis during ocular development.355 Secondary ACG that 

occurs as a result of these “small eye” syndromes has diverse molecular aetiologies. They are 

all associated with poor visual prognosis. 

 

The probands of families 5 to 7 all developed aqueous misdirection following intraocular surgery 

for the management of their ACG. Their axial lengths (20.46 to 22.16mm) were not in the 

range of typical nanophthalmic eyes (<20mm) yet uveal effusion following surgery was a 

common feature. A combination of pupillary dilation, systemic carbonic anhydrase inhibitors and 

cyclodiode laser treatments were used to maintain the iris-lens positions and control IOPs. 

Proband 7 has preserved more vision in the unoperated eye that only received topical 

medications and systemic carbonic anhydrase inhibitors. Like the treatment of nanophthalmic 

eyes, our experience in patients with BEST1 mutations suggest that filtration surgery should be 

avoided, lens extractions must be performed with caution, and medical therapy, with laser 

treatments if required, would be the preferred clinical management strategy.  
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Figure 3.4.14 Fundus photograph, autofluorescence imaging and posterior segment OCT of 

proband 7.  

 

(A) shows the cupped optic disc of 

proband 7 affecting the right eye 

more than the left eye. The indistinct 

disc margins are due to juxtapapillary 

drusen. (B) demonstrates the AF 

changes typical for ARB, and (C) 

shows the large amount of CMO 

affecting the central vision of the RE 

of proband 7. Figure taken from 

Davidson et al 2010.350 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.15 AS-OCT findings of the Proband 7 and her children. 

 

Chronic angle closure despite is seen in the proband 7 (A & B) where there is direct contact 

between the peripheral iris and the TM. Both children (C & D) show deep anterior chambers, 

particularly for the son who is a carrier of the p.Gly34Gly mutation. 
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Table 3.4.3 Differences between AD Best disease, ARB and ADVIRC subgroups of BEST1 mutations. 

  

 AD Best disease356 ARB346  ADVIRC357,358  

Mode of inheritance Autosomal dominant  Autosomal recessive  Autosomal dominant 

Fundus lesion  Central macula vitelliform 

lesions 

Diffuse RPE disturbance and 

vitelliform lesions 

Peripheral circumferential scarring at ora serrata, and peripapillary 

chorioretinal atrophy 

Lens changes Not known  Not known  Spherophakia and mild lens opacities 

Refraction  One third ≥+3.0 DS  Range from +0.25 to +4.75 

DS* 

-2.50 DS to +15.0 DS depending on axial biometry / presence of 

posterior staphyloma  

Other features  Nil  Nil Microcornea and posterior staphyloma may occur 

     

*The proband in family 6 (24y female with ARB) is unusual in that her refraction was -1.25 DS in the right eye and plano in the left eye. Most ARB cases are 

hypermetropic, similar to AD Best disease patients.  
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3.4.5 Families excluded from main body of work 

Families 1 to 7 and their related discussion points represent rare molecular syndromes 

associated with ACG. The next six families have mixed glaucoma phenotypes that required their 

exclusion from the genome-wide linkage analysis of PACG. Their pedigree structures are shown 

in Figure 3.4.16, and phenotypic data in table 3.4.4. A brief account of their presentations and 

management will be given below.  

 

3.4.5.1 Proband 8: Low tension glaucoma and narrow angles 

Clinical history 

A 23 year old white British female was referred for assessment as she had narrow angles 

(Shaffer grade 1), glaucomatous visual field loss (MD -12.04 RE and MD -8.93 LE), and a 

positive family history of glaucoma. Her father was registered severely sight impaired and had 

lost most of his sight from GON by the age of 60y. Both the proband and her father had highest 

recorded IOPs of 13mmHg, and were both treated with topical prostaglandin analogues only. 

Her daughter IV:1 had gonioscopic features similar to the proband, whereas her father (II:1), 

other daughter IV:2 and paternal aunt (II:3) had wide open angles (Shaffer grade 4 

throughout). It was an incidental finding in her aunt’s husband (II:4) who had gonioscopy 

showed Shaffer grade 0 in 3 quadrants of both eyes, with pigment and PAS. He had the risk 

factors of hypermetropia and short axial length. Unfortunately, none of the children of II:3 and 

II:4 attended for clinical examination. 

 

Comment 

The OPTN gene was not sequenced in this family, but would be the primary candidate gene for 

analysis as it accounts for up to 17% of low tension glaucoma cases in the UK.359 In the 

absence of molecular genetic data, both daughters have a 50% risk of being affected with 

glaucoma. This family represents the scenario where a molecular diagnosis would help in the 

risk profiling of first-degree relatives. The finding of PAC in an older family member (II:4 

described above) who was related by marriage only, shows that angle-closure is not that 

uncommon, even in a Caucasian population. There were two other examples of affected 

married-in individuals in this thesis: individual V:11 of Family A (Figure 3.1.9 and Table 3.1.1); 

and individual II:2 in the pedigree shown in Appendix III, Family 3.27. 

 

 

3.4.5.2 Proband 9: AAC and pigment dispersion syndrome (PDS) 

Clinical history 

A white British 65 year old female presented with AAC in her right eye, she had classical 

features of pupil block angle-closure, but was successfully treated with prompt IOP lowering 

systemic and topical medications followed by laser iridotomies. She had no glaucomatous visual 
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field loss and only slight asymmetry of her CDR. She subsequently brought her son (II:1) up to 

the family screening clinic for examination and gonioscopic examination revealed dense 

pigment in the AC, associated with slightly elevated IOP at 22mmHg. He was a 35 year old 

myope, with Shaffer grade 4 angles throughout but concave iris configuration and typical 

features of pigment dispersion syndrome. There was slight asymmetry of CDR in both eyes so 

he was recommended to have annual glaucoma follow up.  

 

Comment 

Autosomal dominant inheritance has been described in families affected by PDS. In this case, 

the proband had AAC, but her husband was not available for clinical or molecular genetic 

investigation. It is plausible that her husband is the carrier for PDS in this family. The only 

successful linkage study of PDS to date had identified a region on chromosome 7q35-36 to 

segregate in four large pedigrees of PDS.297 The clinical features of individual II:1 were not 

dissimilar to those reported in Andersen’s work. They did not report any other family members 

affected with AAC or PACG. As this family had similar features to some members of Family A 

from Section 1 of the results, the chromosome 13 susceptibility locus was genotyped in the 

mother-son pair. No mutations were found.  

 

 

3.4.5.3 Proband 10: Family history of AAC and PDS 

Clinical history 

A white British sibling pair in their 50s were referred for assessment as their father (deceased) 

had AAC and both the brother and sister were getting headaches which may have been 

symptomatic of angle-closure. The older brother turned out to have PDS, with bilateral optic 

disc drusen. Visual field testing showed a normal field in the left eye, slight reduction of mean 

deviation in the right but no discreet glaucoma defects. His IOPs were raised at 23mmHg in the 

right and 24mmHg in the left although both CCTs were high at >600μm in both eyes. The 

description of his headaches was more akin to cluster headaches than that which occur with 

elevated IOPs. He was started on topical prostaglandin analogues for reducing his IOPs, as the 

optic disc drusen can sometimes mask glaucomatous disc cupping. At one year follow up his 

IOPs were 16mmHg bilaterally, with no new changes on optic disc or visual field examinations.  

 

His younger sister had an acute red eye when travelling in Australia and the possibility of acute 

angle-closure was raised. Her highest intraocular pressures were 18mmHg in both eyes. 

Gonioscopic examination showed plateau iris configuration, narrow but open angles (Shaffer 

grade 2) although there was evidence of angle-closure on AS-OCT imaging taken in the dark. 

She had normal CCTs, and small CDRs with no glaucomatous visual field defects. Bilateral laser 

iridotomies were performed due to her reported symptoms of pain in dark room conditions, and 
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also when she was reading. This helped to relieve her symptoms, but she still reports having an 

ache in both eyes during periods of stress.  

 

The mother of these two siblings attended the clinic for examination. She was 84 years old, 

pseudophakic in the right eye, which had followed a previous retinal procedure to remove an 

epiretinal membrane at the macula. Her left anterior chamber was shallow, with a significant 

left cataract, but her anterior chamber angles did not show any pigmentation or evidence of 

angle-closure or PDS. She had recently been diagnosed with myelodysplasia syndrome.  

 

Comment 

Due to the late onset of PAC, previous affected generations may often be deceased. Similar to 

family 9, here is another occurrence of angle-closure co-existing with PDS in first-degree family 

members. The presence of optic disc drusen in the brother with PDS may be a yet undefined 

characteristic of the molecular aetiology in this family. Roberts et al (2008) reported a 

syndrome of long anterior lens zonules (LAZ) and plateau iris configuration in three African 

American patients.360 Previous authors had described long anterior lens zonules to be 

associated with age related macular degeneration. A genetic linkage study of affected family 

members with LAZ and/ or macular degeneration by the 4th or 5th decade identified a locus at 

chromosome 11q23 with a LOD score of 3.31 for macular degeneration and 5.41 for LAZ.361 A 

missense mutation p.Ser163Arg of the CTRP5 gene co-segregated in all affected individuals 

with either of these traits. The CTRP5 gene encodes for a complement-C1q tumour necrosis 

factor-related protein and its tissue expression was found to be highest in the retinal pigment 

epithelium and ciliary epithelium, in the same pattern as its bicistronic partner, MFRP. The 

CTRP5 gene is found at the 3’-untranslated sequence of the MFRP gene. Ayyagari et al 

hypothesize that the RPE expressing mutant CTRP5 gene secretes abnormal proteins that 

accumulate as subretinal drusen.361  

 

 

3.4.5.4 Proband 11: AAC and exfoliation syndrome 

Clinical history 

A 63 year old white British female was referred by her GP to the family screening clinic, 23 

years after bilateral surgical iridectomies were performed at her local hospital. She was 

concerned as her older daughter was getting similar symptoms of severe right eye pain that 

were alleviated by switching lights on. This daughter (proband) was treated with bilateral laser 

iridotomies but her symptoms of eye pain did not resolve completely. On examination, axial 

biometry was short, with shallow ACDs in both the mother and affected daughter. Both had 

asymmetrical CDRs and the mother had infero-nasal field loss, congruent to her clinical signs of 

supero-temporal thinning of the retinal nerve fibres at the ONH of the right eye. The mother 
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(II:3) had glaukomflecken on the right anterior lens capsule, which represents ischaemia during 

AAC. It was not until the mother underwent cataract surgery a year ago that it was noted she 

had very unstable zonules and some transillumination defects post operatively that the 

diagnosis was actually exfoliation syndrome. Pupil dilation in the 35 year old proband (III:2) did 

not reveal any exfoliative material. She had pigment and PAS in two gonioscopic quadrants of 

both eyes, and Shaffer grade 0 in three quadrants of the right, and two quadrants of the left 

eye respectively. She was treated with pilocarpine 2% eye drops three times a day. Argon laser 

iridoplasty was discussed but was not performed as there was a risk of increasing the amount 

of PAS, and therefore progression of the glaucoma in both eyes. 

 

The proband’s younger sister (34 years old) had Shaffer grade 2 angles in all 4 quadrants of 

both eyes, with no pigment or PAS and entirely normal eye examinations. Her axial biometry 

was also slightly shorter than average, but there was no clinical suggestion of being affected 

with either PAC or XFS currently.  

 

Comment 

The LOXL1 locus is a major contributor of XFS, with a weak association with POAG in an 

Icelandic population. 241 It has not been found to be associated with PACG.362 Exfoliation 

syndrome can manifest with clinical signs of open and closed angle glaucoma. Given the 

similarity of presentations of the proband and her older affected daughter, it is likely that this 

family suffers from XFS manifesting as secondary angle-closure. Treatment consists of IOP 

lowering with miotics and other topical agents. Lens extractions or cataract surgery have to be 

performed with caution due to zonular weakness that is associated with increased peri-

operative complications.  

 

 

3.4.5.5  Proband 12: Glaucoma and Ehlers-Danlos syndrome 

Clinical history 

A 61 year old white British proband (II:1) attended the family screening clinic with two of her 

sisters (II:2 and II:4). There was a strong family history of poor sight as their mother I:2 only 

had hand movements vision in both eyes and individual II:4’s daughter suffered from 

congenital glaucoma. The proband had clinical signs typical for PAC, with plateau iris 

configuration on gonioscopy, Shaffer grade 1 angles throughout, and IOPs of 28mmHg in the 

right eye and 18mmHg in the left eye respectively. She underwent uncomplicated laser 

iridotomies in both eyes. Her axial biometry was short, with slight asymmetry of her CDRs but 

no evidence of GON. Both her sisters had Shaffer grade 2 angles in all quadrants but otherwise 

entirely normal eye examinations. Their mother had severe myopic degeneration (ALs 29.21 

and 31.04mm) with brunescent cataracts and Shaffer grade 1 angles in all quadrants. It was 
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felt that cataract surgery would not improve her visual potential. The proband’s niece (III:1) 

had bilateral goniotomies and trabeculectomies in childhood, maintaining visual acuities of 6/9 

in the right eye and 6/12 in the left eye, although both eyes had thin CCTs and advanced 

glaucomatous field loss by the age of 26 years. Individuals III:1 and I:2 are known to have 

Ehlers-Danlos syndrome. It has skipped a generation as individual II:4 is unaffected, so the 

connective tissue gene involved demonstrates incomplete penetrance. It is not clear if the 

angle-closure observed in the proband (II:1) has any relationship with the Ehlers-Danlos 

syndrome in the family.  

 

Comment 

There are at least ten different types Ehlers-Danlos syndrome, majority of which are caused by 

mutations in the COL family of genes, which has subgroups of 1 to 28, usually known by their 

HUGO nomenclature that includes the family name, subgroup, followed by the specific alpha 

subunit e.g. COL8A1 and COL8A2. Recent GWAS investigations have identified COL5A1 and 

COL8A2 to be associated with CCT variation.363 Mutations in the COL8A2 gene have been 

identified in some patients with thin CCTs < 513μm and advanced POAG.364 If the causative 

mutation for individuals I:2 and III:1 were identified, it would then be possible to study by 

haplotype segregation to evaluate the effect of the non-diseased allele from I:2 and the two 

alleles transmitted from I:1; to gain some hypotheses on the occurrence of angle-closure in 

individual II:1.  

 

 

3.4.5.6  Proband 13: AAC and Ehlers-Danlos syndrome 

Clinical history 

A 64 year old white British gentleman attended with symptomatic angle-closure of his right eye, 

his IOP was 33mmHg, visual acuity of counting fingers from significant corneal oedema. His left 

eye had undergone cataract extraction and IOL implantation 9 years previously. After initial 

topical and oral medications for IOP lowering, followed by right laser iridotomy, he re-attended 

3 weeks later with persistent corneal oedema and IOP of 58mmHg. This was thought to be due 

to residual pupillary block, from a small and non-patent PI. This was enlarged, and argon laser 

iridoplasty performed, but the IOP remained elevated at around 48mmHg leading to cyclodiode 

laser ablation of the ciliary body within the same week. At 6 weeks following his first 

presentation, right cataract extraction was performed, and after a long course of post-operative 

inflammation, his vision cleared to 6/9 in the right eye with spectacle correction, and no visual 

field defects.  

 

He was an only child and no other available family members for clinical examination. There was 

a strong family history of cardiac problems: his paternal grandfather and paternal great-
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grandfather died between the ages of 40-50y of cardiac problems, and his father died of a CVA 

at the age of 60y. He had Marfanoid features and was referred to a clinical geneticist, Dr Ann 

Child at the Sonalee Laboratory of St. George’s University of London. His clinical examinations 

and laboratory investigations were consistent with Ehlers-Danlos syndrome.  

 

Comment 

The short axial biometry in this case was probably his greatest ocular risk factor for developing 

AAC that was initially refractory to treatment. There is a wide clinical spectrum of Ehlers-Danlos 

syndrome and co-management with a clinical geneticist is helpful in these cases due to their 

increased risk of other disease morbidities from the connective tissue disorder.  
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Figure 3.4.16. Atypical families that were excluded from linkage analyses in previous sections. 
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Table 3.4.4 Clinical summary of families excluded from linkage analysis due to mixed glaucoma phenotypes.  

 BCVA Refraction IOP ACD AL CDR  VF defect/ (MD) CCT 

 OD OS OD OS OD OS OD OS OD OS OD OS OD OS OD OS 

Family 8: Low tension glaucoma   

Proband’s father (II:1) 6/12 HM U U 13 12 3.25 3.36 26.67 26.16 1.0 1.0 -28.46 -33.17 531 533 

Proband's aunt (II:3) 6/5 6/5 -0.50 plano 10 10 2.87 2.90 23.72 23.50 0.3 0.3 -0.46 -0.22 554 546 

Aunt’s husband (II:4) 6/6 6/5 +5.00 +5.25 18 18 2.31 2.29 22.1 22.47 0.4 0.4 Nil Nil 577 581 

Proband 8 (III:1) 6/5 6/5 -0.50 -0.25 12 12 3.39 3.47 22.89 22.82 0.7 0.6 -12.04 -8.93 536 536 

Daughter 1 (IV:1) 6/6 6/6 -0.75 -0.50 9 9 3.10 3.11 23.72 23.54 0.3 0.3 -5.75† -5.12† 550A 550A 

Daughter 2 (IV:2) 6/5 6/6 -1.50 -1.00 13 14 3.69 3.80 23.09 23.23 0.3 0.4 -0.33 -0.81 U U 

Family 9: AAC and PDS   

Proband (I:2) – AAC 6/9 6/6 -0.25 +0.63 62 18 2.41 2.03 21.70 21.73 0.4 0.2 -1.33 -2.23 U U 

Son (II:1) – PDS  6/5 6/5 -3.75 -4.25 22 22 3.96 3.94 25.17 25.46 0.4 0.3 -0.33 -0.22 U U 

Family 10: AAC and PDS                

Unaffected mother (II:2) 6/9 6/12 -0.50* +1.25 17 20 U U U U 0.3 0.3 Nil Nil U U 

Proband (III:1) – PACS 6/6 6/6 -0.50 -0.50 18 18 2.74 2.72 23.04 22.99 0.1 0.1 -0.08 0.32 546 643 

Brother (III:2) – PDS  6/6 6/6 U U 23 24 2.14A U U U 0.3 0.3 Nil Nil 606 607 

Family 11: AAC and XFS            

Mother (II:2) – AAC/XFS 6/9 6/6 -0.63 +0.50 16 16 2.40 2.40 21.60 21.35 0.8 0.6 -6.10 -2.52 538 537 

Proband (III:2) – AAC  6/6 6/6 -0.50 plano 14 14 2.34 2.34 21.14 21.25 0.5 0.4 +0.45 -0.72 561 560 

Unaffected sister (III:4) 6/5 6/5 -0.75 -0.63 12 12 2.92 2.88 22.08 22.25 0.3 0.3 Nil Nil 658 643 
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Table 3.4.4. continued 

 BCVA Refraction IOP ACD AL CDR  VF defect/ (MD) CCT 

 OD OS OD OS OD OS OD OS OD OS OD OS OD OS OD OS 

Family 12: Ehlers-Danlos syndrome   

Mother (I:2) – EDS  HM HM U U 20 19 2.76 3.17* 31.04 29.21 U U U U U U 

Proband (II:1) – PAC 6/5 6/5 -0.32 -0.32 28 18 3.06 3.06 22.78 22.80 0.5 0.4 Nil Nil 545 536 

Proband’s sister 1 (II:2) 6/6 6/5 +5.00 +5.25 16 14 3.18 3.26 23.21 23.17 0.2 0.2 -0.14 0.48 577 581 

Proband sister 2 (II:4) 6/5 6/5 +0.13 +0.13 18 19 3.20 3.26 23.02 23.03 0.2 0.3 -Nil Nil 520A 520A 

Niece (IV:1) – EDS & CG 6/9 6/12 U U 22 18 U U U U 0.7 0.5 -20.2 -23.84 454 468 

Family 13: Ehlers-Danlos syndrome   

Proband 13 (I:2) – AAC CF 6/9 +5.50 +5.50 55 52 2.40 3.17* 20.95 20.98 0.6 0.4 Nil Nil 550A 560A 

                 

*These were pseudphakic eyes. U = unknown/ data not available.  
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3.4.6 Discussion 

By describing the 13 families in this section a spectrum of systemic and ocular disorders 

associated with angle-closure glaucoma have been discussed. More details in relation to 

glaucoma are provided below. 

 

Fibrillinopathies 

3.4.6.1 FBN1  

Marfan syndrome (MFS) is the prototype fibrillinopathy, inherited in an autosomal dominant 

pattern. The protein fibrillin was isolated from fibroblasts before it was found to be causative of 

Marfan syndrome.365 The Ghent criteria for diagnosing Marfan syndrome takes into account 

three systems: cardiac, skeletal and ocular, placing emphasis on the cardiovascular 

manifestations, particularly the aortic root aneurysms, and ectopia lentis (lens dislocation).366 

The gene responsible, FBN1, contains 65 exons, and it encodes fibrillin-1, which is the major 

component of the 10-12nm microfibrils found in the extracellular matrix (ECM). The protein is 

comprised of structurally distinct regions. The majority of fibrillin-1 is made up of EGF-like 

repeats (cysteine-rich domains originally found in human epidermal growth factor), or TB 

domains (transforming growth factor beta-binding protein-like), usually encoded by single 

exons. Some of these have calcium binding activity, and are called cb-EGFs. The remaining 

structure consists of a unique amino-terminal stretch of basic residues, an adjacent second 

cysteine-rich region, a proline-rich domain, and the carboxy terminus. Marfan-related disorders 

are closely related to TGF-β signalling, whereby TGF-β binding proteins (LTBPs) become 

assembled upon a mature fibrillin-1 matrix.367  

 

The transforming growth factor-beta (TGF-β) family of proteins are a family of cytokines, 

secreted by the immune cells that activate extracellular matrix (ECM) remodelling. There are 

three isoforms of TGF-β, commonly found in ocular tissues. They contain 70-80% homology of 

their amino acid sequence, but produce distinct actions in the eye.368 These molecules are 

secreted from cells as latent molecules containing TGF-β and its propeptide, and a latency-

associated protein (LAP). In most cells LAP is covalently bound to another protein, the latent 

TGF-β binding protein (LTBP), isoforms 1 and 2. These are required for the efficient secretion 

and correct folding of TGF-βs into extracellular matrices and connective tissues. 368 High levels 

of TGF-β1 expression have been found in eyes with XFS(G), while TGF-β2 levels are significantly 

higher in eyes with POAG.369 Genomic mutations in FBN1, LOXL1 and any of these related 

genes would therefore disrupt the ECM architecture and produce recognisable clinical such as 

XFS or EL.  

 

Up to 54% of patients with MFS have EL, and 92% of patients with classical MFS have 

mutations in FBN1.370 A variety of genetic mechanisms can lead to lens instability and 
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subsequent dislocation, therefore “true” isolate EL may not exist. Comeglio P et al showed a 

clustering of genotype-phenotype differences between FBN1 mutations and the disease. 

Patients with predominant EL tended to have missense mutations involving cysteine,371 and 

these clustered within the first 15 exons of the gene, particularly when younger patients were 

considered.370 Patients with incomplete marfan (IM) who did not have aortic aneurysms or EL 

had mutations clustering on exons 59-65. There were more cases of major cardiovascular 

manifestations in exons 16-58 than minor cases (EL and IM) in this segment, even though this 

difference was not statistically significant.370 

 

3.4.6.2 LTBP2 

The temporal expression of LTBP2 protein is closely related to the deposition of fibrillin-1 in the 

ECM.367 The gene LTBP2 is located on chromosome 14q24.3, about 1.3Mb proximal to the 

GLC3C locus. Linkage to the GLC3C region was identified in two consanguineous families of 

Pakistani origin with the phenotypes of megalocornea and buphthalmos within each family.372 A 

year later, a publication of null mutations in LTBP2 was reported to produce congenital 

glaucoma, with typical signs of tearing, photophobia, and buphthalmos associated with corneal 

enlargement and clouding.373 Increased IOP was evident from first presentation (up to 56 

mmHg), and all affected individuals described in Ali et al’s study (which included the first two 

linked families) had significant visual loss despite multiple surgeries within the first three years 

of life. Three of them also had mild to moderate osteopenia and high arched palate. Some 

affected members had ectopia lentis, and in one family marfanoid habitus with joint 

hypermobility and tall stature was present in affected individuals.373  

 

Presence of other connective tissue disturbances, including ectopia lentis as well as 

megalocornea would have indicated the “congenital glaucoma” described in this group of 

families was a secondary effect of disturbances in the ECM rather than the primary condition of 

PCG. Buphthalmos and megalocornea phenotypes share similar quantitative definitions of 

enlarged corneal horizontal diameter, but may be differentiated by the presence of Descemet 

membrane breaks in buphthalmos, which are absent in megalocornea.374 More recent reports 

have supported biallellic mutations of LTBP2 as the cause of an ocular syndrome involving 

megalocornea, spherophakia and/ or ectopia lentis. Glaucoma is a secondary feature of the 

ECM abnormalities, and structural damage from the abnormal lens.374,375 The LTBP2 protein is 

likely to have a role in the structural stability of ciliary zonules, growth and development of the 

lens.376 Patient screening of LTBP2 mutations in PCG subjects from North India,377 America,378  

Saudi Arabia,379 Turkey and UK380 have all confirmed that this gene is not involved in true 

isolated PCG. However, genetic variants of LTBP2 in the heterozygous state have been 

associated with POAG and XFS.381 Of interest, a carrier parent of the p.Tyr1792fsX55 mutation 

showed clinical signs of XFS, while the affected child homozygous for the mutation developed 
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an infantile secondary glaucoma.382 It is evident that disruption of one or more proteins in the 

ECM of the anterior segment can lead to GON, and this is a multifactorial process.  

 

 

3.4.6.3 ADAMTS enzymes 

Members of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) 

family are important enzymes with roles during embryonic development, angiogenesis and 

cartilage degradation.383 There are 19 ADAMTS proteases, and they are closely related to the 

metalloproteinases in terms of function. In the last two years, mutations in a few of these 

genes have been found to lead to Weill-Marchesani (WMS) and related syndromes, affecting 

the skeletal system and the eyes. Patients with WMS have characteristic spherophakia, 

lenticular myopia, ectopia lentis and short stature. Both autosomal dominant (AD) and 

autosomal recessive (AR) forms of the syndrome have been described.339  

 

ADAMTS10 

The gene ADAMTS10 is implicated AR WMS. Genetic linkage to chromosome 19p13.3-13.2 was 

identified by Faive et al  in 2002384 in two Middle Eastern consanguineous families, followed by 

gene identification in the same families and one sporadic French case when three mutations in 

ADAMTS10 were found.385 They were all located in the metalloprotease domain of ADAMTS10, 

and all six affected children in the study had short stature, brachydactyly (short fingers and 

toes), limited joint movements, EL, spherophakia, severe myopia and glaucoma. The 

ADAMTS10 protein is highly expressed in the heart, therefore congenital heart valve 

abnormalities may be present in ADAMTS10-associated WMS.  

 

ADAMTS17 

Morales et al presented a detailed report of the ocular and physical characteristics in 2009.339 

Eleven individuals with WMS/ WMS-like features (aged between 11 to 42 years) from seven 

Middle Eastern families were presented. Two families had homozygous missense mutations in 

ADAMTS10, and three different homozygous mutations in ADAMTS17 were also identified. The 

region for ADAMTS17 was identified by linkage analysis of one of the autosomal recessive 

families with four affected individuals to chromosome 15q26.3 (multipoint LOD score of 3.0). 

The ADAMTS17 gene was in the region and seemed the most likely candidate. The patients 

with ADAMTS17 mutations had WMS-like features, but did not have brachydactyly, cardiac 

signs, or decreased joint flexibility. The ophthalmic signs overlapped considerably between the 

affected individuals with mutations in either gene. Lenticular myopia ranged from -8.0DS to -

20DS. Mean axial length was 21.9mm. All but one affected individual had shallow anterior 

chambers. Interestingly, two unaffected relatives in the report - without mutations in either 

gene (or FBN1) - also had some overlapping ocular characteristics, including axial length of 21.4 
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and 21.9mm with shallow anterior chamber depths.339 The IOP in mutation carriers ranged from 

19 to 40mmHg. The two non-mutation carriers had IOPs of 30mmHg and 60mmHg 

respectively. 

 

ADAMTSL4 

Another report in 2009 in a Jordanian consanguineous family who had ectopia lentis without 

any other features of WMS or WMS-like features showed genetic linkage to chromosome 1. The 

critical region of 1p13.2-q21.1 contained 60 genes, including ADAMTSL4. Sequence analysis 

identified a nonsense mutation that resulted in a truncated protein.340 Aragon-Martin et al 

screened 36 British index cases who did not meet the Ghent criteria for MFS for FBN1 and 

ADAMTSL4. Sixty four percent (23 cases) were found to have mutations in FBN1 (61% if these 

mutations were in the 5’ region, first 15 exons). Fifty percent of the remaining FBN1 negative 

patients had homozygous or compound heterozygous ADAMTSL4 mutations. Where family 

members were available, the mutations were found to segregate in an autosomal recessive 

manner.  

 

The ADAMTS protein family has important functions in connective tissue biology, particularly on 

the crystalline lens zonules because the elastic zonular weakness causes the lens subluxation, 

spherophakia, high myopia, and angle-closure with subsequent glaucoma. They are secreted 

metalloproteinases that are believed to be anchored to the ECM via their C-terminal 

thrombospondin (TS) repeats.386 These enzymes do not act in isolation, and therefore 

mutations in the same family of genes have similar effects on the crystalline lens. For 

ADAMTS10, the reported mutations disrupted the catalytic domain of the enzyme. For 

ADAMTS17, the catalytic domains were maintained but the TS repeat regions were not present. 

A more structural role in the assembly and integrity of the ECM has been proposed for 

ADAMTS17 and ADAMTSL4.340,387  
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Figure 3.4.17 shows the domain organisation for matrix metalloproteinases (MMP), ADAM and 

ADAMTS. The fibrillinopathies involving FBN1, LTBP2, and ADAMTS genes have overlapping 

ocular features, and some similarities in systemic effects. As demonstrated by the ADAMTS17 

families, individuals who do not carry the mutation, can also have short ocular biometry, putting 

them at risk of angle-closure.339 A high level of molecular regulation is required for maintenance 

of homeostasis in the tissues that express these proteins. Although the underlying biochemistry 

is complex, the recent increase in knowledge on fibrillinopathies and secondary glaucoma 

present potential future therapeutic targets. In the meantime, careful observation of the 

presence or absence of systemic and ocular features can help clinicians to select the most likely 

candidate to sequence for a molecular diagnosis.370 This is particularly important for younger 

children with ectopia lentis, when systemic features of Marfan syndrome could affect their 

development.387 A clinical geneticist should also be involved in the care of these patients and 

their families.   
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Figure 3.4.17. A schematic of the MMP, ADAM and ADAMTS proteins and related domains. 

 

 

Taken from Jones et al's review article.383 These proteinases are highly regulated at the level of 

both expression and translation. Their structures and activities are regulated through mRNA 

spicing and post-translational cleavage into the ancillary domains.  
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3.4.6.4 Bestrophinopathies 

Best disease (MIM#153700) is an autosomal dominant macular dystrophy characterised by 

vitelliform macular lesions, a normal electro-retinogram (ERG) and loss of the electo-oculogram 

(EOG) light-rise. Best disease was first linked to BEST1 (VMD2) in 1998.345,347 Mutations in 

BEST1 have since been found to be causative for four other distinctive retinal dystrophies, 

including autosomal dominant vitreoretinochoroidopathy (ADVIRC; MIM193220),348,358 adult 

vitelliform macular dystrophy (AVMD; MIM608161),388,389 autosomal recessive bestrophinopathy 

(ARB; MIM611809) and most recently, circumferential retinitis pigmentosa.349 Table 3.4.3 

summarizes the phenotypes observed for each allelic disorder. Absence of the EOG light-rise 

remains the most sensitive clinical test for the diagnosis of all bestrophinopathies.390  

 

The BEST1 gene encodes bestrophin-1, a transmembrane protein located in the basolateral 

membrane of the retinal pigment epithelium (RPE).391-394 The light-rise of the EOG is thought to 

result from chloride conductance across the basolateral membrane of the RPE.395,396  Exogenous 

expression of bestrophin-1 produces a chloride ion conductance which lead to the suggestion 

that bestrophin-1 may function as a calcium-sensitive chloride channel directly responsible for 

generating the light-rise of the EOG.397 It has also been more recently suggested that 

bestrophin-1 may indirectly modulate the light-rise component of the EOG in vivo.398-401 The 

functional role of bestrophin-1 in the RPE is still largely elusive. Much remains to be determined 

about the normal functioning of the protein before the disease pathology of bestrophinopathies 

can be fully understood. Three clinical subgroups with phenotypic characteristics that could 

predispose subjects with BEST1 mutations to ACG will be described below.  

 

Autosomal dominant Best disease 

Best disease is also known as vitelliform macular dystrophy, which is a description of the 

classical yellow-orange yolk-like lesion at the macular of affected individuals. Franz Best 

described the first pedigree in 1905. The average age of onset is around 6 years, and a third of 

these patients also have hyperopia of ≥+3.0DS,356 which is an important manifestation in 

individuals who are heterozygous for mutations in BEST1. Although angle-closure glaucoma is a 

potential complication in people who are hyperopic, there are no reported cases of ACG and 

autosomal dominant Best disease in the current literature.    

 

The EOG is abnormal with the loss of a normal light-rise when changing from dark to light 

conditions in Best disease. The ratio of the amplitude difference from dark to light is called the 

Arden ratio. An abnormal Arden ratio of 155% is characteristic of patients with dominant Best 

disease, while 185% is the lower limit of normal.356,396,402  Majority of cases of Best disease 

have abnormal EOGs, but there are a few mutations (F305L, I295del and D243V) whereby the 

EOG phenotype is normal.  
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Autosomal recessive bestrophinopathy (ARB) 

The null phenotype of BEST1 mutations is known as ARB. Biallelic mutations in BEST1 produce 

a retinopathy distinct from Best disease, whereby diffuse RPE changes, including dispersed 

punctate flecks, global changes in the autofluorescence pattern, and marked central loss of 

vision occurs. Burgess et al described five families in 2008, where all affected individuals had 

absent EOG light-rise, hyperopic refraction (mean: +2.17DS), and 50% had angle-closure 

glaucoma.346 Unlike Best disease where the ERG function is normal, patients with ARB have also 

have reduced full-field ERGs with delayed responses for both rods and cones. Seven 

homozygous and compound heterozygous variants were described in this paper.346 Half of these 

were found in the C-terminal region of bestrophin-1, which interacts with serine/ threonine 

protein phosphatase2A (PP2A), indicating that these residues may be important in the 

regulatory interaction between bestrophin-1 and phosphatase2A.403 The protein PP2A is 

important in the regulation of photoreceptors in the human retina, which might explain the ERG 

abnormalities noted in ARB. Phosphorylation and dephosphorylation of bestrophin-1 may also 

act as the on/off light switch for the amplitude and timing of the EOG response.403  

 

Autosomal dominant vitreoretinochoroidopathy (ADVIRC) 

Bestrophin-1 expression is highest in the peripheral retina so the relative paucity of bestrophin-

1 in the macular region explains why the disease has a predilection to the macula and fovea.393 

In the ADVIRC subgroup of bestrophinopathies, specific mutations in BEST1 affecting pre-mRNA 

splicing can produce a more severe phenotype, affecting the cornea, cataract, abnormal axial 

biometry and a sharp demarcation line between healthy and abnormal peripheral retina. Two 

reasons for this sharp demarcation have been proposed: (1) an interruption during foetal retinal 

development such that development after this event produces abnormal peripheral retina;404 (2) 

genetic modifiers of bestrophin influence the expressivity of the fundus phenotype, depending 

on the aberrant function caused by the mutation.393 The ADVIRC phenotype (see table 3.4.3) 

was previously known as MCRS (microcornea, rod-cone dystrophy, cataract, and posterior 

staphyloma),357  and similar to ARB, around 50% of affected individuals develop ACG.348,357,358  

 

Considering the diversity of the ocular phenotypes demonstrated by mutations in the BEST1 

gene, it is likely to have an important role in the regulation of ocular development.405 It is 

expressed almost exclusively in the RPE,392 but the BEST1 promoter contains binding sites for 

other genes important in ocular development including MITF (microphthalmia-associated 

transcription factor), CRX and OTX2. The latter two are homeobox domain genes, and MITF is a 

transcription factor important for the development and function of melanocytes.406,407 Both 

direct and indirect influences of BEST1 may be responsible for the anterior segment changes 

that predispose these patients to angle-closure glaucoma. 

  



Chapter 3.4 Results – Atypical families 

 

222 

Aqueous misdirection in Bestrophinopathies 

Three cases if aqueous misdirection were described in the series of families – one with 

autosomal dominant Best disease and two with ARB. Intraocular surgery with cataract and 

trabeculectomies were responsible for triggering the episodes and the mechanism while 

remaining unknown, is likely to be related to the abnormalities in the RPE where the genetic 

defect is found. Choroidal expansion is a possibility408 but homeostasis of the fluid exchange 

chloride pump may be defective.409 Also, the embryologic origin, development and 

differentiation of RPE and the ciliary body are under the same control mechanisms.  

 

Clinically, a useful examination to have would been ultrasound biomicroscopy of the ciliary body 

to elucidate its size and configuration in BEST1 mutation carriers that developed malignant 

glaucoma. It would not be surprising to find their ciliary bodies to be large and anteriorly 

rotated. In two of the cases (probands of Family 5 and 7), cyclodiode laser treatment of the 

ciliary body successfully controlled the IOP and deepened the anterior chambers. The resultant 

effect suggests that the ciliary body is a main site of anatomical and physiological control. The 

investigation and treatment of atypical presentations of angle-closure in ocular and systemic 

syndromes can be helped by UBM visualization of the ciliary body.  
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3.4.6.5 Mixed glaucoma phenotypes 

A number of pathways can lead to visual loss from glaucoma. Within a single family the same 

mechanism tends to exist, however, we have seen the co-existence of low tension and narrow 

angle glaucoma (Family 8), exfoliation glaucoma and PAC (Family 11), as well as PAC and PDS 

(Family A, Families 9 and 10). There were two families with Ehlers-Danlos syndrome. In Family 

12, the youngest affected individual had congenital glaucoma. The appearance of such varied 

and mixed phenotypes could be due to the inheritance of multi-allelic genetic factors, such as 

the ancestral CYP1B1 haplotype proposed by Chakrabarti et al.63 Candidate gene screening is 

unlikely to be successful in these families, as illustrated in the young child and teenager with 

angle-closure (Family 1 and 2 of this Section). 

 

Of particular interest in this thesis is the co-existence of PAC and PDS as this was also observed 

in the large family presented in Section 1. To date, no causative genes have been identified for 

PDS/ PDG even though a familial tendency has been recognised and linkage to 7q36 

identified.297 There are no reports in the literature of PAC and PDS in the same family, yet 

during the course of this work, three such examples have been found. As the biometry of a 

person affected with PDS, is characterised by myopia and long axial lengths, angle-closure does 

not occur. If we assume a genetic susceptibility, such as a sequence alteration in SPATA13, is 

responsible for the discordant phenotype of PAC and PDS, then the common anatomical 

location of interest would be the ciliary body and iris. Aberrant aqueous dynamics in an eye 

with shallow angles and narrow irido-trabecular spaces leads to elevated IOP.410 Conversely, an 

overly large anterior chamber with concave iris profiles could create a situation when the IOP 

increases.411 One could hypothesise that the lens iris diaphragm may be unstable in these 

cases. 

 

Authors have shown irido-ciliary process contact on UBM for plateau iris and PDS113,410-412 Ritch 

and Pavlin et al196,413 described plateau iris to have abnormal insertions of the lens zonules into 

the anterior ciliary body. The angle is shallow and narrow, with a sharp drop-off of the 

peripheral iris at the inner aspect of the AC angle. In a retrospective study of angle-closure 

observed in 67 patients under 40y, 52% of them had plateau iris.414 Of the five mechanisms of 

angle-closure (pupil block, anterior non-pupil block, plateau iris, lenticular and retrolenticular), 

plateau iris appears to be least influenced by environmental factors, and is most likely a 

developmental phenotype.415 Our findings from Sections 1 and 2 support this theory also. It 

reaches a critical stage in aging due to thickening and forward movement of the lens,415 and 

can then present as AAC, which affected individuals from all three families with PAC and PDS 

described. However, there are few UBM studies of the ciliary body position in PDS,411,416 and no 

histological studies to confirm any similarity to PAC. Common genetic factors between Families 

9 and 10 with Family A will be an area of future work. Our observations may be indicative of a 
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new clinical entity, not reported in current glaucoma literature. 

 

Glaucoma associated with Ehlers-Danlos syndrome results from instability of the extra cellular 

matrix and a family of COL genes have been implicated.417 Up to 46% of families may have 

mutations in COL5A1 encoding for collagen alpha-1(V) chain,418 a gene now known to be 

associated with CCT variation.363,419 Recently, a family with brittle cornea syndrome, and the 

Ehlers-Danlos phenotype of joint hypermobility and severe kyphoscoliolis was found to have a 

14bp duplication in exon 2 of ZNF469 (c.8817_8830dup).420 This gene has also been found by 

GWAS analyses to be associated with CCT determination.421 In Caucasians, COL5A1 and 

ZNF469, but not COL8A2 were associated with CCT.422 Here are examples where rare variants 

underlie connective tissue syndromes but common variants of the same gene can alter 

population variation in highly heritable quantitative traits such as CCT.421 A common pathway 

exists in the formation of corneal fibrillar collagens by COL5A1 and ZNF469, and more genes 

such as the transcription factor PRDM5,423 are continually being identified to participate in the 

CCT QTL. It was interesting to note that our patient with congenital glaucoma and Ehlers-

Danlos syndrome (Individual III:1 in Family 12) had the thinnest CCT in her family, a risk factor 

for the development of advanced glaucoma. Her aunt (II:1 in Family 12) had classical signs of 

PAC, and no systemic features of EDS. Future investigations would include the investigation of 

the reduced penetrance and the complex function(s) of the causative gene involved in collagen 

formation in this family.  

 

In the clinical setting, testing for causative genes in a particular individual is not cost effective 

and is only performed in the setting of genetic counselling for family members with other 

systemic risk factors. In the case of Proband 13, he presented with symptoms of recurrent 

angle-closure, and multiple surgical procedures were required to maintain his visual acuity. 

Although a molecular diagnosis would not have helped or changed his clinical course of 

treatment, it may be useful in our understanding of the pathophysiology of this disease. An 

area of future research should consider exome sequencing of such rare cases to help advance 

our knowledge of the molecular mechanisms involved. 
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General Discussion 

 

4.1 General overview of research 

A comprehensive study of 101 families has been presented in this thesis. Although Caucasian 

families affected by PACG have previously been described,119,259,306 Family A is the largest family 

to have been investigated by genome wide linkage analysis. Twelve individuals with PACS or 

more advanced disease were identified, although one of them was an unrelated spouse. After 

careful phenotypic selection to use the most homogeneous phenotype of affected individuals, 

two areas of suggestive genetic linkage were identified on chromosomes 10p14 and 13p12. The 

predominant phenotype was plateau iris with short axial lengths. Exome sequencing of the 

proband identified a triple amino acid deletion, p.477_480del in SPATA13. This deletion 

segregated in the clearly affected individuals, as well as three individuals with PDS. 

 

The study of the smaller families did not have sufficient power to detect linkage to a major 

autosomal dominant gene. Quantitative trait linkage was therefore applied to maximize the 

clinical information obtained from both affected and unaffected individuals. The region of 10p14 

identified in Family A continued to show suggestive QTL linkage, using sex-adjusted axial 

length, as the trait of interest. Maximum iris thickness as a surrogate for plateau iris, also 

showed suggestive linkage in this region (Table 3.2.10). Lens vault and adjusted ACD were 

quantitative traits that suggestive showed linkage to the 13p12 region of SPATA13. 

 

None of the areas of genetic linkage identified in results sections 1 and 2 overlapped with those 

found in our exploratory case control study using unrelated probands. The case control study 

had more severely affected subjects of AAC and PACG, which confirm PACG is a complex 

genetic disorder. In light of results from the international collaboration with 11 other centres, 

the strength of association in our eight candidate regions (Table 3.3.2) was highest for the 

genes PLEKHA7 and TXNRD2. These genes are involved in cell-cell signaling and oxidative 

stress respectively.290 See also section 3.3.6. 

 

The only potential causative gene of primary angle closure identified in this research is 

SPATA13, but as some of the deletion carriers did not have classical PAC, additional genetic 

factors must be involved in determining the final phenotype. Two additional families described 

in section 4, with PAC and PDS, now challenge the traditional thinking of secondary glaucoma 

classification. It is possible that SPATA13, and its genetic modifiers, can determine an anterior 

segment phenotype that predisposes susceptible individuals to ocular hypertension and 

eventual glaucoma. Given the diversity of ocular syndromes and systemic syndromes associated 

with secondary angle closure glaucoma, a molecular genetic classification may become useful in 

the future. 
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4.2  Clinical findings 

Fifty-four multi-generation families with multiple affected individuals were ascertained, and 

plateau iris was considered to be a contributing factor in 50% of these families. This series 

would be larger than all previous reports of familial plateau iris.194,424 It confirms Spaeth’s 

hypothesis that peripheral iris configuration has a strong genetic influence.119,425 We were able 

to record iris configuration on gonioscopy and on AS-OCT but one limitation of non-contact AS-

OCT imaging was the inability to visualize the ciliary body. The classical features of an anteriorly 

rotated ciliary body with closed iridociliary sulcus410 were therefore not observed and simply 

inferred by the use of standard photographs.  

 

It has become clear with recent AS-OCT imaging research that the dynamic iris changes are 

different in eyes with angle-closure than those without.302,426-428 Similar to Aptel, we found that 

brown eyes were more susceptible angle-closure.426 They found that iris volume increased after 

pupil dilation of eyes with PAC but decreased in irides of patients with with POAG. A similar 

response was observed for the physiological state of dark adapted mydriasis.429 The association 

between darker eye colour and more angle-closure may explain why Asian populations have a 

higher prevalence of PACG than Europeans.  

 

The proportion of acute angle-closure to chronic asymptomatic disease was approximately 1:10 

(9 symptomatic vs 87 asymptomatic family members with ITC) found in our research clinic, 

similar to the levels observed in Mongolia.177,180 This was despite East Asians being thought of 

as being much higher risk than Caucasians. It shows that the narrow angles in first-degree 

relatives of Caucasian subjects could be as prevalent as high-risk populations, but the risk was 

significantly less for second to fourth degree relatives (Table 3.2.1). The 1:10 ratio is also an 

important clinical message for UK clinicians because for every case of AAC there are 10 

asymptomatic cases of narrow angles of varying degrees of glaucoma risk. A survey by Sheth et 

al found that eighty-five percent of UK ophthalmologists would use patient symptoms to guide 

treatment with prophylactic PIs.430 It remains a challenge to differentiate which asymptomatic 

NA subjects will go on to develop glaucoma and therefore need earlier treatment with 

prophylactic PIs. 

 

There were twice as many affected females than males, but the ratio was in descending 

frequency, from 3: 1 for PACS, 1.5: 1 for PAC and 1.3: 1 for PACG. This study was a cross-

sectional survey of familial angle-closure. Due to the shared genetic background within families 

our results suggest that the influence of female sex decreases as the severity of disease (i.e. 

glaucomatous visual loss) increases.431 However, severity of disease clearly increases with 

age.4,12,431,432 See Table 3.2.3. 
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The absence of pigment in the anterior chamber of our AAC and PACG cases were highly 

associated with the absence of disease in our participants (Table 3.2.4). Our current 

understanding of the pathophysiology of PACG is that the physical obstruction produced by ITC 

causes abnormal shedding of pigment.278 This thesis challenges the idea and it is possible that 

the abnormal pigment is a result of a genetic susceptibility that leads to greater disease 

progression toward elevated IOP and GON. Two recent electron microscopy reports of TM 

surgical specimens from PACG subjects have shown grossly swollen, irregular trabecular 

endothelial cells433 with large amounts of melanocytes434 in areas with and without ITC. Melanin 

granules were seen on the TM of NTG and POAG specimens,433,434 but not to the same extent of 

the homogenous deposit covering and bridging intertrabecular spaces in PACG eyes.433 

Unfortunately, no similar studies have been described for eyes with PDS/ PDG.  

 

The rare occurrence of PAC and PDS in the same family was reported three times in this thesis 

(Family A, Family 9 and 10), and not at all in the scientific literature. Imaging studies have 

shown the peripheral iris of PDS to be weakly resistant435 and when there is a pressure 

difference across the iris it takes on a concave configuration.436 This is the opposite effect to the 

convex iris configuration taken up by pupillary-block observed in AAC.113 The common 

anatomical feature of these two phenotypes is the presence of irido-ciliary process 

contact.411,437 An interesting follow-up investigation would be the expression of SPATA13 in the 

ciliary body of these eyes. Unfortunately, surgical specimens from the ciliary body of such eyes 

are not possible to obtain, and post-mortem specimens are not ideal.  

 

Response to laser treatment and intraocular surgery were not studied as part of this thesis but 

the observation of complications in the cases of secondary angle-closure glaucoma, particularly 

the bestrophinopathies is an important area to highlight. Malignant glaucoma, or aqueous 

misdirection, was seen in all the probands with AD Best disease, and ARB (Section 4, Families 5 

to 7). Bestrophin-1 is expressed in the RPE layer, and the current understanding of the 

mechanism of aqueous misdirection is that the choroid expands to compress the vitreous 

chamber, pushing forward the lens-iris diaphragm. This leads to pathological shallowing of the 

anterior chamber that is very difficult to manage without performing a vitrectomy to remove the 

vitreous body.195  

 

For the predominantly lenticular angle-closure from EL in MFS, WMS and Ehlers-Danlos 

syndromes, the phenomenon of malignant glaucoma was not observed in our cases. Early 

surgery438 and post-operative optical correction439 are key to the prevention of GON, and 

amblyopia in young children.  
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4.3  Mode of inheritance  

In our study of 88 families with PAC, autosomal dominant inheritance was most commonly 

observed, but a clear sex difference was reported. Both ACD and AL were sex-influenced traits, 

but biometry alone could not explain the difference observed between males and females.41 In 

the absence of a proven monogenic cause with large effect, the most likely mode of inheritance 

is an oligogenic model such as Hirshsprung disease (see also section 1.7.2, complex 

inheritance). A similar pattern has already been observed for MYOC glaucoma, as MYOC can be 

the causative gene involved in 3% of POAG cases. However, the disease phenotype can be 

influenced by the co-inheritance of other genetic factors such as OPTN mutations (See Table 

1.5.1). Our results have not been able to show the exact genetic mechanism for PAC or PACG, 

but through the genetic linkage analysis of a sufficiently large family (Family A), absence of a 

positive result of genome-wide significance excludes a monogenic disease mechanism for PACG.   

 

X-linked dominant disorders are lethal and we found no linkage to the chromosome X in all 

analyses. We were not able to investigate maternal imprinting, or sex-limited autosomal 

dominance such as that observed for male pattern baldness (OMIM 109200). Mitochondrial 

inheritance was also unlikely as paternal transmission of the phenotype was commonly 

observed. Mitochondrial DNA is always inherited from the mother. However, it may be possible 

that nuclear genes that encode for mitochondrial components such as TXNRD2 (see section 

3.3.6) can contribute to the complex phenotype of AAC/ PACG.   

  

The suggestive linkage regions found in the smaller families (Section 2, Table 3.2.10) did not 

overlap at all with the regions in the case-control study, (Section 3, Table 3.3.2) and the 

international consortium GWAS study of PACG.290 This suggests that advanced disease is caused 

by either a complex network of genes, or a larger number of genetic factors of small effect 

(polygenic inheritance). The anatomical features of plateau iris and shorter axial length are 

more likely to be under the control of a small number of genes, probably within a regulatory 

network, like what has been described for brittle corneal syndrome, EDS and CCT (See Section 

3.4.6.5). An interesting pathway to investigate is the metabolism of the 17β-oestradiol, which 

involves multiple genes including CYP1B1, TXNRD2 and COMT (section 3.3.6) that have all been 

discussed in this research investigation. Such a pathway could explain the differences observed 

between male and female individuals affected with PAC(G). 

 

A few examples of partial penetrance were observed in this research: (1) Family 12 where EDS 

signs were seen in the grandmother and grand-daughter with congenital glaucoma but the 

mother was unaffected; (2) In Family A, the mother of the youngest affected individual (VII:2) 

was unaffected but the maternal grandmother (married in) had PAC; (3) In Family 5 with 

autosomal dominant Best disease, the affected brother (II:3) showed partial penetrance of his 
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EOG phenotype. The common theme to these families was that axial biometry either showed 

extremes: (1) myopia when affected with systemic EDS (2) hyperopia and early onset PAC and 

(3) shorter than expected axial lengths in unaffected individuals. These three families all have 

completely different genetic aetiologies underlying their ocular phenotype but have the shared 

characteristics of ITC and closed angles. One can infer that ocular biometry is under polygenic 

control.  

 

4.4  Linkage Studies  

Genome wide linkage scans were performed on 50 small families using parametric and non-

parametric approaches (section 2), and parametric linkage with the large Family A (section 1). 

The regions of greatest interest were on chromosomes 10p14 and 13p12. Microsatellite markers 

were used to refine areas of linkage in Family A (Figures 3.1.7 to 9) but Sanger sequencing of 

these areas only identified one potential gene defect, the p.477_480del in SPATA13 at 

chromosome 13p12. As the smaller families did not demonstrate binary trait linkage to either of 

the chromosome 10 or 13 regions, significant genetic heterogeneity exists for ITC, the defining 

characteristic of being “affected” in our parametric linkage analyses.  

 

Using QTL techniques, none of the quantitative traits investigated reached genome-wide 

significance, but a number of regions of suggestive linkage were found (Table 3.2.10): Seven 

for iris area, six for ACV, four for maximum iris thickness, four for adjusted ACD, four for ACW, 

four for LV, and three for adjusted AL. Traits that showed suggestive linkage to chromosome 

10p14 were ITmax and adjusted AL, the Z-scores were 1.2 and 1.5 respectively. It remains 

possible that some of the smaller families also carry the same risk haplotype 3-10-4-3 as Family 

A, particularly those with plateau iris and short axial biometry. These two clinical features were 

common, but were not specific to affected individuals.  

 

For the 13p12 region, where the p.477_480del variant was found in Family A, analyses of the 

smaller families identified these traits: adjusted ACD and LV as suggestive linkage loci, with Z-

scores of 1.7 in both cases. Based on the phenotypic observations of carriers of the 

p.477_480del variant in Family A, individuals such as the two daughters (VI:4 and VI:6) of the 

proband had a discordant range of anterior segment characteristics. Individual VI:4 had a 

shorter than average ACD and LV while her sister VI:6 had longer ACD and LV. These traits may 

have no direct relationship with the p.477_480del SPATA13 change but further studies on gene 

function and replication of our results in other cohorts would help elucidate the underlying 

genetic mechanism(s).  

 

For the quantitative trait sex-adjusted AL, three suggestive loci were found on chromosomes 

10p, 10q and 13q at approximately 5cM, 120cM and 80cM respectively. Previous genetic 
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analyses of AL as a quantitative trait have been discussed in Section 3.2.8.2. The results from 

our family-based analyses did not overlap with other previous publications. Table 4.1.1. 

summarizes the findings from other studies. An interesting finding in our cohort is that the 

above three suggestive loci for adjusted AL were always found together with ITmax (see Table 

3.2.10) – this clinical scenario was also observed for Family A where plateau iris co-segregated 

with shorter than average axial biometry.  

 

4.5 A central genetic mechanism? 

The most promising candidate gene in this study was SPATA13, also known as: Adenomatous 

polyposis coli (APC)-stimulated guanine nucleotide exchange factor 2 (Asef2). This gene has an 

important role in cell migration. Its activity is dependent on the tumour suppressor APC, which 

also functions as a scaffolding protein that binds to microtubules directly and indirectly.440 

Hypertrophy and hyperplasia of the RPE are known ocular associations of human familial 

adenomatous polyposis coli. 

 

The putative gene Asef2, or SPATA13, was first discovered in its role involving the migration of 

colorectal tumour cells.441 APC stimulates SPATA13 and it also binds to beta-catenin, which is a 

key component in the Wnt signaling pathway. Through its interaction with APC, SPATA13 is 

thought to participate in canonical Wnt signaling. Central to canonical Wnt signaling is the 

movement of beta-catenin from extracellular to nuclear locations when Wnt proteins bind to 

cell-surface receptors of the Frizzled family of proteins.442 Wnt/canonical signaling is required 

for adult tissue maintenance and mutations in the pathway promote degenerative diseases and 

cancer. There is an example of a frizzled protein, MFRP on chromosome 11, which when 

mutated causes a syndrome of extreme hyperopia, autosomal recessive retinitis pigmentosa 

and angle-closure glaucoma.80,355 However, it has not yet been confirmed if MFRP acts by Wnt/ 

canonical signaling.  

 

Little is known about the function of SPATA13 in the eye. In the apc mutant zebrafish with 

upregulated canonical Wnt signaling, loss of apc leads to an expanded ciliary marginal zone 

(CMZ).443 Cells in this area give rise to the iris and ciliary body. Since SPATA13 is stimulated by 

APC, variants in SPATA13 could in turn affect the APC-dependent differentiation of stem cells 

into iris/ ciliary body and the retinal pigment epithelium (RPE). Further signaling by intrinsic and 

extracellular factors such as hedgehog, FGF and TGFbeta determines the final fate of these 

stem cells.444 

 

The zebrafish apc mutant upregulates canonical signaling in the periphery but it also affects the 

expression of the retinal identity gene, sox2 and the proneural gene, atoh7. Human mutations 

in SOX2 cause anophthalmia,445 while common variants in ATOH7 have been shown to be 
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associated with optic disc parameters.446 These traits are of interest in glaucoma, and 

emphasize the complex nature of both PACG and POAG.   

 

Although there is no evidence in the literature of SPATA13 as a contributor in the development 

of PACG, the above discussion has included a membrane-frizzled protein, the TGFbeta pathway, 

SOX2 and ATOH7 genes, all of which have been implicated in some form of glaucoma. We 

identified the p.477_480del variant of SPATA13 in Family A but observed both PAC and PDS in 

carriers of this change. Both these subgroups are precursors to ocular hypertension and involve 

pigmentary changes in the eye.  

 

4.6 Additional genetic mechanisms 

In 2003, Moroi et al described a syndrome of long anterior zonules (LAZ) and pigment 

dispersion in 15 patients. Each patient had long anterior zonules extending toward the central 

visual axis, and pigment along these zonules were commonly visible. Iris concavity was absent 

in all cases. Trabecular meshwork pigmentation was a significant feature but the axial biometry 

of these cases were not reported.447 We observed pigmentation in the TM of the majority of 

individuals carrying the SPATA13 deletion, but iris convexity, plateau iris or iris concavity were 

features frequently observed. The anterior zonules in our pedigree did not have the same 

appearance as Moroi’s description.  

 

In 2005, a follow-up linkage study of a more complex ocular phenotype involving LAZ, late-

onset macular degeneration, and elevated IOP was performed on a family of French and 

English ancestry.361 The macular degeneration and LAZ traits co-segregated in affected 

individuals, and older cases had elevated IOP or glaucoma. The critical linkage interval on 

11q23 contained the MFRP and CTRP5 gene, and in this family the Ser163Arg mutation on 

CTRP5 appeared to be responsible for the clinical syndrome.361 CTRP5 (aka C1QTNF5) is a 

complement-C1q tumour necrosis factor-related protein gene which encodes a high molecular 

weight short-chain collagen.448  

 

The expression of MFRP and CTRP5 is highest in the RPE and ciliary epithelium. The CTRP5 

gene is found at the 3’-untranslated sequence of the MFRP gene and there is a functional 

relationship between these two proteins.449 There was a report of two elderly African American 

males with appositional angle-closure from plateau iris configuration (PIC), but with the 

features of LAZ.360 However, no mutations were found in CTRP5 or MFRP. Mutations in MFRP 

can cause extreme hyperopia, recessive RP, and angle-closure glaucoma.80,355 This suggests 

that plateau iris either develops through a different genetic aetiology to LAZ, or that the 

pathways interact.  
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Hypermetropic refractive error is a risk factor for the development of PAC. With the observation 

of myopia and hyperopia both being present in carriers of SPATA13 p.477_480del in our large 

family, other associated genes or SNPs may have additional contributions to the final 

phenotype. To date, the only gene to have been found to have a significant association 

between both myopia and hyperopia is a polymorphism found on the hepatocyte growth factor 

(HGF) gene.328 The SNPs rs12536657 and rs5745718 in HGF were found to be associated with 

hyperopia of >+2.00DS in that study. Awadalla et al found the same gene to be associated with 

PACG in a Nepalese population.288  

 

Our candidate gene SPATA13 interacts with APC as well as the scaffold protein Neurabin2 that 

binds to filamentous actin (F-actin).450 They are induced by HGF, acting cooperatively to 

regulate cytoskeletal organization, and play a critical role in growth factor-mediated regulation 

of cell morphology and migration.451 HGF levels are elevated in the aqueous humour of 

glaucoma patients, highest in exfoliation glaucoma, followed by PACG.452 HGF enhances matrix 

metalloproteinase activity in endothelial cells and may influence uveoscleral outflow facility and 

IOP.  

 

The matrix metalloproteinase, MMP9 was investigated for association with PACG but showed 

conflicting results in different populations (see also section 3.3.6.1).287,319-321 Matrix 

metalloproteinases are related to members of the ADAMTS family of enzymes which have 

important roles in embryonic development, angiogenesis and cartilage degradation.383 There are 

19 ADAMTS proteases, and they are closely related to the metalloproteinases in terms of 

function. Some of these have been discussed in section 3.4.6.3. 

 

It is highly plausible aberrations in the regulation or function of any of these genes may 

contribute to the development of PACG, but the final phenotype is dependent on the genetic 

background of the individual.  

 

4.7 Limitations 

This study was designed to recruit and study the largest multi-affected families of PACG 

presenting to a tertiary centre. The sample sizes were therefore targeted at families with more 

than 10 affected individuals but only one such family was identified. The remaining families 

were combined for linkage and QTL analyses. 

 

During the recruitment of families with PACS or more advanced disease, we found that a large 

number of patients (1 in 5) required treatment with laser iridotomies, laser iridoplasties, or 

intraocular surgery (data available but not shown). As this cohort is enriched for families with 

positive family histories of angle-closure or glaucoma for genetic analysis, it may not represent 
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the population frequency of angle-closure and the proportion requiring treatment outside a 

tertiary referral setting. The finding of a number of suggestive linkage loci on binary trait and 

QTL analysis suggests that screening of first degree relatives is helpful both from a clinical and 

genetics point of view. However, there are currently no robust screening tests for angle-closure. 

The phenotype most commonly observed in our familial cohort was the presence of plateau iris 

configuration and short axial length but these traits on their own would perform poorly as 

screening criteria.  

 

Part of the difficulty in PACG gene identification is the complexity of glaucoma phenotyping. 

Although we performed a detailed clinical examination of qualitative and quantitative traits, an 

even more detailed, or objective classification of pigmentation in the angle would have been 

useful. This was based our observations of a higher incidence of brown eyes and angle-closure, 

and the presence of pigmentation in the discordant phenotypes of PDS and PAC observed in the 

carriers of the SPATA13 variant in Family A. There is only one published paper with a 

photographic description of angle pigmentation to date.278 but newer imaging techniques such 

as the EyeCam and goniophotography should make it possible to record this in future 

work.453,454 The disadvantage of these contact methods is the discomfort that it can cause 

patients. The presence of pigment in the anterior chamber can be an entirely normal finding in 

participants with brown eyes, yet potentially pathological in patients with PAC and PDS. A large 

number of participants will be required in future studies to dissect the contribution of the 

various patterns of pigmentation in the AC angle in the pathophysiology of IOP elevation.     

 

One firm conclusion of this project is that PACG is NOT a monogenic disorder. In order to 

confirm or refute the suggestive loci for PACG identified in this thesis, many more nuclear and 

large families with PAC and PACG will be required. Family based techniques of investigation are 

relatively unattractive due to the labour intensive and expensive phase of initial recruitment. 

Multi-centre studies remain a possibility but the presence of atypical and mixed phenotypes 

occurred in 13 out of the 101 consecutive families seen during this period of research. The high 

frequency of complex phenotypes present with angle-closure could compound the difficulties in 

selecting appropriate families for study inclusion.     

 

Investigations into the genetic basis of POAG have had more success than PACG but common 

pathways between these two main forms of glaucoma were not investigated in this thesis. Only 

the congenital glaucoma gene CYP1B1, was discussed in its role in steroid metabolism (section 

3.3.6). It was found in the vicinity of the QTL linkage locus for axial length identified by Biino et 

al in an isolated Sardinian population (Table 4.7.1),95 and we found that the QTL adjusted ACD 

(but not AL) showed a LOD score of 2.3 in the same region. See sections 5.3 and 5.4 on future 

work required to understand the common and divergent pathophysiology of POAG and PACG.   
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Table 4.7.1. Summary of previous loci identified for AL and ACD (in chromosomal order). See also Section 3.2.8.2. 

Axial length 

Chromo

some 

Position Authors Year  Study design Cohort Points of interest 

 

1q41 220cM Fan et al 2012 GWAS Chinese adults and 

children, Malay 
adults. Replicated in 

Japanese. 

Minor allele of ZC3H11B SNP rs4373767 associated with 

decreased susceptibility to high myopia. Neighbouring genes 
SLC30A10 and LYPLAL1 may also be implicated.  

2p24 41cM Biino et al  2005 QTL linkage Sardinian isolated 
population 

Parent-of-origin effect investigated and preferential paternal 
expression for AL found. This locus includes the CYP1B1 gene. 

5q14 98cM Zhu et al 2008 QTL linkage Brisbane Australian 

Twin Study (BATS) 

 

Region previously implicated in Wagner syndrome, a rare 

dominantly inherited vitreoretinopathy where myopia is a feature. 

Splice site mutations in the extracellular matrix gene, CSPG2 have 
been implicated in Wagner syndrome.   

15q14 35cM Solouki et al  

 
Schache et al 

2010 

 
2012 

GWAS 

 
Association 

study (BES) 

Rotterdam eye 

study, replicated in 
Erasmus Rucphen 

Family Study and UK 
twins 

Solouki et al found their top two SNPs were in regulatory 

elements that could affect transcription of neighbouring genes 
such as ACTC1 and GJD2 in refractive error. Schache found 

rs685352 to be associated with AL in the BES cohort.  
 

 

Anterior chamber depth 
 

Chromo

some 

Position Authors Year  Study design Cohort Points of interest 

 

3q27 

 

183cM Vithana et al 2012 GWAS SiMES, SINDI, BES Preliminary results showed the gene of interest ABCC5 
(rs1401999) was associated with ACD in the Asian cohorts, but 
not in Caucasians. 
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Future work and conclusions 

  

As we move towards an age of molecular diagnosis, diseases can be classified according to 

clinical phenotype, response to treatment and molecular aetiology. This is not always 

straightforward for complex diseases but rapid developments in information technology, clinical 

imaging and molecular biology techniques have meant that we are now more able to piece 

together the biological networks that contribute to disease susceptibility.  

 

5.1 Clinical studies 

The familial basis of PACG is less recognised than POAG, and not often enquired about in 

clinical practice. We identified a strong female preponderance, and found that older relatives 

showed more advanced glaucomatous damage. Population screening for PACG in the UK is not 

feasible due to the low incidence in Europeans,15 but the examination of first degree relatives, 

especially older females, is likely to be useful in case detection of higher risk individuals. 

Repeated clinical examinations may be required. Experience in POAG in the Nottingham family 

glaucoma study (271 siblings from 156 probands), found that 12% of siblings had definite 

POAG and 6% were suspects in the initial survey. A further 7% had definite glaucoma and 19% 

were found to be suspects 7 years later.455 They recommended that family screening for 

glaucoma needs to be effective and repeated to detect the relatives at highest risk that require 

treatment. Our cohort was recruited and examined between 2006-2009. We found 50% of 

siblings (42 out of 84, see Table 3.2.3) had PACS or more advanced disease. Out of these, 7% 

had PACG. Repeated examination in a few years’ time to quantify any increase in incidence and 

prevalence will provide useful information on the natural history of the disease in Europeans, 

which is not available in current literature.  

 

With increasing awareness of PACG in Europe, there is an emphasis toward early diagnosis and 

treatment. For APAC, renewed interest in treatments such as argon laser peripheral iridoplasty 

for immediate intervention,188,456 and early lens extraction179,457 are being reviewed by studies 

performed in Asian populations. In the UK, a rise in the rates of laser iridotomies and 

phacoemulsification have accompanied a fall in APAC rates.458 Being a tertiary referral unit, a 

number of probands recruited into our study were cases of refractory acute angle-closure that 

required cyclodiode treatment204 in addition to conventional modalities and underwent 

subsequent lensectomies. A study of the immediate treatment outcome and long term follow up 

of the following groups (sections 3.2.3.1 to 3): (1) APAC/APACG vs (2) chronic PACG vs (3) 

PACS/PAC with no glaucoma could help to identify novel biomarkers for disease severity and 

guide clinical management. Physical characteristics such as angle width, iris configuration, and 

pigment in the anterior chamber angle would have to be recorded objectively in a prospective 

longitudinal study of these subgroups. Imaging modalities would play a significant role. 
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5.2 Imaging studies 

The availability of non-contact imaging with AS-OCT has enhanced our clinical ability to detect 

NA and PACS objectively.459,460 However, eyes at risk of visual loss are those with persistent 

angle-closure despite treatment. After first line treatment with laser iridotomies, one or more of 

the following pre-treatment characteristics increases the risk of residual angle closure: (1) 

narrower angle opening distance (2) thicker irides (3) a more anteriorly positioned ciliary body 

and (4) a more anteriorly located iris insertion.437 The ciliary body cannot be easily observed on 

AS-OCT imaging due to the poor penetration of 1310nm wavelength light beyond the iris 

stroma. The view is even more limited in brown eyes, which were found to be associated with 

pigment, narrower angles, and plateau iris in our study.  

 

Residual angle-closure after treatment in our familial cohort was approximately 41-48% (Table 

3.2.6). Plateau iris configuration was present in 65% of these, and plateau iris syndrome (i.e. 

elevated IOP) accounted for 39%. Although there is no widely used clinical imaging definition of 

plateau iris configuration, deeper anterior chamber angles and thicker irides are consistent 

features.86,87 This was our rationale for using maximum iris thickness (ITmax) as a surrogate 

quantitative trait. Jiang et al found that in eyes with PACS, the peripheral third of the iris, 

particularly in the superior quadrant, was thicker than wide angle eyes.461 They also found that 

anterior rotation of the ciliary body and iris insertion were not significantly between eyes with 

PACS and those with open angles.461 This could mean that UBM imaging of the ciliary body may 

not be necessary for case detection, but would be useful in cases that fail to respond to 

treatment.  

 

Baek et al recently presented a paper with two clusters of PAC on hierarchical cluster analysis, 

the first group similar to non-pupil block/ plateau characteristics, and the second with smaller 

anterior chamber areas and higher LV.304 The QTL LOD scores achieved for LV were not very 

high (ranging from 1.2 to 1.7) in our cohort, compared to a LOD score of 2.4 for ITmax on 

chromosome 5. In order to use these traits as clinical indicators, or phenotypic biomarkers for a 

genetic susceptibility, more understanding between their relationship to angle-width, IOP and 

GON is required. Longitudinal follow up of hospital and population cohorts would be required to 

test the possible application of Baek’s two cluster classification.  

 

On a single horizontal AS-OCT scan, more than twenty different measurements could be 

obtained (Figure 2.4.9). Many of these quantitative traits are related to one another, eg. 

shallower ACD would produce smaller ACA and ACV but no single trait fully represents PAC. 

Nongpiur et al used stepwise logistic regression of age, ACW, ACA, ACV, LV and iris thickness at 

750μm to produce a classification algorithm that identified subjects with gonioscopic angle-

closure >95% of the time.462 This would be useful for screening for narrow angles/ PACS in 
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populations with a high prevalence of PACG. For lower risk populations such as the UK, where 

opportunistic testing of family members in the community followed by hospital referral to 

confirm the diagnosis is the norm, the reported specificity of 76.7% would not be sufficient for 

AS-OCT to be used on its own for clinical decision making.    

 

Physiological markers of angle-closure such as iris volume after physiological mydriasis on AS-

OCT have now been shown to be different between APAC and chronic PACG patients.463 Fellow 

eyes of those with previous AAC had less ability to change in iris volume in response to dark-

light conditions. Age was a significant factor, and given the difference in incidence between AAC 

in different countries and racial groups (Figure 1.3.2) further understanding of the physiological 

responses and molecular pathway will help to identify risk factors and provide early treatment 

to high risk individuals. Iris volume, and change in iris volume were not available for study at 

the time of writing of this thesis. They could be applied for future analysis of clinical subtypes 

and QTL loci in our familial cohort.   

 

5.3 Genetics of PACG 

Based on this thesis, there were two potential gene loci with relatively large effect on 

chromosomes 10p13 and 13p12 respectively. These were shown in the large Caucasian family 

presented in Section 1 and continued to be suggestive in the QTL analyses of Section 2. Future 

work on these regions will include genotyping of microsatellites, SNPs and further exome 

sequencing of more subjects. Marked differences observed between the males and females in 

our study suggest that chromosome X investigations still have a role. The demographics of our 

study population were similar to population studies of angle-closure so unbalanced sampling 

was possible but not likely. It remains possible that the chromosome X SNPs analysed in this 

thesis did not provide full coverage of putative regions. The most informative SNPs were chosen 

per centimorgan for the analyses but different sets or combinations of informative markers 

covering chromosome X could be chosen for repeat analyses. The SNPs and microsatellite 

alleles used for linkage analyses may also have had sex-specific allele frequencies that were not 

accounted for. Increasingly complex mathematical models of genetic linkage464 and association 

testing465 will be required for future work since the results of this thesis showed that a single X-

linked gene of large effect causing PACG is unlikely. Very large sample sizes will be required 

due to subtle phenotypic and genetic heterogeneity.464 

 

Apart from sex, age was the most significant factor in the development of PACG. A cautious 

approach was taken for determining affection status in subjects under 60y in this thesis but 

more sophisticated modelling of age and sex stratification could be performed. For POAG, 

Allingham et al performed ordered subset analyses using average age of diagnosis as a co-

variate.466 Permutation testing was employed in their later work to determine if increases in 
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linkage evidence by age and ancestry per family was greater than expected by chance.467 Other 

methods of weighting key clinical features of borderline and unaffected POAG subjects have 

also been used to rationalize the use of members of a pedigree for linkage analysis. This was 

performed in the Glaucoma Inheritance Study of Tasmania (GIST), called the GIST score, and a 

similar approach could be helpful for subjects with suspicious, or equivocal features stratified by 

age in our study.468  

 

In Section 3.3, a mitochondrial gene TXNRD2 was suggested as a possible candidate in the 

exploratory case control study performed in 99 cases. A recent study of Australian (n=232) and 

Nepalese patients (n=106) did not show statistical significance in the association, and also 

demonstrated a difference in the populations whereby the Australian cohort had a risk estimate 

of >1.0 and the Nepalese <1.0.469 The different directions of risk effect suggests that 

environmental influences may be important so future studies should also include biomarkers of 

oxidative stress.470  

 

5.3.1 Haplotype analysis 

The haplotype 3-10-4-3 on chromosome 10 (Figures 3.1.8 and 3.1.10) co-segregated with 

plateau iris configuration in Family A. In the affected only analysis, shorter than average axial 

length was also a consistent feature (see individuals highlighted by the red box in Table 3.1.1). 

Genotyping of this risk haplotype should be performed on the smaller families as to determine 

the proportion that might have similar genetic backgrounds. Subgroup analysis to investigate if 

these families had PACS/ PAC without glaucoma may throw light on whether this region 

contains a genetic marker for plateau iris in smaller eyes.  

 

5.3.2 SNP genotype-phenotype analysis 

Three SNPs, rs11024102 in PLEKHA7, rs3753841 in COL11A1 and rs1015213 between PCMTD1 

and ST18 were identified by the international angle-closure consortium to be associated with 

AAC and PACG. Sequencing of these candidate SNPs for comparison between affected and 

unaffected individuals in our cohort, including a logistic regression analysis of their ocular 

phenotypes could give further information on whether there are particular clinical features that 

differentiate AAC/ PACG from earlier disease.  

Day et al compared these three SNPs for association to ACD, AL and corneal keratometry using 

an additive genetic model for each allele in the EPIC-eyes cohort. The presence of one A allele 

for rs1015213 was associated with a 0.07mm shallowing of ACD compared to wild type 

homozygotes after adjusting for the effects of age and sex.471 The other two SNPs were not 

associated with the biometric characteristics tested. Little is known on the function of PCMTD1 

or ST18, the latter encodes for suppression of tumorigenecity 18 which is thought to modulate 

inflammation and apoptosis in fibroblasts472 and has been reported as a breast cancer tumor 
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suppressor gene.473  

 

A number of other genes have been studied in previous small scale case-control studies 

(Section 3.3.6.1). Future meta-analyses will be required to assess which these associations are 

true for PACG.  

 

5.3.3 Exome sequencing  

The use of exome sequencing, combined with parametric linkage in Family A, we were able to 

identify SPATA13 as a good candidate for angle-closure glaucoma, probably of the plateau iris 

subtype. The difficulty with using families for the study of complex diseases is that there is 

often insufficient power from both traditional linkage, or association testing to detect causative 

and associated genes. Only the proband was sequenced with this new technology, and 

additional loci may be detected by sequencing a few other individuals with the same (plateau 

iris) phenotype.  

 

At the time of our linkage experiments, two different SNP genotyping platforms were used with 

varying coverage of the genome. With newer technology it is now possible to perform 

genotyping of whole exomes in a cost-effective manner and the genetic linkage to be re-visited. 

This will be helpful for regions not represented on either the Affymetrix and Illumina microarray 

SNP chips used in this study.  

 

5.4 PACG in the context of known glaucoma genes   

Genotyping of our cohort for known glaucoma genes was not performed although exclusion of 

linkage to these regions was checked for. Sanger sequencing of these genes in our cohort could 

be performed. Below are results from current literature of relevance to PACG:- 

 

CYP1B1 

Two main lines of investigation have been followed with candidate gene studies in PACG. 

Firstly, do the GON of PACG and POAG have common genetic backgrounds? Evidence for the 

first question comes from Charkrabarti et al’s work in India where resequencing of CYP1B1 was 

performed on 134 POAG cases and 90 PACG cases.63 Their methods section includes a definition 

of PAC (synechial) and PAC (appositional) without GON, but it was not clarified in the paper 

whether some of the 90 subjects had PAC without GON. They found that the frequency of the 

C-C-G-G-T-A haplotype using 6 intragenic tag SNPs was significantly higher in POAG (P = 

0.001) than PACG (P = 0.02) when mutations in CYP1B1 were found. Four mutations identified 

in PACG subjects: (1) the g.8148-8152del5bp frameshift mutation was most frequent (n=10 out 

of 90), followed by (2) R368H (n=5), (3) E229K (n=4) and (4) Q144R (n=1).63 Only E229K did 

not show a deleterious effect on SIFT (sorting intolerant from tolerant) prediction 
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http://blocks.fhcrc.org/sift/SIFT.html. One report in a Chinese family by Dai et al demonstrates 

the co-inheritance of a CYP1B1 mutation and a MYOC polymorphism to be responsible in three 

subjects with PACG. The female proband and her two daughters harboured the L432V mutation 

in CYP1B1 and the R46X change in MYOC.64 While it CYP1B1 does not appear to cause PACG, it 

may have additive effects on influencing ocular biometry95 and steroid metabolism,65,474 

including sex differences in PACG.  

 

MYOC 

The R46X change in MYOC occurred in 2.5% of the control subjects (n=160) in a study by Dai 

et al’s study.64 Although it results in a truncated protein, the R46X change alone does not cause 

glaucoma. The R46X sequence change has not been reported in Caucasian populations. The 

founder effect of MYOC mutations in the GON of POAG and PACG was observed in a French-

Canadian family from Quebec whereby POAG and PACG phenotypes were observed in a son 

and mother pair respectively carrying a P481L mutation.475 The Q368X mutation in MYOC was 

identified in a sporadic case of PACG in the same study. From the summary table 1.5.1, Q368X 

mutation has been shown to be a modifier of GON. Prior to this, the P381L mutation has only 

been reported once, in an African-American POAG case from New York, and not in any of the 

control subjects screened.476 No myocilin mutations have been identified in Chinese subjects 

with chronic PACG, although eight sequence variants, not thought to be disease causing, were 

identified in a study by Aung et al.292 These were: (a) R46X in an 82-year old subject diagnosed 

at 75y (b) a novel intronic neutral polymorphism 604 + 16G>T (c) a promoter polymorphism 1-

83 G A that always occured with the R76K polymorphism, and four other polymorphisms (d) 

G12R (neutral), T123T (neutral), I288I (neutral) and T353I (uncertain pathogenicity). 292 The 

T353I polymorphism has previously been associated to the development of POAG in Chinese 

subjects (P = 0.05, OR=6, 95% CI = 1 to 35).477 

 

Genes related to ocular size     

A frequently asked question in case-control studies of PACG is whether genetic loci responsible 

for either small ocular size or secondary glaucoma also contribute to the susceptibility of PACG. 

Aung et al examined 108 patients with PACG (49 with AAC and 59 chronic cases) for CHX10 and 

MFRP mutations.329 These genes have been implicated in non-syndromic microphthalmia and 

autosomal recessive nanophthalmos respectively. One potential disease causing variant, G243D 

was observed in CHX10 (retinal homeobox gene) in a patient with acute PACG who also had a 

MFRP R257H mutation. The clinical characteristics of the patient involved: an 82 year old 

patient diagnosed at 75y with bilateral CDR of 0.8 and 360° of PAS and biometry of 21.05mm 

for AL and 2.09mm for ACD suggests the subject is probably the same patient Aung et al 

described with the R46X MYOC polymorphism. The G243D mutation in CHX10 may be 

pathogenic as it was not found in 400 normal controls, but it was not possible to show 

http://blocks.fhcrc.org/sift/SIFT.html
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segregation of the G243D mutation in the subject's family members. 329 Here lies an example 

where sequence changes in three genes may each be contributing to the disease in a patient 

with late onset symptomatic PACG. The other sequence variants found for CHX10 were: (a) two 

synonymous changes S157S and P250P, and (b) one missense change D291N. All three were 

also found in normal subjects. For MFRP, another missense change V136M, and four common 

silent variations were identified: R64R, Y164Y, H180H, L318L. The distribution of these variants 

between controls and PACG subjects were not statistically significant. 329 Wang et al  identified 

three MFRP polymorphisms in 63 PACG subjects and 66 age- and sex-matched controls. They 

were: (a) a non-synonymous change in rs3814762 (A/G) in exon 4; and two synonymous 

changes rs2510143 (C/T) and rs36015759 (T/C) on exon 5. There was a trend toward 

association for rs36015759 (P = 0.06) but the number of cases were too small in this pilot 

study to be conclusive.478 

 

Genes related to extracellular matrix or connective tissue disorders 

Homocystinuria (secondary to either methylenetetrahydrofolate reductase, MTHFR enzyme 

deficiency or cystathionine betasynthase: 5,10 MTHF [aka CBS] deficiency) is another 

differential diagnosis for patients with ectopia lentis (see also sections 3.4.6.1 to 3). Bilateral 

anterior lens dislocation causing angle-closure glaucoma may be observed.479 The condition is 

treatable with early dietary restrictions, but left untreated, has devastating systemic effects 

including early cardiac death and severe neurological deficits. These enzymes are involved in 

the biochemical pathway that influences the amount of 5,10-MTHF, and its reduction to 5-

MTHF, which is the major circulatory form of folate and methyl source for homocysteine 

remethylation. Elevated plasma levels of homocysteine have been found in Caucasian glaucoma 

patients with POAG and XFG.330 Bleich et al  found that the C677T polymorphism was 

associated with higher homocysteine levels and greater disease morbidity in POAG but not XFG 

patients. 330 This was followed up by Michael et el who studied the allele frequencies of the 

C677T polymorphism in 150 patients (90 with POAG and 60 with PACG) from Pakistan. Four 

PACG subjects (7%) had the TT genotype that was not observed in POAG cases, and a 

statistically significant difference was only observed for MTHFR genotype frequencies of PACG 

cases and controls (n=70).331 Although total serum homocysteine (tHcy) levels were elevated 

for both POAG and PACG subjects compared to controls, statistically significantly elevated tHcy 

levels for the TT genotype of the C677T and AC genotype of A1298C polymorphisms of MTHFR 

were only observed for the PACG group.480 Elevated levels of homocysteine can affect fibrillin-1 

in aging, and affect the expression of collagen and alpha-actin levels during gene 

transcription.331 

 

PACG may be related to scleral remodelling or extracellular matrix homeostasis. Evidence for 

this was suggested by the finding that polymorphisms in MMP-9, an extracellular matrix 

metalloprotease, was associated with AAC in a study of 76 Taiwanese subjects (rs2664538 aka 
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rs17576),287 but this was not replicated in 217 PACG subjects from Singapore, of whom 85 had 

AAC.319 A different SNP, rs2250889, was found to be associated in a study of 211 Chinese 

patients with PACG.320 The presence or absence of symptoms were not detailed in the Chinese 

study. Heterogeneity in the inclusion criteria, and the small numbers of subjects studied mean 

that the evidence for MMP-9 SNPs to be associated with PACG remains inconclusive. 

 

Gene related to autonomic control of the pupillary sphincter 

In 2008, Ittner et al described a transgenic mouse model where overexpression of the calcitonin 

receptor-like receptor (CLR) in the pupillary sphincter resulted in pupillary palsy and an acute 

and transient increase in IOP in mice, mimicking the adult human phenotype of AAC.322 Cao et 

al  studied seven tag SNPs in the equivalent CALCRL gene in humans finding the haplotype T-C-

T of the SNPs rs840617, rs6759535 and rs1157699 was significantly higher in AAC cases 

(n=109), while the T-C-C haplotype of the same SNPs was lower in AAC cases compared to 

controls. No association was found for chronic PACG cases (n=98). Further study in other 

populations will be required to replicate and test the significance of this association.243 
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5.5 Summary  

The genetic basis of primary angle-closure glaucoma is a complex disorder to elucidate. Whilst 

the traits appear to be autosomal dominant in inheritance, varying mechanisms and 

presentations of the disease point to a polygenic disorder, or significant phenotypic 

heterogeneity if there are a few major genes of significant effect. 

 

There are four identifiable avenues of research to investigate the genetic basis of PACG: 

(A) Isolating the mechanism for rare variants of large effect 

(B) Determining the mode of inheritance and penetrance of rare variants 

(C) Determining the contribution of common SNPs to glaucoma susceptibility 

(D) Biological networks and complex algorithms to determine risk 

 

While we cannot be certain how many loci may be involved in the development of angle-

closure, the answer is more than one! Parametric linkage in Family A, the largest European 

family with PACG reported to date, has excluded a monogenic cause for this disorder. There are 

likely to be at least two, if not even more loci that make contributions to the final clinical 

phenotype. There is increasing evidence for the use of quantitative traits67 to define genetic 

aetiologies to common diseases such as glaucoma289,446,481 and myopia.312,313 From our data, the 

genetic predisposition to AAC and PACG290 are different from the genetic factors underlying 

short axial biometry and plateau iris. 

 

Adding to clinical knowledge, we have also highlighted the importance of identifying secondary 

ACG in connective tissue and ocular disorders such as Marfan’s, Weill-Marchesani syndrome, 

Ehlers-Danlos syndrome and Bestrophinopathies.  

 

5.6 Conclusions 

Primary angle-closure glaucoma is an important public health problem as it affects a large 

number of older people, especially women, and the underlying reason for this difference in 

susceptibility remains unknown. Without clear evidence for Mendelian inheritance in “common” 

forms of PACG to date, methods for disease susceptibility identification will have to employ 

methods in complex disorders. The presentation of PACG is highly varied, and sub-phenotyping 

of disease categories e.g. plateau iris versus pupil block cases for a genome-wide association 

study is costly. It is also subject to significant variability in multi-centre large scale studies. 

Improvements in diagnostic acumen amongst clinicians, wider knowledge of the disease, and 

newer imaging modalities are all developments toward early diagnosis and better treatments for 

our patients. 

 

This PhD used a combination of techniques from detailed phenotyping to linkage analysis and 
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GWAS to identify six good candidates for the genetic susceptibility of PAC/ PACG. They are:  

(1) Haplotype 3-10-4-3 on chromosome 10 

(2) p.477_480del variant in SPATA13 

(3) rs11024102 in PLEKHA7 

(4) rs3753841 in COL11A1 

(5) rs1015213 between PCMTD1 and ST18  

(6) rs3788317 in TXNRD2 (see section 3.3.6) 

 

Is the future linkage or GWAS? Both techniques are undoubtedly useful. In both instances, it 

remains important to carry out full ophthalmic examinations including gonioscopy as newer 

imaging methods do not provide sufficient specificity to diagnose PAC/ PACG.178  

 

A positive family history of AAC or PACG should alert the clinician to examine first-degree 

relatives, especially the older relatives, as early detection can prevent devastating visual loss. 

Younger patients presenting with angle-closure should always have a systemic history taken, to 

ensure that there are no other secondary causes such as fibrillinopathies and 

bestrophinopathies (section 4) responsible for their clinical signs.  

 

As we discover more about genetic factors that can contribute to PACG, eventual genetic 

counselling and personalized therapy may be possible. A family based approach will then have 

further benefits whereby gene-finding experiments can be taken from bench to the bedside.   

 

It is hoped that the content of this thesis will provide a useful foundation for further work with 

multiple avenues to pursue – from detailed phenotyping to large-scale collaborative 

investigations into the inherited basis of primary angle-closure glaucoma.  
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 Mr and Mrs V:33 
Address line 1 

Address line 2, area 

Address postcode 
Telephone number: __ 

 Email contact: __ 
 

 
       Date (2008 to 2009)  

 

Dear V:44/ V:45, 
 

Re: Research Study - An investigation into the genetic basis of  
primary angle-closure glaucoma 

 
I am a granddaughter of III:10 and III:11 they were married in 1898. They 
had 11 children 7 girls 4 boys (1 boy died in his first year).  

 

Research conducted through the Society of Genealogists into our family 

tree has suggested that you may be distantly related to me (third cousin). 
My great-grandmother, II:1 (nee maiden name), was your great-

grandaunt. We would like to get in touch with you and your family. 

 

I am writing to you on behalf of a research team at Moorfields Eye 

Hospital. They are conducting a study to identify the cause of an eye 

condition that affects some of our extended family. The condition (angle-
closure glaucoma) is preventable in the early stages, and treatable when 

established, but can cause serious damage to sight if it goes undetected. 
 

The lead researcher, Mr Paul Foster, is a consultant eye specialist at 
Moorfields. He and his team would be very interested in telling you more 
about the research as you may be able to help us identify the gene which 

causes this condition. 
 

It is important for the research that they investigate as many distant family 
members as possible. I would be very grateful if you could take part in this 

research.  

 
     Address label of distant relative 

This may involve just a phone-call, home-visit, or a visit to Moorfields Eye 

Hospital for an eye test. If any treatment or monitoring is necessary, the 

hospital would arrange this for you.  
 
Please contact us at the address above, or the research team below with 

your phone number and we will call you to discuss this further.  
 

Do quote:”Family A, Paul Foster Research. ” 
 
You may write to:- 

Mr Paul Foster 
UCL Institute of Ophthalmology & Moorfields Eye Hospital 

11-43 Bath Street 
London EC1V 9EL 
Email: p.foster@ucl.ac.uk  

Tel: 0207 608 6899 
 

You may also email sancy.low@ucl.ac.uk or leave a message and your 
phone number for the research fellow Dr Sancy Low: 0207 608 6900 

 
If it appears to you that we have got the wrong details, please accept our 
apologies and do let the research team know so that their records may be 

updated.   
 

This project has been approved by the Moorfields and Whittington Ethics 
Committee.  

 

 
 

 
 
Yours sincerely,  

 
(signed) 

 
Mrs V:33  
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APPENDIX V 

Web-resources and open-source genetics software (unless otherwise stated) that were used in 

the thesis: 

 

Cyrillic: This commercially available pedigree drawing package has the ability to store some 

clinical information, and illustration of haplotype segregation in families. It was most useful for 

the circular pedigree diagram generated for family A.  

http://www.cyrillicsoftware.com/products/cyril3.htm 

Ensembl genome viewer: This bioinformatics resource maintained by EBI www.ensembl.org 

GRR: This package was used to check relationships by IBD and IBS sharing, by uploading a 

.PED and .DAT file, expected relationships between individuals are plotted on a graph. This 

allows direct visualization of reported family relationships according to amount of IBD and IBS 

sharing.  

LINKAGE: The original LINKAGE package including MLINK is the landmark open-source 

computer program which coded pedigree structures, and genotyping data, to provide the 

calculation of LOD scores with two-point linkage analysis. The file formats .PED and .DAT 

remain in use by numerous programs below.  ftp://linkage.rockefeller.edu/software/linkage/ 

MEGA2: This program, Manipulation Engine for Genetic Analysis, is required for the conversion 

of linkage input file formats into “BATCH” files that contain user-specified instruction 

parameters to run Simwalk2 (see below). http://www.genetics.ucla.edu/software/simwalk_doc/ 

 Mendel: This was not used in the thesis, but the program has functions to calculate 

heritability of complex traits. The source code for an early version of Mendel (v 3.3.5) however, 

was required to compile an extended version of Simwalk2SNP. See Simwalk below. 

MERLIN: MERLIN uses sparse trees to represent gene flow in pedigrees. It is the fastest 

linkage analysis package around.http://www.sph.umich.edu/csg/abecasis/Merlin/ 

Pedcheck: Detects genotyping errors in pedigree data, level zero errors are those inconsistent 

with a standard pedigree structure e.g. missing parents; level one errors are mendelian errors; 

level two errors are . The program allows inconsistent genotype calls to be re-coded to zero, 

producing a zeroout.dat file that is ready to be analysed by the linkage programs.  

http://watson.hgen.pitt.edu/register/ 

Pedstats: Generates summary statistics of pedigree structure and genotypes, as well as the 

number of various relationship types. It is pre-compiled with MERLIN, and is equivalent to level 

zero error checking of the Pedcheck program.  

 http://www.sph.umich.edu/csg/abecasis/Merlin/ 

Pelican: A java-based pedigree viewing tool that takes input files .pre or .ped standard linkage 

format: The first six columns indicating - FID | IID | Pat | Mat | Sex | Affection must be 

present, trailing columns will not be read. 

http://www.mrc-bsu.cam.ac.uk/personal/frank/software/pelican/ 

http://www.cyrillicsoftware.com/products/cyril3.htm
http://www.ensembl.org/
ftp://linkage.rockefeller.edu/software/linkage/
http://www.genetics.ucla.edu/software/simwalk_doc/
http://www.sph.umich.edu/csg/abecasis/Merlin/
http://watson.hgen.pitt.edu/register/
http://www.sph.umich.edu/csg/abecasis/Merlin/
http://www.mrc-bsu.cam.ac.uk/personal/frank/software/pelican/
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PLINK:  

http://pngu.mgh.harvard.edu/~purcell/plink/ 

Progeny: This is a commercially available phenotype-genotype database. This project allowed 

me to set up a server at Moorfields Eye Hospital with the help of Steven Gill of the IT 

department and Stephen Miller, European Sales Representative of Progeny Genetics LLC.  

www.progenygenetics.com 

R: This is an open source statistical program with program packages useful for plotting of LOD 

score results in regions of interest. This was used with a script provided by Prof HJ Cordell, 

Newcastle University. http://www.r-project.org/ 

Simwalk2: A Markov-Chain Monte Carlo estimation method using Stochastic Statistical Analysis 

of Qualitative traits: haplotyping, parametric linkage and non-parametric linkage, identity by 

descent options were used in this thesis for the large families that were not possible to analyse 

with MERLIN. The pre-compiled version of simwalk2 allows 63 loci to be analysed, and 

simwalk2snp allows 127 loci to be analysed. A fortran compiler was used by Niall Mullally to 

compile the simwalk source code (with mendel v 3.3.5) to create the simwalk2snp executable 

that allowed 768 loci to be analysed. 

http://www.genetics.ucla.edu/software/ for Mendel  

http://watson.hgen.pitt.edu/register/ for Simwalk2 

WGAViewer: A java-based integrated program with a user-interface allowing PLINK output 

files containing marker information: SNP Name | cM | bp position | P-Value to annotate 

genomic regions of significance after an association study  

http://people.genome.duke.edu/~dg48/WGAViewer/download.php 

 

 

For a general resource of linkage computer programs, the website 

http://linkage.rockefeller.edu/soft/ which is run and maintained by Jurg Ott’s group at the 

laboratory of statistical genetics of the rockerfellar university. 

 

 

 

http://pngu.mgh.harvard.edu/~purcell/plink/
http://www.progenygenetics.com/
http://www.r-project.org/
http://www.genetics.ucla.edu/software/
http://watson.hgen.pitt.edu/register/
http://people.genome.duke.edu/~dg48/WGAViewer/download.php
http://linkage.rockefeller.edu/soft/
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