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Abstract

Congenital retinal diseases are a major cause of childhood and lifelong visual im-

pairment. Such conditions can manifest a variable array of severe and subtle ef-

fects on vision. Assessment of visual function in children can be challenging; yet,

knowledge about phenotype, genotype and impact of these disorders is crucial for

providing appropriate support, tailored diagnostics and for developing treatments.

ON-and OFF-pathways are separately transmitting information on brightness

and darkness from the retina to the cortex, where their interplay is crucial in visual

perception. This project investigated the effects of retinal ON-pathway dysfunction

on vision.

A cohort of 109 patients with ON-pathway dysfunction was examined from

four subgroups of visual electrophysiological phenotypes (incomplete and complete

Congenital Stationary Night Blindness - CSNB, Duchenne Muscular Dystrophy

- DMD, and congenital disorders of N-glycosylation - PMM2-CDG). Using spe-

cialised visual evoked potential stimuli, designed to distinguish the ON-and OFF-

pathway signal arrival at the striate cortex, marked ON system delays were revealed

in patients with subtypes of CSNB, DMD mutations post exon 30 and PMM2-CDG.

A child-friendly psychophysical software called LumiTrackT m was developed to as-

sess motion and contrast perception, two important qualities conveyed by ON-and

OFF-pathways. Patients with subtypes of CSNB and PMM2-CDG showed abnor-

malities in motion perception and subnormal contrast sensitivity, while patients with

DMD performed at the level of healthy volunteers. These impairments may occur

due to a delay of signal transmission through the retina, resulting in an ON/OFF sig-

nal asymmetry within the visual system. A genotype-phenotype comparison sug-
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gested a trend of increasing ON/OFF asymmetry associated with genetic defects

affecting proteins placed later within the photoreceptor / ON bipolar cell signalling

cascade.

This systematic study of cortical and behavioural visual function in patients

with ON-pathway dysfunction highlights the impairments encountered by patients

in visual qualities important for everyday life.
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Abbrevations

The following abbreviations were used in this thesis:

2AFC: Two Alternative Forced Choice

AD: Amplitude Difference

A/D: Analog-to-Digital converter

AMD: Age-related Macular Degeneration

APB: 2-amino-4-phosphobutyric acid

AVV: Adeno-associated Viral Vector

BEO: Both Eyes Open

bp: base pairs

BWA: Burrows Wheeler Aligner

CACNA1f: Calcium Voltage-Gated Channel Subunit Alpha1 F

CC: Correlation Coefficient

CI: Confidence Interval

cm: centimetres

CNV: Copy number variation

CNS: Central Nervous System

CSF: Contrast Sensitivity Function

CSNB: Congenital Stationary Night Blindness

cCSNB/CSNB1: complete Congenital Stationary Night Blindness

iCSNB/CSNB2: incomplete Congenital Stationary Night Blindness

deg: degrees

ddNTPs: 2',3' dideoxynucleotides

DMD: Duchenne Muscular Dystrophy
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DMSO: Dimethyl Sulfoxide

DNA: Deoxyribonucleic acid

cDNA: complementary DNA

DTL: Dawson, Trick, and Litzkow (electrode)

EEG: Electroencephalogram

EDTA: Ethylene Diamine Tetraacetic Acid

ERG: Electroretinogram

ETDRS: Early Treatment Diabetic Retinopathy Study

ExoSAP: Exol Shrimp Alkaline Phosphatase

fMRI: functional Magnetic Resonance Imaging

GB: Gigabyte

GCL: Ganglion Cell Layer

GNB3: Guanine Nucleotide-Binding Protein 3

GOSH: Great Ormond Street Hospital

GPR179: G Protein-Coupled Receptor 179

GRM6: Glutamate Metabotropic Receptor 6

Hz: Hertz

ICH: Institute of Child Health

ILM: Inner Limiting Membrane

INL: Inner Nuclear Layer

IPL: Inner Plexiform Layer

ISCEV: International Society for Clinical Electrophysiology of Vision

ISI: Inter Stimulus Interval

KO: Knock-out

LCD: Liquid Crystal Display

LRIT3: Leucine-rich Repeat, Immunoglobin-like and Transmembrane Domain-

containing Protein 3

MAR: Minimum Angle of Resolution

mM: millimolar

ms: milliseconds
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µV: micro Volts

µM: micromolar

nM: nanomolar

NGS: Next Generation Sequencing

nob: no b-wave

NYX: Nyctalopin

OLM: Outer Limiting Membrane

ONL: Outer Nuclear Layer

OPL: Outer Plexiform Layer

PCR: Polymerase Chain Reaction

PET: Positron Emission Tomography

PI: Prediction Interval

PMM2-CDG: Phosphomannomutase 2 deficiency

RNA: Ribo-Nucleic Acid

cRNA: Complementary Ribo-Nucleic Acid

RPE: Retinal Pigment Epithelium

RP: Retinitis pigmentosa

RT: Room temperature

SNP: Single Nucleotide Polymorphism

TAE: Tris Acetate Ethylene Diamine Tetraacetic Acid

TE: Tris-Ethylene Diamine Tetraacetic Acid

TD: Time Difference

td: Troland

TRPM1: Transient Receptor Potential Cation Channel Subfamily M Member 1

TTX: Tetrodotoxin

V1: Primary visual cortex / striate cortex

V4: Visual area 4

V5: Visual area 5

VA: Visual Acuity

VEP: Visual Evoked Potential
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WES: Whole Exome Sequencing

WGS: Whole Genome Sequencing

WHO: World Health Organisation
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1.1 The human visual system from eye to cortex

1.1.1 The human eye

Vision depends crucially on the functionality of the eye and its structure. The human

eye is made up of several different parts and layers (Figure 1.1), which enable it to

detect and channel light information from the environment, in order to translate and

relay it for processing in the visual centres of the brain. While visual processing

begins with the retina, the light sensitive tissue at the back of the eye, the anterior

parts of the eye are concerned with contributing to optimal capturing of light from

the environment. In order to enter the eye, light is channeled through the pupil, a

”window”, the size of which is controlled by the iris. This muscular ring contracts

the pupil - making the window smaller - in response to high ambient light levels in

the environment, and expands it when ambient light levels are low. It also contains

distinct pigmentation and therefore presents what is commonly referred to as ”eye-

colour”. Both, the pupil and the iris are covered by two exterior layers. The sclera

is the opaque outermost layer of the eyeball and provides protection and structural

support [1], while the cornea is the transparent cover, which plays a major role in

focusing light on the retina. The crystalline lens, which is situated behind the pupil,

further contributes to the refractive properties of the eye. The retina - the light

sensitive tissue at the posterior end of the eye - stands at the beginning of the visual

signalling pathways. Overlying the retina is the retinal pigment epithelium (RPE)

which supports retinal and optical function by absorbing scattered light, as well as

carrying out a nutrient and ion exchange function for photoreceptors [2, 3]. Firmly

attached to the RPE is the vascular layer of the eye, called the choroid. It supplies

the outer retina with oxygen and nutrients, such as glucose and retinal, which plays

a role in the process of absorption of photons by visual pigments [1].
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Figure 1.1: A simple schematic of the main structures and layers of the mammalian eye.
Highlighted in orange is the retina. Used with permission of [4].
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The anatomy of the retina was first highlighted in ground-breaking work by

Spanish neuroscientist and pathologist Ramon y Cajal (1894). His detailed draw-

ings of cells from retina and brain, made at the beginning of the twentieth century,

are still used for educational purposes today. He found the retina was highly com-

plex neural tissue, comprising in excess of sixty different cell types [5] arranged in

three different layers [1]. A simple schematic of the major retinal cell types and

layers is given in Figure 1.2.

The light-sensitive cells are the photoreceptor cells in the outer retina. Humans

have two distinct types of photoreceptor cells: rods, responsible for vision in dim

light and peripheral vision, and cones, responsible for the ability to visualise fine

detail and colour. The light information is converted into an electrical current via the

phototransduction cascade, involving conformation changes of several molecules,

and passed on to subsequent retinal cell types via chemical or electrical synapses.

Photoreceptors capture photons via specialised molecules, opsins, which triggers an

intracellular cascade, provoking a change of their membrane potential, causing the

cells to hyperpolarise.

The cell bodies of both cell types constitute the Outer Nuclear Layer (ONL) of

the retina. Rods and cones continuously release the neurotransmitter L-glutamate in

the dark which inhibits (hyperpolarises) ON bipolar cells and excites (depolarises)

OFF bipolar cells in the Inner Nuclear Layer (INL). The synaptic release of L-

glutamate is inhibited under light stimulation when the photoreceptor cells hyper-

polarise [6]. This reduction of L-glutamate in the OPL causes the bipolar cells to

either depolarise or hyperpolarise depending on their unique receptors [7, 8]. Hu-

man ON bipolar cells have a metabotropic mGluR6 receptor [9] and OFF bipolar

cells ionotropic glutamate receptors [10].

Bipolar cells alert the ganglion cells located in the Ganglion Cell Layer (GCL)

of increases (ON) and decreases (OFF) of light, either directly or indirectly via

amacrine cells. This opposite polarity response introduced at the bipolar cell level

creates a first dichotomy in the processing of light signals. Therefore, organization

at the level of the retina begins for two parallel pathways: the ON-pathway, which
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responds to an increase in brightness and the OFF-pathway, which responds to a

decrease in brightness1 [11].

In addition to bipolar cells, the INL also contains horizontal cells, which fur-

ther regulate the photoreceptor output by lateral integration and inhibition across

several photoreceptors, as well as amacrine and Müller cells. Amacrine cells build a

network of interneurons connecting bipolar cells with ganglion cells and are thought

to mostly integrate and modulate signals from other cell types, introducing a tem-

poral domain to the visual message presented to the ganglion cells. This temporal

domain later becomes crucial in the perception of motion2. Müller cells mainly

have a supportive function for photoreceptors and other inner retinal cell types, be-

ing important mediators of neurotransmitters, such as glutamate [12].

The ONL, INL and GCL are separated by two synaptic layers, the Outer Plex-

iform Layer (OPL) and Inner Plexiform Layer (IPL) [1]. The OPL comprises pho-

toreceptor cell axons connecting to the dendritic tips of bipolar and horizontal cells,

while the IPL is the synaptic area where information from the bipolar cells is trans-

mitted to the ganglion cells, either directly or indirectly via amacrine cells. In order

to activate the visual processes, light has to travel across all retinal layers to reach

the photoreceptors. The mammalian retina is therefore referred to as an inverse

retina.

1A more detailed account of ON-and OFF-pathways is given in Section 1.1.3
2A more detailed account of the perception of contrast, as well as different domains of motion is

presented in Chapter 4 - LumiTrackT m
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Figure 1.2: A simple schematic cross-section of the retinal layers and main cell types
(cones, rods, horizontal, amacrine, bipolar, Müller, and ganglion cells) organ-
ised in three different cell layers (ONL, INL and GCL). RPE: retinal pigment
epithelium. OLM: outer limiting membrane. ONL: outer nuclear layer. OPL:
outer plexiform layer. INL: inner plexiform layer. IPL: inner plexiform layer.
GCL: ganglion cell layer. ILM: inner limiting membrane. Light has to travel
all layers of the retina, before initiating light detection at the photoreceptors.
Adapted from [4].
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1.1.2 From Retina to visual cortex

Once the light signal reaches the ganglion cells, it leaves the retina via the optic

nerve, a bundle of retinal ganglion cell axons exiting the eyeball towards the brain.

In this area of the posterior eye, no light-sensitive photoreceptor cells are present3

and the so-called optic disc (the optic nerve head) creates a small blind spot in the

visual field. Around 55% of ganglion cell axons making up the optic nerves of

each eye cross over to the contralateral hemisphere at the optic chiasm and make

synapses with cells in the lateral geniculate bodies (LGN). The LGN represent the

first synapse of ganglion cell axons after leaving the retina. Here, their signals are

segregated into six layers, depending on the type of information they carry.

Ganglion cells carrying non-chromatic information connect to M-cells in the

magnocellular layers 1 and 2 of the LGN. Chromatic information from cones is re-

layed through ganglion cells to the parvocellular cells (P-cells) in LGN layers 3-6

[14, 15]. The information from short-wavelength S-cones is relayed via koniocellu-

lar cells (K-cells), located between M and P layers. These pathways differ in their

functional characteristics and provide a further separation of light signals depending

on the luminance contrast and properties of the light stimulus [16, 17, 18]: While

the magnocellular system responds well under low contrast conditions, most cells

in the parvocellular system do not respond well to contrasts lower than 20% [19].

From these specialised layers, axons project via the optic radiations to the vi-

sual cortex (Figure 1.3). Here, signals from both eyes are integrated first in layer 4C

- also called the striate cortex. Signal integration within the striate cortex is thought

to result in considerable cross-talk between different visual subsystems, such as the

ON-and OFF-pathways, as well as the magnocellular, parvocellular and koniocellu-

lar systems, presenting their first point of interaction and signal integration [20, 21].

It is important to note, that the connections projecting from the retina to the LGN

and from there to the striate cortex are topographically organized. This means that

neighbouring spots on the retina are represented by neighbouring neurons in the

LGN.

3Although some light-sensitive retinal ganglion cells were reported to exist [13].
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At the striate cortex, the signals which originated and were separated at the reti-

nal level, are pooled in cortical cells of differing complexity. They are characterised

according to their receptive field structures and response behaviours, which are in-

creasingly complex and selective to specific stimulation. The concept of receptive

fields is a recurring theme in the visual system, as it has extensive influence on the

way the visual system encodes the signal input it receives from the environment via

ON-and OFF-pathways.

Figure 1.3: A schematic drawing displaying the visual pathway from optic nerve (here
called the optic tract) to LGN, and via the optic radiations to the visual cor-
tex. Taken from [22].



1.1. The human visual system from eye to cortex 30

1.1.3 The ON-and OFF-pathways of the visual system -

Receptive fields and increasing complexity

After the transduction of light by the photoreceptor cells, the separation of bright

and dark parts of an image is crucial in order to build up contrast [23]. This step

happens in the retina at the level of the bipolar cells, where sign-inverting or sign-

conserving glutamate receptors determine whether the cells depolarise (ON) or hy-

perpolarise (OFF) to light, initiating ON-and OFF-pathways which transmit the per-

ceptions brightness and darkness to the visual cortex. The way information is re-

layed from photoreceptor cells to ganglion cells varies depending on ambient light

levels and at least six distinct pathways of signal transmission from rods and cones

to bipolar and ganglion cells have been shown to exist in the mouse retina [24]. Of

these, four pathways have been thoroughly described and are thought to be active in

the scotopic light spectrum, their activity determined by different light levels. The

work by Bloomfield and Dacheux gives a comprehensive overview [25]:

1. Rods→ ON bipolar cells→ AII amacrine cells→ ON cone bipolar cells

→ ON ganglion cells [26]

Cones→ ON/OFF bipolar cells→ ON/OFF ganglion cells4

2. Rods→ cones (via gap junctions or electrical synapses)→ ON cone bipolar

cells→ ON ganglion cells [27]

3. Rods→ ON/OFF cone bipolar cells→ ON/OFF ganglion cells [28]

4. Direction-sensitive ON/OFF ganglion cells, which receive direct input from

cones only via both, ON and OFF bipolar cells, were reported to exist in rabbit

and mouse retina [29, 30].

Figure 1.4 shows a schematic drawing of these different paths light signals can take

through the retina5.

4This pathway is only active once the cone threshold is reached, at light luminance of approxi-
mately 0.2 trolands.

5Under mesopic light conditions, considerable interaction of rod and cone systems is suggested
[31].
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Figure 1.4: A schematic drawing displaying the four major signal pathways through the
retina from photoreceptor cells to retinal ganglion cells. The different path-
ways are indicated by a colour scheme and the following abbreviations used
for retinal cells: BC - bipolar cell, GC - ganglion cell, AII - AII amacrine cell.
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The subdivision of the light signal into ON and OFF signals at the level of

the bipolar cells is thought to be maintained until at least the striate cortex with

the help of receptive fields. The interaction of these signals in higher cortical areas

contribute to the perceptions of contrast differences, as well as motion (for example

[32, 33]). A receptive field can generally be defined as the region in sensory space

where changes in the stimulus influence the neuron's behaviour and output. The to-

tal area occupied by photoreceptors in the ONL that subsequently feed one ganglion

cell in the INL, directly or indirectly, represents the receptive field of the ganglion

cell: This is the region of the retina over which the cell's firing behaviour can be

influenced by light stimulation (Figure 1.5). Receptive field structures were first

detected in retinal ganglion cells [34] but were subsequently suggested to already

be present at the level of bipolar cells in the primate [35].

Figure 1.5: A simplified schematic of the inputs to an ON/OFF ganglion cell's receptive
field. The cells making up the ON-centre are highlighted in yellow, while the
cells lying in the OFF-surround are shown in white. Several photoreceptor
cell outputs converge on some bipolar cells and these, in turn, connect to one
ganglion cell. At the fovea, a 1:1:1 connection is achieved.
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The way in which bipolar and ganglion cells maintain the ON and OFF polar-

ity of their output is via an antagonistic centre-surround structure of their receptive

fields. Here, either the central region of the receptive field reacts to light incre-

ment and the surround to light decrement, called ON centre, or vice versa, called

OFF centre [34]. Further, the centre and surround regions react in an antagonistic

way: the effect of a spot of light shone on the centre of an ON centre cell will be

diminished by shining a second spot onto its surround [36], or by increasing the

spot size until it also covers part of the receptive field surround. Depending on the

ratio of light falling onto the excitatory receptive field centre and/or the inhibitory

surround, the cell's output firing rate is altered, which enables the visual system to

not only respond to the temporal presence or absence of light, but also to convey

information about its spatial distribution. Neighbouring ganglion cells can receive

their inputs from overlapping and different arrays of receptors. This can also lead to

one receptor exciting some cells and inhibiting others, depending on their structure

and the receptor's location on their centre or surround6. A schematic displaying the

centre-surround antagonism of an ON centre cell is shown in Figure 1.6.

At the level of the LGN, cells within the magnocellular and parvocellular lay-

ers respond to light in much the same way as retinal ganglion cells, having sim-

ilar ON-centre and OFF-centre circular-surround receptive fields, maintaining the

ON-and OFF-pathway dichotomy. An exception is the koniocellular system, which

primarily receives input from ON-ganglion cells [41]. Continuing along the visual

pathway, simple cells in the cortex integrate the signals of neurons projecting from

the LGN. Instead of having a centre-surround structure, most simple cells show

rather elongated receptive fields [42].

The majority of cells found in V1, however, are complex cells. While they

share the quality of responding only over a limited region of the visual field with

simple cells, they also respond to shapes in a certain orientation or even movement

in a certain direction [43]. Unlike simple cells, complex cells do not seem to have a

6It is thought that an interplay of excitatory and inhibitory inputs from cell networks are at the
base of the direction selectivity of some ganglion cell types [30, 37, 38]. These were found to
respond preferably to motion into different directions in rabbit and mouse [39, 29] or are specialised
in detecting object motion [40].
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Figure 1.6: A simplified schematic of the centre-sourround antagonism of an ON centre cell
(an OFF centre cell will react in the opposite manner to light stimulation). If
light is shone on its receptive field centre only (indicated by yellow colouring),
the cell's firing rate increases.

fine separation of their receptive fields into excitatory and inhibitory regions7.

The post-striate cortex processing of visual signals involves many different ar-

eas of the brain, depending on the specific visual input. At this point in visual pro-

cessing, ON-and OFF-pathways are expected to be heavily interconnected and es-

timates about their outputs are more difficult to attribute. Ungerleider and Mishkin

(1982) proposed a model of two functionally specialised pathways of visual pro-

cessing originating in the striate cortex, called the ventral and dorsal streams, due

to their trajectories from the occipital cortex along the ventral cortical surface to the

temporal cortex and dorsally into the parietal cortex, respectively [47]. The ven-

tral stream is believed to mainly subserve recognition and discrimination of visual

7A sub-population of those cortical cells exhibit a further complexity in response selectivity, by
only responding to specific stimuli of a certain length or size [44]. Such cells are referred to as
”end-stopped” and are sensitive to corners, curvatures or sudden breaks in lines [45, 46].
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shapes and objects, whereas the dorsal stream has been primarily associated with

the analysis of the spatial location, shape, and orientation of objects8.

Such a functional difference between both streams is supported by physio-

logical studies of cortical cells in the primate, which highlight selective responses

to geometric shapes in cells within the ventral stream (for example in primate V4

[49]) and a selectivity to object motion direction and speed in cells within the dorsal

stream (for example in primate area MT [50]). While the knowledge about which

cortical areas were involved in the higher processing of visual stimuli in humans

initially came from studies of individuals with cortical lesions and their associ-

ated clinical visual impairments (for example [51]), the advent of functional brain

imaging made it possible to investigate the organisation of the human visual path-

ways with more precision. Haxby and colleagues (1994) were able to distinguish

a functional difference between ventral and dorsal streams by using positron emis-

sion tomography (PET), supporting the initial theory by Ungerleider and Mishkin

[52]. While this ”Two-Streams-Hypothesis” certainly presents an oversimplifica-

tion of the complex relationships in visual processing, for example omitting that

both streams are heavily interconnected (for example [53, 54]), it highlights two

functionally distinct passageways for visual signals originating in the striate cor-

tex9.

In summary, the visual pathway seems to be hierarchically structured with an

increasing complexity of cellular outputs and selectivity. At the same time, parallel

subsystems exist in the visual system, such as ON-and OFF-pathways. Photorecep-

tor cells in the retina are the first component of the visual pathway and are influenced

by light. Next, bipolar cells introduce a first stage of discrimination, separating in-

crements (ON) and decrements (OFF) of light. Ganglion cells, LGN cells, as well

as some cortical cells display a centre-surround receptive field organisation, mak-

ing them more likely to be influenced by the contours of a stimulus falling into their

8This theory was subsequently slightly modified by Goodale and Milner (1992), emphasizing
”perception” vs. ”action” for ventral and dorsal streams, respectively [48]

9A more detailed account and discussion of the theories of visual perception can be found in Joel
Norman's review ”Two visual systems and two theories of perception: An attempt to reconcile the
constructivist and ecological approaches” [55]
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receptive fields. The ON and OFF centre-surround spatial organization is one of

the core features of receptive field structure in visual neurons and this arrangement

enables bipolar and ganglion cells, and subsequently the visual system, to signal

changes in local contrast and even moving stimuli.

While a preference for direction stimuli was discovered at the retinal level in

some species [30, 37, 38], complex cells in the cortex show an increased speci-

ficity and selectivity for incoming stimulation. They might not only be selective

for stimulus contour, but also for its orientation or motion into one direction. This

mechanism of increasingly specific requirements for a cell's activation, the higher it

is placed in the visual pathway, results in a high efficiency. This way, an object in

the visual field stimulates only a small fraction of the cortical cells on whose recep-

tive fields it falls. Moreover, the increasing complexity of receptive field responses,

as well as the receptive field sizes and stimulus selectivity along the visual path-

way allows higher order cells to be more robust to small changes of spatial stimulus

placement in the visual fieldn. This hierarchy continues as signals are transmitted

to higher cortical areas involved in vision and perception, such as V5, which is in-

volved in global motion processing, or V4, which contributes to the processing of

simple shapes.

In summary, the interplay of ON-and OFF-pathway signals transmitted through

the retinal layers is critical in building receptive fields of cells throughout the visual

pathways until the cortical structures. A disruption of their interaction caused by

signalling abnormalities in the visual pathways is therefore expected to affect visual

performance under scotopic and photopic lighting conditions. To what extent this is

the case in human observers with ON-or OFF-pathway dysfunction has never been

systematically investigated.



1.2. Clinical measures of vision 37

1.2 Clinical measures of vision
Vision encompasses the physical and cognitive processing of light stimuli. It de-

pends on the functionality of various different parts of the eye and the subsequent

structures of the brain. Different approaches, assessing structure and function of the

visual system, have been developed in order to judge an individual's visual capabil-

ities as accurately as possible. In clinical practice, these assessments are crucial for

diagnostics and the patient management designed to improve visual outcome. The

outcome of a vision assessment helps define what may be considered a signature of

abnormality in visual phenotypes of a specific condition.

1.2.1 Structural measures

Observation and knowledge of the structure and appearance of the retina can give

valuable information on the state of the visual system. In the past, morphologi-

cal information on the structure of the retina was usually obtained post-mortem via

biopsies; however, advancements in technology have improved the way morpholog-

ical information on the retina is obtained in clinical practice.

An impression of the ocular fundus can be obtained, in a non-invasive manner,

through the pupil, using an ophthalmoscope [56] or more specialised fundus pho-

tography techniques [57, 58]. In order to get an idea of the integrity of the retinal

architecture, a cross-section through the retinal layers can be retrieved using Opti-

cal Coherence Tomography (OCT)10. Both, fundus photography and OCT, rely on

the reflective properties of the retinal layers [61, 62] and are useful in detecting and

monitoring ocular disease affecting retinal cell populations [63, 64].

10A comprehensive review of the OCT and its influence on biomedical imaging is provided by
Fujimoto and colleagues [59]. Digital ocular fundus imaging was reviewed by Bernardes and col-
leagues [60].
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1.2.2 Physiological measures - Visual Electrophysiology

While knowing about the structure and appearance of the retina and the eye is useful

for staging, consequence and prognosis of ocular disease, further important infor-

mation comes from looking at the functional integrity of the parts of the visual

pathway. Physiological measures of visual function allow an insight into the actual

changes of electrical currents within the visual structures which are associated with

visual processes. In particular, the clinical electrophysiology of vision can be sug-

gestive of the functionality of visual processes in the retina and the optic pathways.

A big part of this thesis was to investigate the ON-and OFF-pathways at the level of

the visual cortex and hence, the electrophysiological methods appropriate for their

examination are described in more detail below.

1.2.2.1 The electroretinogram (ERG)

The electroretinogram (ERG) describes a recording of the summed electrical sig-

nal produced by the retina when stimulated with a flash of light. More precisely,

it measures the electrical responses of retinal cells, resulting from membrane po-

tentials generated by light-induced changes in the flux of trans-retinal ions11. The

conditions under which an ERG is recorded, determine the shape of the waveform

and the cells contributing to it. In addition, the duration of the stimulus, the interval

between the different stimuli, the age of the individual [66] and, of course, different

retinal diseases can affect the ERG notably.

The ERG is usually recorded to an ascending array of light flashes with increas-

ing strength (which is given in candelas per second and square metre, cd*s*m−2;

the luminous intensity of a light flash per square metre per second), usually with

the help of corneal electrodes (for example DTL thread electrodes [67]), however,

skin electrodes can be advantageous in some situations, especially when recording

from young children. When the ERG response to a dim flash (for example 0.01

cd*s*m−2) is recorded from a dark-adapted eye, the response will be derived from

the rod system. In return, if the same stimulus is presented to a light-adapted eye,

the response will be driven by the activity of the cones.

11For a comprehensive review, see for example [65].
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The classic ERG waveform recorded from a dark-adapted subject (DA 3.0

cd*s*m−2) usually consists of three major distinct curves called a-, b-, and d-

waves12. The a-wave describes an initial negative deflection shortly after stimulus

onset. It is derived from the photoreceptor cells and represents their hyperpolari-

sation following a light stimulus. The a-wave is, in the dark adapted human ERG,

followed by a positive b-wave. This positive peak is derived from the inner retina,

mostly generated by the depolarisation of ON bipolar cells. In addition to the ON

bipolar cells, this peak receives its descending limb from the subsequently depo-

larised Müller cells. The ratio of b:a wave when recorded to a ”standard” flash of

3.0 cd*s*m−2 under dark adapted conditions is approximately 2:1. In cases where

a normal a-wave can be recorded but the b-wave is diminished, leading to a ratio of

1:1 or less, the term ”negative ERG” is used. Such a dark adapted negative ERG

indicates a signalling abnormality at the synapse between photoreceptors and ON-

bipolar cells and is a hallmark of ON-pathway dysfunction [68, 69]13. Ultimately,

an additional positive wave, which is more rarely recorded at the end of a light stim-

ulus, is the d-wave (OFF response). Under conventional repeated flash stimulation

conditions, this component merges within the b-wave and is therefore rendered in-

visible. In order to isolate this d-wave, prolonged on-off stimulation is required.

This prolonged ON/OFF ERG can be useful in determining ON-or OFF-pathway

defects, separating light onset and offset components.

When removing these low frequency components from the ERG waveform

with the help of band pass filters, the high frequency components of the light and

dark adapted ERG can be extracted, the oscillatory potentials (OPs) [72, 73]. The

exact cellular generators of the OPs are still unknown but is has been suggested

that inner retinal potentials generated by amacrine, bipolar and/or ganglion cells

12Another component, the c-wave, usually peaks 2 to 10 seconds after a visual stimulus is pre-
sented, with a latency depending on the flash intensity and duration. Due to this long latency, the
c-wave response is prone to influences from blinks and eye movements and therefore difficult to ob-
serve. Its occurrence results from a change in the trans-epithelial potential after the hyperpolarisation
of the apical RPE membrane cells and distal Müller cells.

13This type of ERG, where the a-wave amplitude is normal or only slightly subnormal is referred
to as a ”Schubert-Bornschein-type ERG”, compared to the ”Riggs-type ERG” which can show a
reduced b:a-wave ratio but is characterised by a decreased a-wave amplitude [70, 71].
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are most probably responsible [74, 75, 76]. Alongside the conventional ERG, they

can give information on the functional integrity of dark and light adapted inhibitory

feedback circuits, initiated by the amacrine cell network. In certain retinal condi-

tions the absence of OPs aids clinical diagnosis, and for example patients with the

complete form of Congenital Stationary Night Blindness (CSNB) show a character-

istic lack of the first two major dark adapted OPs [77, 78], while reduced amplitude

dark adapted OPs can be observed in individuals with the incomplete form [79].

The absence of specific OP peaks can hint at dysfunction in different parts of the

neuronal circuitry of the inner retina. While absence of the earlier dark adapted OPs

seems to be related to the ON-pathway, later OPs are thought to represent signalling

within the OFF-pathway [80, 81, 82].

The standards of ERG testing are set by the International Society for the Clin-

ical Electrophysiology of Vision (ISCEV)14. These comprise a set of ERG stimu-

lation parameters leading to at least six different ERG protocols aiding the clinical

diagnosis of retinal disorders. These standard protocols15 are listed below. The

parameters are named according to the stimulus flash strength and the state of adap-

tation of the subject.:

1. Dark-adapted 0.01 ERG (a rod-system response dependent upon ON bipolar

cells)

2. Dark-adapted 3.0 ERG (combined responses arising from photoreceptors and

bipolar cells of both the rod and cone systems; rod dominated)

3. Dark-adapted 10.0 ERG (combined response with enhanced a-waves to reflect

photoreceptor function unambiguously)

4. Dark-adapted oscillatory potentials (responses primarily from amacrine cells)

5. Light-adapted 3.0 ERG (responses of the cone system; a-waves arise from

cone photoreceptors and cone OFF bipolar cells; the b-wave comes from ON

and OFF cone bipolar cells)

14www.iscev.org
15Taken from the most recent ISCEV standard 2015 [83]
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6. Light-adapted 30 Hz flicker ERG (reflects cone system sensitivity)

An overview over the six basic ERG waveforms defined by the ISCEV standard

and further waveforms is displayed in Figure 1.7.

Figure 1.7: An array of exemplary ERG waveforms obtained from a healthy subject to all
six ISCEV standard protocols, as well as light adapted OPs and the waveform
obtained to prolonged (120ms) ON-OFF ERG stimulation. A-and b-waves
are indicated. The OFF-peak in the ON-OFF ERG represents the d-wave. A
blink/eye roll artefact can be seen in the DA 10 trace.
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1.2.2.2 Pattern ERG

The contribution of the macula to the full field ERG is negligible. To localise the

retinal area stimulated, pattern ERGs are used. In order to record a PERG, the

subject is conventionally presented with a phase reversing checkerboard stimulus16.

It can be used to complement the ERG, as well as cortical recordings, as it reflects,

at least partly, monocular retinal ganglion cell integrity [84, 85].

The conventional PERG consists of two major components, a positivity at

around 50ms post-stimulus (P50) and a negativity occurring after approximately

95ms (N95). Sometimes, an early negative component (N35) can be observed be-

fore the P50 (Figure 1.8). The precise cellular origins of these components are a

matter of debate. Groneberg and Teping (1980) were the first to ascribe an inner

retinal origin to the PERG by recording an abnormal waveform from an individual

with optic nerve section [86]. These findings of abnormal PERGs upon ganglion

cell injury were later replicated in the cat [87, 88] and primate [89]. Subsequently,

it was shown that the retinal origin of the P50 component differs from the one of the

N95 [90], with the negative component probably reflecting ganglion cell activity.

Because the P50 was still recordable in patients with optic nerve transsection [91],

a predominantly ganglion cell retinal origin for this component was excluded.

Luo and Frishman found that the PERG in macaque monkeys is driven ap-

proximately equally by ON-and OFF-pathways, with P50 elicited by spiking and

non-spiking activity in both pathways, while N95 originates from only spiking ac-

tivity in both pathways [92]. When blocking retinal spiking activity in macque

monkeys using Tetrodotoxin (TTX), they observed an early and reduced P50 and

and a complete absence of the N95 component, indicating that ganglion cells con-

tribute to both components. Moreover, Berninger and Schuurmans proved that both

components display different spatial tuning characteristics [84, 85]. These findings

suggest that the P50 component is at least partly generated distal to the retinal gan-

glion cells. Thus, potential candidates for P50 generation include ganglion cells but

also macular photoreceptors or amacrine cells [93, 94].

16The same stimulus can be used to record the conventional pattern VEP, described in Subsection
1.3.2.3
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In the literature, an influence of ganglion cell integrity on the waveform of the

PERG is evident and thus, the PERG can expand the value of the ERG by adding

the possibility of investigating monocular retinal ganglion cell function driven by

ON-and OFF-pathway activity. In cases where the ERG is normal and an abnor-

mality suspected in the subsequent structures of the visual pathway, the PERG can

give valuable information about whether a pathology is located in the anterior or

posterior optic pathways, when combined with the cortical VEP.

Figure 1.8: An example of a standard PERG waveform elicited from a healthy subject to
a checkerboard which phase reversed three times per second. Arrows indicate
the main components.
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1.2.2.3 Visual Evoked Potential - VEP

The visual evoked potential (VEP) is frequently used to assess optic nerve func-

tion in clinical practice as it is thought to reflect ganglion cell firing, although it is

generated in the cortical layers [95]. The VEP is part of the electroencephalogram

(EEG), which can deliver temporal and spatial information about the signal process-

ing along the visual pathway, beginning with the cells of the retina and leading to

the higher visual areas of the primary visual cortex (V1 or striate cortex). Further, as

only cortical electrodes are required for its recording, it is relatively easy to record

in paediatric patients when compared to the ERG.

It is important to note that the VEP represents only the central macular area

of the visual field (10◦ or less). The macula, carrying the fovea in its centre, is the

retinal region responsible for high acuity vision and is retinotopically mapped to the

occipital pole of each hemisphere. Additionally, the cortical area representing the

macula is expanded resulting in a cortical magnification of the macula signal.

In clinical electrophysiological practice, the most common stimulus to be used

in order to elicit a cortical response of macula function is a black and white checker-

board pattern that phase reverses once to three times per second, recording the pat-

tern reversal VEP (pVEP); the same stimulus used to record a PERG. The pVEP is

usually characterised by three main components (Figure 1.9).

Figure 1.9: A typical pattern reversal VEP of a healthy volunteer elicited to 50'checks re-
versing at a rate of 3/s with main components indicated.
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The first negative component appears at about 75ms after stimulus onset and is

therefore referred to as N75. A larger positive peak appears at about 100ms, called

P100 and a more variable negative component at 135ms (N135) [96]. In general,

the VEP waveform amplitudes and peak latencies depend largely on the parameters

of the stimulus, for example the size of each unit in the pattern, stimulus luminance,

contrast and size of the visual field [97, 98]. It is therefore crucial to only compare

responses which were recorded using the same parameters.

The pattern reversal stimulus delivers a well recognizable waveform across dif-

ferent subjects of a wide age-range, exhibiting a high inter-subject reliability.This is

beneficial when assessing visual function of the macula in a clinical setting, where

patients present with a variety of visual conditions. The P100 component is very re-

liable in its latency between individuals and stable from about seven months of age

[99, 100]. The P100 latency is therefore frequently referred to as a standard value

in electrophysiological testing and clinical diagnostics. VEP responses evoked by

flashes of light (flash VEP) and pattern onset (onset VEP) are other means of evok-

ing a physiological visual response from the cortex of human subjects. In contrast

to the pVEP, they are reproducible in their form within an individual but vary con-

siderably between subjects [66] and with age [101].

As a diagnostic tool, VEPs can deliver information about the functional state

of the visual pathway and processing to the striate cortex. Generally, a low VEP

amplitude implies a lack of functioning or firing neuronal fibres [102]. A delayed,

broad or degraded waveform usually suggests dysfunctional fibres or alternatively,

that not all fibres are firing synchronously [103]. A delay of the P100 peak is gener-

ally interpreted as a delay of signal processing or slow conduction speed along the

visual pathway, as observed for example in conditions causing demyelination such

as optic neuritis [103].
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1.2.3 Psychophysical measures

With the complexity of the visual system and a lot of unknowns within the pro-

cesses that lead to vision, deriving functional conclusions about how someone can

see, from structural and physiological information, can be challenging. While the

electrophysiological methods described can localise the site of dysfunction along

the visual pathway and objectively assess function, the assessment of what influ-

ence conditions affecting the visual pathways can have on perceived vision, impor-

tant for daily tasks, is difficult in a clinical context. Hence, psychophysical testing,

which is the scientific study of the relationship between the physical properties of

sensory stimuli and the behavioral perceptions that are elicited by these stimuli in

human observers, has a special case in the assessment of the visual phenotype and

the impact of disease on an individual.

In order to obtain a psychophysical result, the subject is presented with a stim-

ulus and by careful adjustment of its intensity (or any other parameter of interest),

the subject's threshold of perception is defined17. If care is taken when designing a

psychophysical test, such tasks can be of great value as they allow an insight into

the visual performance and perception of an individual. Further, they can elucidate

which measurable physiological processes along the visual pathways are linked to

which visual percepts.

17A more detailed account on how to obtain a threshold value in visual psychophysical testing is
given in Chapter 4.
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1.2.3.1 Visual acuity and contrast sensitivity

Psychophysical eyesight testing is by no means a modern invention and was sup-

posedly already practised by ancient peoples, using the stars. In the Persian army

for example, elite warriors were tested for their visual spatial resolution (i.e. visual

acuity) by having to distinguish the separation of the two stars Mizar and Alcor in

the constellation of the Big Bear [104]18.

Visual acuity is crucial for many visual tasks, such as reading or face recog-

nition, and the first standardised visual acuity tests were developed as early as

1843, when German ophthalmologist Heinrich Küchler invented the first symbol

eye chart. An evolution of this early chart is the conventional Snellen Visual Acu-

ity chart from 1892 [106], which has a single, large, high-contrast letter at the top

and with each successive row, the letters become more numerous and progressively

smaller. The more rows of letters one is able to read, the better his / her perfor-

mance in this test. However, the test-retest variability with such charts is relatively

high (up to a 2-line discrepancy) [107]. A clinical need for standardisation in visual

testing led by the Early Treatment Diabetic Retinopathy Study (ETDRS) resulted

in the creation of the ETDRS eye charts [108]. By using the same chart design but

making the letters used equally legible, as well as providing a standardised proto-

col for visual acuity testing, the ETDRS charts became the gold standard for most

clinical trials [109]. This logarithmic (logMAR) system was introduced in order to

accommodate a wider range of letter sizes and achieve a more standardised measure

of the Minimum Angle of Resolution (MAR). While Snellen and logMAR methods

are used in clinical practice, the logMAR chart is considered most accurate, as it

displays the same amount of letters per row with defined inter-letter and inter-row

spacing, as well as being considered more sensitive to abnormality, because it al-

lows a letter per letter scoring [110, 111]. Further, results obtained using a logMAR

chart show a high reproducibility [112].

The assessment of VA is usually quick and easy to carry out in patients across

18Although this assessment was developed centuries years ago, it still holds validity, as being able
to see the separation between the two stars is approximately equivalent to a 20/20 Snellen visual
acuity [105].
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a wide age range. The development of visual acuity, when assessed by psychophys-

ical methods, such as preferential looking or lettermatching tasks, has been shown

to develop rapidly during the first few years of life and to reach adult levels from

the third and fourth years of life [113, 114, 115]; however, some studies found a

slower trajectory with adult performance only achieved at around six years of age

[116]. Commonly, foveal visual acuity is tested in clinical practice, as visual spatial

resolution is highest here due to the 1:1:1 connection of retinal cells, with one cone

photoreceptor cell connecting to one bipolar cell connecting to one ganglion cell.

A draw-back to visual acuity testing is that it only assesses visual spatial resolu-

tion at high contrast. In order to gain insight into an individual's performance under

different (and more ”life-like”) contrast conditions, contrast sensitivity is sometimes

tested in clinical practice using grating patterns of black and white bars with differ-

ent spatial frequencies, or cycles (one black bar + one white bar). Here, the amount

of cycles of the grating subtending one degree at the eye represents the coarseness

of the grating. At a given spatial frequency, the contrast of the grating is altered until

the subject cannot perceive it anymore, representing his / her contrast threshold. As

mentioned earlier and discussed in more detail in Chapter 4, the perception of con-

trast is linked to the interplay of ON-and OFF-pathways originating in the retina.

A loss of contrast sensitivity is a sign of many ocular conditions affecting one or

both of these pathways, such as glaucoma [117]. Knowing about a loss of contrast

sensitivity of a patient is important for monitoring of disease progression and for

advice about appropriate adjustments facilitating everyday life, such as increasing

the contrast of steps and stairs.

1.2.3.2 Visual field testing

The assessments of visual acuity and contrast sensitivity are not very specific in

locating disorders within the visual system, as disorders affecting the eye or visual

pathways can produce similar visual acuity impairments and, by default, only cen-

tral visual performance is tested. In order to obtain a spatial dimension of visual

performance, the assessment of visual fields can be of benefit, locating dysfunction

in central and peripheral vision of an individual. Visual field testing is generally



1.2. Clinical measures of vision 49

carried out by using a perimeter, displaying light targets mapped to specific posi-

tions of the subject's visual field. The subject is required to indicate if a target was

seen or not seen. Hence, a systematic assessment of the light sensitivity of a subject

at different positions of his / her visual field is achieved and can be mapped.

While peripheral vision occupies more than 99% of the total field of view and

is highly sensitive for the detection of motion [118], many patients are unaware of a

loss of visual function if it occurs in the periphery [119]. However, many disorders

of the visual pathways produce initial deficits in the peripheral visual field and early

detection of such disturbances can aid successful treatment. Examples of conditions

with visual field defects include retinal dystrophies, like retinitis pigmentosa, or

glaucoma [120], where ”the nasal step” - a scotomata occuring above and below the

fixation point, producing a horizontal step-like defect in the nasal visual field - can

be an early characteristic of field loss [121, 122].

1.2.4 Current limitations of clinical measures of vision

A difficulty for the progress of treatment options for congenital retinal diseases is

that their pathophysiology is often not sufficiently described [123]. Current clinical

vision assessments allow an insight into retinal and ocular structure (via the OCT

and fundus photography) and physiology (via the ERG and PERG), as well as a

general insight into the spatial and temporal physiology of culminated cortical vi-

sual signals (via the VEP and other cortical imaging methods). A link of these tests

to visual perceptual performance is achieved by additional psychophysical assess-

ment, for example of visual acuity, contrast sensitivity and visual fields.

All these tests deliver crucial diagnostic information but many can be challeng-

ing to perform in children, who show the earliest signs of visual impairment and in

whom therapies may have the greatest chance of success. Structural and physiolog-

ical assessments require good cooperation of the subject and are usually carried out

with the help of precise but delicate and immobile technical equipment, an example

being retinal electrophysiological assessments. These often rely on the use of frag-

ile and irritating corneal electrodes as well as steady fixation of the visual target for

optimal precision. While using sticker electrodes for the ERG can prove to be ad-
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vantageous for an initial assessment in infants or uncooperative children [124, 125],

the presence of nystagmus or frequent eye and head movements can quickly de-

grade such delicate recordings. VEP waveforms are usually more robust and easier

to record, as they only require scalp electrode placement, but muscle artefacts and

lack of cooperation might still pose an obstacle in young or restless children. Clini-

cal visual tests which are easy and quick to carry out can provide the opportunity to

improve the testing experience of patients and clinical teams. If these tests are also

mobile and fun for patients to carry out, their overall cooperation and attention, and

therefore quality of clinical data acquisition can be enhanced.

Obtaining structural and physiological information about the visual pathways

is obtained with the ultimate aim to explain and define a patient's visual perfor-

mance. However, the interpretation of such observational results is not trivial.

Cortical imaging methods give insight into the collective visual signal originat-

ing in the retina. However, several major visual pathways, such as the ON-and

OFF-pathways, first come together at the cortical level and significant interplay is

thought to be present here. More specific tests, selectively assessing the functional-

ity of these different visual pathways can be of great benefit in order to probe their

contributions to visual perception. In the case of ON-pathway dysfunction, a retinal

dystrophy which displays a high variability in visual impairments across individu-

als, more sensitive tests would be beneficial in order to identify the physiological

patterns associated with best visual outcome.

In adult clinical practice, patient accounts can also be of help in order to learn

about the perceptual signs and symptoms an individual is experiencing. In children,

such direct reports are more difficult to acquire and are often obtained with the help

of a patient's parents. Therefore, behavioural measures of visual perceptual per-

formance, like psychophysical tasks, are an important factor complementing clin-

ical diagnostics. While psychophysical testing is widely used in clinical practice,

standardised assessments of many perceptual functions used in everyday situations

are lacking. In vision research, psychophysical tasks assessing different kinds of

motion perception, an important visual feature transmitted through ON-and OFF-
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pathways, have been applied in a variety of studies (for example [126, 127, 128]).

However, standardised tests for application in a clinical paediatric setting do not ex-

ist. Being able to better link patients' visual behaviour to their clinical test results,

by means of more specialised and realistic complementary psychophysical tasks,

would provide a more complete clinical phenotypic picture to clinical teams and

hence inform on the best possible interventions and care.
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1.3 What is visual impairment?
A defect or abnormality in any of the structures and processes described in the first

section can lead to an impairment of visual function and perception in an individ-

ual. The types and underlying causes of visual impairment can be manifold and

the impact such an impairment can have on life varies from an individual to the

next. Further, the cumulative years lived with a visual impairment can vary from

congenital conditions to visual impairments only occurring during later life.

Many visual conditions are currently not treatable, most of which are congeni-

tal disorders. Congenital retinal disease is one of the two major causes of childhood

blindness in the UK, the other one being Cortical Visual Impairment (CVI) [123].

Anomalies such as coloboma, nystagmus and inherited severe early onset retinal

dystrophy are examples of impairments present at birth. Inherited retinal dystro-

phies present a genetic diversity which is yet unparalleled in human diseases with

Mendelian inheritance, with over 185 genetic loci related to such retinal degenera-

tions having been identified19.

However, it is estimated that these loci only harbour approximately half of the

genetic defects present in patients with the other half still unknown [129]. Addi-

tionally, congenital retinal dystrophies can have multiple inheritance patterns (au-

tosomal dominant, autosomal recessive, X-linked, digenic and mitochondrial), and

clinical symptoms can often overlap, making accurate diagnosis difficult. In view of

such challenges and a multitude of disease causing genes to be discovered, clinical

diagnostics, alongside the development of possible treatments for these conditions,

heavily rely on accurate genetic testing of patients with inherited retinal defects.

19A database of genetic loci related to retinal dystrophies can be found via RetNet:
www.sph.uth.edu/retnet.
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1.3.1 The value of genetic testing for clinical care of patients

with retinal dystrophies

DNA screening was initially introduced by Sanger and colleagues [130], enabling

the investigation of genetic material and culminating in the first complete sequenc-

ing of a human genome in 2004 [131]. While Sanger sequencing is still carried out

conventionally in laboratories for verification of individual variants, more recent,

high-throughput sequencing methods are referred to as ”Next Generation Sequenc-

ing” (NGS). The major advantage of NGS methods over ”first generation sequenc-

ing” methods is that they are able to process millions of sequence reads in parallel,

allowing to collate vast amounts of genetic data rapidly, in contrast to a maximum of

96 reads achieved simultaneously during Sanger sequencing [132]. NGS methods

have evolved considerably over the last years, becoming faster and more afford-

able20 [134].

Examples of NGS methods are Whole Exome Sequencing (WES) and Whole

Genome Sequencing (WGS), enabling the analysis of all coding regions of a gene

(the exome, roughly 30 million base pairs [135]) or the complete genome of a pa-

tient (around 3.2 billion base pairs per haploid genome [136]), respectively. More

recently, the use of targeted gene panel sequencing approaches has increased, for

example allowing the rapid investigation of known genetic risk variants in patients

with breast cancer [137] and the detection of disease causing variants in known dis-

ease genes in patient with inherited peripheral neuropathies [138]. NGS approaches

using gene panels can be useful in cases where a rapid confirmation of a clinical

diagnosis is crucial and the disease causing genes are (at least partly) known. If

such gene panel approaches do not deliver a disease causing mutation in a patient

with a congenital disorder, the more extensive WES or WGS approaches give the

potential to carry out an exome-or genome-wide analysis of the DNA21.

From a patient care standpoint, genetic testing can be greatly beneficial in sup-

porting diagnostics. In many cases, clinical diagnostic testing by assessing pheno-

20A review of commercially available sequencers is given in [133].
21This study benefited from Sanger Sequencing, WES, as well as targeted gene panel NGS ap-

proaches. This will be further described in Chapter 3.
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typical attributes helps to narrow down the amount of possible conditions likely to

explain a patient's signs and symptoms. However, genetic testing can aid diagnostic

accuracy in situations where the diagnosis is not completely clear. An example of

this is the differentiation between the two congenital retinal disorders Congenital

Stationary Night Blindness and Retinitis pigmentosa. Both conditions can cause

similar symptoms in patients, but have very different disease progression and visual

implications [139]. Thus, distinction between them can be challenging, especially

in cases where visual testing conditions and results might not be of ideal quality, for

example due to the age or cooperation of the patient. Monitoring of disease progres-

sion aids in determining whether a condition is progressive or stationary, however,

early correct diagnosis is always paramount. In such situations, genetic testing can

assist in giving the correct diagnosis, which, in this example, results in drastically

different patient care and follow-up depending on which condition the patient has.

Additionally, knowing about the genetic reason for the occurrence of a certain

condition gives insight into its heredity, having implications for the patient and his

/ her family. Often, knowing the chance of passing on a genetic defect to one's

children or the knowledge of whether or not one is a carrier for a recessive mutation,

has great impact on family planning. A genetic counselling appointment is therefore

often useful for patients and families who want to know more about certain genetic

disorders and the risks associated with them. This can also happen in view of the

prediction of disease progression and therefore is useful in anticipation of future

care required [140].

From a medical and research standpoint, genetic testing of congenital retinal

disorders, combined with the detailed assessment of visual phenotypes, has the po-

tential to narrowing the gap between knowledge obtained from visual testing and the

actual process of vision. An understanding of the key molecules and interactions

at any stage of the visual process is of tremendous importance in view of targeted

pharmacological treatments, as well as for potential future gene-therapies. Such de-

velopments go hand in hand with the appreciation that every human has a slightly

different genetic make-up and therefore a ”personalised medicine” approach could
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lead to a higher efficiency in medical treatments.

The notion of treating congenital retinal conditions by replacing mutated genes

with functional ones led to a surge in studies attempting to rescue visual phenotypes

in animal models. Several of these approaches showed promise in model organisms,

such as mice and canines [141, 142]. However, recent studies of the genetic repair

of the retina, for example in patients with choroideremia [143] or Leber congenital

amaurosis [144], delivered mixed results22. In order for potential gene-therapies

to work, the knowledge of an individual's genetic make-up is crucial for a targeted

approach which can increase the likelihood of success. Further, information on

which molecules are affected in a certain disease context, fosters the understanding

of molecular processes necessary within the visual system for best visual outcome,

highlighting the value of genetic testing for the advancement of medical research.

22While some patients indeed seem to show an improvement in visual performance following
gene-therapy treatment, the success-rate of these treatments is still relatively low and potential ad-
verse effects require further study [145].
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1.3.2 Legal framework in the UK

The primary aim of clinical ophthalmology is to assess and describe visual function

in individuals with visual impairments. In order to ensure successful detection of

abnormalities, a clear definition of a ”visual impairment” is crucial. In 1972, a

study group on the Prevention of Blindness was convened by the WHO in order to

provide a standardised definition of visual function to answer the question ”What is

visual impairment?”. Despite the seemingly straightforward general understanding

of ”visual impairment” as a decreased ability to see, a definition of the term has been

subject to many revisions and changes in the past due to the variability of impacts

different visual conditions can have. A standardised classification was anticipated to

facilitate a comparative study of the prevalence of vision impairment and blindness

in patient populations23.

In the UK, the recognition of the variability of visual function across the pop-

ulation has resulted in a relatively recent amendment of the Certificate of Vision

Impairment, which has been used to register impaired vision as a legal disability

since 1990. The most recent legal document from 2005 refers to the definition of

severe sight impairment from the National Assistance Act (1948): in order to be

considered severely sight impaired, a person needs to be ”so blind as to be unable

to perform any work for which eye sight is essential”. This vague definition is ex-

panded by the recognition of different categories, into which people fall depending

on the severity of their visual impairment, relying mostly on the measure of best cor-

rected (monocular or binocular) visual acuity and visual fields24. In contrast, there

is no legal definition of slight sight impairment in the UK and ophthalmologists rely

on several guidelines when assessing sight impairment25.

Individuals who are certified as sight impaired are entitled to the same help

from their local social services as those who are certified as severely sight impaired.

However, when it comes to certain social security and tax benefits, people with a

23The levels of visual function are described in [146].
24These categories can be found on the website of the UK government:

www.gov.uk/government/publications/guidance-published-on-registering-a-vision-impairment-
as-a-disability

25The VA measures of the patients investigated in this study is shown in Chapter 2, Section 2.3.3.1.
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slight visual impairment might not be eligible.

Of course, a legal framework for judging and classifying visual impairment

relating to disability is highly important; nonetheless, visual acuity and visual fields

alone are not always a good predictor of the degree of problems a person may have,

as someone with the slightest visual impairment can experience challenges in his /

her daily activities, as well as social life. Therefore, precise, quantifiable and robust

measures of visual function are crucial in providing information on an individual's

visual abilities.
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1.3.3 ON-pathway dysfunction

Twenty-five thousand blind or sight impaired children and young people under 16

years are estimated to live in the UK [147]. Congenital disorders of the retina are

diverse and their impact on patients variable [123]. When acknowledging the time

living with a visual impairment, it becomes clear that early age onset visual impair-

ments can have a drastic impact on the development of children and young people.

Most children with a congenital visual impairment will require life long support

and resources. Early diagnosis and support of children and young people with vi-

sual impairments are crucial in ensuring their best possible development, as they

are also prone to show developmental delays and are at greater risk to experience

social communication, attention and behavioural difficulties [148, 149].

While aids alongside educational and financial disability support are beneficial

for people with visual impairments, they do not improve their actual visual abili-

ties. Unfortunately, treatment options for inherited damage to the retina are limited,

although recent studies of gene-therapies and stem-cell replacements are showing

some promise [150, 151]. The success of such therapies crucially relies on restoring

structural functionality to the retina, allowing ”normal” cellular signalling along the

visual pathways. Two major pathways signalling from retina to visual cortex are the

ON-and OFF-pathways. While the significance of their interplay in cortical areas

and a potential influence on perceived vision in general are not very well under-

stood at present, the knowledge of their role in the visual system can be improved

by the study of visual impairments present in patients with a dysfunction of either

pathway.

While selective OFF-pathway dysfunction is uncommon and accounts are rare

in the literature [152], retinal ON-pathway dysfunction is relatively more prevalent,

as it is part of several different conditions. An retinal ON-pathway dysfunction is

generally reflected by a disruption of signal transmission at the synapse between

photoreceptors and bipolar cells [69]. ON-pathway dysfunction can be a part of

several different conditions and is not treatable at present. Individuals affected can

present with a variety of signs and symptoms ranging from night blindness over
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nystagmus to subnormal visual acuity and photo-aversion26. Due to the insufficient

understanding of this retinal dysfunction and its variable visual phenotypes, en-

compassing a range from slight to moderate sight impairment, it has been difficult

to give appropriate advice to patients and their parents and carers.

26Chapter 2 gives a detailed overview over the clinical presentation of patients with ON-pathway
dysfunction.
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1.4 Aims of this study

The study of conditions which selectively affect the retinal ON-or OFF-pathways

can provide useful insight into their role and importance for human vision, poten-

tially informing studies of novel therapies for congenital retinal dystrophies involv-

ing these pathways. Thus, the improvement of knowledge on visual phenotypes

caused by such a retinal abnormality by means of applying specific visual tests,

alongside the investigation of the underlying genetic make-up of such congenital

retinal conditions, are crucial in the advancement of care provided by clinical teams

to patients, their families and carers. Hence, the aim of this study was to get a better

idea of what effect a dysfunctional ON-pathway has on vision, by systematically in-

vestigating and comparing phenotypes and genotypes encountered in patients with

ON-pathway dysfunction.

Conventional clinical tests are difficult to carry out in children and are not spe-

cific enough to highlight the impact of an ON-pathway dysfunction on visual func-

tion. Hence, most information on how individuals with ON-pathway dysfunction

see, comes from patient accounts. While these provide an invaluable (subjective) in-

sight into the patients' visual experience, in order to obtain a full clinical picture of

this retinal dysfunction, a quantifiable assessment of visual function and behaviour

would be beneficial.

This thesis sought to elucidate the ways in which a disruption of the ON-

pathway at the level of the retina might affect higher order visual signalling. Further,

potential asymmetries between positive and negative contrast situations, thought to

bias ON-and OFF-pathway contributions to the visual processes, were investigated.

The effects of ON-pathway dysfunction were expected to be detectable via electro-

physiological testing and psychophysical detection tasks.

Temporal and spatial firing patterns of retinal ganglion cells are thought to

be crucial in the transmission of visual information from the ganglion cells to the

cells of the striate cortex [153, 154, 155]. A selective disruption of ganglion cell

firing through the ON-and OFF-pathways may alter the symmetry of the visual sig-

nal arriving at the striate cortex and this, in return, affect perceived vision. It was
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anticipated that such a selective disturbance of ganglion cell firing would change

the timing and size of the VEP waveform. There is some evidence from animal

models of ON-pathway dysfunction indicating that ganglion cell firing is disturbed

[156, 157, 158, 159]. Whether an ON-pathway dysfunction has a similar impact in

human visual processing is not known. As ON-pathway signalling plays an impor-

tant role in the perception of motion and contrast, these processes were predicted to

be especially affected.

In order to test the hypothesis, the following objectives were set:

• Develop a child-friendly ON-pathway toolkit from novel and conventional

stimuli to probe and distinguish different visual networks that the ON-

pathway contributes to via electrophysiological and psychophysical methods;

• Use these new stimuli to elicit responses in a control group and optimise to

get a robust response;

• Apply the ON-pathway toolkit in patients with ON-pathway dysfunction and

compare their results to those of the control group to find out how ON-

pathway dysfunction affects vision;

• Identify and correlate the genotype of these patients with their visual pheno-

types to improve understanding of the interactions along the visual pathway

that are associated with better visual outcome.

By providing novel and more specific visual tests for retinal disease, which

are easy to carry out and child-friendly, such a toolkit could have the potential to

increase the knowledge about the visual functions and percepts which are conveyed

by ON-and OFF-pathways. Further, the tests could provide a tool to investigate and

interpret better the patterns of visual loss which occur in children with visual im-

pairment, where testing was previously difficult. The knowledge gained is aimed at

supporting and informing patients, as well as parents and carers of the most appro-

priate intervention in order to improve the life of individuals affected. Moreover,

correlating genotype and visual phenotype of patients has the potential to give an

insight into the molecular key-players involved in signal transmission at the pho-

toreceptor / ON-bipolar cell synapse.
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In order to obtain a good overview of the range of visual impairments encoun-

tered in individuals with ON-pathway dysfunction, three different genetic condi-

tions were selected on the base of showing a dysfunctional ON-pathway and their

prevalence in clinical paediatric care:

• Congenital Stationary Night Blindness (CSNB): stationary retinal dystro-

phy

• Congenital disorders of N-glycosylation (PMM2-CDG): progressive

metabolic condition

• Duchenne Muscular Dystrophy (DMD): progressive neuromuscular condi-

tion with almost no visual symptoms reported in patients

This study was multidisciplinary and encompassed the investigation of clini-

cal, physiological and psychophysical phenotypes, alongside the genotypes of pa-

tient subgroups with ON-pathway dysfunction. For ease of presentation, each part

of the study will be described in a separate chapter. An overview on how patients

with ON-pathway dysfunction present clinically is given in the following chapter

(Chapter 2), while Chapter 3 deals with the genetic analysis of patients within the

ON-pathway dysfunction cohort. The clinical electrophysiological VEP data re-

viewed and obtained applying novel and conventional stimuli is explored in Chap-

ter 4. Chapter 5 is dedicated to the development, implementation and application

of a novel clinical psychophysical software, LumiTrackT m, which was designed to

measure the behavioural impact an ON-pathway function has on vision. Ultimately,

Chapter 6 integrates all the results described in earlier chapters for a genotype-

phenotype correlation and the thesis concludes with Chapter 7, the final discussion

of the findings.



Chapter 2

Clinical presentation of patients with

ON-pathway dysfunction
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2.1 Clinical phenotype database
The first step for this study of the effects of ON-pathway dysfunction on vision

was to obtain ethical approval from the Research and Development offices of Great

Ormond Street Hospital (GOSH) and the UCL GOS Institute of Child Health, as

well as the NHS Research Ethics Committee (REC). Ethical approval was obtained

using the Integrated Research Application System (IRAS, study number 158971)

and the study subsequently included on the UKCRN study database (UKCRN ID:

18348).

Patients seen in the Ophthalmology Department at GOSH, who exhibited an

ON-pathway dysfunction were identified from electrophysiological records. By

compiling clinical information on visual phenotypes encountered in these patients

and the extent to which these vary across conditions, I aimed to obtain an overview

of the extent and range of visual impairments caused by ON-pathway dysfunction.

This information was then subsequently exploited during the design and develop-

ment stages of the ON-pathway toolkit of novel visual tests described in Chapters 4

and 5.

2.1.1 Selection criteria

Retinal ON-pathway dysfunction can manifest in several conditions, where a sig-

nalling defect at the level of the photoreceptor / ON-bipolar cell synapse is present.

The foremost clinical diagnostic method to evaluate the integrity of retinal function

in patients is the ERG. As discussed in the introduction, the so-called ”negative

ERG”, or a small b:a-wave ratio, is a hallmark of ON-pathway dysfunction [71].

The b-wave reflects the depolarization of ON bipolar cells upon light stimulation

of the photoreceptor cells. A lack or small size of the representative b-wave with

preserved a-wave results in a small b:a-wave ratio or even a negative ERG, and indi-

cates an abnormality of signal transmission between these two successive cell types

[160]. This ERG signature is most often noticed under dark adapted conditions be-

cause rods predominantly use the ON-pathway. A b-wave abnormality in the light

adapted ERG further indicates an effect on cone ON-bipolar cell signalling [69].

Another indication of a dysfunctional ON-pathway can be an abnormal cone-
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driven ON system response in the non-standard light adapted ON/OFF ERG [161]

and therefore, whenever available, results from such stimulation were also consid-

ered. Thus, the initial criterion for selection of a condition for investigation was

for the patients to display altered ON-pathway function in the full field ERG. Addi-

tional inclusion and exclusion criteria for this study are displayed in Table 2.1.

Inclusion criteria Exclusion criteria
Male and female participants between 4
weeks and 70 years of age with:

Patients with Cortical Visual Impairment
who are unable to sustain looking perfor-
mance and who have seizures

Duchenne Muscular Dystrophy Patients treated at GOSH who are taking
a combination of drugs that have known
visual side effects

Congenital Stationary Night Blindness
Congenital disorders of N-glycosylation
Healthy control group of adults and chil-
dren

Table 2.1: Tabular overview over the study inclusion and exclusion criteria

I identified patients with altered ON-pathway function from clinical records

comprising all patients seen at the Tony Kriss Visual Electrophysiology Unit of

GOSH since 2008. Also, several cases previous to 2008 were reviewed and anal-

ysed. Based on their clinical electrophysiological responses, 109 patients showing

signs of ON-pathway dysfunction were selected. This cohort was then further sub-

divided by condition into subgroups of patients with Congenital Stationary Night

Blindness (CSNB), disorders of N-glycosylation (PMM2-CDG) and Duchenne

Muscular Dystrophy (DMD), depending on their electrophysiological responses

and previous diagnosis derived from clinical letters1. Subsequently, all patients

seen at the Tony Kriss Electrophysiology Unit at GOSH diagnosed with one of

these conditions were included in the final database, which pooled several of the

patients' clinical visual results, such as electrophysiological results (ERG, PERG,

VEP), prevalence of nystagmus, visual acuity, age and gender.

It quickly became clear that, although a negative ERG or low b:a-wave ratio
1While individuals with X-linked retinoschisis can sometimes show a negative ERG waveform

[162], patients with this condition were not included in the database as individuals usually show
variable ERG waveforms and not always have a b:a-wave ratio smaller than 1.
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was common in all subgroups, each condition showed slightly different waveform

characteristics, possibly owing to slightly different molecular disruptions respon-

sible for their ON-pathway dysfunction. For example, some patients with DMD

did not exhibit a severely electro-negative ERG in response to dark adapted ISCEV

standard flash stimulation of 3.0 cd*s*m−2. A recent study by Ricotti and col-

leagues showed that the severity of the ON-pathway dysfunction in DMD seems

to be linked to their genetic make-up [163]. Hence, the DMD subgroup was fur-

ther subdivided into patients showing a mutation pre exon 30 of the DMD gene and

those with a mutation post exon 30, affecting different isoforms of the dystrophin

protein2. An overview over the patient subgroups investigated in this study is given

in Table 2.2. Representative full field ERG responses for each of the subgroups are

shown in Figure 2.1. The following section provides a more detailed review of the

phenotypical and genotypical characteristics of the conditions investigated in this

study.

2In fact, none of the patients with DMD mutations pre exon 30 showed a severely negative ERG
waveform at 3.0 cd*s*m−2. The division into two subgroups was only carried out once all patients
with DMD were added to the database. Patients with DMD were nonetheless included, as some
individuals show a negative ERG at this flash strength. A more comprehensive analysis of ERG
responses in the patient subgroups is given in Section 2.3.2 of this chapter.
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Figure 2.1: Overview of ERG waveforms encountered in different subgroups of patients
with ON-pathway dysfunction to different dark adapted (DA) and light adapted
(LA). ERG stimulation. Each column represents one study subgroup and the
individual waveforms were taken from one representative subject of each sub-
group.

Condition Median age + range [years] n
cCSNB (OMIM: 310500, 613216, 257270,
614565, 615058, 617024) 15 (3-43) 33
iCSNB (OMIM: 300071, 610427) 11 (5-26) 42
DMD pre exon 30 (OMIM: 310200) 16 (9-21) 8
DMD post exon 30 (OMIM: 310200) 16 (7-20) 11
PMM2-CDG (OMIM: 212065) 15 (5-26) 15
Total 3-43 109

Table 2.2: Tabulated overview over the patient subgroups investigated in this study,
including the OMIM identifiers attached to the conditions (taken from
www.omim.org). The number presented in this table represent the total amount
of patients assigned to each subgroup. In order to carry out the novel vision tests
described in chapters 4 and 5, as many patients as possible from this initial pool
were recruited.
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2.2 ON-pathway dysfunction in different conditions

2.2.1 Congenital Stationary Night Blindness (CSNB)

CSNB refers to a group of clinically and genetically heterogeneous retinal disor-

ders3. Depending on the specific pathways and underlying genes affected, CSNB

can be subdivided into the incomplete form (ON-and OFF-pathway dysfunction)

and the complete form (selective ON-pathway dysfunction) [69]. Patients with

CSNB generally have difficulty adapting to low light situations as they mostly show

a reduced activity of the rod pathway, which depends on ON-bipolar cell signals

[164]. However, the cone ON-pathway is also reported to be affected [165]. Other

signs may include reduced visual acuity, nystagmus or photo-aversion. An overview

of the current classification based on inheritance patterns, as well as ocular pheno-

types is displayed in Figure 2.24.

Incomplete CSNB (iCSNB) manifests itself through impaired rod and cone

system function which is due to presynaptic defects at the synapse of photoreceptor

cells and ON- and OFF-bipolar cells. Complete CSNB (cCSNB), on the other hand,

reveals a complete loss of rod pathway function due to postsynaptic defects affect-

ing the same synaptic link between photoreceptors and ON bipolar cells. Several

genes have been found to be implicated in these CSNB subtypes5 and a schematic

drawing of the molecular interactions of these genes' protein products at the pho-

toreceptor cell - ON bipolar cell synapse is shown in Figure 2.3.

At the initiation of the ON-pathway, the ON bipolar cells, the first ”point

of contact” for glutamate released from photoreceptors upon light stimulation is

mGluR6, a metabotropic glutamate receptor. It is located at the dendritic tips of rod

and cone ON bipolar cells and glutamate binding to mGluR6, which happens in the

dark, activates an intracellular trimetric G-protein complex, leading to the closure

3As mentioned previously, in this thesis, I focus on the Schubert-Bornschein types of CSNB,
as these show a dysfunction at the level of the photoreceptor - bipolar cell synapse, whereas the
Riggs-type of CSNB is characterised by photoreceptor dysfunction.

4The gene nomenclature used in this thesis is according to the HUGO Gene Nomenclature
Committee for human gene names, and according to the International Committee on Standard-
ized Genetic Nomenclature for Mice for mouse gene names. These guidelines can be found on
www.genenames.org (human) and http://www.informatics.jax.org (mouse), respectively.

5For a comprehensive review see [166].
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Figure 2.2: Overview of the current classification of the Schubert-Bornschein ERG types
of CSNB according to inheritance patterns. The genes associated with the in-
dividual types are listed including their chromosomal location. Adapted from
[166]

of the cation channel at the end of the ON-bipolar cell signalling cascade (TRPM1)

[167, 168]. The gene encoding mGluR6 is GRM6, which is located on chromosome

5 at position q35 [169]. Dryja and colleagues first linked this gene to the autosomal

recessive type of complete CSNB. Mutations in the GRM6 gene can lead to a loss

of function of the receptor due to a disruption in glutamate recruitment and protein

truncation [170].

The endpoint of the signalling cascade starting with mGluR6 is the non-

selective cation channel TRPM1 (Transient Receptor Potential Melastatin 1). In its

open configuration, TRPM1 allows a cation influx into the cell environment which

leads to the depolarization of the bipolar cell upon light stimulation [167]. It was

first linked to night blindness in Appaloosa Horses as this protein is responsible for

their coat spotting pattern, being involved in the pigmentation of the skin in these
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horses [171]. In recent years, mutations in the TRPM1 gene, located on chromo-

some 15 at position q13.3, have also frequently been linked to CSNB in humans

[172, 173, 174]. A mutation can lead to the complete lack of TRPM1 mRNA and

therefore lack of functional TRPM1 protein on the cell surface of ON bipolar cells

[175]. Further, patients with Melanoma Associated Retinopathy (MAR) also show-

ing signs of night blindness and a reduced b-wave ERG were found to produce

antibodies against TRPM1 which can be detected in their serum [176], highlighting

the important role TRPM1 plays in ON-pathway signalling.

The seven trans-membrane G-protein coupled receptor 179 (GPR179) is also

attributed an important role in supporting the signalling processes in ON bipolar

cells [177]. It is not yet fully known if this protein carries out a structural or func-

tional role, however, it is thought to be involved in the correct localisation of protein

regulators RGS7 and RGS11, which control the ability of mGluR6 to gate TRPM1

[178]. Mutations of the GPR179 gene - located on chromosome 17 - can result

in complete absence of the protein and lead to the mislocalisation of the RGS7/11

complex and ultimately in the loss or closure of the TRPM1 channel at the cell

membrane [179].

Similar to GPR179, Nyctalopin is involved in the ON bipolar cell signalling

cascade, however, it is thought to play only a structural role in assembling and main-

taining the signal protein complex in ON-bipolar cells [180]. In vitro, it was shown

to interact with mGluR6 and both proteins are indispensable for correct localization

of the TRPM1 cation channel in mice [181]. This small leucine-rich proteoglycan

is encoded by the gene NYX, located at position p11.4 on the X-chromosome. Mu-

tations in this gene are responsible for complete CSNB with X-linked inheritance

[182].

Ultimately, the last known gene to be implicated in the complete form of CSNB

is LRIT3 [183]. It is located at chromosomal position 4q25 and encodes for a protein

with a leucine-rich repeat domain, an immunoglobulin-like domain and transmem-

brane domains. The protein is expressed at the dendritic tips of ON bipolar cells

[184]. Its function is as of yet, unknown; however, patients with a defect in LRIT3
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show the classical cCSNB phenotype, making this protein a good candidate for the

missing links within the retinal ON bipolar cell signalling cascade.

The protein mostly associated with the incomplete form of X-linked CSNB is

CACNA1f. This voltage gated L-type calcium channel α1 sub-unit, found at the

synaptic terminal of photoreceptor cells, is involved in the signal transmission pro-

cess from photoreceptors to subsequent ON- and OFF-bipolar cells. It is vital for

the functional assembly and maintenance, as well as synaptic functions of photore-

ceptor ribbon synapses [185]. It is encoded by a gene of the same name, found on

the X chromosome at position p11.23. Reported mutations in this gene lead to al-

terations in the calcium mediated neurotransmitter release from photoreceptor cells

due to loss-of-function and missense mutations [186, 187].

The very rare autosomal recessive form of incomplete CSNB is associated with

mutations in the genes CABP4 [188] and possibly CACNA2D4 [189]. CABP4 en-

codes a Ca2+ binding protein located in the synaptic terminal of photoreceptors.

The CACNA2D4 protein, similar to CACNA1f, is a subunit of the Ca2+ channel

in photoreceptors, the α2 δ -subunit. In the mouse, mutations in either gene re-

sult in dysfunctional Ca2+ channel activity, similar to what is seen in patients with

X-linked iCSNB due to CACNA1f mutations [190].

Recently, an unusual form of CSNB with reduced cone sensitivity observed in

four patients was attributed to homozygous or compound heterozygous mutations

in GNB3 [191], which encodes the β subunit of G-protein heterotrimer Gαβγ and

is expressed in ON-bipolar cells of mice [192]. The Gβ3 subunit is specifically

involved in modulating cone and rod bipolar cell signalling, as well as cone trans-

ducin function [191]. Biallelic mutations of GNB3 are therefore likely to cause a

dysfunction of the G protein in rod and cone ON bipolar cells (Gαoβ3γ13), as well

as in cones (Gαt2β3γt2). This unusual type of CSNB, linked to a partial or severe

degree of ON bipolar cell dysfunction and variably reduced cone sensitivity presents

a combination of the phenotypes commonly observed in complete and incomplete

CSNB.
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Figure 2.3: Schematic drawing of the molecular interactions of the proteins involved in
CSNB at the photoreceptor - ON bipolar cell synapse. Gene names are lo-
cated next to their protein products in bold. The order and position of the gene
products in the photoreceptor - ON bipolar cell synaptic signalling cascade, ac-
cording to current knowledge, is indicated on the right. N-glycosylated proteins
are indicated by an asterisk.

In a nutshell, the molecular cascade taking place in ON bipolar cells upon

light stimulation begins with the detection of low glutamate levels by the receptor

mGluR6. This leads to the deactivation of the intracellular Gαoβ3γ13 G-protein

complex, which is regulated by protein regulators RGS7 and RGS11, as well as by

GPR179. In turn, this results in the opening of the cation channel TRPM1, likely

involving interplay by nyctalopin and LRIT3, allowing the influx of cations into the

cell and resulting in its depolarisation.

Knowledge of the signalling cascade leading to ON bipolar cell depolarisation

and hence signal transmission is not complete and there are several missing links

yet to be discovered. Often these are first identified by means of exploring retinal

signalling in model organisms and subsequent candidate gene approaches in patient
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genetic sequencing. Further, visual phenotypical research using intracellular signal

recordings in model organisms can aid the understanding of signalling networks and

processes in the human disease context.
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2.2.1.1 Model organisms for CSNB

Mouse models are by far the most common organisms used in research on the ge-

netics and molecular signalling of CSNB, as mutations in implicated genes lead to a

ERG signature in mice, which is comparable to that of human patients with CSNB.

Therefore, only these will be discussed briefly in this section6. The major mouse

lines used in CSNB research are listed in Tables 2.3 and 2.4.

6For a comprehensive overview of mouse models and other model organisms for CSNB (for
example horse, zebrafish or rat), the review by Zeitz and colleagues is recommended [166].
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Mouse name Gene affected Mutation loca-
tion

Abnormality

nob Nyx exon 4, 171bp
deletion

DA and LA ERG:
absent b-waves

Grm6tm1Nak Grm6 exon 8, knock
out

DA and LA ERG:
absent b-waves +
delayed ON system
response in RGC and
SC cells

nob3 Grm6 intron 2, splice
site

DA and LA ERG:
absent b-waves +
delayed ON system
response in RGC and
SC cells

nob4 Grm6 exon 3, mis-
sense

DA and LA ERG:
absent b-waves +
delayed ON system
response in RGC and
SC cells

nob7 Grm6 exon 8, mis-
sense

DA and LA ERG:
absent b-waves

nob8 Grm6 exon 2, mis-
sense

reduced but not
abolished DA and
LA ERG b-waves +
slightly delayed ON
system response in
RGC

Trpm1tm1Lex Trpm1 exon 4-6,
knock out

DA and LA ERG:
absent b-waves

Trpm1tvrm27/tvrm27 Trpm1 exon 23, mis-
sense

negative DA ERG +
het mice show
b-wave reduction

nob5 Gpr179 intron 1,
transposon
insertion

DA ERG: absent
b-waves + LA ERG:
reduced or missing
b-waves

nob6 Lrit3 exon 3+4,
knock out

DA ERG: absent
b-waves + LA ERG:
reduced or missing
b-waves + thinning
of INL

GNB3 KO Gnb3 total gene
knock out

DA and LA ERG:
narrow a-waves,
reduced b-waves

Table 2.3: CSNB mouse models



2.2. ON-pathway dysfunction in different conditions 76

Mouse name Gene affected Mutation loca-
tion

Abnormality

nob2 Cacna1f exon 2, incom-
plete knock out

DA ERG: normal or
slightly reduced
a-waves, absent
b-waves and OPs +
reduced LA ERG
b-waves + slight OPL
thinning

Cacna1f KO a Cacna1f exon 7, knock
out

reduced a-wave, absent
b-wave + LA ERG:
absent cone responses
+ slight OPL thinning

Cacna1f KO b Cacna1f exon 14-17,
knock out

DA ERG: normal or
slightly reduced
a-waves, absent
b-waves and OPs +
reduced LA ERG
b-waves

Cacna1f KI Cacna1f exon 17, knock
in

DA ERG: absent
b-waves and OPs +
reduced LA ERG +
slight OPL and ONL
thinning

Cabp4 KO Cabp4 exon 1+2,
knock out

DA ERG: a-wave
reduction, lack of
b-wave + LA ERG:
slight a-wave
reduction, severe
b-wave reduction +
OPL thinning

C57BL/10 Cacna2D4 exon 25, 15bp
frameshift

DA ERG a-and b-wave
reduction + no
detectable LA ERG +
OPL thinning and rod
degeneration

Table 2.4: CSNB mouse models - continuation
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The first mouse line to be introduced, carrying a naturally occurring deletion

in exon 4 of the Nyx gene, was also the one to determine the nomenclature of most

mouse models. Due to the lack of a dark adapted b-wave, these mice were called

nob for ”no b-wave” [193]. Like human patients with cCSNB, these mice show nor-

mal retinal cellular structure but a decreased light sensitivity paired with a negative

ERG signature under light7 and dark adapted conditions [69]. Alongside the nob

mouse, several other mouse models carrying defects in other genes implicated in the

incomplete and complete forms of CSNB were discovered or created for research

purposes (Grm6 [194, 157, 156, 195, 196], Gpr179 [197], Lrit3 [198], Gnb3 [192],

Cacna1f [187, 199, 185, 200, 201, 202]). The establishment of some models even

led to candidate gene approaches in human patients confirming the involvement of

certain genes in CSNB (for example Trpm1 [172, 203, 204], Cabp4 [205, 188] and

Cacna2D4 [206, 189, 207]).

Apart from valuable information on the genetic make-up underlying the types

of CSNB in humans, mouse models can also give indications on the visual pheno-

types resulting from specific mutations. Despite showing some slight differences

in the ERG (see Table 2.4) [202, 160, 187, 185], all iCSNB murine models show

some ocular similarities: a mislocalisation or absence of the Cav1.4 channel sub-

unit (normally localizing in the OPL), alongside general thinning of the OPL have

been observed in most cases [205, 208, 201]. The cCSNB mouse lines show no

great phenotypic variability in any of the cCSNB mouse lines with all showing an

absent or severely reduced ERG b-wave under dark and light adapted conditions

[187]. Further, the majority of cCSNB mouse models do not display any obvious

morphological abnormalities, apart from one report of INL thinning in the nob6

mouse (Lrit3 knock out) [198].

An exception within these mouse models might present those carrying a de-

fect in mGluR6 function due to mutations in Grm6. These mice were linked to

abnormal inner retinal cell firing with delayed or absent ON system responses in

7The light adapted ERG with undetectable b-wave amplitude in almost all mouse lines stands in
some contrast to the ERG of human patients with cCSNB, where the light adapted b-wave is present,
albeit showing an abnormal shape[193].
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ganglion cells [156, 157], as well as Superior colliculus cells [158]. Such findings

support my hypothesis that a dysfunctional ON-pathway could lead to altered signal

arrival at the visual cortex in humans with ON-pathway dysfunction. To the author's

knowledge, ON system responses in other mouse models for CSNB have yet to be

investigated.

Thanks to phenotypical and genetic studies in human and mouse, an idea of

how signal transmission between photoreceptor cells and ON-bipolar cells func-

tions has emerged. However, many key players within these signalling cascades and

complexes are still unknown and further studies investigating genotype and pheno-

type of individuals with ON-pathway dysfunction are required in order to elucidate

these.
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2.2.2 Congenital disorders of N-glycosylation (PMM2-CDG)

ERG phenotypes similar to patients with CSNB are observed when examining indi-

viduals with PMM2-CDG, also known as phosphomannomutase 2 deficiency. With

a prevalence of approximately 1 in 20,000 globally [209], it is a rare metabolic dis-

ease which is inherited in an autosomal recessive pattern. PMM2-CDG typically

reveals itself during infancy, where characteristic signs are developmental delay,

hypotonia, an abnormal distribution of fat, strabismus and failure to thrive [210].

Due to multiple organ failure, about 20% of affected infants do not survive the first

year of life [211, 212].

The affected gene is PMM2 (chr16p13) encoding the 246-amino acid pro-

tein phosphomannomutase 2, an enzyme required for the biosynthesis of N-

glycoproteins [213]. Mutations in the PMM2 gene lead to the production of ab-

normal phosphomannomutase with reduced activity, resulting in incorrect oligosac-

charide synthesis. The wide variety of signs and symptoms in PMM2-CDG are

likely due to the abnormal production of phosphomannomutase 2 in many organs

and tissues [214].

There have been several reports of retinal effects in PMM2-CDG in recent

years, starting with Retinits pigmentosa [210]. Others linked the disorder to abnor-

mal development of the lens or the retina [215], alongside signs of ON-pathway

dysfunction with preserved oscillatory potentials of the ERG [216]. This finding is

supported by the fact that a variety of key proteins involved in ON bipolar cell sig-

nalling are N-glycosylated (for example Nyctalopin and mGluR6, see Figure 2.3)

[217]. A disruption in the glycosylation of these proteins is expected to disturb the

protein function and hence, affect retinal signalling in a similar fashion as seen in

patients with CSNB. In contrast to CSNB however, the visual phenotype in PMM2-

CDG is progressive and photoreceptors can also be affected [216].
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2.2.3 Duchenne Muscular Dystrophy (DMD)

The visual experience of patients with Duchenne muscular dystrophy (DMD) stands

in stark contrast to both aforementioned conditions, as individuals do not usually

complain of any visual problems and generally exhibit normal visual acuity. DMD

is a form of muscular dystrophy affecting around 1 in 3600 boys [218]. This X-

linked disease is generally associated with muscle weakness linked to a loss of

muscle mass. Hence, loss of movement occurs, eventually leading to paralysis. The

average life expectancy for individuals with DMD is around 25 years [219].

DMD is caused by mutations in the DMD gene which is located on the short

arm of the X chromosome (Xp21.2-p21.1). Its protein product, dystrophin, is re-

sponsible for connecting the cytoskeleton of each muscle fiber to the underlying

basal lamina through a protein complex.

Protein isoforms of dystrophin are present in a variety of CNS regions, as well

as the human retina, and their expression is required for normal retinal function

[220]. Figure 2.4 gives an overview of the different isoforms of the protein which

are produced via distinct promoters, alternative splicing or use of different polyA-

addition signals.

At least three different dystrophin variants are present in photoreceptor synap-

tic complexes (Dp427, Dp260 and Dp140) [222]. These isoforms were recently

found to be expressed in inner retinal neurons of mice with the shortest dystrophin

isoform (Dp71) being expressed in Müller cells [223]. Supporting these findings,

some individuals with DMD were found to present with a reduced b-wave elec-

troretinogram (ERG), indicating inner retinal dysfunction [224]. A recent study by

Ricotti and colleagues linked specific sites of mutation in DMD with differential

retinal function. Patients with DMD and mutations downstream of exon 30 were

found to show negative dark adapted ERGs. They further discovered that neuro-

developmental disturbances were most severe when the shorter isoforms of dys-

trophin were affected by mutation, as boys with Dp71 disruption presented the most

severe phenotypes. The authors suggested the use of ERG recordings as biomarker

for dystrophin function in the CNS due to the strong correlation between the pa-
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Figure 2.4: A: Schematic of the genomic organisation of the dystrophin gene. Black verti-
cal lines represent the 79 exons of the dystrophin gene distributed over around
2.5 million bases. Arrows indicate the promoters: brain (B), muscle (M), and
Purkinje (P); R, B3, S, and G represent the Dp260 (retinal), Dp140 (brain3),
Dp116 (Schwann cells), and Dp71 (general) promoters. B: Domain composi-
tion of the different dystrophin isoforms. The amino-terminal domain is fol-
lowed by the spectrin like domain, the cysteine rich, and the carboxy-terminal
domain. Taken from [221].

tients' dark adapted ERG responses and their genetic make-up. This study and

others suggest a role of dystrophin isoforms in retinal signalling and neurotransmis-

sion, however, their specific roles remain unknown [225, 226, 227].
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2.2.4 Summary of ON-pathway dysfunction cohort selection

By comparing the visual phenotypes of these distinct conditions, I aimed to get

an insight into the workings and importance of ON-pathway signalling on phys-

iological and behavioural visual outcome. CSNB presents an interesting case as

its investigation allows an insight into visual impairment caused by a pre-synaptic

signalling defect (iCSNB) and a post-synaptic signalling defect (cCSNB). Hence,

the patient subgroups with CSNB provided the main work of this study. While in-

complete and complete CSNB present a set of mostly stationary disorders of the

ON-pathway8, PMM2-CDG is known to be progressive. A curiosity presents it-

self in the case of DMD. While patients with this condition do not usually suffer

from any visual problems, some patients do display clinical electrophysiological

evidence of a dysfunctional ON-pathway and the severity of this dysfunction seems

to be linked to their underlying genotype.9

8In some patients with a CACNA1f gene defect, leading to iCSNB (which also affects OFF-
pathway signalling), a slight progressive retinal dysfunction can be observed later in life [228].

9It is noteworthy, that cCSNB presents the only condition under investigation in this study where
dysfunction is thought to be solely confined to the ON-pathway. Current knowledge shows, that the
incomplete form of CSNB affects both ON-and OFF-pathway, whereas the situation in DMD is not
fully clear. Further PMM2-CDG may involve a progressive degeneration of visual structures not
confined to those in the ON-pathway only.
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2.3 Phenotypical cohort presentation

”I feel like I am a part of both worlds - the sighted and the blind. Summer

is the best part of the year when it is light out longer and I can see better, but

during winter I have very little vision and am almost completely reliant on others.”

- anonymous

”I am registered as blind and when it is dark only see black. In bright light

I lose all contrast and for want of a better description see a white haze. In dull

conditions I can see enough to get around and read large print.”

- anonymous

These two quotes, taken from an online support forum for individuals with

CSNB10, give a small insight into the variable visual impairments which patients

with ON-pathway dysfunction can exhibit11. In order to obtain a clinical picture of

the visual and ocular phenotypes of patients with ON-pathway dysfunction, avail-

able results of vision tests conventionally carried out at GOSH were reviewed and,

whenever possible, were compared to reports from the literature.

10http://www.visionaware.org
11A captivating first-hand account of a life with visual impairment due to CSNB is described in

[229].
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2.3.1 Structural measures

From a total of 75 CSNB patients, reports about fundus appearance were available

for 34 (14 cCSNB, 20 iCSNB). Some patients with cCSNB and iCSNB showed

myopic changes (n= 8/34), as well as tilted optic discs (n= 7/34). Slight tempo-

ral pallor of the optic discs was detected in three patients, one with cCSNB and

two with iCSNB. The remaining patients showed normal fundi, which were usually

described as ”healthy” or ”unremarkable”.

Thinning of the central retinal nerve fibre layer, evaluated by OCT imaging,

was reported in one patient with clinically diagnosed iCSNB in the patient cohort

(Pat120)12. Figure 2.5 displays representative fundus and OCT images of patients

with iCSNB (Pat46) and cCSNB (Pat26), as well as representative OCT images of

the same patients. The retinal layers are indicated in white on the OCT image of

Pat46, representative of a healthy retinal architecture.

Figure 2.5: Exemplary fundus photographs of a patient with iCSNB (Top: Pat46, left eye)
and a patient with cCSNB (Bottom: Pat26, left eye). The OCTs display trans-
sections through the foveal area. The representative retinal layers discussed in
the introduction of this thesis are indicated in white on the OCT image of Pat46.
ONL: Outer Nuclear Layer, OPL: Outer Plexiform Layer, INL: Inner Nuclear
Layer, IPL: Inner Plexiform Layer, GCL: Ganglion Cell Layer, RNFL: Retinal
Nerve Fibre Layer

12OCT images were analysed where available.
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In the literature, patients with CSNB generally are not reported to show any

fundus abnormalities, apart from myopic changes in some patients [166]. How-

ever, myopic maculopathy [230], tilted disc and disc pallor [77] have been reported

and are likely linked to the occurrence of myopia in these patients [231]. Further,

no changes of anatomic structure and normal photoreceptor density are generally

observed [232, 233]. Nonetheless, some (rare) reports of retinal thinning do exist.

Godara and colleagues reported retinal thinning in the parafoveal region (including

the ganglion cell layer but sparing the outer retina) in three patients with cCSNB

(due to mutations in GRM6) [234]. Also, one report from Sustar and colleagues

mentions a cCSNB patient with abnormality at the level of the IPL [235], they

specifically suggest a possible lack of the sub-layer containing ON bipolar cell ter-

minals. Non-progressive thinning of the GCL, IPL and INL, as well as the RPE,

in five cases of iCSNB (with confirmed CACNA1f mutations) when compared to

myopic controls, was also reported in the same year, although retinal architecture

was reported as ”qualitatively normal” [236]. These findings in patients with iC-

SNB agree with the retinal thinning observed in most mouse models with Cacna1f

mutations (see Table 2.4). Structural alterations caused by a reduction in ganglion

cell axonal projections could potentially explain the thinning of the retinal nerve

fibre layer in the iCSNB patient. However, Chen and colleagues reported normal

retinal nerve fibre layer thickness in their iCSNB patients. Thus, a more detailed

examination of retinal architecture in Pat120 would be beneficial in determining the

significance of this finding13.

13Pat120 was clinically diagnosed with iCSNB, however his DNA was not available for genetic
analysis.
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Similar to the majority of patients with CSNB, in boys with DMD, normal

fundi are usually observed [224]14. Along with reports of unremarkable ocular

presentation, Ricotti and colleagues also reported normal retinal layer thickness

and architecture in DMD boys with mutations pre and post exon 30 [163]. Of the

19 boys with DMD, only two had an OCT carried out, accompanied by infrared

fundus images. Both patients showed normal retinal architecture and the images

are displayed in Figure 2.6.

Figure 2.6: Exemplary infrared fundus photographs of a patient with DMD mutation pre
exon 30 (Top: Pat56, right eye) and a patient with DMD mutation post exon 30
(Bottom: Pat63, right eye). The OCTs display transsections through the foveal
area.

14However, there is one report of slightly increased macular pigmentation with otherwise normal
ocular examination [220].



2.3. Phenotypical cohort presentation 87

Patients with PMM2-CDG do not only manifest an ON-pathway dysfunction,

but can also suffer from other metabolic and visual phenotypes [237]. Hence, an

association of any fundus and structural changes solely due to ON-pathway dys-

function is difficult in these individuals. The description of fundus changes in the

literature on PMM2-CDG is rare but Thompson and colleagues reported ”fine yel-

low dots” in the parafoveal region at the level of the RPE [238]. Further, Messenger

and colleagues reported hypopigmentation in some patients [239].

Out of the 12 PMM2-CDG patients part of this study cohort, OCT and fundus

images were only available for two (Pat73 and Pat74). Pat73 showed some white

pigmentation, similar to the phenotype described by Messenger and colleagues.

Structurally, Pat73 showed a normal fovea in the OCT but a loss of the photorecep-

tor layer immediately outside the parafoveal area, alongside some RPE changes in

peripheral retina. Pigment in the retina can indicate the death of photoreceptors and

the parafoveal thinning of the outer retina in this patient likely reflects the progres-

sive photoreceptor loss which is associated with PMM2-CDG [240]. In contrast,

Pat 74 showed no major structural abnormalities. Figure 2.7 compares the images

obtained from both patients with PMM2-CDG.
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Figure 2.7: Exemplary infrared fundus photographs of two patients with PMM2-CDG
(Top: Pat73, left eye; Bottom: Pat 74, right eye). The OCTs display trans-
sections through the foveal area.
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2.3.2 Electrophysiology

The signalling defect in patients with ON-pathway dysfunction is localised to the

level of the photoreceptor / ON-bipolar cell synapse in the retina by the means

of the ERG [69]. Hence, individual ERG results were crucial in the selection of

patients for the cohort investigated in this study. While a negative or low b:a-wave

ratio ERG, as well as an abnormal ON system response in the prolonged ON/OFF

ERG, were most indicative of an ON-pathway dysfunction in general, the different

subgroups of patients showed slight differences in their responses to different light

stimuli.

In order to reveal these differences, a thorough analysis of the patients' ERG

waveforms to ISCEV standard flash arrays was carried out15. Also, the PERG

and VEP responses available, reflecting ganglion cell and optic pathway integrity,

were analysed by means of component analysis across all patient subgroups. Dark

adapted and light adapted ERG responses are displayed in Section 2.3.2.1, while an

analysis of OPs is shown in Section 2.3.2.316. PERG responses are shown in Section

2.3.2.4 and the VEP results are discussed in more detail in Chapter 4. Component

size measurements for all electrophysiological data was carried out following the

guidelines published by ISCEV [83, 241, 242].

2.3.2.1 ERG

The dark adapted a-wave is thought to reflect rod photoreceptor hyperpolarisation

upon light stimulation at low flash luminances. A mixed response from rod and

cone systems is expected when using flash strengths of 3.0 cd*s*m−2 and above,

where the ISCEV standard first mentions the appearance of an a-wave [83]. In

general, subgroups followed the trajectory of the normative data range for dark

adapted a-wave amplitudes (Figure 2.8). Mean a-wave amplitudes of the cCSNB,

iCSNB and DMD post exon 30 subgroups fell within the normal range for all flash

1538/109 patients had an ISCEV ERG recorded. These recordings were carried out using a Colour-
Dome Binocular Flash Simulator from Diagnosys LLC. Filters were set as follows: Frequency band-
width 0.15 - 300 Hz, notch filters were not used. The values presented in the following subsections
were always obtained by measuring responses from the better eye.

16For exemplary waveforms for each condition, the reader is referred to Section 2.1 of this chapter,
Figure 2.1
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strengths. While patients with cCSNB generally followed the lower margin of the

normative data range, PMM2-CDG and DMD pre exon 30 subgroup average ampli-

tudes turned out slightly lower than this at flash strengths above 3.0 cd*s*m−2. A

low a-wave amplitude could be indicative of a photoreceptor dysfunction. Several

clinical studies recorded attenuated dark adapted a-wave amplitudes from patients

with PMM2-CDG [240, 216], likely indicative of the progressive photoreceptor

dystrophy present in these patients. Thus, a-wave amplitudes were investigated in

more detail across subgroups for the ISCEV standard flash strengths of 3.0 and 10.0

cd*s*m−2, alongside a high intensity flash of 200.0 cd*s*m−2, and compared to

clinical normative data from GOSH. These results are displayed in Figure 2.9.

From this analysis of dark adapted a-wave amplitudes elicited in each sub-

group, it became clear that patients with ON-pathway dysfunction mostly showed

dark adapted a-wave amplitudes lower than the normative data median value for

each flash strength. However, none of the subgroups showed mean dark adapted

a-wave amplitudes which were significantly lower than those in healthy observers

(One-way ANOVA and post hoc Tukey means comparison)17.

17It is important to note that the a-wave is also thought to contain some post-receptoral contribu-
tions from rod and cone systems at the light intensity of 3.0 cd*s*m−2 [243, 83], which can impact
on its size and timing. Therefore models suggest to consider only the middle slope for measurements
[244]. This was taken into account when a-wave amplitudes and times to peak were measured in
this cohort.
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Figure 2.8: Average subgroup a-wave amplitudes elicited under dark adapted conditions
are displayed over a range of flash strengths and compared to clinical norma-
tive data from GOSH (green striped area). All data are shown including range
(dashed lines). Flash strengths are displayed on a logarithmic scale.
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Figure 2.9: Subgroup a-wave amplitudes elicited under dark adapted conditions are dis-
played for the ISCEV standard flash strengths of 3.0 and 10.0, including a high
intensity flash of 200.0 cd*s*m−2 and compared to clinical normative data from
GOSH (dashed line: median, dotted lines: 5th and 95th percentiles). Boxes
give Max and Min (-), Mean (square), Median (line inside the boxes), 99% and
1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
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When regarding the dark adapted a-wave times to peak, patient responses gen-

erally followed the trajectory of the normative data range and times to peak were

becoming shorter with increasing flash intensities (Figure 2.10). All of the sub-

groups fell within the normal range for the ISCEV standard flash of 3.0 cd*s*m−2

and above.

Figure 2.10: Average subgroup a-wave times to peak elicited under dark adapted condi-
tions are displayed over a range of flash strengths and compared to clinical
normative data from GOSH (green striped area). All data are shown including
range (dashed lines). Flash strengths are displayed on a logarithmic scale.
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The cardinal component in the diagnosis of ON-pathway dysfunction is the

dark adapted b-wave amplitude, reflecting ON-pathway initiation at the level of the

bipolar cells. While following a similar trajectory to the normative data, increasing

in component size with flash strength, all subgroups fell below the normative range

across the spectrum of flash strengths (Figure 2.11). Interestingly, there was a dis-

tinction in severity, or size of the b-wave, between subgroups. Patients with DMD

pre exon 30 displayed overall highest dark-adapted b-waves, followed by patients

with PMM2-CDG. While patients in the iCSNB and DMD post exon 30 subgroups

showed smaller but approximately similar b-wave amplitudes across the range of

flash strengths, patients with cCSNB generally exhibited the smallest amplitudes.

Apart from a dysfunctional ON-pathway affecting dark adapted b-wave ampli-

tudes, axial length of the eyeball is thought to affect ERG amplitudes [245, 246]. As

mentioned in Section 2.3.1, eight CSNB patients in this cohort showed myopic fun-

dus changes. Chia and colleagues, as well as Westall and colleagues report slightly

lower b-wave amplitudes in eyes with higher axial length and link this finding to

a relative thinning of the retina. Hence, the small b-wave amplitudes observed in

some patients in this cohort might also be, partly, caused by myopia and/or thin

retinae present in some patients.

Further, differences in the minimum light strength necessary to elicit a b-wave

were noted between groups. Boys with DMD, as well as patients with iCSNB

showed detectable b-waves at flash strengths comparable to controls (DMD/iCSNB:

from 0.0003 cd*s*m−2 vs. controls: from 0.0001 cd*s*m−2). In contrast, pa-

tients with cCSNB and PMM2-CDG showed a decreased sensitivity, requiring a

ten-fold increase in flash strength to elicit a b-wave (cCSNB/PMM2-CDG: from

0.001 cd*s*m−2).
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Figure 2.11: Average subgroup b-wave amplitudes elicited under dark adapted conditions
are displayed over a range of flash strengths and compared to clinical norma-
tive data from GOSH (green striped area). All data are shown including range
(dashed lines). Flash strengths are displayed on a logarithmic scale.
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B-wave times to peak generally shortened with increasing flash strength and

fell within the normative range for PMM2-CDG, iCSNB and DMD pre exon 30

subgroups, above a flash strength of 0.1 cd*s*m−2 and until the highest strength

of 200.0 cd*s*m−2 (Figure 2.12). At this point, patients with iCSNB showed a

shortened timing of the b-wave. Also, patients with DMD mutations post exon

30 and those with cCSNB showed generally shorter dark adapted b-wave times to

peak falling below the normative data range for higher flash strengths over 10.0

cd*s*m−2.

The observed slight shortening of b-wave times to peak in the subgroups might

be due to the lack or relatively small size of the b-waves of patients18. This was

especially prevalent in patients with cCSNB who showed the smallest b-wave am-

plitudes (Figure 2.11), alongside the shortest b-wave peak times to peak (Figure

2.12) across subgroups. Apart from the filter settings chosen having an effect on

waveform shape and components, there are other explanations for an occurrence of

a small and early b-wave in patients with ON-pathway dysfunction.

As mentioned above, the size of the b-wave can be influenced by axial length

of the eye. However, in the case of ON-pathway dysfunction, the fact that a dark

adapted b-wave is detectable to a certain extent is interesting, as it is thought to

mainly reflect ON bipolar cell activity. The dark adapted a-wave is known to contain

not only photoreceptor components but also post-receptoral contributions [243, 83].

The recovery of the visible negativity thought to reflect photoreceptor cell hyperpo-

larisation is usually overlaid by the positive b-wave and could be revealed by its

absence [247, 248]. Hence, this a-wave recovery, which is thought to appear earlier

with higher flash strengths [248], might mimic a small b-wave in combination with

OPs, which are usually observed on the ascending limb of the b-wave [83]. Under

dark adapted conditions, these are almost abolished in patients with cCSNB (see

Section 2.3.2.2) but relatively preserved in the other patient subgroups. A combi-

nation of late a-wave component and OPs could thus represent the small positive

going peak, following the a-wave trough observed in the patient cohort.

18The component time to peak was always measured from stimulus onset to the first peak after
the a-wave trough.
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This theory does not yet explain a shortened b-wave time to peak in patients

with cCSNB, however, where the dark adapted OPs are nearly absent. Alternatively,

the small positivity could represent the normally obscured d-wave, driven by OFF

bipolar cell activity [249]. For short flash durations, this component is usually ob-

scured by the b-wave and it is only distinguished when using long duration flashes

separating the light onset and offset responses. With increasing flash intensity, the

contribution of cone circuit activity to the ERG waveform increases and hence the

question arises, whether a small positivity with a short time to peak, observed under

bright flash stimulation (over 10.0 cd*s*m−2), might reflect such a (cone driven)

OFF component.

Furthermore, there is some evidence that the occurrence of such an early re-

covery of the positive-going component, even in patients with cCSNB, might stem

from current flows in the outer nuclear layer [248].
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Figure 2.12: Average subgroup b-wave times to peak elicited under dark adapted condi-
tions are displayed over a range of flash strengths and compared to clinical
normative data from GOSH (green striped area). All data are shown including
range (dashed lines). Flash strengths are displayed on a logarithmic scale.
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Figures 2.13 and 2.14 display the a-wave amplitudes and times to peak for

an ERG luminance response series recorded under light adapted conditions. Here,

the a-wave mainly reflects cone photoreceptor hyperpolarisation, as well as post

receptoral contributions. The amplitude of this component increased similarly with

increasing flash intensities in patient subgroups (Figure 2.13). Patients with iCSNB

showed the lowest amplitudes across the board, falling below the lower margin of

the normative data range for flash strengths of 0.3 and 1.0 cd*s*m−2. This can be

explained by the fact that in iCSNB, signalling from photoreceptors to ON- and

OFF-bipolar cells is impaired. OFF-bipolar cells contribute a large part to the light-

adapted a-wave and therefore a signalling impairment is expected to affect the shape

of this component [244]. The remaining data points for all subgroups fell within the

normative data range.
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Figure 2.13: Average subgroup a-wave amplitudes elicited under light adapted conditions
are displayed over a range of flash strengths and compared to clinical norma-
tive data from GOSH (green striped area). All data are shown including range
(dashed lines). Flash strengths are displayed on a logarithmic scale.
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The analysis of light adapted a-wave times to peak produced a slightly different

picture (Figure 2.14). While patient values of the DMD and PMM2-CDG subgroups

were predominantly normal, subtypes of CSNB produced prolonged a-wave timing

compared to healthy observers. This was true for patients with iCSNB for flash

strengths above 5.0 cd*s*m−2 and for patients with cCSNB even earlier, for flash

strengths above 0.3 cd*s*m−2. The delay in a-wave peak timing observed here is

likely due to the broad a-wave shape present in patients with cCSNB under light

adapted conditions [250]. In cases where a-waves were broad with no obvious

minimum, times to peak were always measured mid-trough and therefore a broad

a-wave could influence the value measured.

Figure 2.14: Average subgroup a-wave times to peak elicited under light adapted condi-
tions are displayed over a range of flash strengths and compared to clinical
normative data from GOSH (green striped area). All data are shown including
range (dashed lines). Flash strengths are displayed on a logarithmic scale.
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The analysis of light adapted b-wave amplitudes highlighted the difference in

the localisation of the signalling defect between iCSNB and the other subgroups.

While the initial disruption in iCSNB is pre-synaptic, located within the calcium

channels of the photoreceptor terminals, the defects encountered in cCSNB, PMM2-

CDG, as well as DMD are thought to occur post-synaptically. Hence, in iCSNB, sig-

nal transmission onto ON and OFF bipolar cells, which both contribute to the light

adapted b-wave, is impaired [251]19. Such an affected cone ERG can be observed

in Figure 2.15, where the light-adapted b-wave amplitudes of patients with iCSNB

remained at a very low level across all flash strengths, never reaching normal levels.

In stark contrast, light adapted b-wave amplitudes for all other subgroups followed

the trajectory of the normative data range, albeit at its lower margin, indicating a

preserved cone OFF-pathway.

Light adapted b-wave time to peak was unremarkable in DMD and PMM2-

CDG patient subgroups (Figure 2.16). Patients with cCSNB, however, showed a

slightly elevated b-wave timing until flash strengths of 3.0 cd*s*m−2 were reached

and remained at the upper margin of the normative data range for higher flash

luminances. While values for the iCSNB subgroup remained ”normal” until 5.0

cd*s*m−2, an increase in peak timing was observed for the highest flash strength of

10.0 cd*s*m−2, where light adapted b-waves are expected to be smallest.

These results can be explained by regarding the unusual luminance-response

function encountered when recording b-waves under light adapted conditions. In

healthy observers, light adapted b-wave amplitudes are known to experience a ”pho-

topic hill”, where the light adapted b-wave amplitude increases with progressively

brighter stimulation until a maximum is reached after which they decrease to finally

reach a plateau. This phenomenon was first described by Wali and colleagues [252],

and was absent in all patient subgroups with ON-pathway dysfunction. Instead, only

a plateau of b-wave amplitudes at higher flash intensities was observed.

This lack of a photopic hill in my patient cohort can be explained by tak-

19ON bipolar cells are thought to contribute a positive component to the light adapted b-wave,
while OFF bipolar cells contribute a negative component [251], as they hyperpolarise in response to
a light stimulus.
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ing into account the nature of overlapping post-receptoral ON-and OFF-pathway

components contributing to the light adapted b-wave. Hamilton and colleagues

developed a mathematical model suggesting that the contributions of ON-and OFF-

pathways to this component can be represented by a logistic and a Gaussian curve,

respectively [253]. Following this model, in case of an impaired ON-pathway, the

contribution of the logistic function should be small (or even abolished), resulting

in a b-wave which is shaped mainly by the OFF-pathway driven Gaussian func-

tion. Recently, Garon and colleagues confirmed this by showing that patients with

cCSNB display a greater contribution of the Gaussian function when compared to

healthy observers, indicating that the ON-pathway contribution to the light adapted

b-wave is abnormal in these patients [254]. A smaller and broader (or absent) ON-

pathway driven peak to a light onset, combined with a later OFF-pathway driven

peak to light offset would thus result in a small and late light-adapted b-wave peak,

as observed in my patient cohort. In the case of iCSNB, where both pathways are

affected, a more severe reduction of the light adapted b-wave was observed.
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Figure 2.15: Average subgroup b-wave amplitudes elicited under light adapted conditions
are displayed over a range of flash strengths and compared to clinical norma-
tive data from GOSH (green striped area). All data are shown including range
(dashed lines). Flash strengths are displayed on a logarithmic scale.
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Figure 2.16: Average subgroup b-wave times to peak elicited under light adapted condi-
tions are displayed over a range of flash strengths and compared to clinical
normative data from GOSH (green striped area). All data are shown including
range (dashed lines). Flash strengths are displayed on a logarithmic scale.
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2.3.2.2 Oscillatory Potentials

Oscillatory potentials20 reflect spiking cell activity of the retina and are thought to

be mainly driven by the amacrine cell circuits with potential inner retinal contri-

butions from bipolar and/or ganglion cells. Under dark adapted conditions, contri-

butions from the post-receptoral rod amacrine network are highlighted (but a cone

driven contribution cannot be completely excluded) [255]. Patients with PMM2-

CDG, DMD and iCSNB generally showed a presence of all four OPs, with patients

within the DMD pre exon 30 subgroup exhibiting the highest amplitudes in OP2 and

OP3. In contrast, individuals with cCSNB displayed a severe reduction or absence

of three OPs under dark adapted conditions.

Those patients also showed slightly prolonged timing for OP2 and OP3, when

compared to the results from the remaining subgroups, which revealed approxi-

mately matching timings. These data are presented in Figure 2.18, while the times

to peak of the individual OPs are shown in Figure 2.19. An overview over represen-

tative dark adapted OPs is given in Figure 2.17.

20The filter settings of the Espion Visual Electrophysiology System (Diagnosys, LLC) were set at
a band-pass ranging from 100 Hz to 300Hz, in order to obtain high-frequency oscillatory potentials.
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Figure 2.17: Representative OPs elicited under dark adapted conditions for each patient
subgroup. A trace from a healthy observer is displayed for comparison.



2.3. Phenotypical cohort presentation 108

Figure 2.18: Displayed are group mean peak amplitudes for all four OPs obtained under
dark adapted conditions across patient subgroups. Standard errors are indi-
cated for each bar.
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Figure 2.19: Displayed are group mean peak latencies for all four OPs obtained under dark
adapted conditions across patient subgroups. Standard errors are indicated for
each bar.
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Under light adapted conditions, where cone circuits are expected to be pre-

dominantly active [255], patients with cCSNB showed all four OPs, however, OP3

and OP4 were relatively small (Figure 2.21). Patients with PMM2-CDG, as well

as patients from the DMD post exon 30 subgroup, showed waveforms akin to those

observed in cCSNB. Patients with DMD and mutations pre exon 30 revealed in-

termediate amplitudes of all four OPs. In stark contrast to dark adapted condi-

tions, patients with iCSNB revealed a striking decrease in amplitude of all four

OPs, almost down to noise levels. When analysing OP times to peak, a similar

picture as under dark adapted conditions emerged (Figure 2.22). Patients with cC-

SNB showed slightly prolonged times to peak when compared to the remaining

subgroups. These, again, showed almost identical timings for all four OPs. An

overview over light adapted OP waveform shape across patient subgroups is shown

in Figure 2.20.

In conclusion, altered inner retinal signalling, was evident in the OP analysis

of patients with ON-pathway dysfunction. Especially striking was the almost oppo-

site behaviour of OPs from patients with cCSNB and iCSNB under different light

conditions. Whereas under dark adapted conditions, OPs were almost completely

abolished in patients with cCSNB and normal in patients with iCSNB, this picture

was reversed under light adapted conditions where OPs were abolished in patients

with iCSNB. In contrast, OPs were relatively preserved in patients with DMD and

mutations pre exon 30 and patients with PMM2-CDG. Patients with DMD and mu-

tations post exon 30 showed slight abnormalities in the amplitudes of their light

adapted OPs. The significance of these OP results is discussed in the final chapter

of this thesis (Chapter 7, Section 7.2.2.2).
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Figure 2.20: Representative OPs elicited under light adapted conditions for each patient
subgroup. A trace from a healthy observer is displayed for comparison.
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Figure 2.21: Displayed are group mean peak amplitudes for all four OPs obtained under
light adapted conditions across patient subgroups. Standard errors are indi-
cated for each bar.



2.3. Phenotypical cohort presentation 113

Figure 2.22: Displayed are group mean peak latencies for all four OPs obtained under light
adapted conditions across patient subgroups. Standard errors are indicated for
each bar.
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2.3.2.3 Diagnosing ON-pathway dysfunction by means of the ERG

Electrodiagnostic testing using the ERG is an invaluable tool in order to clinically

diagnose a disruption of the ON-pathway at the retinal level. The patient subgroups

investigated in this study all showed slightly different ERG waveforms to light stim-

ulation, highlighting the diverse impacts such a dysfunction can have on different

signalling pathways. While any one ERG stimulation on its own is far from being

pathognomonic in patients with ON-pathway dysfunction, compiling responses to a

whole set of stimuli can reveal an ERG signature, which is fairly specific to the in-

dividual conditions. In the following the patient subgroups are compared according

to their ERG signature.

• cCSNB:

– DA ERG

* normal photoreceptor components (a-wave)

* lowest b-wave amplitudes among all patient subgroups with values

never exceeding 300µV even at highest flash strengths

* b-wave was only measurable from stimulus luminances of 0.001

cd*s*m−2 and above, requiring a ten times stronger light stimulus

to elicit a b-wave compared to healthy observers

* b-wave times to peak were shorter than normal, probably owing to

small b-wave amplitudes. However, these small peaks could also

be showing the recovery of the a-wave or a light offset component.

* DA OPs almost completely missing, implying further inner retinal

abnormalities

– LA ERG

* broad photoreceptor trough with normal amplitude (a-wave)

* b-wave times to peak just around the upper margin of normal across

all flash strengths and b-waves abnormally low at the highest flash

strength (LA 10.0 cd*s*m−2)

* LA OPs displayed small amplitudes for OP3 and OP4, implying

further inner retinal abnormalities
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• iCSNB:

– DA ERG

* normal photoreceptor component size and timing

* ON bipolar cell signalling disruption was evident across all flash

strengths (low b-wave amplitude with normal timing)

* DA OPs of intermediate amplitude

– LA ERG

* a-waves were prolonged and amplitudes low, but within normal lim-

its

* b-wave times to peak were prolonged and b-wave amplitudes

severely reduced and never reached a size above 75µV across flash

strengths

* almost complete abolishing of all light adapted OPs, implying fur-

ther inner retinal abnormalities

• DMD pre exon 30:

– DA ERG

* normal photoreceptor component timing and slightly subnormal

size which was not significantly lower than normal

* subnormal b-wave amplitudes (with normal timing) but overall

highest DA b-wave amplitudes among all subgroups

* normal OPs

– LA ERG

* normal a-wave timing and amplitudes

* b-wave amplitudes at lower margin of normal but with normal tim-

ing

* OPs of intermediate size

• DMD post exon 30:

– DA ERG

* normal photoreceptor components (a-wave)
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* subnormal b-wave amplitudes across all flash strengths with

slightly shortened b-wave times to peak for mixed rod-cone stimu-

lation

* DA OPs of intermediate size

– LA ERG

* normal photoreceptor components (a-wave)

* subnormal b-wave amplitudes at higher flash luminances with nor-

mal b-wave timing

* small OP1 and OP4 peaks, implying further inner retinal abnormal-

ities

• PMM2-CDG:

– DA ERG

* normal a-wave timing but slightly decreased amplitudes from flash

strengths of 3.0 cd*s*m−2 onward. These were not significantly

lower than normal but could be indicative of the progressive pho-

toreceptor dysfunction these patients are known to experience.

* slightly prolonged b-wave timing with subnormal b-wave ampli-

tudes across all flash strengths

* decreased sensitivity of the dark adapted rod driven circuits, similar

to patients with cCSNB

* DA OPs similar to those of patients with DMD mutations post exon

30

– LA ERG

* broad a-wave with normal size (similar to patients with cCSNB),

sometimes showing a double a-wave trough

* normal b-wave timing but subnormal b-wave amplitudes for high

flash strengths of 5.0 cd*s*m−2 and above

* LA OPs akin to those observed in DMD boys with mutations pre

exon 30
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2.3.2.4 Pattern Reversal ERG - PERG

Additional information on the impact of ON-pathway dysfunction on the visual

pathways subsequent to the bipolar cells can be obtained using the clinical pattern

reversal ERG (PERG). The PERG allows an insight into retinal cell function and

can be recorded simultaneously to the pattern VEP, applying the same stimulus.

In order to probe whether an ON-pathway dysfunction leads to altered ganglion

cell firing in human subjects, PERGs of patients from the patient subgroups were

reviewed and analysed. Due to the difficulties one can encounter when recording

such responses, especially from young children and patients with nystagmus, only

a total number of 30/109 individuals from the patient cohort had ISCEV reversal

PERGs recorded simultaneous to pattern VEP recordings. The cohort breakdown

into subgroups was as follows:

• 9x cCSNB

• 7x iCSNB

• 6x DMD pre exon 30

• 6x DMD post exon 30

• 2x PMM2-CDG

Tables 2.5 and 2.6 give an overview over the individual P50 and N95 compo-

nent amplitudes and times to peak across subgroups.
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Patient ID Subgroup P50 [µV] N95 [µV]
Pat23 cCSNB 6 9
Pat26 cCSNB 2.5 3
Pat116 cCSNB 1.5 2
Pat101 cCSNB 7 5
Pat18 cCSNB nm nm
Pat16 cCSNB nm nm
Pat27 cCSNB nm nm
Pat117 cCSNB nm nm
Pat3 cCSNB 5 7
Pat32 iCSNB 3 6
Pat31 iCSNB 2.5 4.5
Pat39 iCSNB 8 18
Pat15 iCSNB 3 3
Pat4 iCSNB 4 9
Pat107 iCSNB 4 7
Pat109 iCSNB 4 7
Pat119 DMD pre exon 30 4.3 11
Pat56 DMD pre exon 30 20 12
Pat57 DMD pre exon 30 10 11
Pat58 DMD pre exon 30 10 13
Pat59 DMD pre exon 30 6 10
Pat60 DMD pre exon 30 8 9
Pat61 DMD post exon 30 15 18
Pat62 DMD post exon 30 12 14
Pat63 DMD post exon 30 11 16
Pat64 DMD post exon 30 8 15
Pat65 DMD post exon 30 4 8
Pat66 DMD post exon 30 8 13
Pat74 PMM2-CDG 6 9
Pat77 PMM2-CDG 6 7
GOSH normative data range 4-18 10-25

Table 2.5: Overview table of PERG component amplitude to a pattern reversing checker-
board stimulus with 50' check size in a 30◦ stimulus field. Measured PERG
waveforms were averaged responses over 2x200 sweeps, ensuring reliability and
repeatability of the data. Rows marked as ”nm” represent components which
were not measurable (at noise level or flat). The clinical normative data range is
taken from GOSH.
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Patient ID Subgroup P50 [ms] N95 [ms]
Pat23 cCSNB 45 90
Pat26 cCSNB 58 113
Pat116 cCSNB 65 124
Pat101 cCSNB 50 85
Pat18 cCSNB nm nm
Pat16 cCSNB nm nm
Pat27 cCSNB nm nm
Pat117 cCSNB nm nm
Pat3 cCSNB 53 97
Pat32 iCSNB 53 97
Pat31 iCSNB 61 100
Pat39 iCSNB 48 108
Pat15 iCSNB 47 88
Pat4 iCSNB 54 110
Pat107 iCSNB 51 96
Pat109 iCSNB 59 111
Pat119 DMD pre exon 30 52 96
Pat56 DMD pre exon 30 50 93
Pat57 DMD pre exon 30 46 99
Pat58 DMD pre exon 30 49 107
Pat59 DMD pre exon 30 43 97
Pat60 DMD pre exon 30 49 95
Pat61 DMD post exon 30 52 96
Pat62 DMD post exon 30 53 87
Pat63 DMD post exon 30 47 99
Pat64 DMD post exon 30 44 96
Pat65 DMD post exon 30 49 91
Pat66 DMD post exon 30 50 96
Pat74 PMM2-CDG 47 108
Pat77 PMM2-CDG 47 106
GOSH normative data range 43-52 87-111

Table 2.6: Overview table of PERG component time to peak to a pattern reversing checker-
board stimulus with 50' check size in a 30◦ stimulus field. Measured PERG
waveforms were averaged responses over 2x200 sweeps, ensuring reliability and
repeatability of the data. Rows marked as ”nm” represent components which
were not measurable (at noise level or flat). The clincial normative data range is
taken from GOSH.
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PERGs were reviewed from subjects with ON-pathway dysfunction, except

for four patients with cCSNB whose responses were at noise level and therefore

not measurable. Only one of these had nystagmus (Pat117). Nonetheless, it was

possible to obtain reliable waveforms from several patients who had nystagmus, ex-

cluding this as an explanation for abnormal PERG waveforms or absent responses.

Thus, a not measurable response could suggest an abnormality at the level of the

macular ganglion cells in these patients.

While there was no significant difference observed when comparing the times

to peak across conditions and to the normative data range given by GOSH (One-way

ANOVA and post-hoc Tukey means comparison), patients with cCSNB showed a

trend of later P50 and N95 peak time (Figure 2.23). Further, N95 was slightly (but

not-significantly) delayed in patients with iCSNB. When regarding individual pa-

tient results, a P50 delay was observed for two patients with cCSNB, three patients

with iCSNB and one patient within the DMD post exon 30 subgroup. N95 was

delayed for two cCSNB patients, as well as one patient with iCSNB. Such delays

could suggest a delay of signalling through macular amacrine cells and/or ganglion

cells [90, 93, 94].

In size, the P50 component was not significantly different from the GOSH

clinical normative data range, however, the amplitude of this component differed

greatly across the patient subgroups and statistical differences were observed (Fig-

ure 2.24). P50 was smallest in the cCSNB and iCSNB subgroups and biggest in

boys with DMD, while patients affected by PMM2-CDG exhibited intermediate

amplitudes. However, only cCSNB and iCSNB subgroups showed significantly

smaller P50 components compared to boys with DMD and mutations post exon 30

(One-way ANOVA and post-hoc Tukey means comparison: cCSNB: p=0.02; iC-

SNB: p=0.01). Two patients with cCSNB, as well as two with iCSNB showed a

P50 amplitude lower than the GOSH normative data range. Additionally, several

patients showed P50 amplitudes just at the lower margin of the GOSH clinical nor-

mative data range (iCSNB n=3; DMD pre exon 30 n=1; DMD post exon n=1).

A similar picture emerged when looking at the ganglion cell evoked N95 com-
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ponent across subgroups. For this component, all patients with cCSNB and PMM2-

CDG, all but one with iCSNB, as well as one from each DMD subgroup fell below

the GOSH clinical normative range. The smallest amplitudes were found in the

cCSNB and iCSNB subgroups. The largest N95 negativity was obtained recording

from boys with DMD and components of intermediate size from PMM2-CDG pa-

tients. These differences were statistically significant between patients with DMD

and post exon 30 mutations and patients from all other subgroups except other DMD

boys (cCSNB: p<0.0001, iCSNB: p=0.008, PMM2-CDG: p=0.05 ). Further, sig-

nificantly smaller N95 amplitudes were observed in patients with cCSNB, when

compared to boys with DMD pre exon 30 mutations (p=0.001).

In addition, it is useful to regard amplitudes in electrophysiological recordings

as relative (not absolute), due to possible inter-subject differences in amplitudes.

Hence, the N95:P50 ratio in patients was of interest. An abnormally low ratio (under

1.25 according to Holder [90]) could be suggest retinal ganglion cell or optic nerve

dysfunction. Figure 2.25 shows the ratios obtained across patient subgroups. While

patients with cCSNB generally showed the lowest N95:P50 ratios, no subgroup

showed an abnormally low average ratio when compared to normative data [90].

However, several patients across the patient cohort showed individually abnormally

low ratios. Of these, two (out of five) had cCSNB, one (out of seven) had iCSNB,

three (out of six) were from either DMD subgroup and one patient (out of 2) had

PMM2-CDG.

In summary, these findings indicate a differential effect of ON-pathway dys-

function on retinal circuitry in the different subgroups. Retinal signalling in pa-

tients with cCSNB and iCSNB seemed to be affected more severely than in boys

with DMD and patients with PMM2-CDG. However, abnormal N95:P50 size ra-

tios were observed for individuals across all patient subgroups, indicating ganglion

cell signalling irregularities21. These abnormalities could be explained by altered

or asymmetrical retinal ganglion cell firing caused by an ON system signalling dis-

21It is noteworthy that ISCEV does not provide normative ranges for such ratios, nor do they
provide normative N95 amplitude ranges due to high amplitude and timing variability in this
component[256].
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turbance at the level of the photoreceptor / ON bipolar cell synapse. Due to the

relatively small number of patients with a recorded clinical PERG22, in order to

investigate this possibility further, the analysis of retinal signal arrival at the striate

cortex was of interest and a signalling abnormality at the cortical level would lend

further support to my hypothesis. Cortical visual signalling and the integrity of the

optic pathways are assessed clinically via the pVEP.

Figure 2.23: Overview of the times to peak of the conventional PERG main components.
Asterisks show statistically significant differences between the values and the
normative data ranges (One-way ANOVA and post-hoc Tukey means com-
parison). Measured PERG waveforms were averaged responses over 2x200
sweeps, ensuring reliability and repeatability of the data. Diamond symbols
represent individual subjects. Boxes give Max and Min (-), Mean (square),
Median (line inside the boxes), 99% and 1% (x), as well as 75% and 25%
(margins of the boxes) percentiles. The normative data was taken from GOSH.

22Clinical appointments are usually made for diagnostic purposes and after full field ERG record-
ings, time constraints, as well as tolerance of the patients for corneal electrodes meant that a clinical
PERG recording may not be included.
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Figure 2.24: Overview of the amplitudes of the conventional PERG main components. As-
terisks show statistically significant differences between the patient subgroups
(One-way ANOVA and post-hoc Tukey means comparison). Measured PERG
waveforms were averaged responses over 2x200 sweeps, ensuring reliability
and repeatability of the data. Diamond symbols represent individual subjects.
Boxes give Max and Min (-), Mean (square), Median (line inside the boxes),
99% and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
Normative data was taken from GOSH.
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Figure 2.25: Overview of the N95:P50 amplitudes ratios obtained across patient subgroups.
Asterisks show statistically significant differences between the values and the
normative data range (One-way ANOVA and post-hoc Tukey means com-
parison). Measured PERG waveforms were averaged responses over 2x200
sweeps, ensuring reliability and repeatability of the data. Diamond symbols
represent individual subjects. Boxes give Max and Min (-), Mean (square),
Median (line inside the boxes), 99% and 1% (x), as well as 75% and 25%
(margins of the boxes) percentiles. The clinical normative data was taken
from GOSH.
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2.3.2.5 Pattern Reversal VEP - PVEP

Abnormal ganglion cell firing was reported in several mouse models of ON-pathway

dysfunction at the level of the retinal ganglion cells and the LGN [158, 156, 157].

In humans, it is not clear whether an ON-pathway dysfunction alters ganglion cell

firing patterns and subsequently affects signalling at the level of the striate cortex.

Abnormally low amplitudes and delayed timing of the N95 component in a part

of the cohort of patients with ON-pathway dysfunction gave a first hint into this

direction. In order to assess this possibility in a large group of patients with retinal

ON-pathway dysfunction, a retrospective analysis of conventional clinical pattern

reversal VEP results was carried out. This analysis is described in detail in Chapter

4, Section 4.1, as it served as an important preliminary step in the development of

the novel electrophysiological ON-pathway test battery.
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2.3.3 Behavioural vision assessments

Structural malformations of the eye or functional disruptions of visual signalling

often cause impairment of perceived vision. Clinically, certain perceptual qualities

are assessed in patients with visual impairments alongside the previously discussed

assessments, in order to allow an association of physiology and structure with be-

havioural visual function. Such behavioural assessment results obtained from clini-

cal records of patients within the ON-pathway dysfunction subgroups are reviewed

in the following sections23.

2.3.3.1 Visual acuity

Decreased visual acuity is sometimes associated with a dysfunctional ON-pathway

[164]. Hence, it was important to get an understanding of how this measure of

spatial visual resolution was distributed across the patient subgroups as it would

give a first idea of how visual function can be affected by a disturbed ON-pathway.

An overview of VA values obtained from the patient cohort is shown in Figure 2.26.

VA measurements shown were always obtained with both eyes viewing (BEO =

”both eyes open”) and under best-corrected circumstances24.

23Clinical assessments of contrast sensitivity were not available for the patients this was subse-
quently assessed using the novel LumiTrackT m software.

24Focusing on binocular VA was in view of the subsequent electrophysiological and psychophys-
ical test batteries being carried out with both eyes viewing and under best-corrected conditions.
Further, VA obtained with both eyes viewing provides a more realistic measure of spatial visual
resolution
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Figure 2.26: The graph displays the distribution of best-corrected visual acuities across
the patient subgroups, measured with both eyes viewing. Asterisks show sta-
tistically significant differences to the control cohort (One-way ANOVA and
post-hoc Tukey means comparison). Diamond symbols represent individual
subjects. Boxes give Max and Min (-), Mean (square), Median (line inside the
boxes), 99% 1% (x), as well as 75% 25% (margins of the boxes) percentiles.
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When looking at the distribution of VA values across the patient subgroups, it

became clear that the CSNB patients displayed the highest prevalence of subnormal

VA values. Particularly the iCSNB subgroup contained no patient with a VA better

than 0.1 logMAR. The cCSNB subgroup displayed a wider range with values from

-0.025 to a maximum of 0.85 logMAR. Both subgroups showed individuals with a

best-corrected VA poorer than the UK driving limit of 0.5 logMAR, but also patients

with normal VA were part of these subgroups. Moreover, 33 out of 109 (cCSNB

n=8, iCSNB n=23, DMD pre exon 30 n=1, DMD post exon 30 n=1) patients within

this cohort fell under the ”low vision” definition according to the WHO25 [146].

Individuals affected by PMM2-CDG seemed to exhibit decreased visual acuity, as

this patient subgroup, together with both CSNB subgroups, displayed a significantly

higher group average VA when compared to a cohort of 150 healthy volunteers26

(cCSNB: p<0.0001, iCSNB: p<0.0001, PMM2-CDG: p<0.0001). Ultimately, the

majority of patients with DMD showed normal visual acuity values, with only one

subject having a VA of 0.5 logMAR at the UK driving limit.

Letter recognition VA is thought to change rapidly within the first years of life

and adult levels can be reached already between the third and fourth year of life in

healthy observers (see for example [113, 99]). Hence, a great improvement of VA

with age in the patient cohort, where the youngest patients carrying out comparable

visual acuity assessments were five years old, was not anticipated. In order to get

empirical evidence for this in the patient cohort, the patients' binocular VA values

were plotted against their age. This data is shown in Figure 2.27 which shows a

wide spread of VA values across the CSNB and PMM2-CDG subgroups, but there

is no evidence of a striking developmental trajectory of the data.

25A VA of lower than 0.4 logMAR
26These healthy volunteers comprised the control cohort who carried out the electrophysiological

and psychophysical test batteries discussed in subsequent chapters.
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Figure 2.27: The graph displays the distribution of best-corrected visual acuities across the
patient subgroups and across ages, measured with both eyes viewing. Dia-
mond symbols represent individual subjects.
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2.3.3.2 Visual Fields

In the literature, visual field testing in patients with ON-pathway dysfunction gener-

ally presents no abnormal findings in patients with CSNB [174, 257, 78, 203, 164]

and DMD [258]. While normal visual fields can be detected in patients with PMM2-

CDG, two reports mention constricted peripheral visual fields, likely due to progres-

sive rod/cone photoreceptor loss, in such patients [215, 240]. Mostly, however, it

is challenging to obtain such data due to the intellectual disability often present in

these patients [240].

In accordance with these reports, there were no visual field defects observed in

the CSNB subgroups, except for one patient with cCSNB who showed a large blind

spot in the left eye within the central 20◦. Such central blind spots can be caused

by diseases of the macula [259] and as such decrease the amplitude of the pVEP

[260]. The patient's pVEP amplitudes and times to peak to a reversing checkerboard

stimulus of 50' check size, however, were within normal limits27, making macula

degeneration an unlikely reason for this blind spot28. Blind spots can also be caused

by a high refractive error, which is not uncommon in patients with CSNB and could

explain the visual field defect reported here [261].

Moreover, only one patient within the PMM2-CDG subgroup was able to carry

out visual field testing (Pat74). He displayed a slightly constricted visual field com-

pared to the ones obtained from patients with CSNB. An exemplary field test result

for the iCSNB subgroup, as well as the visual field plots of the discussed cCSNB

and PMM2-CDG patients, are shown in Figure 2.28. No patient with DMD had

carried out a visual field assessment and hence, no data was available for the DMD

pre and post exon 30 subgroups. However, as mentioned by Jensen and colleagues,

visual fields in patients with DMD appear to be normal [258].

27Amplitude: 42µV, Time to peak: 113ms
28This patient did not subsequently carry out any of the novel electrophysiological and psy-

chophysical assessments, presented in Chapters 4 and 5.
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Figure 2.28: Exemplary visual field assessment results for different patient subgroups: cC-
SNB (Pat18, left eye), iCSNB (Pat46, left eye), PMM2-CDG (Pat74, right
eye). No visual field measures for patients with DMD were available. An
approximation of the margins for a normal (monocular) visual field are shown
in red on the plot representing the patient with PMM2-CDG. It extends from
approximately 60 degrees nasally to 90 - 110 degrees temporally from the ver-
tical meridian, and from approximately 50-70 degrees above to 70-80 below
the horizontal meridian [262, 263].
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2.3.4 Other measures and reports

Apart from the clinical measures of vision described above, other signs and symp-

toms encountered in patients within the cohort were added to the ON-pathway

database, some by means of reviewing clinical letter or reports, others by personal

patient accounts. These complete the clinical picture gained from the retrospective

analysis of patient data and are laid out in the following.

2.3.4.1 Incidence of nystagmus in patients with retinal ON-pathway

dysfunction

A contributor to the difficulties encountered during visual testing is the occurrence

of nystagmus in patients with ON-pathway dysfunction. Nystagmus can have a

degrading effect on pattern reversal stimulation during electrophysiological record-

ings, such as the PERG [230] and the pVEP [264]. Hence, the presence of nys-

tagmus in patients with retinal ON-pathway dysfunction was an important factor to

consider during the design and development stages of the novel ON-pathway toolkit

aiming to evaluate the physiological and perceptual impact of this retinal dystrophy

on vision. Figure 2.29 shows the relative incidence of nystagmus across the pa-

tient cohort, highlighting the differences between subgroups. The highest incidence

existed within the iCSNB subgroup, where 68% (28/42) of patients exhibited nys-

tagmus. This number decreased slightly to 57% (19/33) for patients with cCSNB

and to 50% (7/14) in the PMM2-CDG subgroup29. Patients with DMD did not show

nystagmus at all (0/8 and 0/11).

As nystagmus is thought to result in a constant motion of the retinal image

[264], it was of interest to investigate whether the presence of nystagmus in pa-

tients influences visual spatial resolution. Thus, the VA BEO values of patients

with and without nystagmus were compared (Figure 2.30). No statistical signifi-

cance between VA scores was detected, indicating no influence of nystagmus on

visual spatial resolution in this cohort.

29Only 14 out of 15 patients with PMM2-CDG had a VA assessment carried out and reported in
the clinical notes.
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Figure 2.29: Relative incidence of nystagmus across the patient subgroups. Black bars sig-
nify the presence of nystagmus, red bars the absence of nystagmus. Numbers
might not add up to 100% due to rounding.
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Figure 2.30: VA BEO values of patients with and without nystagmus were compared across
subgroups. Black boxes signify the presence of nystagmus, red boxes the
absence of nystagmus.
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2.3.4.2 Patient accounts

A range of visual problems were described by patients within the ON-pathway dys-

function subgroups. The most frequent visual impairment articulated by patients

with subtypes of CSNB was night blindness. This is readily understood, as a selec-

tive ON-pathway dysfunction is expected to especially disrupt rod pathways. The

signal relay under low ambient light (scotopic) conditions relies exclusively on the

direct connection between rod photoreceptors and ON bipolar cells, whereas no

OFF bipolar cells connect to rod photoreceptors. In contrast, cone signals can be

relayed through ON-and OFF-pathways [1].

Of course, a retrospective analysis of clinical notes and reports is limited by

the completeness of description of the visual impairments experienced by patients

within the reports. Hence, night blindness might not always have been explicitly

mentioned in reports of patients with ON-pathway dysfunction, making an esti-

mate of the incidence of such impairment challenging. Nonetheless, the majority

of patients with cCSNB (30 out of 33) reported having problems under low lighting

conditions, either describing these personally during an appointment or it was ex-

plicitly noted in the patient's clinical notes. Similarly, of the 22 patients with iCSNB

who attended the author's clinical appointments for this study, 15 explicitly stated

to experience difficulties at low ambient light levels30. Many patients described this

as ”difficulties seeing in the dark” and expressed problems such as ”not finding the

seat in the cinema” or were not able to see ”stars in the night sky”, when unaffected

siblings could. The majority of these, mostly young patients, also slept with room

or bedside lighting switched on.

One recent study by Bijveld and colleagues specifically assessed night vision

problems in patients with iCSNB and cCSNB and also found this visual disability

to be more prevalent in patients with cCSNB than patients with iCSNB [164]. A

more confident estimate could be given for patients with DMD who did not report

to experience any night vision problems at all. Further, none of the seven PMM2-

CDG patients seen by the author at GOSH during the course of the study reported

30This was upon the author asking whether the patients experienced any apparent difficulties in
low light situations or at night, when compared to other children or unaffected siblings.
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any noticeable night vision problems31.

Not only did many patients report problems seeing under low light conditions,

some (though considerably fewer) patients with CSNB also reported some photo-

aversion. Seven patients with iCSNB and one patient with cCSNB had slight dif-

ficulties in very bright light. Further, more sporadic accounts of difficulties seeing

low contrast (for example noticing a ”dark chair standing in the shade” (Pat8, iC-

SNB)) or motion (for example Pat4 (iCSNB) who enjoyed playing tennis but did not

pursue the sport as he ”had trouble seeing the ball, when it was going fast”) were

also frequent. Such impairments can be great limitations in everyday situations.

However, the depth of such visual problems was not captured by conventional clini-

cal tests, making it difficult to estimate a complete picture of visual impairment due

to ON-pathway dysfunction.

31Whenever the patients were not able to answer independently, their parents were asked.
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2.4 Summary and conclusion

2.4.1 Summary

• Structural measures of the ocular phenotypes of patients revealed no major

abnormalities in patient subgroups, although some myopic fundus changes

and retinal thinning were observed in a few patients.

• Patients within all subgroups showed signs of ON-pathway dysfunction in

the ERG. However, slight differences in dark adapted and light adapted ERG

waveform signatures were present. The main findings are listed below:

– Dark adapted: All subgroups showed abnormal components under dark

adapted conditions. Patients with cCSNB and PMM2-CDG showed a

b-wave only to flashes of 0.001 cd*s*m−2 and above. Patients with

cCSNB showed the smallest b-wave amplitudes across subgroups, never

exceeding 150µV.

– Light adapted: Patients with iCSNB showed the most severe disrup-

tion of light adapted retinal signalling. Patients with DMD mutations

pre exon 30 showed almost normal light adapted responses, whereas

patients with cCSNB, PMM2-CDG and DMD mutations post exon 30

showed subnormal b-wave amplitudes at high light adapted flash lumi-

nances.

– OPs: Most striking were the almost complete absence of dark adapted

OPs in cCSNB, and of light adapted OPs in patients with iCSNB. In

contrast, OPs were mostly preserved in patients with PMM2-CDG.

– Clinical PERGs: The smallest P50 and N95 components were detected

in patients with complete CSNB, while patients with DMD showed the

biggest amplitudes, with components of intermediate size in PMM2-

CDG, independent of nystagmus. Subnormal N95:P50 amplitude ra-

tios, indicative of retinal ganglion cell or optic nerve dysfunction, were

observed in individual patients of all patient subgroups.

• Subnormal visual acuity was frequent across subgroups with a majority of pa-
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tients with incomplete CSNB showing decreased VA values. VA was mostly

better than the UK driving limit in boys with DMD and patients with PMM2-

CDG.

• Visual field assessments were normal in the majority of patients with subtypes

of CSNB, while one patient with PMM2-CDG showed a slightly constricted

visual field. Visual fields have been reported to be normal in patients with

DMD.

• Nystagmus was prevalent in three out of five subgroups of patients with ON-

pathway dysfunction. These were cCSNB, iCSNB and PMM2-CDG.

• Other visual signs and symptoms, such as photo-aversion, night blindness and

problems seeing contrast and motion were recovered from patient accounts,

which were not captured by clinical measures of vision.
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2.4.2 Conclusion

This chapter gave an overview of the clinically reported structural and physiologi-

cal visual phenotypes encountered in patients with ON-pathway dysfunction. The

function of the retina crucially depends on the structural integrity of its components.

The review of clinical notes and reports and the subsequent analysis of these data

revealed that a majority of patients did not display any observable defects of ocular

and retinal structure. Most patients with subtypes of CSNB and DMD showed nor-

mal fundi and retinal layer architecture, whereas some abnormalities were present

in patients with PMM2-CDG and a minority of patients with subtypes of CSNB

associated with myopia. The literature on CSNB, DMD and PMM2-CDG also re-

veals limited impact of these ON-pathway dysfunctions on the structure of the eye

or retinal layers, which is observable using OCT or fundus photography.

Due to the unremarkable structural phenotypes of most patients within the co-

hort, it is possible that a visual abnormality is only picked up upon assessing the

physiological and functional integrity of the visual system via electrophysiologi-

cal and psychophysical methods. Evidence of a disrupted ON-pathway across all

patient subgroups was revealed analysing full field ERG responses and upon more

detailed analysis, slight waveform differences and signatures associated with the

individual conditions were observed.

Upon analysing clinical behavioural measures, a profound impact of ON-

pathway dysfunction on visual acuity was observable in many patients with cCSNB

and iCSNB. Surprisingly, most patients with DMD and PMM2-CDG did not show

any such decrease in VA, despite showing ERG evidence for retinal ON-pathway

dysfunction. The relative preservation of OPs in individuals with DMD and PMM2-

CD could suggest a role of spiking neuron integrity for intact VA.

In contrast to central visual spatial resolution, visual field measurements did

not reveal abnormalities in the majority patients with CSNB. Similarly, no visual

field defects were reported in the literature on DMD. One patient with PMM2-CDG

showed a slightly constricted visual field, likely caused by the progressive photore-

ceptor loss often present in such patients. The incidence of nystagmus across the
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patient subgroups was at least 50% in patients with cCSNB, iCSNB and PMM2-

CDG. In contrast, patients with DMD did not show nystagmus.

In conclusion, there is a whole range of visual phenotypes present in patients

within the study cohort, despite all of them showing electrophysiological evidence

of a retinal ON-pathway dysfunction. Additionally, as ON-pathway dysfunction

manifests as a part of different conditions, the interpretation of clinical results

is challenging and the presence of other ocular conditions alongside retinal ON-

pathway dysfunction makes it difficult to attribute some visual signs and symptoms

to ON-pathway dysfunction alone. This makes the acquisition of a complete clini-

cal picture of a patient's visual phenotype even more important, in order to compare

which of those signs and symptoms occur frequently within a patient subgroup.

While such reports of visual phenotypes are often found in the literature on patients

with subtypes of CSNB, information on patients with DMD and PMM2-CDG is

scarce.

Functional vision levels of patients with ON-pathway dysfunction have rarely

been assessed systematically. One study from Bijveld and colleagues (2013) specif-

ically investigated night vision problems in patients with CSNB and found them to

be ”not conspicuous and generally not disabling” [164, 265]. However, a vari-

ability of different visual abilities was evident in this study of patients with retinal

ON-pathway dysfunction. Several subjects reported night blindness, in addition to

photo-aversion and problems seeing contrast and motion. Apart from such patient

accounts and the study carried out by Bijveld and colleagues, not much is known

about the functional deficits in different visual domains these patients may have.

An explanation of why patients with ON-pathway dysfunction can exhibit a whole

range of visual impairments could be given by investigating the molecular differ-

ences between these conditions.

Conventional clinical vision tests do not necessarily capture these visual im-

pairments specifically, making the objective judgment of possible impairments of

certain visual qualities, such as motion perception, difficult. Furthermore, as men-

tioned in Chapter 1, such vision tests are sometimes challenging to carry out in
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younger patients, where early detection of abnormality has the potential to improve

quality of life considerably, by tailoring patient care to individual needs from an

early stage. There is therefore an opportunity of further insight of visual perfor-

mance by developing novel or more specific visual tests and correlating these with

known physiological and genetic information. Being able to draw a more complete

picture of the visual abilities of patients with ON-pathway dysfunction has the po-

tential to subsequently benefit clinicians in informing parents and carers of the most

appropriate intervention in order to improve quality of life of patients.

The following chapter will investigate the genotypes present in the subgroups

of patients with ON-pathway dysfunction.



Chapter 3

Genetic analysis of patients with

ON-pathway dysfunction
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3.1 Introduction

Hereditary retinal diseases are the major cause of childhood blindness in the UK

[266]. The majority of these currently are not treatable, although recent studies of

gene-therapies and stem-cell replacements are showing promise [151, 150]. Most

retinal diseases are not described sufficiently and visual testing is challenging in

children, who show the earliest signs and in whom therapies may have the greatest

chance of success. Knowledge about the genetic make-up underlying congenital

retinal conditions can aid the understanding of the biological processes implicated

in the visual signs and symptoms observed in patients. Further, it can provide key

information on expected disease progression and heredity, making it a crucial diag-

nostic tool.

The retina uses separate signaling pathways for bright (ON) and dark (OFF)

parts of an image. This underpins edge detection, a basic requirement for vision. A

number of retinal disorders appear to preferentially disturb the ON-pathway. As a

result a child may experience night blindness, photo-aversion, nystagmus and sub-

normal visual acuity. These visual phenotypes observed in individuals with ON-

pathway dysfunction, discussed in the previous chapter, are thought to be due to

a retinal signalling defect which affects signal transmission between photorecep-

tor cells and ON bipolar cells [69]. However, knowledge of cell interactions (and

molecular key players) at the photoreceptor / ON bipolar cell synapse of the human

retina is incomplete [166]. I aim to provide an analysis of the genotypes present

in the patient cohort, in order to gain an insight into how these translate into visual

outcome at the cortex and behaviourally. Genotype-phenotype correlations are cru-

cial for establishing what role affected genes play in the retina, alongside having the

potential to inform future efforts in treatments for retinal disease.

To ultimately conduct genotype-phenotype correlations, I aimed to assemble

and identify the genetic variants causing ON-pathway dysfunction for the entire

study cohort. The genotypes of the DMD and PMM2-CDG subgroups were partly

described in previous studies [238, 216, 163] and were provided by the collabo-

ration of these research teams. These genotypes are listed in Tables 3.6 and 3.7.
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Patients with suspected CSNB (based on their clinical electrophysiological data)

were without genetic diagnosis and a range of approaches were used to identify the

genetic variants causing ON-pathway dysfunction in these individuals.

Those CSNB patients without a genetic diagnosis, who were approached to

take part in the study, were informed of the possibility to take part in the genetic

research part of the study1. Patients and their families provided DNA samples if

there was interest.

For these samples, mutation screening for potential disease causing variants

was performed for all known CSNB genes using a targeted gene panel sequenc-

ing approaches. Further, exome-wide analysis was used to identify potential novel

CSNB in a part of the CSNB cohort. From these approaches, potentially pathogenic

variants were identified and classified and subsequently confirmed via Sanger se-

quencing. Whenever possible, segregation analysis via Sanger sequencing was car-

ried out, using parental DNA and DNA of siblings. Any clinically relevant findings

from this analysis were fed back to the lead clinician.

The complete procedure of genetic analysis is described in the following sec-

tion.

1An example of a Participant Information Sheet used is provided in the Appendix.
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3.2 Methods

3.2.1 DNA extraction

3.2.1.1 DNA extraction from blood and saliva samples

The majority of patient DNA samples were obtained by means of the patients - as

well as any members of their families - giving blood samples via the phlebotomy

service at GOSH. DNA was extracted from these samples by the Clinical Genetics

and Diagnostic laboratory at GOSH.

It was not always possible to obtain blood samples from affected individuals.

In these cases, genetic samples were obtained from patient saliva samples using Or-

agene OG-500 DNA Self-collection Kits. In order to extract the DNA from these

samples, they were incubated at 50◦C for two hours (or over night) using an oven.

The samples were then transferred into autoclaved 1.5mL Eppendorf tubes (Eppen-

dorf UK Limited). Oragene Purifier (which was provided with the OG-500 Self-

collection kits, DNA Genotek Inc.) was then added to the tubes at a volume of 1/25

and this was then mixed by inversion. The samples were then incubated on ice for

10min and subsequently centrifuged at 13,000g for 3min at room temperature (RT).

The clear supernatant was then carefully taken off with a pipette and trans-

ferred into a new 1.5ml Eppendorf tube. To this, an equal amount of 95% Ethanol

was added and the contents mixed by inverting multiple times. Afterwards, DNA

precipitation was allowed by incubation at RT for 10min, followed by centrifuging

at 13,000g for 5 min. Following this, the pellet was air dried.

When completely dry, the DNA pellet was dissolved in TE buffer (made up of

10mM Tris and 1mM EDTA). The amount of TE buffer corresponded to 1/10th of

the initial amount of saliva present in the tube2. Ultimately, the tubes were incubated

at 4◦C overnight to allow proper dissolving. DNA from the same individual was

combined in one tube and the concentration of the DNA sample was measured using

a NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific UK) and

then stored for further processing at -20◦C.

2If the tube had an initial amount of 600µl, 500µl, or 400µl, the pellet was dissolved in 60µl,
50µl or 40µl TE buffer, respectively.
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3.2.2 Targeted gene panel - The Oculome

To detect mutations in the clinically diagnosed CSNB patients without known geno-

type, a newly developed targeted panel Next Generation Sequencing (NGS) ap-

proach was used. This gene panel approach was developed in the Sowden labo-

ratory by Dr Jane Hayward in collaboration with the North East Thames Regional

Genetics Laboratory. The Oculome panel-gene test applies the SureSelect target en-

richment technique using RNA baits designed to target the coding exons (including

25 intronic flanking bases upstream and downstream of these) of 436 known genes

linked to eye function and development. The large panel is subdivided into 5 virtual

subpanels of overlapping genes for retinal conditions (212), anterior segment dys-

genesis and glaucoma (47), microphthalmia-anophthalmia-coloboma (MAC) (86),

congenital cataracts and lens-associated conditions (84) and albinism (16). All the

genes selected are described on OMIM and had previously been reported to contain

a pathogenic mutation in at least one human family with an inherited eye disease.

The subpanel covering retinal conditions contains 212 genes, out of whom nine

were previously associated to a subtype of CSNB3. The genes were chosen using

RetNet, OMIM and with the advice of ophthalmic experts, and reflect the diverse

genetic and clinical heterogeneity for retinal dystrophies [267].

The SureSelect Target Enrichment System Capture Process is initiated by

an enzymatic shearing step which simultaneously fragments the DNA and ligates

adapter tags. The genomic sample is then hybridized with 120mer cRNA library

capture baits specific for the regions of interest. Subsequently, target regions were

selected using magnetic streptavidin beads and these then amplified via PCR. The

PCR additionally adds sample specific indices. The amplified fragments (libraries)

were then sequenced using the Illumina HiSeq2000 flow cell with 2x100 bp reads.

The sequencing reads are aligned to the reference genome and detected variants

subsequently annotated4.

For the analysis of the data from the HiSeq sequencing instruments, an in-

3For all genes included in the Oculome panel, see Appendix, for CSNB genes included see
Chapter 2, Figure 2.2.

4A schematic of the SureSelect Target Enrichment System Capture Process can be found in the
Appendix.
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house developed pipeline using open-source tools was used. These provided read

alignment (BWA; Burrows Wheeler Aligner v0.6.1-r1045), pileup (SamTools; Sam-

tools v0.1.186), variant calling (VarScan2; VarScan2 v2.3.67) and variant annotation

(Variant effect predictor v73: 8).

Following the sequencing steps, a first automatic variant filtering pipeline was

applied. Variants had to be present in 20% of at least 30 reads to be called. Further,

all variants with a Minor Allelle Frequency of >2% were automatically filtered

out (Class I variants). The next filtering step was to distill the results even further

by removing variants with non-coding mutation types (Intronic, 3'-UTR, 5'-UTR,

upstream, downstream and synonymous coding variants). Frameshift, stop-gained,

stop-lost, missense, as well as splice site mutations were retained. These filtering

steps extracted rare coding variants from the initial large set of variant calls. Copy

number variation (CNV) analysis was performed using ExomeDepth for individual

samples without a predicted class 4 or 5 mutation [268]. The ensuing analysis and

classification of variants was manual.

3.2.3 Whole exome sequencing - GOSgene

A set of CSNB cases (n= 9) were analysed in collaboration with the in-house gene

discovery service GOSgene9, using a Whole Exome Sequencing (WES) approach.

These DNA samples were selected for exome-wide analysis as the majority of these

patients were female and therefore provided an opportunity to discover novel genes

associated with the rare autosomal recessive form of CSNB.

The samples for WES were prepared using the Agilent SureSelect v4 (51Mb)

chemistry and were run on Illumina Hiseq2500 sequencers to give at least 100X

coverage. The resulting raw data was aligned to the reference genome (hg19)10

using the Burrows Wheeler Aligner. Finally, GATK haplotype caller software was

used to call variants and Ingenuity Variant Analysis software for data interpretation.

5www.bio-bwa.sourceforge.net
6www.samtools.sourceforge.net
7www.varscan.sourceforge.net
8www.ensembl.org/info/docs/tools/vep/index.html
9www.ucl.ac.uk/ich/research/genetics-genomic-medicine/gosgene

10www.genome.ucsc.edu
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3.2.4 Analysis pipeline

Genetic data were manually analysed following a pipeline and classification sys-

tem for the variants detected [269]. For this, the variants were assigned classes,

according to their probability of being disease-causing:

Class II unlikely pathogenic, previously reported as benign

Class III Variant of uncertain clinical significance

Class IV likely pathogenic, not previously reported

Class V previously reported pathogenic mutation

The output received for manual analysis was a list of variants set in excel,

including information such as gene name, zygosity, mutation type, location and

pathogenicity analysis. The classification was based on impact of the mutation

and mutation type (for example frameshift, splice-site, stop gain, missense), phe-

notype(s) previously associated with mutations in the same gene and phenotype

observed in the patient, zygosity of the variant and inheritance pattern previously

reported for mutations in the same gene. Further, the predicted pathogenicity of the

mutation based on in-silico tools like SIFT11 and Polyphen12 was taken into con-

sideration. Variants in patient samples which were assigned Classes IV and V, were

followed up for confirmation analysis via Sanger sequencing. Only variants within

Classes IV and V were suitable for reporting to the lead clinician.

3.2.5 Sanger sequencing

To confirm the presence of the predicted pathogenic variants identified from the

NGS apporaches, Sanger Sequencing was carried out on all Class IV and V vari-

ants. This included sequencing in affected and unaffected family members (where

possible) to confirm co-segregation of predicted mutations with disease. Sanger

sequencing is a method that uses DNA polymerase inhibiting dideoxynucleotide

triphosphates (ddNTPs) for chain termination. The termination happens because

11www.sift.jcvi.org
12www.genetics.bwh.harvard.edu/pph2
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ddNTPs lack a 3'-OH group which is required for polymerisation to continue. Each

of the four types of ddNTPs is fluorescently labelled by dyes which absorb light of

different wavelengths, hereby making determination of the exact base at which the

sequence is terminated possible. Primers for template annealing were designed for

the individual samples. Sanger Sequencing was performed following the protocol

below.
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3.2.5.1 Primer design

First, the UCSC genome browser13 was used to find the exact sequence of interest

for each individual variant detected by NGS. The DNA sequence was used to find

matching primers amplifying the region of interest using Primer314. When using

primers for Sanger sequencing, it is important to leave at least 50bp from the start

and end of the sequence of interest. This allows for a sufficient amount of ”buffer-

zone” bases on each side of the position of the variant call, while keeping the re-

sulting size of the sequence at around 500bp. However, this size could vary due to

single nucleotide polymorphisms (SNPs) falling into the desired primer sequence.

Following this, the primers with the best properties were chosen using the guidelines

below:

• Try to choose a primer with 18-30 oligo nucleotides in length. The longer end

of this range allows higher specificity.

• Make sure the melting temperature of the primers are not more than 5◦C

different from each other.

• The GC content of each primer should be in the range of 40-60% for optimum

PCR efficiency.

• Try to have uniform distribution of G and C nucleotides, as clusters of G's or

C's can cause non-specific priming.

• Avoid long runs of the same nucleotide.

• Primers should not be self-complementary or complementary to the other

primer in the reaction mixture. This could result in the formation of hairpins

and primer dimers.

Once suitable primers were found, it was ensured that the primer pair had differ-

ent binding sites within the genome by conducting an in-silico PCR on the UCSC

website15. Further, it was ensured (whenever possible) to keep the amount of SNPs

to a minimum, preferably zero. To check for the presence of SNPs in the predicted

13www.genome.ucsc.edu
14www.primer3.ut.ee
15www.genome.ucsc.edu
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primer binding sites, SNPcheck3 was used16. Unless otherwise stated, all reagents

used in this study, including the primers, were purchased from Thermo Fisher Sci-

entific17.

Primers were re-suspended to give 100µmol solutions by adding MilliQ H2O

and the primers then stored at -20◦C until further processing. A list of the primers

used in this study can be found in the appendix.

3.2.5.2 Polymerase Chain Reaction - PCR

Initially, the stock genomic DNA was diluted (1:10, using MilliQ H2O). A master-

mix for the PCR reaction was made in a 0.5 or 1.5ml Eppendorf tube (depending on

the amount of mastermix required):

Ingredient 1x [µl]
10X Buffer 2.0
2nM ddNTPs 2.0
DMSO 2.0
50mM MgCl2 0.6
100µM F Primer 0.1
100µM R Primer 0.1
MilliQ H2O 12.1
Taq Polymerase (Qiagen
201203)

0.1

DNA (1:10) 1.0
Total 20.0

Table 3.1: PCR Mastermix

When finished, the mastermix was vortexed to ensure proper mixing. Then the

samples were run using the following PCR protocol on a Thermal Cycler18:

1. 95◦C - 2min

2. 95◦C - 20s

3. (Annealing temp)◦C - 20s

4. 72◦C - 30s
16www.secure.ngrl.org.uk/SNPCheck
17www.thermofisher.com
18Applied Biosystems: www.thermofisher.com/uk/en/home/brands/applied-biosystems.html
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Following this, the samples were run on a 1% agarose gel19 containing 10µl of

Sybrsafe DNA gel stain. For this, 5µl of PCR product was mixed with 1µl of

loading dye and loaded into the wells. The gel was run for about 50 min at 150mV.

3.2.5.3 ExoSAP treatment

Following the initial PCR reaction, an enzymatic clean-up step of PCR products

eliminating unincorporated primers and ddNTPs via ExoSAP-treatment was neces-

sary. For this, an ExoSAP mastermix was made, composed of:

Ingredient 1x [µl]
Exol 0.3
Shrimp Alkaline Phosphatase 1.0
Dilution Buffer 0.9
MilliQ H2O 0.3
Total 2.5

Table 3.2: ExoSAP Mastermix

Then, 2.5µl of ExoSAP mix was added into each PCR well with the left over

PCR product. Then the following program was run on the thermocycler:

1. 37◦C - 30min

2. 80◦C - 5min

Following this, the samples were stored at -20◦C.

3.2.5.4 BigDye Terminator

To sequence the samples, the Big Dye Terminator v.1.1 was used. As forward and

reverse strands of the region of interest are sequenced separately in this reaction,

two reactions were needed for each sample.

Ingredient 1x [µl]
BigDye Terminator 1.0
Buffer 1.5
5M Betaine 2.0
Total 4.5

Table 3.3: BigDye Mastermix

19For a 100ml gel, 100ml 1xTAE + 1g Agarose were used.
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Now, 1µl of 5µM primer (1:20 dilution of the original stock) was added to

4.5µl of mastermix and 5µl of the PCR product into a new 96-well plate (i.e. for

one sample two tubes for forward and reverse primer were needed). Then, the plate

was run on the thermocycler:

1. 96◦C - 2min

2. 96◦C - 15sec

3. 55◦C - 10sec

4. 60◦C - 4min

3.2.5.5 Ethanol Precipitation

The final step was the Ethanol precipitation, required for the purification of the

samples. For this, Ethanol precipitation solution was prepared (50ml 100% Ethanol

+ 2ml 3M Na-Acetate) and 50µl of this solution added to each well of the 96-well

plate. This was left at RT for 20 minutes. Now, the plate was spun at maximum

speed (3000xg) for 45 minutes in order to make the DNA pellet accumulate at the

bottom of each well. Following this, the contents of each tube were tipped out onto

a tissue paper without disturbing the pellet. Then, 50µl of 70% Ethanol were added

and this spun again at maximum speed for 15 minutes. Again, the contents were

tipped out afterwards. To remove any remaining Ethanol from the wells, the plate

was spun upside down on a tissue paper for 30 seconds at 300xg. Sequentially, the

wells were air-dried for 5min and 15µl of 0.1xTE Buffer were added to the wells

and the plate covered with a sticky plastic cover. Ultimately, plates were run on

the ABI 3730xl DNA Analyzer by staff in the Regional Diagnostic Laboratories at

GOSH using BigDye Terminator v1.1 Cycle Sequencing.

3.2.5.6 Sequencher software

Sequencing data files were analysed using the Sequencher software 5.2.4. As Se-

quencher does not recognise errors in the sequence or missing base pairs, these had

to be detected and changed manually with the recognition threshold being set at
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45% certainty. Following this, the reference sequences matching the obtained for-

ward and reverse sequences were imported into the software and these aligned. Ref-

erence sequences were retrieved by running in-silico PCRs on the UCSC website20.

Once aligned, changes in the sequences were detectable. An exemplary output of

the Sanger sequencing traces of the family of Pat10 and Pat11 is displayed in Figure

3.1.

20www.genome.ucsc.edu/cgi-bin/hgPcr
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3.3 Results
The genotypes of the DMD and PMM2-CDG subgroups were already known in

part from published studies [238, 216, 163]. A further set of CSNB patients, who

consented to genetic analysis, was analysed via NGS sequencing, either by Whole

Exome Sequencing in collaboration with GOSgene or by a targeted gene panel ap-

proach (The Oculome). In some cases a genetic diagnosis was provided by external

clinical diagnostic services/teams. Predicted pathogenic variants were subsequently

verified using Sanger Sequencing.

An example of a segregation analysis of one family where both siblings were

affected, alongside the sequence output received from the analysis software is

shown in Figure 3.1. In such cases where more than one child in a family was

affected, only one patient was run on the NGS panel and all DNA samples of the

family subsequently analysed for segregation of the variant via Sanger Sequencing.

Hence, Figures 3.4 - 3.8 contain more than the amount of patients with genotype

mentioned below and display the genetic results in detail. Figures 3.9 and 3.10

include the genetic information on patients from the DMD and PMM2-CDG sub-

groups.

From a total of 75 patients with a subtype of CSNB included in this study,

a proportion of 64% (n=48) had genetic testing carried out21, either via GOSgene

(n=9), the Oculome (n=28), or externally (n=6). In cases where an affected sibling

of a patient, who had genetic testing carried out, also provided a DNA sample, the

variant detected was subsequently confirmed via Sanger sequencing only (n=5). Of

all these patients, 92% (n=44) received a genetic diagnosis from genetic testing.

While 100% of patients with a mutation in a known gene from the iCSNB co-

hort showed variants in CACNA1f (n=24), there was a greater variety in the cCSNB

subgroup. Here, 35% of patients showed bi-allelic mutations in TRPM1 (n=7) and

another 35% showed hemizygous variants in NYX (n=7), whereas 15% patients had

bi-allelic variants in GRM6 (n=3) and another 15% in GPR179 (n=3) (see Figure

3.2)22. Further, patients with cCSNB also showed the greatest variety of mutation

21The remaining 27 patients without a genotype did not provide DNA samples for analysis.
22Four patients in the cCSNB subgroup only showed a single heterozygous change in a known
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Figure 3.1: Exemplary output of Sequencher software for X-linked iCSNB cases Pat10 and
Pat11, as well as both parental samples. Two labeled sequences per individual
are the forward (F) and reverse (R) strands of the region of interest harbor-
ing the variant call. The highlighted base shows the predicted homozygous
change in both patients, as well as in the mother, however, not in the father.
The pedigree schematic on the left shows the segregation of the variant within
the family. Both male children are affected (black squares) and showed vari-
ants p.Leu1010Pro and p.Arg508Gln in the CACNA1f gene. The mother is a
carrier of these X-linked variants (white circle with black centre) and the father
unaffected (white square).

types, with six different mutation types leading to complete CSNB (Figure 3.3).

While missense mutations were the major mutation type detected in patients with

cCSNB, iCSNB and PMM2-CDG, patients with DMD mostly showed deletions of

cCSNB gene (GPR179, TRPM1). These would technically be classified as Class III variants, as
no pathogenic heterozygous variant was previously associated with these mutations and the genes
are generally considered to lead to autosomal recessive cCSNB. Nonetheless, these changes were
included in Figures 3.4 and 3.5, as the occurrence of another heterozygous hit in these genes would
have rendered these variants as bi-allelic Class IV or V. The targeted gene panel approach is subject
to some shortcomings, such as that it, for example, does not detect the absence of whole exons or
the occurrence of copy number variants (CNVs). The inclusion of the single heterozygous variants
encountered in these patients is further discussed in the conclusion of this chapter, Section 3.4.2.
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whole exons in the DMD gene.
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Figure 3.2: Piechart showing the prevalence of different genes affected in the cCSNB co-
hort.
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Figure 3.3: Piechart showing the prevalence of different gene mutations types in the ON-
pathway dysfunction cohort.
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Figure 3.4: Overview over genetic results within the cCSNB subgroup. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
Results displayed fell within Classes III, IV or V.
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Figure 3.5: Overview over genetic results within the cCSNB subgroup. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
Results displayed fell within Classes III, IV or V.
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Figure 3.6: Overview over genetic results within the iCSNB subgroup. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
Results displayed fell within Classes III, IV or V.
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Figure 3.7: Overview over genetic results within the iCSNB subgroup. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
Results displayed fell within Classes III, IV or V.
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Figure 3.8: Overview over genetic results within the iCSNB subgroup. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
Results displayed fell within Classes III, IV or V.
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Figure 3.9: Overview over genetic results within the DMD subgroups. Zygosity is given
as abbreviations: hom - homozygous; het - heterozygous, hem - hemizygous.
These genotypes were previously published in [163].
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Figure 3.10: Overview over genetic results within the PMM2-CDG subgroup. Zygosity is
given as abbreviations: hom - homozygous; het - heterozygous, hem - hem-
izygous. These genotypes were previously published in [238, 216].
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3.3.0.1 False positive - CAPN5

One cCSNB case analysed by WES did not show a Class IV or V variant in a

known CSNB gene. However, two heterozygous missense changes in the gene

CAPN5 - which is located at chromosomal position 11q14 and encodes for the pro-

tein calpain 5 - were detected in this patients (Pat24). These variants, resulting in

p.Phe32Ser and p.Asp66Gly amino acid changes, were predicted to lead to a com-

pound heterozygous mutation with pathogenicity scores of ”probably damaging”

and ”possibly damaging”, respectively23. The CAPN5 protein is an intracellular

cysteine protease, found in inner and outer segments of photoreceptor cells, with

a yet unknown physiological function. Previously, photoreceptor degeneration was

found to be associated with excess calpain activity [270]. A mutation in CAPN5

had not been linked to CSNB before, however, a negative ERG phenotype was re-

ported [271]. Hence, CAPN5 was suggested as a potential novel gene implicated in

cCSNB.

However, the mutations detected by WES could not be validated by Sanger se-

quencing. Following this, the original raw data files were revisited and re-analysed

and indeed this was found to be a false positive result originating from low quality

variant calls creating an artefact. Following this, a further potential variant was de-

tected in the patient after analysing the DNA of the patients affected brother (Pat25)

via the Oculome. The brother showed a previously described deletion of 34 base

pairs in the NYX gene, encoding for nyctalopin (c.85 108del). The NYX mutations

in both brothers were subsequently confirmed by Sanger Sequencing.

3.3.1 Unsolved cases

Despite the WES and gene panel approaches, for some of the patient samples se-

quenced no phenotype causing variant could be detected in any known CSNB gene

or any other retinal disease gene24. These unsolved cases are listed in Table 3.4 and

are candidates for future genetic analysis.

23These scores were obtained using PolyPhen: www.genetics.bwh.harvard.edu/pph2
24The gene panel also took into account the most recent findings of patients with CSNB showing

bi-allelic mutations in the gene GNB3 [191]. Apart from Pat8, none of these patients showed any
Class III variants in a retinal gene.
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In Pat8, a possible novel heterozygous missense mutation in PDE6B was de-

tected, leading to AD CSNB. The patient's a-wave was preserved to standard and

maximal flashes and only slightly reduced under light-adapted conditions, resulting

in an overall electronegative ERG waveform, not necessarily indicating the Riggs-

type ERG usually observed in patients with PDE6B mutations. However, his ERG

recordings were heavily affected by muscle artifacts and hence, Sanger sequencing

was carried out on this sample, in order to assess whether this proposed disease-

causing mutation was present in the patient. The variant could be detected and val-

idated in the patient but not in the mother, making a de-novo mutation of this gene

a possibility. No genetic or phenotypical information on the father was available.

The patient was the only affected individual in the family.

Future analysis is needed to identify new candidate disease causing genes

via Whole Exome Sequencing or by submission to Genomics England (GEL) for

Whole Genome Sequencing (WGS) as part of the 100,000 Genomes Project25.

These steps will optimistically lead to a genetic diagnosis for these patients and

give a clearer picture of their conditions and inheritability.

Study
ID

Gender Clinical diagnosis Possible variants detected

Pat5 m ?CSNB ?
Pat111 f ?CSNB ?
Pat15 m iCSNB ?
Pat8 m iCSNB PDE6B (AD CSNB, Class

III): p.Asn15Thr, c.44A<C

Table 3.4: Overview over genetic results of unsolved cases. All patients were investigated
using the targeted gene panel approach (The Oculome).

25www.genomicsengland.co.uk
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3.4 Summary and Conclusion

3.4.1 Summary

• Of 75 individuals with a subtype of CSNB in the patient cohort, 48 had ge-

netic testing carried out. Class IV and V variants identified were verified by

Sanger Sequencing (n= 28 Oculome, n= 9 GOSgene, n= 6 externally, n=5

affected siblings with only Sanger sequencing verification). Of these, 44 now

have a genetic diagnosis (92%) and the results were reported to their clinical

care team:

– 20 patients with cCSNB (genes: GRM6, GPR179, TRPM1, NYX)

– 24 patients with iCSNB (gene: CACNA1f )

– Four patient samples from the CSNB subgroup did not yield a result

from sequencing. These are considered for future WES with GOSgene

or WGS with Genomics England.

• Patients from the DMD (n= 19) and PMM2-CDG (n= 15) subgroups already

had published genotypes [238, 216, 163].

Subgroup Patients in
subgroup

Patients
sequenced in this
study

Genotype
confirmed

cCSNB 33 22 20
iCSNB 42 26 24
DMD pre exon 30 8 - 8
DMD post exon
30

11 - 11

PMM2-CDG 15 - 15

Table 3.5: Summary of patient numbers with genetic analysis carried out across subgroups.
Genotypes were confirmed by Sanger sequencing verification of predicted vari-
ants from NGS, or were taken from previously published data.
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3.4.2 Conclusion

The patient cohorts investigated in this study comprise a varied overview of the

impact a dysfunctional ON-pathway can have in different rare diseases involving

the visual system. Getting a full correlation of genetic makeup and clinical visual

phenotype of patients with ON-pathway dysfunction gives a more complete un-

derstanding of the proteins and processes involved in retinal signal transmission.

Whereas all individuals within the iCSNB group were found to have underlying

mutations in CACNA1f, the genetic results in the cCSNB group were more diverse.

Here, mutations in four different genes previously linked to the autosomal recessive

and X-linked forms of cCSNB were detected (TRPM1, GRM6, GPR179 and NYX).

The ratios of gene mutation prevalence in cCSNB agree with those reported by Zeitz

and colleagues, with NYX and TRPM1 variants being more frequently detected in

individuals with cCSNB than GRM6 or GPR179, and mutations in CACNA1f be-

ing the main cause for iCSNB [166]. These genetic data correlated well with the

clinical diagnoses of patients with cCSNB and iCSNB.

Four patients with a clinical diagnosis of cCSNB only showed a single het-

erozygous change in TRPM1 (Pat19, 26 and 85) or GPR179 (Pat3). The Oculome

targeted gene panel approach is not sensitive to detect intronic or long range changes

in genes, such as copy number variations (CNV). Hence, such a CNV in the other

allele of the affected gene could account for the phenotypes encountered in these

patients. Although CNV analysis was performed for those patients, no such struc-

tural variations were detected in these samples. While there is no literature on

a heterozygous mutation in GPR179 causing autosomal dominant cCSNB, there

is one report suggesting autosomal dominant cCSNB in one family due to a het-

erozygous mutation in TRPM1 [217]. Supporting these findings is the heterozygous

TRPM1 mouse model Trpm1+/t vrm27 which shows reduced ERG b-wave ampli-

tudes in dark-adapted conditions [197]. Autosomal dominant cCSNB due to single

heterozygous variants can therefore not be excluded and requires further investiga-

tion of the genotypes of family members. Until such future investigation has been

carried out, these patients are without a clear genetic diagnosis.
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Genotype analysis was performed covering all known genes in all patients who

carried out a conventional electrophysiological test or at least one of the novel ON-

pathway vision assessments, apart from cases where DNA samples were not avail-

able. By using an efficient genotyping approach, a success rate of 92% solved cases

was achieved, i.e. 44 out of 48 patients in the CSNB cohort received a genetic diag-

nosis which was confirmed using Sanger sequencing. Out of the pathogenic variants

detected, a majority was not previously described, with only 18% of variants (9 out

of 49) found being already published.

Genetic testing of patients with an ON-pathway deficit is vital for further clin-

ical investigation of individual patients and the care provided to affected families.

Being able to differentiate ON-pathway dysfunction from progressive retinal dys-

trophies with similar phenotypic features - for example, retinitis pigmentosa which

can cause night blindness and may initially manifest with normal or near-normal

fundus appearance - can exclude the possibility of significant disease progression

and therefore impact greatly on the management of the patient. Furthermore, molec-

ular diagnosis of the underlying genetic defect in many cases facilitates counselling

by informing patients and their families of the inheritability of the condition. From

a clinical research standpoint, in the case of ON-pathway dysfunction, several key

players associated with best visual outcome are still unknown. This is evident by

not having been able to detect any viable pathogenic variant in a small part of the

patient cohort.

A further insight into the functional consequences of genetic mutations affect-

ing vision can be acquired through the linkage of genetic make-up of a patient with

his / her clinical visual phenotype26. For this, informative and accurate visual testing

is indispensable. One way of acquiring information on the physiological integrity

of the visual pathways is by electrophysiological testing, which is discussed in the

following chapter.

26A genotype-phenotype correlation of the patient data acquired in this study is given in Chapter
6 and further discussed in Chapter 7.
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Electrophysiological test battery
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4.1 Systematic review of clinical pVEPs
The pVEP is a conventional electrophysiological test which is carried out routinely

in patients with visual symptoms to assess visual pathway integrity. Despite their

value in clinical diagnostics, there is little literature on VEP recordings in patients

with ON-pathway dysfunction. If a dysfunctional ON-pathway led to abnormal gan-

glion cell firing and subsequent altered arrival of retinal signals at the visual cortex,

could such abnormalities already affect the conventional pVEP? As the pVEP is the

most commonly used electrophysiological stimulus in the clinical setting [272], the

majority of patients in the ON-pathway dysfunction cohort had a pVEP recorded at

50' check size. Thus, it was decided to investigate whether the pVEP could provide

an objective measure of ON-pathway dysfunction, by giving an initial insight into

the signal arrival at the visual cortex in these patients.

The rationale for this analysis stemmed from previous reports of abnormal

signalling on the level of the retinal ganglion cells and the LGN in mouse models of

ON-pathway dysfunction [158, 156, 157]. If such abnormal signalling at the level

of the thalamus was caused by a retinal ON-pathway dysfunction in humans, this

might be detectable in the cortical VEP. Indeed, there are three reports of altered

VEP waveforms in patients with a dysfunctional ON-pathway, mentioning but not

detailing prolonged P100/C1 components to pattern VEP stimulation [273, 79, 274]

in patients with CSNB. Only one of these studies mentions pattern reversal VEP

times to peak around the 125ms mark in three patients with (a not further defined

type of) CSNB [274]. For DMD and PMM2-CDG, there was even less conclusive

evidence to be found in the literature. The only accounts are describing ”reduced

VEP responses” but lack any presentation of the actual VEP data (PMM2-CDG

[211, 275]) or a ”trend of increasing VEP latency” (DMD [276]). None of these

studies comprehensively and systematically investigated the effects of ON-pathway

dysfunction on the pVEP waveform. In order to investigate this, the clinical pVEP

P100 component was retrospectively analysed in a cohort of 109 patients with ON-

pathway dysfunction.
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4.1.1 Results

All pattern reversal VEP waveforms of patients in the ON-pathway dysfunction

cohort from the visual electrophysiology database of GOSH (n=109) were probed

and their P100 components analysed. Figures 4.1 and 4.2 show the P100 times to

peak and amplitudes for individual patients across the clinical subgroups, previously

identified by the ERG to have a dysfunctional ON-pathway at the retinal level. In

view of P100 time to peak being a more robust measure when comparing across

individuals, the definition of ”abnormality” was applied if a subject's P100 time

to peak fell outside of the 95th percentile of the clinical reference range or if the

patients showed a non-measurable response at a checksize of 50'.

Both, the cCSNB and iCSNB groups showed markedly delayed times to peak

when compared to the other conditions, with some data points falling well outside of

the 95th percentile of the clinical reference range. The group mean of patients with

iCSNB even proved to be significantly delayed when compared to the clinical refer-

ence range (One-way ANOVA with post-hoc Tukey means comparison: p= 0.002).

This can be indicative of an affected signal transmission along the optic nerve and

disrupted post-retinal visual processing. Further, one patient with PMM2-CDG fell

outside the clinical normative data range for P100 time to peak. The overall ampli-

tude differences were less distinct but all subgroups showed a marginally lowered

amplitude when compared to healthy controls. However, most of the patients still

fell within the clinical reference range.
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Figure 4.1: The P100 time to peak of individual patients is plotted across all clinical sub-
groups. The 5th and 95th centile, as well as the median of the GOSH laboratory
clinical reference range are indicated by black bars. Diamond symbols indicate
individual patients (blue = cCSNB, red = iCSNB, black = DMD pre exon 30,
grey = DMD post exon 30, pink = PMM2-CDG). Boxes give Max and Min
(-), Mean (square), Median (border inside the boxes), 99% and 1% (x), as well
as 75% and 25% (margins of the boxes) percentiles. Statistical significance is
indicated by an asterisk (One-way ANOVA with post-hoc Tukey means com-
parison: p= 0.002).
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Figure 4.2: The P100 amplitude of individual patients is plotted across all clinical sub-
groups. The 5th and 95th centile, as well as the median of the GOSH laboratory
clinical reference range are indicated by black bars. Diamond symbols indicate
individual patients (blue = cCSNB, red = iCSNB, black = DMD pre exon 30,
grey = DMD post exon 30, pink = PMM2-CDG). Boxes give Max and Min (-),
Mean (square), Median (border inside the boxes), 99% and 1% (x), as well as
75% and 25% (margins of the boxes) percentiles.
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The number of individuals in each subgroup with an abnormal pVEP response

to a checksize of 50' is displayed in Table 4.1. The highest fraction of individuals

with abnormal pVEP was observed in the iCSNB subgroup (29/42 = 69%), followed

by the cCSNB subgroup (9/33 = 27%). The remaining clinical subgroups did either

not show any individual with an abnormal pVEP time to peak to 50' checks (DMD)

or only one (PMM2-CDG).

Subgroup n delayed P100
time to peak

small P100
amplitude

response not
measurable

cCSNB 33 8 9 1
iCSNB 42 24 6 5
DMD
pre-exon 30

8 0 1 0

DMD
post-exon 30

11 0 1 0

PMM2-CDG 15 1 3 0
total 109 33 20 6

Table 4.1: Number of subjects with abnormal pattern reversal VEP responses (including
abnormal amplitude) to 50' checks across study groups.
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4.1.1.1 Potential limitations

A potential limitation of the pVEP data shown is the presence of nystagmus in

some patients. Nystagmus has been linked to degraded pVEP waveforms in the

past, mostly explained by a blurring of the retinal image affecting the waveform. In

order to investigate this possible influence, Hoffman and colleagues induced retinal

image motion mechanically by using a mirror and observed degrading effects on

pVEP amplitude but not time to peak of this induced nystagmus [264]. Arlt and

colleagues also reported a reduction of pVEP amplitude associated with nystagmus;

likewise, they did not observe a significant shift in peak time to peak [277]. The only

account of a potential influence of nystagmus on VEP peak time to peak comes from

Saunders and colleagues (1997). The authors observed slightly prolonged onset

peaks in patients with nystagmus, however, these were overall not significant [278].

Despite a line of evidence suggesting a degrading effect of nystagmus on the

pVEP amplitude, the peak time to peak of the P100 component does not seem to

be affected. Additionally, data acquired with colleagues at GOSH confirm nor-

mal pVEP responses in children with retinal dysfunction and nystagmus [279]. For

this evaluation, the pVEP results of 287 patients presenting with nystagmus at the

GOSH Ophthalmology Department were audited, of whom 29% had chiasmal de-

fects, 23% a type of retinal dystrophy (like CSNB or cone dystrophy), 24% no

recognised sensory visual pathway defect (congenital idiopathic nystagmus), 9%

were born prematurely, 4% had Trisomy 21, and the remaining 11% showed other

ocular abnormalities. Of these patients, 38% (n=108) produced completely normal

pVEP waveforms to 50' checks1. These findings support the data reported here in

the patient subgroups with ON-pathway dysfunction, showing that it is possible to

reliably record pVEP responses even in the presence of nystagmus. Hence, a de-

layed P100 component can indicate an effect of signalling dysfunction on the pVEP,

independent of nystagmus.

1Of these, n= 44 (41%) were diagnosed with congenital idiopathic nystagmus. In total, this
resulted in 64% of patients with nystagmus but without a recognised sensory visual pathway defect
showing normal VEP times to peak.
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4.1.2 Conclusion

Abnormalities in the time to peak and amplitude of the conventional pattern rever-

sal VEP to 50' checks, consistent with disorganised ganglion cell firing, were found

in patients with retinal ON-pathway disruption, specifically in patients with the in-

complete and complete types of CSNB. As anticipated, the data indicate an effect

of ON-pathway signal transmission dysfunction on the VEP waveform obtained

from the scalp overlaying the visual cortex. This effect was observed in patients

independent of nystagmus.

Sixty-eight percent of patients with iCSNB showed abnormal pVEP responses

to 50' checks. The apparent link of an abnormal VEP time to peak to this subtype of

CSNB has not been reported before. In iCSNB, both, the rod and the cone systems

are affected presynaptically. As the pVEP is macula dominated, and this area of

the retina is rich in cones, an effect of such a disruption on ON and OFF ganglion

cell firing could be expected. Notably, this disorder is not described as a selective

ON-pathway dysfunction by some authors, but rather a dysfunction of both, the

ON-and OFF-pathways2. Pattern reversal VEP abnormalities were also observed in

the cCSNB subgroup: 27% of subjects with cCSNB showed abnormal P100 times

to peak. In contrast, individuals with DMD did not show such VEP abnormalities

and only one PMM2-CDG patient displayed a slightly delayed P100.

Despite the fact that all individuals in the patient cohort displayed an ON-

pathway dysfunction at the retinal level (as initially detected via the ERG), major

differences in VEP waveforms between the subgroups were detected and not all pa-

tients with a dysfunctional ON-pathway showed abnormal P100 timing. In total,

the conventional pVEP test only shows a sensitivity of 37%, i.e. abnormal pVEP

waveforms in 39/109 patients with ON-pathway dysfunction3. Presuming that an

ON-pathway dysfunction causes abnormal retinal signalling, in order to reduce the

amount of false-negative results encountered when using the conventional clinical

2A recent study on the effects of CSNB on visual performance in dim light conditions even
suggested the use of a different nomenclature for iCSNB (”photoreceptor synapse deficiency”) [164].

3This number excludes any patients with amplitude abnormalities, as this could potentially be
influenced by the prevalence of nystagmus in the patient cohort, as well as due to a generally higher
inter-subject variability of P100 amplitudes in pVEP recordings.
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pVEP tests in patients, more sensitive clinical electrophysiological tests were re-

quired. These were designed to selectively stimulate the ON-and OFF-pathways

and hence be able to pick up and further delineate cortical signalling abnormalities

in the patient subgroups.
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4.2 Novel electrophysiological test battery

The analysis of pattern reversal VEPs in a cohort of patients with ON-pathway dys-

function primarily revealed abnormalities in subgroups of patients with CSNB. In

order to further expand these findings, VEP stimuli were designed to selectively

probe and distinguish contributions of ON-and OFF-pathways in order to achieve a

physiological measure with a potentially higher sensitivity of detecting abnormali-

ties in visual cortical processing due to retinal ON-pathway dysfunction.

Nystagmus is frequently seen in patients with a dysfunctional ON-pathway,

which can make the electrophysiological recording to pattern reversal stimuli chal-

lenging. Although a pVEP with normal time to peak can be recorded even in the

presence of nystagmus [279, 277], it would be advantageous to exclude nystagmus

as a possible confounding factor for VEP recordings. In such cases, pattern onset

stimulation can give an insight into visual pathway function [278, 264].

ON-and OFF-pathways in the visual system convey the perceptions of light

increment and decrement to the visual cortex [32]. In primates, a pharmacological

blockade of the ON-pathway using APB, results in impairment of light increment

perception, as well as loss of contrast sensitivity [280]. Hence, the potential of

incremental and decremental ”pedestal” pattern onset stimulation was explored, in

view of investigating and functionally distinguishing ON-and OFF-pathway con-

tributions to optic pathway function in healthy controls. These raised pedestal

checkerboard stimuli represent the most robust, largest luminance change from a

black or white background. They were included to investigate the reports from pri-

mates that a block of the ON-pathway affects perception of light increment whilst

perception of light decrement is unaffected [281].

Similarly, an impairment in the perception of positive contrast stimuli due a

pharmacological block of the ON-pathway was previously reported in non-human

primates [280]. Positive and negative contrast are processed independently and

differentially in the visual system [282, 283] via ON-and OFF-pathways [284]. Iso-

lated check VEP stimulation offers a method of graded contrast change from a grey

background to distinguish ON-and OFF-pathways [285], and such stimuli have been
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applied clinically in patients with Retinitis Pigmentosa (RP) [286] and as a diag-

nostic tool for glaucoma [287]. Additionally, there are three clinical case reports of

abnormal isolated check onset VEPs in patients with suspected ON-pathway dys-

function, one due to an atypical type of CSNB and two due to Melanoma Associated

Retinopathy (MAR) [288, 289].

Hence, a novel set of two electrophysiological pattern onset stimuli was de-

signed with the aim of emphasising responses from ON-and OFF-pathways selec-

tively. One set consisted of a pedestal onset VEP stimulation introducing light incre-

ment and decrement to checkerboard pattern stimulation by using black and white

backgrounds. The other aimed to bias cortical ON-and OFF-pathway responses by

using positive and negative contrast isolated check stimuli4.

By introducing opposing stimulation in order to highlight contributions to the

VEP from ON and OFF systems, I was aiming at investigating a possible asymmetry

in ON-and OFF-pathway signalling from retina to the visual cortex in patients. Ul-

timately, these specialised electrophysiological tests may present a viable and more

sensitive alternative in patients with ON-pathway dysfunction who also have nys-

tagmus. In order to validate this novel electrophysiological test battery, the stimuli

were first probed in a cohort of healthy volunteers.

4An overview of the test stimuli used with the testing protocol is given in Figures 4.4 and 4.5 and
a summary at the end of Section 4.2.1.
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4.2.1 Methods

PARTICIPANTS. Pattern onset VEP responses were recorded from 50 healthy sub-

jects (median age 24.5 years, range: 6 to 72 years, VA range with both eyes viewing:

-0.275 to + 0.25 logMAR). For the recordings subjects were refracted as needed for

best corrected vision outcome. The research followed the tenets of the Declaration

of Helsinki. Informed consent was obtained from the subjects after explanation of

the nature and possible consequences of the study. The research was approved by

the Research Ethics Committee, NRES Committee London South East (REC num-

ber 14/LO/2136).

ELECTRODE PLACEMENT. Pattern onset and reversal VEPs were recorded

from an occipital array referred to Fz. An EEG was recorded from the scalp over-

laying the visual cortex (active electrode positions: O2, Oz, O1, P3, Pz, P4, Inion,

reference: Fz, ground: T3) following the international 10-20 EEG electrode place-

ment system. Responses were recorded with both eyes viewing.

SPECIFICATIONS. Visual evoked potentials were recorded as continuous

EEG files using Neuroscan 4.2 software (Compumedics Ltd. Victoria, Australia).

Amplifiers were set to an A/D rate of 1000 and had a band pass filter of 0.5 to

100Hz. For stimulus generation, the Stim2 software was used (Compumedics Ltd.

Victoria, Australia). The stimulus generation software sent out a trigger every time

the stimulus was displayed to allow subsequent offline analysis of the continuous

EEG file via epoching and averaging. One epoch was defined as the time range from

15ms pre-stimulus/trigger until 500ms post-stimulus/trigger in order to capture all

relevant components of VEP waveforms. An online artifact rejection was enabled

for all responses outside of +-150 µV amplitude, responses with amplitudes falling

outside of this range were rejected automatically. For each subject 150 accepted

sweeps were recorded for each VEP testing condition. In order to distinguish the

small recordings from noise, the mean noise level encountered in all subjects was

retrieved by measuring the waveforms' mean deflection from zero over a period

of 10ms pre-stimulus. Subsequently, the 95% Confidence Interval (CI) was calcu-

lated for these values. For the VEP recordings, the mean noise level was 0.93 µV
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with a 95% CI ranging from 0.55 µV to 1.29 µV; however, to obtain more robust

values, the cut-off limit was doubled achieving a supra-threshold level. The VEP

components therefore needed to have an amplitude of at least 2.58 µV.

STIMULI. The clinical pattern reversal VEP stimulus consisted of a simple

checkerboard pattern which phase-reversed with a frequency of 3 Hz. The display

contained an equal number of black and white checks with a check side length of

50'. An example of the stimulus is shown in Figure 4.3.

Light increment and decrement stimuli were black and white checks of side

length 60' and 88% Michelson spatial contrast appearing in a stimulus field within

a bright 110 cd/m2 surround of 87x62◦. In the light increment/decrement condition,

each subject was presented with one of three backgrounds: (1) White background

(mean luminance 110 cd/m2); (2) Grey background (mean luminance 48 cd/m2);

(3) Black background (mean luminance 7 cd/m2) for 1000ms after which a checker-

board stimulus of the same size covered the same area for 200ms. An example of

the stimuli used is given in Figure 4.4. Isolated check stimuli were isolated squares

with either positive or negative contrast of different magnitudes (either 50% or 20%

Michelson temporal contrast) relative to the mean grey background and surround

(mean luminance 48 cd/m2). In this study, a maximum contrast stimulus at 50%

Michelson contrast was used, alongside stimuli with a 20% Michelson contrast, be-

cause it was reported that at this level, the conventional pVEP amplitude is reduced

significantly [290, 291] and the influence of temporal stimulus contrast on ON-and

OFF-pathway responses was of interest.

The inter-check spacing was kept constant corresponding to the width of a

check. The isolated check VEPs were recorded by presenting interleaved positive

(white: 110 cd/m2) and negative (black: 7 cd/m2) contrast checks of side length 60'

for 200ms after which the stimulus disappeared into a mean grey background of 48

cd/m2 for 1000ms. The checks of 20% Michelson contrast produced a luminance

of 75 cd/m2 (positive) and 31 cd/m2 (negative), respectively. An example of the

stimuli used is given in Figure 4.5.

All stimuli were arranged in a square 16◦ field, presented on a plasma display
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panel and viewed at 1m. The inter-stimulus-interval (ISI) for all stimuli was chosen

based on removing any potential visual adaptation processes affecting subsequent

waveform size after repeated stimulation [154]. The resulting onset VEP waveforms

were evaluated and the amplitude and time to peak of the main peaks and troughs

measured. In cases where C1-C2-C3 morphology of the onset VEP waveform was

not evident, the first main positive peak was taken as C1. In cases where C1 was not

identified but a major negative C2 was prominent, the time point at the beginning

of the C2 descent from baseline was taken as C1 time to peak with an amplitude of

zero.

Figure 4.3: Example of the pattern reversal VEP stimulus: A black and white checkerboard
that reverses its contrast three times per second. The check side length was 50'.

Figure 4.4: Examples of the Onset VEP test stimuli: Checkerboard pattern on grey back-
ground (clinical equivalent), on white background (negative contrast) and on
black background (positive contrast). All stimuli are applied with a check side
length of 60' presented at a viewing distance of 1m. These are displayed for
200ms followed by 1000ms of background.
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Figure 4.5: Examples of the Isolated check stimuli: Pictures on the left display an overview
over the negative contrast stimuli for 50% and 20% contrast, while the ones on
the right display the positive contrast stimuli. The stimuli consist of a 8x8◦ field
of squares of 60' side length presented at a viewing distance of 1m. The stimuli
were displayed for 200ms followed by 1000ms of a mid-grey background. Pos-
itive and negative contrast stimuli of the same contrast level were interleaved
during the isolated check test.
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In summary, the electrophysiological test battery included:

• Pattern reversal stimulation (clinical test equivalent)

• Pedestal pattern onset stimulation

1. Checkerboard appearing from black background (light increment)

2. Checkerboard appearing from white background (light decrement)

3. Checkerboard appearing from grey background (clinical test equivalent)

• Isolated checks as a function of contrast

1. Isolated checks of 50% positive and negative contrast

2. Isolated checks of 20% positive and negative contrast

The protocol used during a recording session is shown in Figure 4.6.

Figure 4.6: The testing protocol followed for VEP recordings.
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4.3 Results

4.3.1 Healthy volunteers show similar VEP waveforms to ON-

and OFF-pathway stimulation

In order to functionally distinguish ON-and OFF-pathways, pattern onset VEPs

were recorded to stimuli arising from a black background (light increment) and

a white background (light decrement), respectively; as well as to positive and neg-

ative contrast isolated check stimulation. The stimuli were initially validated in ten

participants as a proof of concept. Reliable pattern onset VEP waveforms were

recorded from all subjects to all conditions. Although the VEP waveforms varied

across subjects and with age, within a healthy individual there was good concor-

dance between waveforms produced by patterns appearing due to light increment

and decrement (Figure 4.7), as well as to positive and negative contrast stimulation

(Figure 4.8). In view of this, it was initially decided to analyse the waveform shape

and timing by calculating the Correlation Coefficient (CC) for each subject. This

would allow to capture a more appropriate reflection of waveform shape and similar-

ity compared to a conventional single component analysis. For this, the waveform

behaviour and shape was correlated over a time period of 400ms by comparing two

corresponding points from the light increment and decrement (or positive and neg-

ative contrast) conditions per millisecond. Hence, the similarity of both responses

was calculated with a resolution of 400 points (1 point/ms). Resulting from this, the

overall group mean CC for the light increment/decrement stimuli was 87% (Table

4.2). For the isolated check VEPs, the CC was even higher at 91% for the 50%

Michelson contrast condition and 90% for the 20% Michelson contrast condition

(Table 4.3).

Upon exploring the results in more detail, it seemed that in children, the CC

was higher than in adults, however, following statistical analysis, this was neither

significant for the light increment/decrement condition, nor for the isolated check

VEPs (One-way ANOVA and post-hoc Tukey means comparison: 50%: p= 0.306,

20%: p=0.177, Pedestal onset: p=0.088) at either contrast (Figure 4.9).

Overall, the waveforms obtained from children were less variable than in
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adults, with all of them showing a big positive first peak followed by a negativ-

ity. The waveform of the pattern onset VEP matures and becomes more complex

with age and continues to eventually differentiate into the three clear components

C1:C2:C3 by around 45years [101]. Some young adult subjects showed similar

looking waveforms to children, others displayed more complex responses. The

early peaks (C1) were the most similar when produced by light increment and decre-

ment, as well as positive and negative contrast stimulation. This was supported by

the finding that a higher group CC (90% for light increment/decrement stimulation,

as well as 95% and 93% for isolated check stimulation to 50% and 20% Michelson

contrast, respectively) was achieved when only analysing a duration of 200ms from

stimulus onset focusing on the timing of the first positive peak.

Figure 4.7: Pedestal Pattern Onset VEPs elicited with light increment (blue) and light
decrement (black) stimulation are overlaid for comparison. Each trace is an
average of 150 sweeps recorded from Pz.
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Subject Correlation
Coefficient [%]
including 95% CI

Subject Correlation
Coefficient [%]
including 95% CI

1 75 (66-82) 11 96 (95-97)
2 96 (95-98) 12 94 (91-96)
3 60 (47-70) 13 98 (97-99)
4 88 (83-91) 14 98 (97-99)
5 42 (26-56) 15 84 (78-87)
6 89 (85-93) 16 87 (82-91)
7 92 (88-94) 17 98 (97-99)
8 99 (98-99) 18 99 (98-99)
9 80 (73-86) 19 77 (69-84)
10 86 (80-90) 20 96 (93-97)
Mean CC (range) 81 (42-99) Mean CC (range) 93 (77-99)

Table 4.2: Correlation coefficients (CC) of pedestal Pattern Onset VEP waveforms over
400ms are shown for individual subjects. Values represent the percentage of
correlation for waveforms obtained to light increment and decrement, as well
as the 95% confidence interval (CC). The closer this value is to 100, the more
similar are the two waveforms.

Figure 4.8: Isolated check VEPs elicited with positive (blue) and negative (black) contrast
stimulation are overlaid for comparison to 50% and 20% Michelson contrast.
Each trace is an average of 150 sweeps recorded from Pz.
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Subject Correlation Coefficient [%]
including 95% CI

Subject Correlation Coefficient [%]
including 95% CI

Adults 50% 20% Children 50% 20%
1 94 (93-96) 92 (90-94) 11 96 (95-97) 96 (94-97)
2 94 (91-96) 72 (62-80) 12 95 (92-96) 97 (96-98)
3 99 (98-99) 90 (87-93) 13 93 (90-95) 97 (96-98)
4 85 (79-89) 97 (95-98) 14 94 (92-96) 99 (98-99)
5 81 (75-87) 81 (73-87) 15 85 (80-90) 95 (93-97)
6 81 (74-87) 75 (67-82) 16 90 (86-93) 91 (87-93)
7 95 (91-96) 93 (86-94) 17 96 (95-97) 93 (90-95)
8 92 (89-95) 78 (69-84) 18 92 (89-95) 92 (89-95)
9 86 (80-90) 76 (69-83) 19 85 (80-90) 97 (96-98)
10 90 (86-93) 94 (91-96) 20 96 (94-97) 97 (96-98)
Mean
CC
(range)

90 (81-99) 85 (72-97) Mean
CC
(range)

92 (85-96) 94 (91-99)

Table 4.3: Correlation coefficients (CC) of Isolated check VEP waveforms at 50% and 20%
Michelson contrast over 400ms are shown for individual subjects. Values repre-
sent the percentage of correlation for waveforms obtained to light increment and
decrement, as well as the 95% confidence interval (CC). The closer this value is
to 100, the more similar are the two waveforms.
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Figure 4.9: Comparison of the Correlation Coefficients obtained for each group from light
increment and decrement, as well as isolated check VEP recordings. Diamonds
represent the individual subjects with the boxes displaying the median 50%
of the values. Blue boxes represent values of adult subjects, red boxes the
values of the children group. The children group displays an overall higher
mean and median CC between the two conditions (light increment/decrement,
positive/negative contrast, as well as a narrower range of values. However,
statistical analysis did not find a significant difference between the two groups
(One-way ANOVA and post-hoc Tukey means comparison: 50% p= 0.306,
20% p=0.177, onset p=0.088).
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In view of ON and OFF responses being highly similar within a subject, con-

trasting the large variety of waveform shapes encountered across individuals and

with age, it was necessary to determine what waveform components to expect when

recording from subjects of different ages, as well as the most appropriate and robust

analysis method for waveforms obtained from patients. Hence, the cortical origins

and main components of the pattern onset VEP will be discussed below.
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4.3.2 Components of the onset VEP

The ISCEV standard for the pattern onset VEP mentions a well-defined waveform

with an initial positive peak (C1), followed by a negativity (C2) and another positiv-

ity (C3) [242]. Compared to the conventional clinical pattern reversal VEP, which is

highly reproducible across individuals of different ages [100, 292], the onset VEP

waveform shape displays a high inter-subject variability [242] and changes with

maturation [101, 293].

Although VEP waveform maturation is usually rapid within the first months

of life, the onset and pattern reversal VEP waveforms differ in their subsequent

maturation patterns. Early landmark studies found a rapid change in onset VEP

waveform shape between birth and eight months of age followed by a slower phase

of maturation ending at puberty with C1-C2-C3 morphology apparent in subjects

as early as at 16 years [294]. A similar trajectory is observed in the pattern reversal

VEP, however, the major positive peak (P100) does not change greatly after seven

months post-term [295], remaining at around 100ms post stimulus onset in healthy

individuals into adulthood. In very young children (around six months of age), the

first major onset VEP component (C1) was observed to appear at around 120ms

post-stimulus onset and develops to occur within a wide range of 75-155ms in chil-

dren of around six years [99]. A recent study carried out in our laboratory at GOSH

found a similar range for C1 timing in 16 young children at seven months after birth

(76-134ms) [101]. Peak times for C1 derived from adult data usually appear ear-

lier after stimulus onset and show a narrower value range (65-80ms [293], 80-110m

[294] and 69-109ms [101]).

The major negative component (C2) is also subject to developmental changes.

DeVries and Spekreijse reported C2 becoming recognisable from around 20 months

after birth in 40% of their subjects, whereas it was found in all children of eight

years [296]. In children and teenagers, however, the onset VEP waveform is some-

times dominated by a late big positivity (around 130-138ms), rather than a C1-C2-

C3 complex which can mask the C2 and C3 components [101]. The C3 component

is seldom described in the literature and was reported by Kriss and colleagues to
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occur between 150 - 200ms post-stimulus in adult subjects [297].

The main components of the onset VEP waveform seem to originate from an

interplay and summation of activity from different cortical origins. The majority

of studies sees the C1 originating from the primary visual cortex (Broadmann's

area 17, striate cortex) [298, 297, 299, 300]. This view is based on evidence from

experiments showing that the polarity of the C1 reverses when comparing upper

and lower visual-field stimulation [298, 301, 299]. The upper and lower banks of

the calcarine fissure - situated in the striate cortex - are mapping the upper and

lower visual hemifields, respectively5. Nonetheless, the striate cortex origin of the

C1 component of the onset VEP was challenged by Spekreijse and van der Tweel,

who suggested that the C1 originates from local luminance changes in extra-striate

area 18 [302]. Also Edwards and Drasdo linked C1 to activity in area 18 [303].

Discussion and controversy about the exact cortical generators of these components

continues even in the 21st century [304, 305].

In contrast to C1, C2 does not show a polarity reversal for upper compared

with lower visual-field stimulation [299, 306], suggesting an extra-striate origin

for this negativity, although no clear consensus has yet been reached regarding the

exact location of its sources. Several studies have suggested the C2 to be sensitive

to contrast, defocus [302], as well as spatial characteristics of the stimulus [302,

101]. The cortical origins of the C3 component were only rarely investigated but

Vanni and colleagues found it to have posterior parietal cortex contributions in fMRI

recordings [307].

In summary, the components of the onset VEP probably originate from a mul-

titude of visual cortical areas and most likely present an interaction of activity from

striate and extra-striate areas. C1 shows inputs from various visual areas but has pre-

dominant contribution from V1, whereas C2 reflects activity in dorsal and ventral

extra-striate areas. C3, in addition, has some posterior parietal cortex contributions

[308, 307]. These varied contributions change with age, likely influencing the mat-

5Jeffreys and Axford suggested that potentials of opposite polarity are elicited when stimulating
above and below the horizontal meridian of the visual field by activating neural populations with
geometrically opposite orientations [298].
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uration of the onset VEP waveforms. Whilst extra-striate (C2) activity dominates

in later life, the ON-pathway dysfunction cohort in this study mainly consisted of

young children, in whom striate cortex (C1) activity dominates [309]. Furthermore,

a study by Apkaria and Tijssen found the most consistent and reliable component

of the pattern onset VEP to be C1 in children with ocular albinism [310], consis-

tent with the results obtained from healthy subjects in this study (Section 4.3.1).

In view of these findings and with the aspiration to highlight robust differences be-

tween ON-and OFF-pathway signalling in the patient cohort, it was thought most

appropriate to focus on the activity of the striate cortex by emphasizing the C1

component / first main positive peak in the analysis of VEP waveforms elicited to

ON-and OFF-pathway stimulation.

The hypothesis that ON-pathway dysfunction impacts on ganglion cell firing

patterns and therefore alters signal arrival at the visual cortex implies a possible

asymmetry between responses recorded from ON-and OFF-pathways in patients

with disrupted ON-pathway signalling. The calculation of a CC - intended to cap-

ture the similarities of ON and OFF system responses in healthy individuals, while

allowing for great inter-subject variability - was not considered sensitive enough for

a thorough analysis of such an outcome.

Instead, analysing the differences of components of the waveform data was

considered to be more appropriate, allowing a robust comparison of the character-

istics in component time to peak and amplitude. In addition, the fact that the timing

and size of the first positive peak was observed to be so highly variable depending

on the age of the subject, supported the use of this analysis method, as compar-

ing the differences between ON-and OFF-pathway signals allows for an evaluation

independent of the subjects' ages.

Hence, the VEP data of all healthy individuals (n=50) were analysed by com-

ponent difference analysis, focusing on the most similar component observed in

healthy volunteers (C1). These results provided a reference range for the compar-

ison of the findings in the ON-pathway dysfunction cohort with those of healthy

volunteers, which is displayed in Table 4.4.
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4.3.3 Differences between ON-and OFF-pathway responses

In order to further highlight the similarities of ON-and OFF-pathway signals in the

control cohort, the data obtained from healthy volunteers was subsequently anal-

ysed calculating the difference in response time (TD, Figure 4.10) and amplitude

(AD, Figure 4.11). As previously evident in the analysis of the CC, ON and OFF

responses did not differ significantly for either TD or AD across both stimulation

conditions, highlighting the similarities between both responses in healthy individ-

uals6.

When analysing the time to peak for subjects in the control cohort, the data

showed a clear division in individuals who had waveforms with a timing of under

100ms and some with a timing of over 100ms. It was found that this was linked to

the age of the subjects. Comparing the differences of ON-and OFF-pathway signals

for specific components had the advantage that it allowed to investigate the similar-

ities and differences in ON-and OFF-pathway signals independent of the subjects'

age. Therefore it was possible to obtain a common normative data range for all

subjects (Table 4.4).

6For TD a slight shift of the data towards an ON-delay was observed, however this was on average
1ms only.
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Figure 4.10: The difference in time to peak (TD) between ON-and OFF-pathway signals
was calculated by subtracting the ON-pathway from the OFF-pathway re-
sponse time. The resulting value was plotted for each test condition (Isolated
check = black, Pedestal onset = red). If the resulting value = 0, ON-and OFF-
pathway signals had the same timing. A positive value represents a timing
delay of the ON-pathway and a negative value a delay of the OFF-pathway
signal, respectively. Diamond symbols represent individual subjects. Boxes
give Max and Min (-), Mean (square), Median (border inside the boxes), 99%
and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
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Figure 4.11: The difference in peak amplitude (AD) between ON-and OFF-pathway sig-
nals was calculated by subtracting the ON-pathway from the OFF-pathway
response amplitude. The resulting value was plotted for each test condition
(Isolated check = black, Pedestal onset = red). If the resulting value = 0, ON-
and OFF-pathway signals had the same size. A positive value represents a
bigger ON-pathway component and a negative value a bigger OFF-pathway
signal, respectively. Diamond symbols represent individual subjects. Boxes
give Max and Min (-), Mean (square), Median (border inside the boxes), 99%
and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
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Isolated checks Pedestal onset
Median Min Max median Min Max

TD +1ms -9ms +8ms +1ms -6ms +5ms
AD 0µV -13µV +7µV 0µV -13µV +15µV
TD 20% +1ms -18ms +15ms
AD 20% 0µV -7µV +7µV

Table 4.4: The normative data ranges for both tests (isolated check and pedestal onset VEP)
were calculated for the timing (TD) and amplitude difference (AD) of the first
positive peak occurring after stimulus onset (C1). The median, as well as Miniu-
mum and Maximum of the values obtained from the cohort of healthy volunteers
is displayed.
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4.3.4 Conclusion

I have applied a set of electrophysiological tests assessing visual pathway function

separately in the ON-and OFF-pathways of the visual system of healthy volunteers.

This was achieved by utilising conventional pattern onset stimulation and introduc-

ing a pedestal light increment and decrement component by presenting checker-

boards arising from a black or white background, as well as by introducing a pos-

itive and negative contrast stimulation via isolated check VEPs. It was possible to

show that pattern onset VEPs are similar to ON-and OFF-pathway stimulation in

healthy observers across all testing conditions by analysing the Correlation Coef-

ficients (CC). Although there was waveform variation across the subject cohort, a

good concordance within individual subjects was observed7. Generally, the first

positive peak (C1) seemed to be the most robust and comparable component when

produced by light increment and decrement, as well as by positive and negative

contrast.

In conclusion, the results presented in this section show that pedestal pattern

onset stimulation can be useful to assess ganglion cell, as well as visual pathway

integrity selectively in ON-and OFF-pathways. VEPs recorded from healthy volun-

teers showed a high correlation when waveforms elicited to light incremental and

decremental, as well as positive and negative contrast stimulation were compared.

Subsequently, these stimuli were applied in patients with retinal ON-pathway dys-

function in order to investigate the effect of a dysfunctional ON-pathway on ON

and OFF signal arrival at the striate cortex. Due to the high inter-subject variability

of the visual cortical responses encountered in healthy volunteers, it was decided

to focus on the difference between ON-and OFF-pathway responses by calculating

their timing (TD) and amplitude difference (AD) within a subject. This allowed

the robust comparison of the main waveform characteristic (C1) across subjects and

ages, as well as conditions. The results obtained from patients were compared to

the normative data range established.

7Part of these data, specifically those obtained from increment and decrement onset VEP stimuli,
were included in a manuscript accepted for publication in IOVS in December 2017: Fritsch, DM,
Sowden, JC and Thompson, DA: ”Pattern onset ERGs and VEPs produced by patterns arising from
light increment and decrement”, 2018. The manuscript can be found in the appendix.
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4.4 Cortical ON-and OFF-pathway signals in ON-

pathway dysfunction
Separate and comparative probing of ON-and OFF-pathways was carried out with

the aim of increasing the sensitivity of electrophysiological tests to pick up abnor-

malities in cortical signalling due to retinal ON-pathway dysfunction. As high-

lighted in the previous section, the ON-and OFF-pathway responses obtained in

healthy subjects were highly similar in timing and amplitude, especially the C1

component. In contrast, the responses acquired from individuals with ON-pathway

dysfunction showed some marked abnormalities between ON-and OFF-pathway re-

sponses. The most prominent one was the timing delay encountered in the ON-

pathway response. An exemplary trace of a subject with cCSNB displayed next

to a trace obtained from a healthy volunteer for comparison can be found in Fig-

ure 4.12, highlighting this timing difference. For the representative ON-pathway

dysfunction patient (Pat20), the amplitude difference was negligible, while the dif-

ference in timing amounted to 11ms at C1. This delay continued to the C2 and C3

components.

This initial finding suggested that the novel electrophysiological test battery

was, in fact, sensitive to detecting patients with ON-pathway dysfunction as ab-

normal. This preliminary result required confirmation across all patient subgroups,

including a total of 53 patients, using the pedestal onset, as well as the isolated

check VEP conditions, in order to determine if and to what extent both tests were

sensitive to detect imbalances in ON-and OFF-pathway signalling.
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Figure 4.12: Exemplary traces to show the difference between VEP waveforms elicited
from a patient with ON-pathway dysfunction and a healthy subject. This ex-
ample shows the waveform recorded from isolated check stimulation to 50%
Michelson contrast; however, the difference observed in the other stimulation
conditions was highly similar. Blue traces represent the responses recorded
from the ON-pathway (positive contrast) and black traces the responses from
the OFF-pathway (negative contrast), respectively. A visible difference be-
tween ON-and OFF-pathway responses is apparent in the patient traces, while
ON and OFF traces of the healthy individual are highly similar (especially for
components C1 and C2).
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4.4.1 Isolated check VEPs

Isolated check stimulation to positive and negative contrast of 50% proved to be

highly sensitive in detecting abnormalities of ON-pathway signalling, eliminating

false negatives all together in the cCSNB subgroup with 100% of patients falling

outside the normative data range (p<0.0001), with these having an average ON

delay of 18ms and ranging from 10-30ms.

The cCSNB subgroup was not the only one with markedly abnormal TD re-

sults: The iCSNB, DMD post exon 30 and PMM2-CDG subgroups displayed sig-

nificantly different TD values from the normative data range (iCSNB: p=0.01, DMD

post exon 30: p<0.0001 and PMM2-CDG: p=0.009), respectively). While patients

with iCSNB displayed both, individual ON and OFF delays with a slightly elevated

group mean ON delay, all patients with PMM2-CDG showed ON delays, save for

Pat70 with a TD of zero. DMD boys displayed highly variable TDs across individ-

uals with ON, as well as OFF delays in both subgroups. However, while the DMD

patients with a mutation post exon 30 - affecting the shorter dystrophin isoforms -

showed a significant difference when compared to healthy volunteers, the DMD pre

exon 30 subgroup did not.

Upon analysing AD across subgroups, only four patients fell outside of the

normative data range (1x DMD pre exon 30, 1x DMD post exon 30 and 2x PMM2-

CDG). No asymmetry pattern between ON-and OFF-pathway responses was appar-

ent in these individuals with two patients showing ON delays and two showing OFF

delays. Both subgroups of patients with CSNB showed an approximately symmet-

rical distribution of AD values around zero with no individual falling outside the

normative data range.

What effect does a lower temporal contrast have on TD and AD values in the

isolated check condition? As observed in the 50% isolated check condition, the cC-

SNB subgroup showed an overall significant difference when compared to healthy

controls in its distribution of TD values (with an average ON delay of 15ms), which

showed not a single patient with a TD<0 (p<0.0001). Only two other patients

(Pat8, iCSNB and Pat60, DMD pre exon 30) displayed abnormal TD values at 20%
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contrast stimulation. All remaining patients fell within the normative data range

and therefore displayed no abnormal TD between ON-and OFF-pathway responses

at C1. Curiously, patients with iCSNB seemed to show a slight tendency towards

an OFF delay (negative TD) at this lower contrast stimulation condition. This was,

however, still within the normative data range. Even less abnormal responses were

evident across the patient subgroups when comparing AD for 20% contrast stim-

ulation. Only Pat10 (cCSNB) fell outside the normative data range with an AD

of +9µV (bigger ON system response). The differences of ON-and OFF-pathway

responses to 50% positive and negative contrast stimulation are displayed in Fig-

ures 4.13 (TD) and 4.14 (AD). The responses resulting from a positive and negative

contrast stimulation of 20% can be found in Figures 4.15 (TD) and 4.16 (AD). All

data was probed for statistical significance using a One-way ANOVA plus post-hoc

Tukey means comparison.
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Figure 4.13: The times to peak for positive and negative contrast stimulation at a level
of 50% Michelson contrast are plotted against the normative data range of
healthy volunteers. Where subgroups showed a statistically significant differ-
ence from the normative data range this is indicated by an asterisk. Diamond
symbols represent individual subjects. Boxes give Max and Min (-), Mean
(square), Median (border inside the boxes), 99% and 1% (x), as well as 75%
and 25% (margins of the boxes) percentiles.
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Figure 4.14: The amplitudes for positive and negative contrast stimulation at a level of 50%
Michelson contrast are plotted against the normative data range of healthy
volunteers. Diamond symbols represent individual subjects. Boxes give Max
and Min (-), Mean (square), Median (border inside the boxes), 99% and 1%
(x), as well as 75% and 25% (margins of the boxes) percentiles.
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Figure 4.15: The times to peak for positive and negative contrast stimulation at a level
of 20% Michelson contrast are plotted against the normative data range of
healthy volunteers. Where subgroups showed a statistically significant differ-
ence from the normative data range this is indicated by an asterisk. Diamond
symbols represent individual subjects. Boxes give Max and Min (-), Mean
(square), Median (border inside the boxes), 99% and 1% (x), as well as 75%
and 25% (margins of the boxes) percentiles.
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Figure 4.16: The amplitudes for positive and negative contrast stimulation at a level of 20%
Michelson contrast are plotted against the normative data range of healthy
volunteers. Diamond symbols represent individual subjects. Boxes give Max
and Min (-), Mean (square), Median (border inside the boxes), 99% and 1%
(x), as well as 75% and 25% (margins of the boxes) percentiles.
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4.4.2 Pedestal onset VEPs

While increment/decrement stimulation yielded abnormal TD results in four out of

five patient subgroups, only the cCSNB and DMD post exon 30 subgroups showed

an overall ON-pathway signalling delay which was significantly different to the

normative data range (cCSNB: p<0.0001 and DMD post exon 30: p=0.04). Again,

patients with cCSNB showed a positive TD value (with an average ON delay of

10ms). The DMD boys with a mutation post exon 30 in the dystrophin gene had a

more wide spread distribution of TD values. The biggest individual timing differ-

ence of +39ms (ON delay) was encountered in this subgroup (Pat67). Six patients

with iCSNB showed timing differences which fell grossly out of the normative data

range of healthy volunteers with two subjects having a timing difference of -20ms

(OFF delay) or more (Pat8 and Pat45). Nonetheless, the iCSNB group mean did

not differ significantly from healthy controls as the distribution of values was fairly

equal around zero. Similarly, DMD boys with a mutation pre exon 30 did not show

any TD between ON-and OFF-pathway responses rendering their group mean TD

at zero. In the PMM2-CDG subgroup, three patients showed abnormal timing dif-

ferences (ON delays) and an overall elevated group mean compared to healthy vol-

unteers (however, this was not significantly different).

When investigating the ON-and OFF-signal amplitude differences, a wide

range of values across subgroups was evident. However, an also highly variable

normative data range ruled out significant differences between any of the patient

subgroups and healthy volunteers.

The differences of ON-and OFF-pathway responses to light increment and

decrement stimulation are displayed in Figures 4.17 (TD) and 4.18 (AD). All data

was probed for statistical significance using a One-way ANOVA plus post-hoc

Tukey means comparison.
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Figure 4.17: The times to peak for light increment/decrement stimulation are plotted
against the normative data range of healthy volunteers. Where subgroups
showed a statistically significant difference from the normative data range
this is indicated by an asterisk. Diamond symbols represent individual sub-
jects. Boxes give Max and Min (-), Mean (square), Median (border inside
the boxes), 99% and 1% (x), as well as 75% and 25% (margins of the boxes)
percentiles.
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Figure 4.18: The amplitudes for light increment/decrement stimulation are plotted against
the normative data range of healthy volunteers. Diamond symbols represent
individual subjects. Boxes give Max and Min (-), Mean (square), Median
(border inside the boxes), 99% and 1% (x), as well as 75% and 25% (margins
of the boxes) percentiles.
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4.5 Summary and Conclusion

4.5.1 Summary

• A novel set of electrophysiological pattern onset tests was established to de-

crease the number of false negative results encountered in conventional pVEP

testing in patients with ON-pathway dysfunction

• These tests enabled the separate and comparative investigation of signals from

ON-and OFF-pathways at the level of the striate cortex.

– Pedestal Onset VEP: light increment/decrement stimulation

– Isolated check VEP: positive and negative contrast stimulation

• The tests were validated in n=50 volunteers. Despite a high variability in

waveform shape across subjects and with age, within a healthy volunteer,

ON-and OFF-pathway responses were highly similar.

• Analysing the difference between ON-and OFF-pathway responses was con-

sidered the most appropriate analysis method of the data as it allowed assess-

ment of ON-and OFF-pathway waveform differences independent of age and

inter-subject variability. A normative data range emerged from this.

• In patients (n=53), clear temporal differences between ON-and OFF-pathway

responses were observed in the cCSNB, iCSNB, DMD post exon30, as well

as PMM2-CDG subgroups. The difference was most prominent in patients

with cCSNB, showing an average ON system delay of 18ms in the isolated

check condition.

• Isolated check VEP (positive/negative contrast) stimulation seemed to in-

crease the sensitivity in picking up cortical signalling abnormalities in pa-

tients more than pedestal onset (light increment/decrement) stimulation.

Compared to conventional pattern reversal stimulation, isolated check VEPs

increased sensitivity to 83% and pedestal onset VEPs to 58% (both from 37%

for the pVEP). An overview is shown in Figure 4.19.
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Figure 4.19: Sensitivity of the novel electrophysiological test battery compared to the con-
ventional pattern reversal stimulus used in clinical practise. Green arrows
indicate an increase in sensitivity (i.e. less false negative results) compared
to the pattern reversal VEP. The amount of abnormal waveforms obtained out
of total patients tested are displayed including the subsequent percentage of
abnormalities picked up.
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4.5.2 Conclusion

A novel set of electrophysiological tests was designed in order to improve the sen-

sitivity of such tests in picking up cortical signalling abnormalities due to a dis-

rupted retinal ON-pathway. The set of tests comprised the introduction of a light

increment/decrement, as well as positive/negative contrast components into pattern

onset stimulation. This was in view of previous studies reporting an ON-pathway

disruption affecting light increment and positive contrast processing. Additionally,

the incidence of nystagmus in the patient cohort, as well as the low sensitivity of

the conventional pattern reversal VEP in detecting abnormalities in these patients,

favoured the use of pattern onset stimulation in order to probe visual pathway in-

tegrity.

While ON-and OFF-pathway responses were highly similar in healthy volun-

teers, they differed significantly in patient subgroups across stimulation conditions,

especially in patients with cCSNB. These findings suggest that a disruption of the

ON-pathway originating in the retina can have an effect which is still measurable

at the striate cortex. While a clear asymmetry in ON and OFF signals was exposed

in patients, the detection of ON-responses reaching the visual cortex despite an

ON-pathway dysfunction initially came as a surprise. If all ON system responses

were abolished in patients, as seen at the retinal level in the light and dark adapted

ERG, one could expect that no signals were transmitted via the ON-pathway and

thus no VEP would be recordable to ON-pathway stimulation. Although Alexander

and colleagues observed a similar result with positive and negative contrast stimu-

lation in one individual with an unusual type of suspected CSNB, the occurrence of

an ON-response, despite presumed complete ON-pathway blockade in the patient,

was never questioned [289]. My finding that a response could be recorded from

the ON-pathway to light increment and positive contrast stimulation in subgroups

of patients with a retinal ON-pathway dysfunction signifies that the visual system

could potentially have an alternative route of transmitting ON signals from retina

to visual cortex. The possibility of such an ”alternative ON-pathway route” will be

discussed further in Chapter 7.
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Another finding, when investigating the sensitivity of the novel electrophysio-

logical test set, was the observation that positive/negative contrast stimulation using

isolated check VEPs was more sensitive to abnormal ON-signalling than light in-

crement/decrement stimulation, detecting significant ON/OFF timing asymmetries

in four out of five patient subgroups. This disparity in sensitivity when comparing

the two stimulation conditions could originate from the different temporal contrasts

displayed in the testing conditions. While the pedestal onset VEP test exhibited a

100% relative temporal and spatial contrast, the isolated check test produced a max-

imum of 50% relative contrast. Hence, is it possible that either test was primarily

eliciting responses from a certain subsystem?

The contrast sensitivity for M cells, part of the magnocellular pathway, is

thought to be nearly 10 times greater than that of P cells of the parvocellular path-

way [311]. Additionally, magnocellular responses are thought to saturate at moder-

ate contrasts, whereas the responses of P cells increase approximately linearly with

increasing contrast [312]. Zemon and colleagues used VEP stimulation to empha-

sise either pathways' influence on cortical responses by applying a high contrast

pedestal stimulus to accentuate the parvocellular, and lower contrast stimulation to

highlight magnocellular contributions [312]. It is therefore possible that the stimuli

applied in this study biased either the magnocellular or the parvocellular subsys-

tems. If so, the greater amount of abnormality observed in patients using the (rel-

atively lower contrast) isolated check VEP test would agree with a greater impact

of a dysfunctional ON-pathway on the magnocelluar system. However, as abnor-

malities were also detected when using the (high contrast) pedestal onset VEP test,

an - albeit lesser - impact of a retinal ON-pathway dysfunction on the parvocellular

system cannot be excluded.
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4.5.2.1 Limitations

In the cohort of healthy volunteers, either test - pedestal onset and isolated check

VEP - were equally as successful in obtaining similar responses from ON-and OFF-

pathways. In contrast, the isolated check VEP stimulation was more successful in

detecting ON-pathway delays in patients.

Van der Tweel and colleagues showed that responses to short appearance (such

as encountered in the onset VEP) obey the contrast equivalent of Bloch's law [313].

According to this law, the detectability of otherwise identical visual stimuli de-

pends only on their energy [314]. Using the onset VEP as an example, the response

to a pattern with 20% contrast presented for 20ms would be similar in amplitude

to the response to a pattern with 40% contrast presented for 10ms. Spekreijse and

colleagues linked this phenomenon to the adaptation of the visual system to high

contrast stimulation. According to their theory, contrast sensitive cortical cells lose

their excitation gradually at the offset of a high spatial contrast. If a too-short inter-

stimulus-interval (ISI) is applied, the system's representation of the contrast might

not have reached the zero position at the moment of another stimulus onset [290],

resulting in the succeeding response to not fully develop upon subsequent stimula-

tion.

While care was taken when designing the electrophysiological stimuli, it is

possible that the occurrence of abnormal adaptation in the patients could have in-

fluenced the responses obtained. In patients with CSNB, it was previously shown

that dark-adaptation can be abnormal [315, 164]. While dark-adaptation deficits are

usually measured over a time span of several minutes, abnormalities in the retinal

adaptation system could also influence contrast adaptation in these patients. If ab-

normality in contrast adaptation in patients would result in a slower recovery of the

retinal and cortical systems generating the VEP response, this could affect succes-

sive waveform recordings to high contrast stimulation. This, in turn, might explain

the slight disparity in sensitivity encountered between pedestal onset VEP and iso-

lated check VEP conditions.
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In summary, my findings indicate an influence of selective retinal ON-pathway

dysfunction on post-retinal visual processing, which results in asymmetrical signal

arrival at the striate cortex. Surprisingly, ON system responses were not completely

abolished at the cortical level. However, an impact of a disrupted ON-pathway was

suggested on the magnocellular and parvocellular systems with a slight disadvan-

tage for the magnocellular pathway. What influence such an asymmetry has on

higher order visual functions conveyed by ON-and OFF-pathways like motion and

contrast was investigated via a psychophysical software called LumiTrackT m and

the results discussed in the next chapter.



Chapter 5

LumiTrackT m - A novel and

child-friendly psychophysical

software for the assessment of vision
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5.1 Introduction

As described in the previous chapter, there appears to be an asymmetrical arrival of

ON-and OFF-pathway signals at the striate cortex, evident in a delay of the VEP

waveform to stimuli emphasising ON-pathway contributions in all patient groups.

In order to investigate the impact of this cortical signal pattern asymmetry on higher

visual functions and perception, a psychophysical assessment of individuals in the

patient subgroups was deemed most appropriate.

While the applied VEP recordings can give an insight into temporal domain vi-

sual signalling, psychophysical tasks are often used to investigate visual perception

in human subjects. When working with young children specifically, a psychophys-

ical task can be advantageous in obtaining a scalable evaluation of a child's visual

capabilities in a playful and easy manner, for example using Random Dot Displays.

Moreover, if designed with care, such tests are able to provide insights into a pa-

tient's performance in everyday situations. Hence, a psychophysical test battery -

complementing the previously described electrophysiological tests set - was devel-

oped to assess the effect of a dysfunctional ON-pathway on visual perception.

In order to develop psychophysical stimuli, fundamental visual percepts, for

which ON-and OFF-pathway signalling would appear crucial, were considered.

Motion and contrast perception are two major visual functions which are required

regularly in everyday situations. An impairment in the perception of either vi-

sual percept can have severe effects on the quality of life of individuals affected

[316, 317, 123]. Importantly, both are transmitted via the interplay of ON-and

OFF-pathways [318, 319, 320, 321] and therefore present ideal candidates for the

investigation of the impact of a retinal ON-pathway dysfunction, and subsequent

cortical signal asymmetry, on higher order visual function. Studies in primates

support the selection of motion and contrast perception as targets for the design

of the psychophysical test battery: a selective pharmacological block of the ON-

pathway, using the metabotropic glutamate antagonist 2-amino-4-phosphonobutyric

acid (APB), was noted to impair measures of motion perception and contrast sensi-

tivity, especially under positive contrast conditions (when bright stimuli were pre-
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sented on a dark background) [322]. Further, psychophysical tests assessing motion

perception were frequently and successfully used in patient populations with visual

impairments (for example in children and adults with bilateral and unilateral am-

blyopia [127, 323, 324]). Therefore motion and contrast vision were selected as

perceptual targets for the psychophysical test battery. In order to adequately design

this psychophysical test battery, it was important to understand the way the precepts

of motion and contrast are processed along the visual pathway and which cortical

areas are involved.

5.2 Contrast perception

Contrast discrimination is one of the first steps in vision. It is the separation of

”brightness” and ”darkness” as two distinct qualities, from which edges and bound-

aries of an object or a letter are formed. Contrast describes the difference in lumi-

nance or brightness (or colour) between different objects in the same field of view.

This disparity makes the object distinguishable from its background and other ob-

jects.

In the inner retina, ON and OFF bipolar cells represent the starting points of the

ON-and OFF-pathways of the visual system which separately convey these qualities

from eye to visual cortex. The contrasting power of retinal bipolar cells is enhanced

by horizontal and likely amacrine cell contribution to the receptive field centre-

surround antagonism of bipolar cells. Depending on the excitatory input received

from photoreceptor cells, horizontal cells laterally inhibit neighboring bipolar cells

[325]. Through this, a difference in luminance of two adjoining regions in the visual

field is enhanced at the bipolar cell level and encoded by subsequent differential

retinal ganglion cell activity. By means of this retinal ”contrast gain” mechanism,

contrast and sharpness of a visual image are built up [326].

The signalling of brightness and darkness is kept separate with ON-and OFF-

pathways until the visual cortex [327, 322]. While local (small scale) contrast is

discerned at the level of retinal ganglion cells, no physiological correlate of area

contrast of a complete visual scene has been denoted in either retina or the LGN.
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Following the hierarchy of the visual system, it is possible that area contrast is

processed by cortical mechanisms, where signals are pooled and the task of contrast

discrimination is thought to be executed across several different cortical areas, such

as V1, V2d, V3d and V3A [328, 329, 330].

Different hypotheses have been suggested, trying to explain how contrast per-

ception is actually mediated and elicited in these areas. While Morrone and Burr

(1988) proposed that the perception of contrast depends on the symmetry of recep-

tive field shapes of cortical cells and how their outputs are subsequently added up

and correlated [331], Fiorentini and colleagues (1990) argued that the percept of

area contrast could arise from specific oriented cortical neurons. These might not

only encode orientation, disparity and size of a stimulus but may also be selective

for bright and dark parts of an image [332, 333]. By encoding a spatial change of

darkness and brightness occurring across their receptive fields, possibly by means

of comparing information from their borders, area contrast of the whole scene could

be computed. In the simple example of a white bar on dark ground, only cells with

receptive fields falling directly onto the borders of this bar would be required to

fire, signalling a contrast change or gradient. Cells with receptive fields falling into

areas of homogeneous luminance would not exhibit a change in their firing patterns.

Such an arrangement would allow to signal contrast, as well as the perceptions of

darkness and brightness, involving a minimal amount of active cells.

While highly energy efficient, complexity is added to such a system through

specific cell types with different response behaviours linked to their receptive fields

and preferences. Shapley and Perry (1986) highlighted that neurons with a sustained

or transient type of response, or neurons with different contrast sensitivity and con-

trast gain, might contribute differently to produce contrast effects [334]. Further,

different visual pathways like the M-and P-pathways exhibit different contrast sen-

sitivities [335], adding a further level of complexity.

Although many cortical areas involved in contrast perception are known, how

and where exactly the perceptions of brightness and darkness are elicited in the cor-

tex remains unclear. Nonetheless, contrast sensitivity is an important visual function
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and the involvement of ON-and OFF-pathways in its generation is clear. Hence, an

impact of retinal ON-pathway dysfunction on contrast sensitivity was considered a

possibility.

5.3 Motion perception
The ability to detect motion is ubiquitous in the animal kingdom, as it is highly

important for any sighted animal and its interaction with the environment. In the

visual world motion is breaking camouflage and for example enables prey to per-

ceive a predator rapidly, therefore increasing the chances for its survival. Similarly

for humans, the perception of motion is vital. Dynamic visual cues extracted from

a visual scene are key for interaction with our environment; evident, for example,

in the simple process of throwing and catching of a ball or, judging the motion of

one's own body. In addition, motion perception contributes to a range of cognitive

functions such as understanding and interpreting the actions and intentions of living

beings1. But how exactly do we perceive motion?

The brain integrates several different motion cues (not only from the visual, but

also from vestibular and proprioreceptive systems), but the early stages of visual

motion processing are thought to take place in the retina. In order to efficiently

integrate cues received from the visual field via the retina, a linear transmission

of signals is not possible. The information from millions of retinal cells has to

be integrated and interpreted over a matter of milliseconds. While bright and dark

parts of the visual image are separately processed from the level of the ON and OFF

bipolar cells until the cortex, retinal ganglion cells were found to be the first cells to

respond to motion stimulation specifically in rabbits [30, 337]. These cells respond

maximally to stimuli moving in a particular (preferred) direction and minimally to

stimuli moving in the opposite (or null) direction. Further research has revealed

different subsets of retinal ganglion cells responding selectively to different kinds

of motion, such as approaching motion in frogs and mouse [338, 339], acceleration

in the turtle [340], motion in a preferred direction in the rabbit [341] and motion

1The first suggestion that humans may possess mechanisms which are tuned to perceive motion
specifically linked to biological movements came from early fMRI studies (for example [336]).
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relative to background in salamander and rabbit [342].

Several computational models on how motion perception could be encoded

along the visual pathway have been developed over the years. In an early model

introduced by Reichardt and Hassenstein, the outputs of specific ON and OFF cells

(i.e. the firing rates of their centre vs. surround) were combined by retinal ”lighten-

ing” and ”darkening” cells [343]. At the heart of this model is a delay-and-compare

mechanism. Using again the simple example of a bright bar moving on a dark back-

ground, the brightness signal as measured by one photoreceptor cell is subsequently

delayed and compared to the signal derived from an immediate neighbouring loca-

tion. The comparison of the time difference of both signals results in a directionally

tuned output. Figure 5.1 displays a schematic of such a system.

More recent research in the cat and rabbit suggests that such a signal time-

delay could be already introduced at the bipolar cell level by relaying signals to

special starburst amacrine cells in a motion direction-dependent manner [344, 345].

Further evidence that bipolar cells and their successive amacrine cells could be con-

tributing to the receptive field of direction specific ganglion cells comes from work

on the salamander retina, highlighting that interacting local populations of amacrine

and bipolar cells form the receptive fields of motion-sensitive ganglion cells [346].

In flies, temporal delays in synaptic convergence establish the first set of visual

neurons that encode directional motion [347, 348], supporting the classic model

first proposed by Hassenstein and Reichardt. In the primate, temporal information

transmitted from retinal ganglion cells to the cortex also seems to be crucial for the

signalling of motion [349].
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Figure 5.1: A schematic displaying the classic motion perception model proposed by Re-
ichardt and Hassenstein. Inputs from the two photoreceptors are asymmet-
rically delayed by low-pass filtering (LP) and multiplied (M) leading to a
direction-selective output signal. Taken from [350].
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After ON and OFF signals are separated in the retina, this separation is main-

tained at the level of the LGN, where motion information from ganglion cells is

relayed in the magnocellular layers 1 and 2. These layers exclusively receive in-

put from parasol ganglion cells, which are able to detect high temporal frequencies

and thus can detect quick changes in position of an object [351, 352]. Further,

they exhibit important contrast and edge detection properties [181, 353] and convey

achromatic information about the orientation and location of objects to the cortex

[354, 355] while also directing attention and guiding saccadic eye movements in

conjunction with the Superior colliculus (SC).

Following the retinal signal computation proposed by Hassenstein and Re-

ichardt, a lightening unit in the LGN would be excited by the ON cells in its re-

ceptive field centre and the OFF cells in its surround and inhibited by the OFF cells

in its centre and the ON cells in its surround. The outputs from these ”lightening”

and ”darkening” cells are thought to activate short-range filters that pool evidence

for motion in a given direction in direction-selective cortical cells [356, 357, 343].

As described in the introduction2, most of the cells in the striate cortex (V1) are mo-

tion or direction sensitive. At this level, the separation into ON-and OFF-pathways

is maintained in the simple cells, the first point of contact for LGN neurons, which

are pooling signals from both pathways in different lamina [335]. However, a first

interaction of ON and OFF signalling happens as receptive field structures change

from strictly separated excitatory and inhibitory regions in the retina and LGN,

reacting to light increment and decrement, to complex cells responding to more

specialised stimulation such as stimuli of a specific orientation or movement into a

certain direction [43].

Cortically, not only V1 but also other areas such as V3 and MT/V5 seem to

be specialised for motion processing in humans [358, 359]. Tootell and colleagues

provided experimental proof of this using fMRI to locate areas of cortical activity

subject to a motion aftereffect caused by the waterfall illusion [359]. Additionally,

the processing of motion is tightly linked with different perceptual qualities, like

2Section 1.1.3
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the processing of shapes. Julesz (1971) highlighted motion as an important cue for

identifying shape boundaries by using random dot streograms to elicit the percep-

tion of stereoscopic depth [360]. Moreover, shape-from-motion-stimuli, in which

the perception of a shape is induced by motion in different directions at its borders,

can be used to demonstrate that motion information alone can give the perception

of two and three dimensional shapes [361, 362, 363].

Common motion of a group of otherwise unrecognizable dots is a very power-

ful cue for the visual system. It enables the visual system to realize that it is dealing

with a single object. The perception of biological motion relies on this ability to

perceive form from motion [364, 365]. Here, the camouflage of a static object is

broken by the correlated motion of its parts. A striking example of such an effect

is the perception of biological motion by detecting ”point-light-walkers”. In these

displays, no single dot conveys information about the figure or event being depicted

- individual dots merely undergo translational and/or elliptical motions. The per-

ception of a biological organism engaged in an activity must therefore entail global

integration of these motion signals over space and time.

Such displays were first introduced by Johansson (1973), who filmed actors

dressed in black with white reflective dots attached to their joints against a black

background. When watching the recordings, only the light points at the actors'

joints were visible to the observer. Nonetheless, test subjects were immediately

able to recognize a human being shaped by these light dots and their relative mo-

tion. Further, they could easily recognize the action the actor executed (for example

walking or dancing). When shown the individual frames of the videos as static pic-

tures, such a recognition was significantly more difficult or even impossible [366]3.

Specialised cortical areas subsequent to area MT/V5, such as the Superior

Temporal Sulcus (STS) seem to be involved in the processing of biological mo-

tion stimuli [336, 369, 370, 371]. Also, the temporal polysensory area (STP) in

primates, which receives input from dorsal and ventral visual pathways, seems to

3Since Johansson's pioneering work, a variety of different studies have shown different aspects
of biological motion perception, such as the ability to infer gender from the walking gait of point-
light-walkers [367], or the robustness of such displays to masking with random dots [368].
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contain cells that are selectively tuned in their response to precise primate forms and

movements [372], as well as to point-light-walkers [364]. Knowledge about corti-

cal areas involved in the processing of such motion stimuli in humans was greatly

aided by studies using fMRI [336, 370, 371] or psychophysical assessments [369].
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It is possible to assess the functionality of processes in higher cortical areas

indirectly by using different psychophysical tasks, as done by Vaina and colleagues

(1990) in a patient with with bilateral cortical lesions involving the posterior visual

pathways [369]. Here, the authors used random dot and point-light-walker displays

to assess ”earlier and later aspects of image-motion processing”. When assessing

the percept of motion, one can take advantage of the relatively hierarchical proper-

ties of the visual system. Therefore, in order to probe the functionality of different

cortical target areas in patients in an easy and child-friendly manner, a psychophys-

ical test battery aiming to assess the perception of motion displays of increasing

complexity, as well as the contrast sensitivity of these was designed. This approach

aimed to further delineate the scope a retinal ON-pathway dysfunction has on the

visual perception. A hierarchical perceptual test battery allowed the assessment of

the cortical levels on which the visual system was impacted by this retinal signalling

disruption.

Choosing the cortical targets was the first step in the design and development

of the psychophysical software named LumiTrackT m. Subsequently, a thorough re-

view of literature on psychophysical tasks was carried out. Comparing different

studies applying psychophysical motion tasks was challenging due to the fact that

few studies used comparable stimulus parameters. This variability resulted in a

wide range of different values obtained by the individual studies, revealing the im-

portance of parameter choice and constancy for the reliability and comparability of

such tests. These parameters considered during the design stage were:

• How to obtain a threshold value of motion perception

• Dot size

• Dot density

• Dot lifetime

• Stimulus display time

• Dot speed

• Stimulus field size and shape

The next section describes the rationale behind designing and developing the



5.3. Motion perception 230

LumiTrackT m psychophysical test battery from the ground up. A summary of the

parameters finally applied in LumiTrackT m is given in Section 5.5.7.
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5.4 LumiTrackT m test choice and rationale
In the previous chapter it was shown that ON signalling is altered at the level of the

striate cortex in patients with a dysfunctional ON-pathway. The aim was to target

the visual functions motion perception and contrast sensitivity, as these are likely

to be affected by a dysfunctional ON-pathway. In addition, these tests were de-

signed to assess positive (ON-pathway) and negative (OFF-pathway) contrast stim-

ulation conditions. The aim was for the psychophysical tests to complement the

electrophysiological recordings, described in the previous chapter, by tapping into

higher cortical function, providing a non-invasive way of elucidating any effect an

ON-pathway disruption might have on visual qualities processed in higher cortical

areas.

The tests needed to provide independent control of positive and negative con-

trast, alongside other stimulus parameters, in order to explore the relative contri-

butions of ON-and OFF-pathways to motion4 perception and contrast sensitivity of

motion in the variable ON-pathway dysfunction patient cohort. A psychophysical

software with this level of flexibility was not available as a commercial package.

Therefore LumiTrackT m was designed and programmed using an open source pro-

gramming language called ”Processing”56. Developing a software from the ground

up maximised the flexibility of stimulus choice, design, and control of important

parameters. Further, having a mobile psychophysical assessment, which could be

presented on a laptop, improved the ease of data acquisition. The individual tests

and the rationale for parameter choice are described in more detail in the following

section.

4Due to the circumstance of displaying the psychophysical test battery on a computer screen,
where a moving stimulus is presented by showing as a succession of illuminated pixels, strictly
speaking, the subjects were shown stimuli exhibiting ”apparent” motion. Here, a sense of motion is
evoked by the rapid succession of illuminated pixels of the screen, even though there is no physical
motion involved. The perceptions of physical and apparent motion are considered the same in the
cortex [373, 374] and are not perceptually different. Hence, the perception of ”apparent motion” and
”physical motion” are considered interchangeable and termed simply ”motion perception” in this
study.

5www.processing.org
6The design, parameter choice, as well as biological background research for LumiTrackT m was

carried out by the author, while the majority of the programming work was done by collaborator
Maximilian Kerz.
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5.5 Methods
The following sections describe the individual tests compiled in the LumiTrackT m

software, as well as giving an insight into the design and development process be-

fore implementation.

5.5.1 Test 1 - Coherent Motion

To assess global coherent motion perception, a random dot setup was used[375].

The subjects were shown dots which were randomly moving over the screen (noise

dots) with a fraction of them moving coherently in one direction (signal dots). A

stimulus based on Brownian motion was initially chosen as it is fairly robust to

changes in contrast, speed, aperture size, as well as spatial displacement and tem-

poral displacement of dots [376]. This robustness makes it ideal for testing in a

paediatric setting where ideal testing conditions might not always be guaranteed.

The task for the subjects was to indicate (via key-press, by pointing or saying)

in which direction the signal dots were moving. This was a Two-alternative-forced-

choice (2AFC) scenario[377]. The difficulty of the task increased and decreased,

depending on the subject's answers by changing the signal/noise ratio. The test sub-

sequently continued following the underlying staircase algorithm until ten reversals

were reached7. The resulting value (threshold) was directly translatable into an ab-

solute measure of the amount or the percentage of signal dots required to perceive

a global coherent motion into one direction.

As no shape cues were given, this assessment aimed at testing simple global

motion coherence, thought to be processed in the middle temporal visual area (MT

or V5) [378]. An exemplary screenshot of the Coherent motion tests is shown in

Figure 5.2.

7How a threshold value was obtained is explained in Section 5.5.5.1
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Figure 5.2: A field of dots was displayed with a fraction of them moving in one direction
(up, down, left, right) (signal dots) and the remaining dots moving randomly
across the stimulus field (noise dots). The subject was asked to tell the direction
of the coherent motion via key press or verbally (”Do the dots go to the tree or
to the house?”). Red arrows were not visible during the test and are displayed
for illustration purposes only.
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5.5.2 Test 2 - Shape From Motion

This test consisted of two equal panels of moving dots. All dot parameters (dot

speed, size, density, motion type etc.) were the same as for the coherent motion test.

Here, however, the signal dots were confined to a shape placed in the centre of each

dot-panel. A fixed number of signal dots inside this ”signal-shape” were moving

in the opposite direction compared to the noise dots [369]. Having opposing dot

motion directions in a restricted area for the signal dots created a shape (in this case

a square and a diamond) visible to the subjects, although no contour was actually

given. The extraction of such motion-induced boundaries is likely to be mediated

by a short-range mechanism that matches corresponding local pattern elements of

the same luminance polarity in successive time frames according to previous work

by Braddick [379]. The two shapes ”square” and ”diamond” were chosen as they

could be designed using the same amount of signal dots, occupying the same space,

resulting in the same dot density within the signal fields. This removed any impact

of disparate dot densities between the two shapes aiding a subject's decision.

How high does the fraction of coherently moving dots have to be for the sub-

jects to distinguish the two shapes? By increasing and decreasing the signal/noise

ratio of the stimulus, it became more or less difficult for the subjects to distin-

guish the two shapes, culminating in a final threshold value. This was subsequently

directly translatable into an absolute measure of the amount or the percentage of

signal dots required to distinguish two shapes.

This test served as an intermediate step between the coherent global motion de-

tection task, thought to be processed in area MT/V5 [380], and the biological motion

detection task, thought to involve higher cortical processing in the STS [381]. Shape

from motion processing is thought to involve the dorsal (”where”) and the ventral

(”what”) pathways [378]. An exemplary screenshot of the Shape from motion tests

is shown in Figure 5.3.
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Figure 5.3: Two fields of dots were displayed with the dots moving in one direction. Some
of the dots were moving in the opposite direction but only in a field confined to
a central square or diamond (as indicated by the dashed lines). The opposing
motion direction of the dots created the perception of two distinct shapes in the
centre of each stimulus field. When the dots were viewed statically, the shapes
completely blend into the background. The subject was asked to tell which
field contains the square via key press and verbally. Dashed lines indicating
the shapes were not visible during the test and are displayed for illustration
purposes only.
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5.5.3 Test 3 - Biological Motion

This task assessed the subject's ability to detect a Johansson point-light-walker pre-

sented within a mask made from spatially random noise dots. A ”dot walker”, either

facing left (toward a tree) or right (towards a house), was presented in the centre of

the screen. This walker was made up of eleven dots with single dots representing

the head, one shoulder, one hip, as well as each of the two elbows, wrists, knees,

and ankles. The walker was shown walking in place, as if on a treadmill in order to

give the percept of a walking motion without any spatial dislocation of the figure.

If not animated, the walker was completely invisible among the static noise dots.

The primary task for subjects was to indicate (via a key-press) in which direc-

tion the walker was facing. In this case, the test difficulty was altered by increasing

or decreasing the amount of noise dots obscuring the walker. The resulting threshold

comprised the amount of noise dots a subject was able to tolerate while maintaining

the ability to successfully locate the walker and decide which direction it was facing.

It was not considered sufficient for the subject to locate the walker on the screen as

this could be achieved by locating an area of slight higher dot density (in low-noise

situations). Hence, it was necessary to also perceive the direction which the walker

was facing. To be able to successfully complete this task, subjects needed to be able

to:

1. Perceive the dots as moving

2. Perceive them as a human figure, facing into one direction

Cortically, biological motion is thought to be processed in the STS (Superior tem-

poral sulcus) [382, 370, 371], located in the temporal lobe, and requires some social

cognition processing. Two exemplary screenshots of the Biological motion tests are

shown in Figure 5.4 (without noise dots) and 5.5 (with noise dots).
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Figure 5.4: The point light walker is displayed without any noise dots. Subjects were
shown this during their practice trials with an animated point light walker to
familiarise themselves with the task before the actual test commenced.

Figure 5.5: Within the mask of randomly moving dots, the point light walker was ”hidden”
(here shown in red and connected with dashed lines for illustration purposes).
When viewed statically, the point light walker was only dots among dots, only
when animated a perception of a walking person was achieved. The subject
was asked to tell which direction (”towards the tree or towards the house”) the
point light walker was facing (”walking”) via key press or verbally. Dashed
lines indicating the figure were not visible during the test and are displayed for
illustration purposes only. Also, red dots highlighting the figure were the same
as the noise dots during the test.
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5.5.4 Addition: Contrast sensitivity of motion

The three motion tests of increasing complexity were designed to be carried out

with either 100% positive (white dots on black background) or negative (black

dots on white background) contrast in order to allow a more specific assessment

of ON-and OFF-pathway processing. In addition, another test was included in the

LumiTrackT m software. It was aimed at delineating the impact of asymmetrical ON

and OFF system signalling further by allowing a more precise assessment of an

individual's sensitivity to positive and negative contrast.

For this, the motion stimuli were displayed at a fixed ”difficulty-level”8, while

the contrast of the dots was altered across trials compared to a mid-grey background.

This fixed difficulty level was chosen so that no subject would have a problem in

correctly carrying out the test. The rate of change from trial to trial followed a cubic

function (y=x3). This allowed a finer assessment of performance at contrast values

close to zero, while testing high contrast values time-efficiently. The displayed dots

changed from black (RGB: 0) to white (RGB: 255) in an ascending or descend-

ing manner. This way it was possible to assess the influence of positive contrast

(brighter than the background) and negative contrast (darker than the background)

using one single test and by doing so, to evaluate a range of small contrast steps in

a relatively short time.

The subjects were given the same instructions as before but were alerted to the

contrast change happening across trials. If a subject could not reliably detect the

specific motion due to the contrast being too low, he / she was required to press

the ”space-bar” which produced a negative result. In order to ensure a robustness,

subjects were required to answer (unknowingly) twice at each contrast level. This

provided a more secure way of assessing whether a subject was not able to see the

stimulus due to low contrast - as intended - or was just guessing. A schematic illus-

trating the logic behind the contrast sensitivity assessment applied in LumiTrackT m

is shown in Figure 5.6.

This novel contrast sensitivity of motion assessment resulted in a range of con-

8Coherent motion: 75% signal to noise dots, Shape from motion: 75% signal to noise dots,
Biological motion: 25%: noise dots
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trast values (from positive to negative contrast) which were too low for the subject

to perceive. If the contrast of the stimulus compared with the background was in-

creased and fell outside of this range (in either direction), the subject was able to

perceive the stimulus. Using this setup, the contrast sensitivity of motion, as well as

the symmetry of this contrast sensitivity in positive and negative contrast domains

could be assessed.
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Figure 5.6: This schematic explains the contrast sensitivity assessment of LumiTrackT m.
Michelson contrast of dots compared to background is compared to the ac-
tual RGB value of the individual dots. The change in contrast follows a cubic
function from positive to negative contrast, here indicated by a dotted line. Ex-
amples of how the dots look on the background at several steps are given on
the right. At 0% Michelson contrast, the signal dots are of the same grey as the
background and therefore invisible (dot is indicated by a dashed border which is
not present in the actual stimulus). An exemplary performance of one subject is
given on the right. Tick marks indicate a correct response, whereas red crosses
indicate wrong responses. As a result, the range of contrast values between the
first and last incorrect answer are taken. The subject was not able to perceive
this range of contrasts and needed a higher dot vs. background contrast in order
to perceive the stimulus. This way, contrast sensitivity of motion, as well as the
symmetry of this contrast sensitivity in positive and negative contrast domains
could be assessed.
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These four different tests were combined in the LumiTrackT m software, antic-

ipated to assess several levels of motion and contrast processing with different cor-

tical targets. The coherent motion task required the integration of local motion cues

into global motion, while the performance in the shape from motion task required

both, local motion integration and processing of implied form information [383]. In

addition to this, the processing of biological motion required bottom-up integration

from basic visual motion perception along with top-down social cognition [384].
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5.5.5 Stimulus parameters

The stimulus parameters were carefully chosen with the aim to extract the most

robust testing conditions. Robustness was crucial as it was anticipated to carry out

this test battery in subjects of different ages, as well as exhibiting a big range of

visual performances. In the following sections, the different parameters considered

during the design process of LumiTrackT m are discussed.

5.5.5.1 How to obtain a threshold value

The first parameter which needed to be chosen was the algorithm behind the test-

ing procedure, or, how to obtain robust and meaningful data from the test. It was

crucial that the test was flexible (due to a high variability in visual abilities in the

cohort), had a high efficiency (being able to obtain a threshold value as quickly as

possible is advantageous when working with young children especially), as well as

great confidence that the obtained value is a good representation of the subject's

actual visual performance. Many different testing procedures are being applied in

psychophysical testing with adaptive testing procedures used most often due to high

efficiency, flexibility and little bias [385]. The advantage of being able to reach a

reliable threshold value easily and in short time was key in selecting an adaptive

staircase method for my test battery.

There are several different types of adaptive staircase methods for a psy-

chophysical task. The simplest one used in the literature to assess motion perception

is a 1up/1down method (for example [386, 387], for which a schematic is shown in

Figure 5.7.

Here, one correct answer results in a lowering of the independent variable by

one step and an incorrect answer results in its elevation. The target value this method

converges at is 50%, meaning that it returns the threshold value where 50% or more

of the answers given by the subject were correct. However, the 1up/1down method

has several disadvantages and was therefore not selected here; for example when

choosing too small or too big step sizes relative to the threshold level, the data will

be badly placed around the target value [385]. Further, a precision of only 50%

results in a relatively low confidence in the data obtained using this method.
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Figure 5.7: A simple schematic of a 1up/1down adaptive staircase method. One correct
answer results in a lowering of the signal to noise ratio, making it more difficult
to perceive the stimulus. One false response is followed by an increase of
the signal to noise ratio of the stimulus, facilitating perception. Across a pre-
determined number of trials, the reversal values model the subject's threshold
performance value, which is obtained by calculating the average of the reversal
values.

Another option is the use of transformed staircase procedures like the

2up/1down staircase method (for example [126, 127]). The value of the inde-

pendent variable tested is elevated by one step size after one incorrect response;

however, two correct responses are needed for decreasing this value. This method

results in a precision level of 70.4%. However, it is not advised to use this method

with less than 20 reversals, as this results in a decrease in precision of the esti-

mate [388]. Hence, this method was also not considered adequate for use in the

LumiTrackT m test battery, as I was aiming for a staircase returning a threshold value

as robust and reliable as possible while minimising test duration.

Such a higher efficiency with a target value of 79.4% is achieved when using

a 3down/1up method, requiring a sequence of three correct answers for a lowering

of the tested variable value. Its advantages over the previous 2down/1up method

are an increase in efficiency [389] and a smaller standard error (SE) of the resulting

threshold [390]. Of course, a 4down/1up staircase would result in an even higher
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efficiency; however, both strategies have been shown to be of comparable efficiency

and precision, while the 4down/1up method results in longer trial duration [391,

388]. Therefore, a 3down/1up adaptive staircase method was chosen for the

LumiTrackT m test battery.

While acknowledging that an increase in reversal number increases the robust-

ness of the estimated threshold, care has to be taken when choosing this number, as

a short trial duration is preferred. Previous studies testing motion coherence used

a total of eight reversals [126, 392, 127], or ten reversals [387, 386] with calculat-

ing the threshold value by taking the mean of the last six or eight reversal values,

respectively. Based on these findings, the duration of one staircase was set to

ten reversals with the threshold calculated by taking the mean of the last eight

reversal values. This was to ensure to get a robust threshold value, while reducing

test duration to a minimum.

To account for a robust threshold level, choosing the right step size within

the staircase was also important. Comparing fixed step 1down/1up, 2down/1up,

3down/1up and 4down/1up staircase methods, Schlauch and Rose (1990) suggested

that an increase in step size results in an increased SE of the resulting threshold

value and therefore advised to use small step sizes [391]. However, this suggestion

was based on the observation that small step sizes resulted in a smaller difference

of results across all four staircase methods which does not necessarily represent

the robustness of an individual method. Hence, Levitt (1971) suggested gradually

reducing the step size over the course of the staircase to increase precision and

decrease SE [385]. A gradual reduction of the step size was also suggested to reduce

bias of the staircase [393, 390]. Contrary to these suggestions, Garcia-Perez (1998)

links equal step sizes for steps up and down to an inappropriate sampling of the

psychometric function. Therefore, he advises to use larger steps up than down in

a ratio of Down/Up = 0.7393 for staircases of the 3down/1up rule. This way, the

author suggested, the exact step size would not matter.

From the literature a consensus is not obtained. It seems, however, that most

studies favoured methods of reducing step size across the staircase (for example
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[126, 392, 127, 378, 394, 395]. Further, all six of these studies tested motion per-

ception in children or infants. In view of a potential comparability of results

from this thesis with those obtained from experiments carried out with similar

thresholding methods, it was decided to apply the method suggested by Levitt

(1971), while still acknowledging the suggestion of Garcia-Perez (1998) of us-

ing large step sizes, at least for the initial part of the staircase until the first

reversal.

In conclusion, the staircase parameters selected for LumiTrackT m were:

1. A 3down/1up adaptive staircase method was selected as it is time efficient

while having a high reliability with a 79.4% convergence value.

2. The staircase is terminated after 10 reversals and the resulting threshold value

is calculated by taking the average of the last eight reversal values. This was

expected to be a good compromise of robust results but relatively short testing

duration for each subject.

3. Following the suggestion by Levitt and colleagues (1971), as well as Edwards

and Wakefield (1988) and Green and colleagues (1989), a gradual reduction in

step-sizes was used: The starting value was chosen as 100% signal dots (and

0% noise dots) and upon each correct answer until the first reversal, the value

of the independent variable was decreased by one octave (to 50%, 25% and

so forth) per step. Upon the first reversal, the step-size decreased to a third of

an octave (for example from from 50% to 67%) and was kept constant. From

this point onward, the 3down/1up rule was initiated until termination of the

staircase.

After deciding on the method of data acquisition via an adaptive staircase, it was

important to decide on crucial parameters of the visual stimuli.
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5.5.5.2 Dot size and visibility

The patients of the ON-pathway dysfunction cohort exhibited a wide range of visual

abilities. The patients' visual acuity scores were reviewed (see Chapter 2) and the

resulting Minimum Angle of Resolution (MAR) was calculated in order to get an

idea of how big a single dot in the stimulus display would need to be, in order to

be visible for every patient. Visual acuity across the study cohort ranged from 0.85

to -0.2 logMAR (mean: 0.38logMAR) and thus the minimum angle of resolution

(MAR) ranged from 7.15' to 0.63' (mean: 2.59'). In order for the patient with the

most subnormal VA to see one individual dot in the motion test battery, its size

needed to be at least 7.15'. The resulting minimum dot size for the stimulus was

calculated:

2cm on screen = 100 px

1 px = 0.02cm = 0.02◦ (at 57cm distance) = 1.2'MAR

For a MAR of 7.15', the individual dots would have to be at least 6 px (= 0.1◦ /

6') as a 5 px dot size only caters a MAR of 6'.

In order to make sure that a subject was able to see a single dot of a certain size,

an additional ”pre-test” dot size assessment was used. Here, the subject was shown

a black and a white dot of 2.5 px (equivalent of a MAR of 3') each appearing on a

grey background (resulting in a 50% Michelson contrast). The dot was randomly

displaced on the display each second. The dot size was doubled until the subject

could detect the dots successfully. Once the subject was able to detect each of

the dots successfully at a certain dot size, this size was doubled to achieve a supra-

threshold dot size for the subsequent psychophysical tests. For example, if the black

and the white dot were located successfully at a dot size of 2.5 px, the LumiTrackT m

tests were subsequently carried out with dots of 5 px. If the subject was only able

to detect both dots successfully with a 5 px dot size, the psychophysical tasks were

carried out with a dot size of 10 px and so forth. Using supra-threshold values

for dot size ensured that the subject was able to perceive a single dot in the motion

displays, independent of their visual acuity.
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5.5.5.3 Influence of nystagmus on motion perception

As discussed in the previous chapter on VEP stimulation, nystagmus (and there-

fore retinal image blurring) can be a confounding factor in the assessment of visual

function. It has a direct impact on vision through a constant motion of the retinal

image and individuals with nystagmus often show subnormal visual acuity. In the

literature, motion coherence thresholds are not correlated with contrast sensitivity

or visual acuity in 4.5-year-old children with normal vision [231]. Also, visual acu-

ity does not show a link to motion perception thresholds in children [324, 127] and

adults [323] with amblyopia (uni-and bilateral).

These findings suggest that motion processing is largely independent of visual

acuity. A proportion of patients (n= 31/75) in the iCSNB and cCSNB subgroups

showed manifest clinical nystagmus that was mainly horizontal:

• 28x horizontal

• 2x fine rotary

• 1x fine vertical

Most people with nystagmus have a particular head position that results in the

slowest movement of their eyes and therefore better contrast sensitivity - the ”null

point”. While it seems intuitive that a reduction in nystagmus in this position would

in turn favour visual function, minimising the amplitude of the nystagmus waveform

does not necessarily mean an improvement in visual acuity [396]. Further, results

presented in this thesis in Section 2.3.4.1 showed no influence of the presence of

nystagmus on visual spatial resolution in patients with ON-pathway dysfunction.

Visual performance, in fact, seems rather to depend on the alignment and duration

of foveation periods present in an individual's nystagmus waveform [397]. Even

though visual acuity does not seem to be linked to performance in motion perception

tasks, subjects with nystagmus were allowed to watch the stimulus in their naturally

preferred ”null position”. Further, by including the possibility to change dot-size
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in the software and by using supra-threshold dot sizes, it was ensured that the dot

visibility was excluded as a confounding factor.

In the case of motion perception, one could argue further that a constant in-

voluntary retinal image motion might ”adapt” the visual system of an individual

with nystagmus to this particular motion direction. For example, if the subject

has a horizontal nystagmus, and a stimulus with horizontal motion is used for the

psychophysical assessment, the threshold obtained from this individual could be

affected by the nystagmus-related adaptation of his/her visual system. Considering

this, Lappin and colleagues (2009) found subjects with congenital nystagmus to per-

form as well as healthy volunteers in motion perception tasks, as long as the speed

of the dots was above 1 deg/s [398]. Even so, in order to exclude any possibility

of such a confounding ”pre-adaptation” of the visual system in patients with

nystagmus, the option of varying the dot motion direction from left / right to

up / down was included in the coherent motion perception test (Test 1) - where

the detection of dot motion direction was crucial. This allowed some flexibility

in cases where a patient might have nystagmus.

5.5.5.4 Dot density

The density of dots in the stimulus display is an important factor to consider when

creating a random dot display as it influences performance. A value of 32 dots/deg2

was previously reported to result in adult-like motion coherence threshold values in

three year-old children [399]. In order to maintain testing parameters which are

as robust as possible to the variation in age and visual performance encountered in

clinical paediatric care, an equivalent density was used for stimulus presentation in

LumiTrackT m. Further, it was anticipated that children should be able to carry out

the LumiTrackT m tasks from a young age.

Whereas the authors used dots of 1 px in size [399], it was necessary to use

a display of bigger dots for this study in view of very variable visual performance

exhibited by patients with ON-pathway dysfunction. Hence, in order to match the

testing conditions used by Parrish and colleagues [399], the relative dot density was

kept constant when changing dot sizes. This resulted in different dot amounts being



5.5. Methods 249

displayed depending on dot size in order to maintain the ideal dot density:

Dot size [pixel] Amount of dots required to maintain relative density
5 1081

10 541
15 361
20 270

5.5.5.5 Dot lifetime

In order to eliminate the possibility for the subject to track an individual dot over

time and therefore use local motion cues to guess the overall direction of the co-

herent motion used in LumiTrackT m, it was important to limit the time any one dot

was displayed on the screen (its ”lifetime”) [400]. In such a situation, the visual

system is facing a temporal correspondence problem [379] and resulting from this,

the perception of coherent motion is extracted by temporal and spatial integration of

local motion signals [401, 402]. During animation, a new set of signal dots were

randomly chosen to move in the signal direction every 200ms. The noise dots

exhibited the same lifetime but were randomly relocated (similar to the parameter

used previously in dyslexic adults [387] or in autistic children [386]). In order to

avoid all dots disappearing at the same time and thereby interrupting the perception

of coherent motion, the ”renewal moment” for signal and noise dots was temporally

shifted.

5.5.5.6 Stimulus display time

As LumiTrackT m was designed to be mainly used in children, the maturation of

the obtained threshold values was of importance in selecting the stimulus display

time for the tests. The stimulus display time represents the time a subject has, in

order to respond to the stimulus by pressing a key (or verbally). Generally, studies

with limited stimulus display time found a later maturation of motion perception

thresholds than studies using an unlimited display time.

Parrish and colleagues (2005) stated adult-like coherence thresholds from an

age of three to four years using unlimited dot life-time, whereas Atkinson and col-

leagues (2003), as well as Ellemberg and colleagues (2002), using limited dot life-
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times, only confirmed adult-like thresholds in children of five years and older or six

years, respectively [399, 403, 127]. In view of this study's patient cohort age range,

an unlimited stimulus presentation time was chosen9 for LumiTrackT m. A limited

presentation time was considered to be quite difficult to handle for young children,

especially at low signal to noise ratios. I aimed for LumiTrackT m to be useful across

a wide age range and an unlimited stimulus presentation and response time allowed

the tests to be carried out in children from around four years. Making the test easier

to carry out, on the other hand, could have the potential to mask any deficit in pa-

tients to some extent. However, two of the ON-pathway cohort subgroups consisted

of boys with DMD who can have neuromuscular issues and therefore might not be

able to respond quickly. This could introduce abnormalities into the dataset which

would not solely be due to visual impairment.

Ultimately, three different motion domains were targeted with this software,

which required three very distinct visual tasks. While Test 1, detecting coherent

motion direction, might be quickly responded to, especially Test 3 - the biological

motion task - required the subjects to find the point-light-walker in a mask of noise

dots (which can take time, especially in young children) and then making a decision

of the figure's facing direction. In support of this, previous work highlighted the im-

provement in performance with increased display duration [376]. It was considered

most important to allow all subjects to perform at their best and therefore obtain a

true representation of their visual perception through the resulting threshold values.

Hence, stimulus presentation was terminated upon key-press by the subject 10.

9The software gives the opportunity to switch to a limited presentation time if required. This
feature was not used to obtain the data in this study

10While the reaction time of each response was recorded by the software, it was not taken into
account during the data analysis due to the fluctuation of neuromuscular abilities and ages across the
cohort subgroups.
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5.5.5.7 Dot speed

While there is generally little agreement in the literature on which dot speeds favour

early maturation, some valuable conclusions can be derived from work where sev-

eral different dot speeds were compared within the same study. In such studies,

higher thresholds and larger age-related changes were reported for slower speeds

compared to faster ones (for example [404]: 1.5 deg/s vs. 6 and 9 deg/s). This

suggests that higher dot speeds (over 1.5 deg/s) seem to allow for adult-like mo-

tion coherence threshold levels from a younger age and therefore were considered

favourable when testing children.

When taking nystagmus into account, as mentioned earlier, dot speeds under

2 deg/s were associated with elevated global motion coherence thresholds in ob-

servers with congenital nystagmus. Motion thresholds obtained with dot speeds

exceeding this velocity were normal in subjects with nystagmus [398]. As it was

the aim to minimise any influence of nystagmus on motion perception in the patient

cohort, a minimum speed of 2 deg/s was anticipated for the test battery. In order to

maintain a constant set of parameters across the different tests in the LumiTrackT m

software and to minimise developmental effects and potential effects of nystagmus

on motion coherence thresholds, dot speed was kept constant at 5 deg/s.
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5.5.5.8 Stimulus field size and shape

The stimulus field was chosen to be a central square of 13 deg2 containing all noise

and signal dots11. An exception was the stimulus field for the shape from motion

task (Test 2), where it was necessary to display two of these stimulus fields in order

to display two different shapes. In this case, both stimulus fields were squares of 13

deg2.

The size of the field was chosen as it was the biggest field size possible to

be displayed on the laptop screen while maintaining equal field side lengths. The

information of stimulus field size and shape is not always given in the literature but

studies which mention this parameter used field sizes between 7 deg2 and 30 deg2

[386, 378]. The deciding factor for these sizes seemed to be mostly the available

screen size, similar to the situation in this study.

Equal side length for the stimulus field was selected because of the ease of

calculating dot density, as well as having a symmetric stimulation across the visual

field of a subject12.

11When viewed at a distance of 57cm.
12This means, the same visual field area is stimulated in all directions when fixating the centre of

the stimulus display.
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5.5.6 Laptop specifications

5.5.6.1 Dell Latitude E7240

Resolution: 1366x768px

Screen size: Width 28cm, Height 15.6cm, Diagonal 31.75cm

Screen type: LCD

Screen refresh rate: 60Hz

sRGB gamma: 1.0 (factory default)

Processor: Intel core i7-4600U vPro

Memory: 8GB

Hard Drive: 256 Solid State Drive

Video Card: Intel HD Graphics 4400

5.5.6.2 Output luminance and stimulus contrast

The output luminance was linked to the absolute RGB values used when program-

ming the stimuli. The following values are the minima and maxima of the laptop

output luminances with screen brightness at the highest level. Care was taken to

remove or disable any in-built adaptive brightness processes which could have an

influence on output luminance.

Stimulus luminance range:

12.1 cd/m2 (black, RGB value 0) - 169.8 cd/m2 (white, RGB value 255)

Stimulus background luminance for contrast sensitivity tasks:

56.6 cd/m2 (mid grey, RGB value 128)

The resulting maximum Michelson contrast values for the stimulus display were:

Stimulus Michelson contrast

Black stimulus + white background

White stimulus + black background 86.7%

Black stimulus + grey background 64.7%

White stimulus + grey background 50.0%
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5.5.7 Summary

The psychophysical tests were designed to keep parameters constant across all test

conditions as far as possible. This was considered critical, as published studies

applying motion psychophysical tasks vary considerably in parameter choice both

within and across studies which causes a great variation in absolute threshold values

obtained. Constancy of key parameters facilitates subsequent comparison across the

test battery and allows a hierarchical assessment of motion and contrast sensitivity

of motion within a subject.

LumiTrackT m aimed at assessing different domains of motion and contrast vi-

sion in a manner of increasing complexity of the stimulus and cortical target. Four

different domains of visual processing were incorporated in the test battery. These

are listed below in increasing complexity. Figure 5.8 shows a schematic of the cor-

tical targets of each individual test.

• The coherent motion task requires the integration of local motion cues into

global motion (Figure 5.2)

• The shape from motion task requires both local motion integration and pro-

cessing of implied form information (Figure 5.3).

• The biological motion task additionally requires integration from basic vi-

sual motion perception along with top-down social cognition (Figures 5.4 and

5.5).

• The assessment of the contrast sensitivity of these three motion tasks was a

novelty in the approach. To the author's knowledge, this had not been eval-

uated previously and was anticipated to assess the impact of ON-pathway

dysfunction on vision more selectively.
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Figure 5.8: The cortical targets of the LumiTrackT m test battery are indicated. Taken from
[22] and altered.
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A short summary of the parameters applied in the LumiTrackT m psychophys-

ical test battery is given below. The protocol that was followed for testing is dis-

played in Figure 5.913.

• Adaptive 3down/1up staircase with decreasing step-size over 10 reversals

• Changeable dot size according to individual needs of the subject

• Dot density relative to 32 dots/deg2

• Dot lifetime of 200ms after which each dot gets randomly replaced

• Stimulus display time until key-press

• Dot speed of 5 deg/s

• Square stimulus field of 13deg2 viewed from 57cm distance

13While the pre-test dot detection task was always carried out before the actual testing began, the
order of Tests 1, 2 and 3 was always kept random.
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Figure 5.9: The protocol utilised for psychophysical testing with LumiTrackT m.
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This unique battery of perceptual tasks of increasing complexity aimed to de-

lineate motion perception and contrast sensitivity impairments that result from reti-

nal ON-pathway dysfunction. A novelty in this approach was the addition of a con-

trast sensitivity assessment in moving stimuli, as well as keeping a constant set of

parameters across the assessment of different motion and contrast vision domains.

The motion tasks were similar to those previously used by others in the field with the

advantage of consistent integrated parameters across all the tests in LumiTrackT m.

This allowed a cohort-wide comparison of motion and contrast vision in patients

with retinal ON-pathway dysfunction. The next step after design and development

of the LumiTrackT m software was to validate its functionality in healthy volunteers

of all ages, which is discussed in the next section (5.6.1).
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5.6 Results

5.6.1 Healthy volunteers

After design and implementation of a psychophysical test, the validation of its func-

tionality is a crucial step. LumiTrackT m was trialled in a cohort of 150 healthy vol-

unteers14 (median age: 10 years, range: 4 - 50 years) who were recruited mostly

from local schools via Coram's Fields Playground in London15, as well as Brent-

wood Preparatory School in Essex16. A detailed analysis of the results obtained

from this cohort is outlined in the following sections.

14This number represents the total amount of healthy volunteers who carried out at least one of the
LumiTrackT m tests. Detailed subject participation numbers for each individual test are mentioned in
the corresponding sections.

15www.coramsfields.org.uk
16www.brentwoodschool.co.uk
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5.6.1.1 A guide to data presentation

Before presenting the results obtained from healthy volunteers and their analysis, I

want to explain how these data were derived and treated before graphical represen-

tation:

• Motion perception was always assessed at a 100% contrast, either positive

(white dots on black ground) or negative (black dots on white ground). In or-

der to obtain a value representing the motion perception performance of each

subject, the adaptive staircase method discussed in section 5.5.5.1 was used.

The resulting value from the average of the last eight reversals, represented

the individual motion threshold of a subject. In the case of Tests 1 (Coherent

motion) and 2 (Shape from motion), the lower this threshold value was, the

better was the performance. This meant for Test 1, requiring less signal dots

(a lower signal / noise ratio) in order to correctly perceive coherent motion

of dots in one direction. For Test 2, a lower threshold value signified requir-

ing less signal dots to make up a shape, but still being able to distinguish the

square and the diamond. The inverse was true for Test 3 (Biological motion),

where a higher threshold translated into tolerating a higher amount of noise.

• The outcome of the contrast sensitivity assessment was a range of values for

each subject17, which represented the dot vs. background contrasts, which

were too low for the subject to perceive (in positive and negative contrast

spectra). If the contrast was increased so much as to lie outside this range, the

individual was able to reliably perceive the stimulus again.

• The following sections provide empirical validation of the parameter choice

discussed earlier, as well as giving an overview over the actual motion and

contrast sensitivity values obtained from healthy volunteers.

17The way this was obtained is explained in more detail in section 5.5.4.
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5.6.1.2 Visual acuity does not influence motion threshold

Although parametrically it was ensured that visual acuity (VA) and dot size should

not be a barrier or influence thresholds, it was subsequently empirically demon-

strated in the study cohort of healthy controls. This was important as patients with

ON-pathway dysfunction can display a great range of visual acuities and exclusion

of VA as having an effect on these visual functions would make the results obtained

with the LumiTrackT m software more reliable18.

The visual acuity of all subjects in the control cohort was assessed by using

a 3m Keeler LogMAR Crowded Test (Keeler Ltd. Windsor, England) prior to the

psychophysical tasks and each subject had a best corrected visual acuity with both

eyes viewing appropriate for their age (median VA BEO: -0.075logMAR , range:

-0.275 - +0.35logMAR). Figure 5.10 displays the motion threshold values of all sub-

jects linked with their respective visual acuity. The regression analysis of the data

showed very low adjusted R2 values for all three tests and additionally very similar

values for 100% positive and negative contrast stimulation (Test 1: positive contrast

= 0.19, negative contrast = 0.24; Test 2: positive contrast = 0.02, negative contrast

0.05; Test 3: positive contrast = 0.28, negative contrast = 0.27). This indicates a

large spread in the threshold data. In addition, no influence of contrast (positive

or negative contrast) was observed, giving a very similar data point distribution for

both conditions19.

As expected from parameter choice, no influence of visual acuity on threshold

values could be observed when comparing the correlations across tests. The reason

for this is most likely the relatively big spread of the data. This analysis does not

include the age of the participants and hence possibly influences the data spread.

Visual acuity is known to mature until up to six years of age (see for example [116])

but can be adult-like already earlier in life (for example [113, 99]). While the control

cohort sampled many children from the age of around six to seven years onward,

fewer children of the ages four to five were tested with LumiTrackT m. Additionally,

18Further, in Section 2.3.4.1 of this thesis, an influence of nystagmus on VA in patients was not
observed.

19The effect of the different contrast conditions will be discussed in section 5.6.1.5



5.6. Results 262

Figure 5.10: Scatter plot of motion perception thresholds for all three LumiTrackT m tasks
for positive (red symbols) and negative (black symbols) contrast conditions
across binocular visual acuities. Linear fits were added to the data.

motion perception is expected to be subject to a developmental improvement in

threshold levels in the first years of life (see for example [399]). The data obtained

in this study cohort confirms such a maturation in young children. It is possible

that the few subjects displaying a lower visual acuity (but still well within expected

limits), as well as a poorer motion threshold value are younger children and thus

the relationship of age and VA, as well as age and motion threshold skews the data

slightly. Nonetheless, this skewing is not enough to derive a good coefficient of

determination (adjusted R2), and therefore a causative relationship, between VA

and motion perception from these data. This finding is in line with previous reports

suggesting no correlation for VA values and motion thresholds in human subjects

(for example [231]).
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5.6.1.3 Dot size does not influence motion threshold

During the design stage of LumiTrackT m, care was taken to be aware of the mini-

mum dot size required for visibility after taking into account the visual acuity values

in the patient cohort. Moreover, the software included a pre-test assessment of dot

visibility and the dot size used during the psychophysical tasks could be changed

accordingly. Hence, it was important to know whether the use of different dot sizes

influenced the thresholds obtained. In order to investigate this, several subjects

agreed to carry out the LumiTrackT m tests using dot sizes ranging from 1 px to 20

px. Figures 5.11 and 5.12 present the results of this investigation.

Figure 5.11: All three motion perception tests were carried out by healthy volunteers with
dot sizes ranging from 1 px to 20 px (Test 1/coherent motion task: n= 14, Test
2/shape from motion task: n= 7, Test 3/biological motion task: n= 8). No data
was obtained for dot sizes 15 px and 20 px for Test 2. Boxes give Max and
Min (-), Mean (square), Median (line inside the boxes), 99% and 1% (x), as
well as 75% and 25% (margins of the boxes) percentiles.
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Figure 5.12: All three contrast sensitivity of motion perception tests were carried out by
healthy volunteers with dot sizes ranging from 1 px to 20 px (Test 1/coherent
motion task: n= 6, Test 2/shape from motion task: n= 6, Test 3/biological
motion task: n= 10). No data was obtained for dot sizes 15 px and 20 px
for Test 2. Boxes give Max and Min (-), Mean (square), Median (line inside
the boxes), 99% and 1% (x), as well as 75% and 25% (margins of the boxes)
percentiles.
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No significant difference in motion threshold values was obtained when using

dots of different sizes (One-way ANOVA with Tukey means comparison: Test 1:

p>0.1 for all conditions; Test 2: p>0.2 for all conditions; Test 3: p>0.5 for all

conditions). Neither an analysis of the contrast sensitivity ranges across all three

tests delivered a significant influence of dot size (One-way ANOVA with Tukey

means comparison: Test 1: p>0.05 for all conditions; Test 2: p>0.4 for all condi-

tions; Test 3: p>0.1 for all conditions). This supports a comparability of threshold

values obtained from subjects who required the use of different dot sizes in their

assessments.
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5.6.1.4 No influence of dot motion direction

It was possible to change the dot motion direction between horizontal and vertical

in the coherent motion task (Test 1), in order to be flexible in cases where patients

with nystagmus were assessed20. Being able to discriminate coherent motion direc-

tion was crucial for successful performance of this task. As the effect of a retinal

ON-pathway dysfunction on coherent motion perception was intended to be subse-

quently assessed in the patient subgroups, it was important to exclude any effects

inflicted by dot motion direction on threshold values. Figure 5.13 shows a compar-

ison of threshold values of different dot motion directions across the whole healthy

volunteer cohort (nhorizontal = 65, nvert ical= 75).

Figure 5.13: Coherent motion thresholds were obtained to horizontal and vertical dot mo-
tion direction and then compared. Boxes give Max and Min (-), Mean
(square), Median (line inside the boxes), 99% and 1% (x), as well as 75%
and 25% (margins of the boxes) percentiles.

20As discussed in the Methods (Section 5.5.5.3), nystagmus can be a confounding factor in vision
testing but is not thought to influence motion perception assessed using random dot displays for dot
speeds above 2 deg/s.
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Statistical analysis of the data revealed no difference between the two condi-

tions, confirming no influence on dot motion direction on coherent motion percep-

tion in healthy observers (Two sample t-test: p= 0.55). This allowed subsequent

pooling of results obtained from Test 1 to either dot motion direction for healthy

controls. Further, a comparison of results obtained from patients to different dot

motion options was supported by this empirical evidence that dot motion direction

does not influence thresholds obtained.
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5.6.1.5 Different contrast conditions do not influence motion thresh-

old and contrast sensitivity

The LumiTrackT m software was developed to assess motion perception and contrast

sensitivity in children with ON-pathway dysfunction. An important feature included

for this reason was the ability to test perception for positive and negative contrast

conditions separately. In order to be able to analyse and compare ON and OFF

systems in the patient cohort, it was important to assess their relationship in healthy

volunteers. This gave an insight into the contributions of ON-and OFF-pathways to

the perception of these visual functions. For this purpose, the results from positive

contrast stimulation for motion and contrast sensitivity tests were compared to the

results obtained from negative contrast stimulation. The results are presented in

Figures 5.14 and 5.15.

Results across all three tests were remarkably similar (One-way ANOVA and

Tukey means comparison: Test 1: p= 0.54, Test 2: p= 0.45, Test 3: p= 0.48),

suggesting a comparable perception of positive and negative contrast displays in

healthy observers (Figure 5.14). When comparing the contrast sensitivity of the ON

and OFF systems (see Figure 5.15) a similar picture emerged (One-way ANOVA

and Tukey means comparison: Test 1: p= 0.27, Test 2: p= 0.27, Test 3: p= 0.22).

This highlights that these qualities conveyed via ON-and OFF-pathways are thought

to be perceived equally.
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Figure 5.14: The motion threshold values for all three tests are shown (Test1: coherent mo-
tion task, Test 2: shape from motion task, Test 3: biological motion task). The
values obtained from negative (black boxes) and positive (red boxes) contrast
conditions are compared. Boxes give Max and Min (-), Mean (square), Me-
dian (line inside the boxes), 99% and 1% (x), as well as 75% and 25% (mar-
gins of the boxes) percentiles.Boxes give Max and Min (-), Mean (square),
Median (line inside the boxes), 99% and 1% (x), as well as 75% and 25%
(margins of the boxes) percentiles. Test 3 displays higher threshold values, as
in this case, a higher threshold translated into a higher tolerance to noise in
the biological motion display.
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Figure 5.15: The relative contrast sensitivity ranges for all three tests are shown (Test 1/co-
herent motion task: n= 106; Test 2/shape from motion task: n= 111, Test
3/biological motion task: n= 102). The ranges of Michelson contrast required
to successfully execute the tasks in negative (black boxes) and positive (red
boxes) contrast conditions are compared. Boxes give Max and Min (-), Mean
(square), Median (line inside the boxes), 99% and 1% (x), as well as 75% and
25% (margins of the boxes) percentiles.
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5.6.1.6 No training effect

An influence on results in psychophysical testing and the relationship between pos-

itive and negative contrast stimulation could come from the subjects displaying a

change in performance over time due to a training effect. A training effect de-

scribes an improvement in performance as a result of repeated carrying out of the

tests or due to carrying out the tests in a specific order which has a beneficial ef-

fect on performance. In order to investigate this possibility, the data obtained from

healthy volunteers were analysed taking into account whether the positive or neg-

ative contrast condition was carried out first21. The results from this are shown in

Figure 5.16. From this analysis, no statistically significant difference was observed

(One-way ANOVA with Tukey means comparison: Test 1: p>0.1 for both con-

ditions; Test 2: p>0.3 for both conditions; Test 3: p>0.05 for both conditions).

This suggests that the results obtained from the LumiTrackT m test battery are not

influenced by a training effect or by the presentation order of contrast condition.

21During data acquisition, positive and negative contrast conditions were always assessed in a
random order.
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Figure 5.16: All three tests were compared taking into account the testing order with ei-
ther the negative contrast condition first or the positive contrast condition first
(Test1: coherent motion task, Test 2: shape from motion task, Test 3: biolog-
ical motion task). Boxes give Max and Min (-), Mean (square), Median (line
inside the boxes), 99% and 1% (x), as well as 75% and 25% (margins of the
boxes) percentiles. Test 3 displays higher threshold values, as in this case, a
higher threshold translated into a higher tolerance to noise in the biological
motion display.



5.6. Results 273

5.6.1.7 Age-dependent improvement in performance - motion

After not finding any significant effects of several parameters on motion threshold

and contrast sensitivity values obtained by using the LumiTrackT m in healthy vol-

unteers, the maturation of performance was investigated. In the literature, motion

perception is suggested to change considerably with age, as the visual system is sub-

ject to maturation. This is also evident in other measures of visual function, such as

visual acuity or the waveform of the VEP. For this reason, when recruiting healthy

individuals for the validation of LumiTrackT m, care was taken to collect data from

subjects across a wide age range (from 4 to 50 years of age). The threshold values

of these subjects were plotted against their ages and the results are shown in Figures

5.17 - 5.19. In each graph, the results to positive and negative contrast, representing

ON-and OFF-pathway processing, are shown next to each other for comparison.

The amount of subjects who carried out the individual tests is included in the figure

captions. This analysis gave an indication of the influence of age and the symmetry

of ON and OFF processing in healthy individuals.
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Figure 5.17: The two graphs display the development of coherent motion threshold values
with age in the cohort of healthy volunteers. Thresholds were obtained to
either horizontal or vertical dot motion. Each individual subject is indicated
by a black, upside-down triangle. Also shown are the group mean (straight
red line), 95% confidence interval (CI, dark red band) and 95% prediction
interval (PI, light red band). The 95% CI indicates how well the group mean
is chosen to represent the data, the 95% PI predicts the spread of 95% of the
data. The results for positive contrast stimuli are given on the left (n= 101),
the negative contrast results on the right (n= 101). The lower the value, the
better the performance in this task (i.e. the fewer dots are needed to perceive
a coherent motion in one direction).
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Figure 5.18: The two graphs display the development of shape from motion threshold val-
ues with age in the cohort of healthy volunteers. Each individual subject is
indicated by a black, upside-down triangle. Also shown are the group mean
(straight red line), 95% confidence interval (CI, dark red band) and 95% pre-
diction interval (PI, light red band). The 95% CI indicates how well the group
mean is chosen to represent the data, the 95% PI predicts the spread of 95%
of the data. The results for positive contrast stimuli are given on the left (n=
93), the negative contrast results on the right (n= 99). The lower the value, the
better the performance in this task (i.e. the fewer dots are needed to make up
a shape, while still being able to distinguish the shapes reliably).
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Figure 5.19: The two graphs display the development of biological motion threshold val-
ues with age in the cohort of healthy volunteers. Each individual subject is
indicated by a black, upside-down triangle. Also shown are the group mean
(straight red line), 95% confidence interval (CI, dark red band) and 95% pre-
diction interval (PI, light red band). The 95% CI indicates how well the group
mean is chosen to represent the data, the 95% PI predicts the spread of 95%
of the data. The results for positive contrast stimuli are given on the left (n=
97), the negative contrast results on the right (n= 106). The higher the value,
the better the performance in this task (i.e. the more noise dots are tolerated).
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There was a clear effect of age on the motion thresholds obtained in this control

group. In all three tests, an improvement of performance with age was seen. This

was true for positive, as well as negative contrast conditions. According to the data

obtained in Test 1, an adult-like motion coherence threshold of 7% can be obtained

from the age of 7 - 9 years (Figure 5.17). The data ranges from a minimum of 2%

to a maximum of 27% with the ”cut-off” for the 95% prediction interval (PI) being

at a threshold of around 18%. Figure 5.18 displays the thresholds of subjects from

the shape from motion task plotted against age. These data show wider ranges (for

example: Min: 2% to Max: 63% in a 7 year old subject) until around 8 years

of age, where the data spread narrows and an adult-like threshold of around 10%

between the ages of 9 - 10 years is reached. According to these results, the upper

limit of the 95% PI lies at around 28 - 30%. The data displayed in Figure 5.19

represents the biological motion threshold values for each subject plotted against

age. Adult-like threshold levels here are reached slightly later than for the previous

two tests and begin from around 10 - 12 years of age. However, for this test, the

data generally show a much wider range from 15% (for children of 5-6 years) to

100% noise dots tolerated. This spread narrows somewhat as subject get older, with

adult threshold values only varying from 30% to 100%. The lower limit of the 95%

PI for Test 3 lay at around 53 - 55%.

Several studies have assessed motion coherence thresholds in the past but there

is a high variation of parameters across studies, making absolute threshold value

comparison difficult. Examples for this variability are dot speed - Taylor and col-

leagues (2009) applied a dot speed of 18 deg/s, while Cornelissen and colleagues

(1995) applied 2.5 deg/s, or dot density - Parrish and colleagues (2005) used a

density of 32 dots/deg2, whereas Spencer and colleagues (2000) used a mere 4

dots/deg2 [395, 126, 399]. This diversity in parameter choice resulted in very dif-

ferent motion thresholds obtained from subjects. Moreover, studies employing more

than one motion test (for example motion coherence alongside biological motion)

mostly failed to keep comparable parameters across the different tests. Nonethe-

less, the maturation of threshold values is comparable across studies. The majority
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of studies comparing different age groups found an improvement of thresholds with

age, with adults performing best. In order to compare the findings in the cohort

of healthy volunteers with maturation curves suggested in the literature, Figures

5.20 - 5.22 show the data collected in this study compared to existing findings from

different studies employing similar motion threshold assessments. For ease of pre-

sentation, only the results for positive contrast stimuli were compared, as threshold

values and maturation were comparable between positive and negative contrast con-

ditions for LumiTrackT m.

Figure 5.20: The graph displays the development of coherent motion threshold values with
age in the cohort of healthy volunteers overlaid with values from the literature.
Values obtained from the literature are squares of different colours, values
obtained in this study are faded. Also shown are the group mean (straight red
line), 95% confidence interval (CI, dark red band) and 95% prediction interval
(PI, light red band) obtained from the results in this study.
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Figure 5.21: The graph displays the development of shape from motion threshold values
with age in the cohort of healthy volunteers overlaid with values from the liter-
ature. Values obtained from the literature are squares of different colours, val-
ues obtained in this study are faded. Also shown are the group mean (straight
red line), 95% confidence interval (CI, dark red band) and 95% prediction
interval (PI, light red band) obtained from the results in this study.
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Figure 5.22: The graph displays the development of biological motion threshold values
with age in the cohort of healthy volunteers overlaid with values from the liter-
ature. Values obtained from the literature are squares of different colours, val-
ues obtained in this study are faded. Also shown are the group mean (straight
red line), 95% confidence interval (CI, dark red band) and 95% prediction
interval (PI, light red band) obtained from the results in this study.
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The motion threshold maturation observed in this study agrees well with the

trajectories described in the literature. For Test 1, adult-like motion coherence

thresholds are observed in subjects from 8 - 9 years (Figure 5.20). This is in agree-

ment with other studies that even show overall more elevated motion coherence

thresholds (for example [399, 378]), where adult-like threshold values are reached

at around 9 - 10 years of age. Previous work studying shape from motion thresh-

olds in healthy subjects is scarce; however, there are two studies who applied a

shape from motion stimulus, showing a similar trend of a decreasing of the thresh-

old with age (Figure 5.21) [405, 399]. All reported values fall within the range of

values obtained in this study and show a similar trend of maturation. Most already

existing data for biological motion tests point at a rather long developmental trajec-

tory (for example [406]). The previously published data fall into a similar range as

the control data collected in this study (Figure 5.22).

Overall, the threshold values obtained with LumiTrackT m from a cohort of

healthy volunteers improved with age and agree well with the trajectories reported

in previous studies using similar psychophysical tasks. The difference in absolute

threshold values across studies is most likely due to the application of different

testing parameters. LumiTrackT m, however, is the first software to employ three

assessments of different motion qualities of increasing complexity, while keeping

the stimulus parameters constant.
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5.6.1.8 Task-dependent changes in performance - contrast sensitiv-

ity

The value ranges for the contrast sensitivity of motion perception did not fluctuate

much with age. A slight narrowing of the range (i.e. needing a lower stimulus to

background contrast in order to correctly perform the test) with increasing age was

seen in Test 2, but the difference was minimal. However, it appeared that subjects

required the stimulus to have different Michelson contrasts, depending on which

test was carried out. The subjects required least contrast for correct execution of

Test 1 and most for Test 3, with Test 2 requiring an intermediate contrast. Figure

5.26 highlights these findings, while Figures 5.23 - 5.25 show the obtained contrast

sensitivity ranges for each task.
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Figure 5.23: The graph shows the maturation of contrast sensitivity of coherent motion
perception. Subjects (n= 99) were pooled by age. Displayed is the Michel-
son contrast range (positive and negative) for which the subjects could not
perceive the stimulus. When using a higher (positive or negative) contrast
value for the stimuli, the subjects were able to reliably give the correct an-
swer. Boxes give Max and Min (-), Mean (square), Median (line inside the
boxes), 99% and 1% (x), as well as 75% and 25% (margins of the boxes)
percentiles.
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Figure 5.24: The graph shows the maturation of contrast sensitivity of shape from motion
perception. Subjects (n= 101) were pooled by age. Displayed is the Michel-
son contrast range (positive and negative) for which the subjects could not
perceive the stimulus. When using a higher (positive or negative) contrast
value for the stimuli, the subjects were able to reliably give the correct an-
swer. Boxes give Max and Min (-), Mean (square), Median (line inside the
boxes), 99% and 1% (x), as well as 75% and 25% (margins of the boxes)
percentiles.
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Figure 5.25: The graph shows the maturation of contrast sensitivity of biological motion
perception. Subjects (n= 91) were pooled by age. Displayed is the Michel-
son contrast range (positive and negative) for which the subjects could not
perceive the stimulus. When using a higher (positive or negative) contrast
value for the stimuli, the subjects were able to reliably give the correct an-
swer. Boxes give Max and Min (-), Mean (square), Median (line inside the
boxes), 99% and 1% (x), as well as 75% and 25% (margins of the boxes)
percentiles.
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Figure 5.26: This summary graph shows the maturation of contrast sensitivity of coherent,
shape from motion, as well as biological motion perception. Ranges for all
tests are overlaid for comparison (Test 1: light blue; Test 2: mid-blue; Test 3:
dark blue). Subjects were pooled by age. Displayed are the Michelson con-
trast ranges (positive and negative) for which the subjects could not perceive
the stimulus. When using a higher (positive or negative) contrast value for the
stimuli, the subjects were able to reliably give the correct answer. Boxes give
Max and Min (-), Mean (square), Median (line inside the boxes), 99% and 1%
(x), as well as 75% and 25% (margins of the boxes) percentiles.
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5.6.1.9 Summary

After validation of the software in a large cohort of healthy volunteers and a thor-

ough analysis of the influence of different parameters on the results, age was found

to impact motion perception greatly. When comparing the maturation trajectory

of values from this study to other publications assessing similar visual functions,

a good agreement of the development of performance was observed. From these

results, normative data ranges for each test were derived. The results obtained from

patients with ON-pathway dysfunction were subsequently compared to these ranges

for positive and negative contrast conditions separately.
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5.6.2 Clinical outcome - patient cohorts

After successfully trialling and validating the LumiTrackT m psychophysical test

battery in healthy volunteers and obtaining an reference data set covering a wide

age-range, the impact of a retinal ON-pathway dysfunction on visual perception

was assessed in the clinical cohort. Upon attendance of a patient in clinic for VEP

recordings, the option of carrying out the LumiTrackT m test battery was mentioned

and the results of the assessments of those patients who agreed to participate are

described below22.

5.6.2.1 Abnormal motion perception in patients

The investigation of a potential impact on higher cortical processing and perception

of the asymmetry of ON and OFF signalling at the visual cortex described in the

previous chapter, was assessed using a psychophysical test battery. Motion percep-

tion was one visual function hypothesised to be affected by such an imbalance in

human subjects with retinal ON-pathway dysfunction. How patients from the clini-

cal cohort performed in the newly designed LumiTrackT m hierarchical motion tasks

is laid out in Figures 5.27 - 5.29.

22In order to avoid an ascertainment bias in the selection of patients carrying out the novel tests,
all patients over an age of 3yrs who agreed to take part in the study were approached to carry out the
psychophysical tests.
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Figure 5.27: The normative data ranges for positive and negative contrast conditions ob-
tained from healthy volunteers in the coherent motion task (Test 1) are over-
laid by individual data points derived from patients (positive contrast: n= 42,
negative contrast: n= 42). Triangles represent individual patients (blue = cC-
SNB, red = iCSNB, green = ?CSNB, black = DMD pre exon 30, grey = post
exon 30, pink = PMM2-CDG). The normative data ranges comprise group
mean (straight red line), 95% confidence interval (CI, dark red band) and 95%
prediction interval (PI, light red band). The lower the value, the better the
performance in this task (i.e. the fewer dots were needed to perceive a co-
herent motion in one direction). As mentioned in Section 5.6.1.4, dot motion
direction was always selected to be orthogonal to a patient's nystagmus wave-
form. As dot motion direction was not shown to influence the coherent motion
threshold, these data were pooled for display.
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Figure 5.28: The normative data ranges for positive and negative contrast conditions ob-
tained from healthy volunteers in the shape from motion task (Test 2) are
overlaid by individual data points derived from patients (positive contrast: n=
41; negative contrast: n= 43) Triangles represent patients (blue = cCSNB,
red = iCSNB, green = ?CSNB, black = DMD pre exon 30, grey = post exon
30, pink = PMM2-CDG). The normative data ranges comprise group mean
(straight red line), 95% confidence interval (CI, dark red band) and 95% pre-
diction interval (PI, light red band). The lower the value, the better the perfor-
mance in this task (i.e. the fewer dots were needed to make up a shape, while
still being able to distinguish the shapes reliably).
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Figure 5.29: The normative data ranges for positive and negative contrast conditions ob-
tained from healthy volunteers in the biological motion task (Test 3) are over-
laid by individual data points derived from patients (positive contrast: n= 46;
negative contrast: n= 45). Triangles represent patients (blue = cCSNB, red =
iCSNB, green = ?CSNB, black = DMD pre exon 30, grey = post exon 30, pink
= PMM2-CDG). The normative data ranges comprise group mean (straight
red line), 95% confidence interval (CI, dark red band) and 95% prediction in-
terval (PI, light red band). The higher the value, the better the performance in
this task (i.e. the more noise dots were tolerated).

Patients with ON-pathway dysfunction showed an overall poorer motion per-

ception compared to healthy volunteers of the same age. This became clear when

acknowledging how many of the patients' data points fell out of the normative data

range. When assessing coherent motion perception, most patients displayed severe

difficulties to correctly complete the task when the signal to noise ratio was below

0.2 (or 20% coherence). Seventy-six percent of patients showed an abnormal mo-

tion perception threshold in the positive contrast condition (32 out of 42), while the

negative contrast condition yielded 71% (30 out of 42) with values lying outside

the normative 95% prediction interval23. A wider normative data range resulted in

lower percentage values obtained from the shape from motion task. When shapes

23Patients who displayed nystagmus were shown the stimulus with a dot motion direction or-
thogonal to their nystagmus waveform wherever possible. For example, a patient with a horizontal
nystagmus was shown the dots moving vertically across the screen.
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were displayed with white dots on black ground (positive contrast), 54% of patients

(22 out of 41) showed an abnormal performance, while for the opposite condition

(negative contrast) this value rose slightly to 58% (25 out of 43). Following the

hierarchy of motion testing, an even wider normative data range led to the lowest

amount of patients with an abnormal result in the biological motion task. In the

positive contrast condition only 33% (15 out of 46) of patients showed an atypi-

cal threshold value, while only 27% (12 out of 45) did so in the negative contrast

condition.

While these results suggest that a retinal ON-pathway dysfunction can have an

impact on motion perception and that this impact varies with the motion domain

assessed, a more detailed picture of clinical impact could be obtained by separating

these results into the patient subgroups. An overview of how these results translated

into the patient subgroups is shown in Table 5.1.

Test cCSNB iCSNB DMD pre
exon 30

DMD post
exon 30

PMM2-
CDG

1 positive 73%
(14/19)

88%
(15/17)

0% (0/2) 0% (0/2) 100%
(3/3)

1 negative 80%
(16/20)

63%
(10/16)

0% (0/2) 0% (0/2) 67% (2/3)

2 positive 55%
(11/20)

53%
(8/15)

0% (0/2) 0% (0/2) 100%
(3/3)

2 negative 62%
(13/21)

63%
(10/16)

0% (0/2) 0% (0/1) 67% (2/3)

3 positive 55%
(11/20)

6% (1/17) 50% (1/2) 0% (0/3) 100%
(3/3)

3 negative 33%
(7/21)

12%
(2/17)

0% (0/2) 0% (0/3) 100%
(3/3)

Table 5.1: The table gives an overview of how sensitive the LumiTrackT m motion tests were
in picking up abnormalities. An abnormality was defined as a threshold value
which fell outside the normative data range 95% prediction interval. Not all
patients carried out all tests, therefore the absolute amount of abnormal results
is given alongside the percentage.
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While the overall picture remained the same when analysing the results of

the ON-pathway dysfunction subgroups in more detail, coherent motion percep-

tion (Test 1) provided the most problems in almost all subgroups, big differences

between the subgroups emerged. These were akin to the differences between sub-

groups observed in electrophysiological VEP responses. Both CSNB subgroups

contained the most patients with abnormal threshold values, suggesting a more sig-

nificant impact on motion perception in these patients. Also, patients with PMM2-

CDG showed severely abnormal threshold values. Most boys with DMD, in con-

trast, displayed completely normal motion perception performances across all three

tests and both contrast conditions. Only one DMD patient (Pat99) with a mutation

pre exon 30 obtained an abnormal threshold to the biological motion task when

carried out with positive contrast.

Figure 5.30: The motion threshold values of all patients of the ON-pathway dysfunction
cohort for all three tests are shown. The values obtained from negative (black
boxes) and positive (red boxes) contrast conditions are compared. Boxes give
Max and Min (-), Mean (square), Median (line inside the boxes), 99% and 1%
(x), as well as 75% and 25% (margins of the boxes) percentiles. Boxes give
Max and Min (-), Mean (square), Median (line inside the boxes), 99% and 1%
(x), as well as 75% and 25% (margins of the boxes) percentiles.
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When comparing the influences of ON and OFF systems on motion perception

in the patients, surprisingly, no contrast condition seemed to be primarily affected

with the abnormality values fluctuating across tests and clinical subgroups (see Fig-

ure 5.30). Upon matching threshold values of all patients from positive and negative

contrast conditions - as done previously for the healthy volunteers - no significant

difference was found (One-way ANOVA and Tukey means comparison: Test 1:

p>0.9; Test 2: p>0.8; Test 3: p>0.08)24. Even when removing data obtained

from boys with DMD from the analysis, as they showed a performance on par with

healthy controls, no significance was reached25. Comparing these results with those

of healthy volunteers, one could observe that group thresholds increased for Tests 1

and 2, and decreased for Test 3, illustrating the hierarchical decline in motion per-

ception performance due to ON-pathway dysfunction. Further, the data were more

spread with patients showing a greater range of motion perception thresholds in all

tests.

24Scatter plots of the patients' motion thresholds comparing performance of positive and negative
contrast conditions within individual patients can be found in the appendix. No obvious influence of
either contrast condition on the data could be found, as data points were fairly spread.

25These data can be found in the appendix.
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5.6.2.2 Abnormal contrast sensitivity of motion processing in pa-

tients

After abnormal ON and OFF signalling at the level of the visual cortex was shown

to affect motion perception, it was investigated whether a retinal ON-pathway dys-

function was also associated with an impaired contrast sensitivity of motion. Fig-

ures 5.31 - 5.33 show the ranges of Michelson contrast needed by patients, in order

to perceive the stimuli during the LumiTrackT m contrast sensitivity assessments.

For representation purposes, the ranges of individual patients are displayed as a dot

for the negative contrast and one for the positive contrast value. If these fell outside

the value ranges obtained from healthy volunteers (black boxes), they were consid-

ered ”abnormal” and the patient regarded as having an abnormal contrast sensitivity

of motion. An overview over the the prevalence of abnormal contrast sensitivity

performance across the three tests is given in Table 5.2.

Test cCSNB iCSNB DMD pre
exon 30

DMD post
exon 30

PMM2-
CDG

1 positive 67%
(14/21)

58%
(11/19)

0% (0/3) 0% (0/2) 100%
(3/3)

1 negative 76%
(16/21)

63%
(12/19)

0% (0/3) 0% (0/2) 67% (2/3)

2 positive 86%
(18/21)

65%
(11/17)

0% (0/3) 0% (0/2) 100%
(3/3)

2 negative 100%
(21/21)

71%
(12/17)

33% (1/3) 0% (0/2) 100%
(3/3)

3 positive 95%
(20/21)

84%
(16/19)

0% (0/3) 0% (0/3) 100%
(3/3)

3 negative 81%
(17/21)

68%
(13/19)

33% (1/3) 0% (0/3) 100%
(3/3)

Table 5.2: The table gives an overview of how sensitive the LumiTrackT m contrast sensitiv-
ity measures were in picking up abnormalities. An abnormality was defined as
a contrast value which fell outside the normative data range 95% prediction in-
terval (i.e. where a patient required more contrast in order to perceive a stimulus
and correctly complete the task). Not all patients carried out all tests, therefore
the absolute amount of abnormal results is given alongside the percentage.
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Figure 5.31: The graph shows the ranges of contrast for stimulus vs background which the
patients could not see. Triangle symbols indicate individual patient's ranges
(n= 48) with all values in between two symbols representing the range of
values not seen. Blue = cCSNB, red = iCSNB, green = ?CSNB, black = DMD
pre exon 30, grey = post exon 30, pink = PMM2-CDG. Black boxes represent
give Max and Min (-), Mean (square), Median (border inside the boxes), 99%
and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles or
control results.
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Figure 5.32: The graph shows the ranges of contrast for stimulus vs background which the
patients could not see. Triangle symbols indicate individual patient's ranges
(n= 44) with all values in between two symbols representing the range of
values not seen. Blue = cCSNB, red = iCSNB, green = ?CSNB, black = DMD
pre exon 30, grey = post exon 30, pink = PMM2-CDG. Black boxes represent
give Max and Min (-), Mean (square), Median (border inside the boxes), 99%
and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles or
control results.
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Figure 5.33: The graph shows the ranges of contrast for stimulus vs background which the
patients could not see. Triangle symbols indicate individual patient's ranges
(n= 47) with all values in between two symbols representing the range of
values not seen. Blue = cCSNB, red = iCSNB, green = ?CSNB, black = DMD
pre exon 30, grey = post exon 30, pink = PMM2-CDG. Black boxes represent
give Max and Min (-), Mean (square), Median (border inside the boxes), 99%
and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles or
control results.
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When regarding the graphical presentation of the data, a loss of contrast sensi-

tivity in patients with ON-pathway dysfunction became apparent. The majority of

patient values fell well outside the normative data ranges on the positive, as well

as the negative contrast sides. Fifty-eight percent of patients showed an abnormal

contrast sensitivity value in the positive contrast condition (28 out of 48), while

63% (30 out of 48) of patients were showing abnormal contrast perception to neg-

ative contrast stimulation. In contrast to the motion perception analysis, where the

anomalies decreased across patients with increasing test complexity, contrast sen-

sitivity seemed to be sequentially more affected when ascending the hierarchy of

tests. Following from this, and despite wider normative data ranges, 70% (32 out of

46) of patients exhibited an abnormal positive contrast sensitivity value in the shape

from motion task. This percentage increased to 80% (37 out of 46) in the nega-

tive contrast condition. Although healthy volunteers showed even wider contrast

sensitivity ranges in the biological motion task, the positive contrast sensitivity ab-

normality score in patients increased to 80% (39 out of 49) for the positive contrast

stimulation and slightly decreased to 69% (34 out of 40) when dots were darker

than the background (negative contrast).

As seen in the previously described electrophysiological and psychophysical

assessments, patients showed great differences in their contrast perception perfor-

mance (see Table 5.2). Patients in cCSNB, iCSNB and PMM2-CDG subgroups ex-

perienced severe problems perceiving the stimuli at low contrasts. This impairment

was most extreme in the cCSNB and PMM2-CDG subgroups who showed abnor-

malities in up to 100% of the patients. Again, the visual function of patients with

DMD seemed largely unaffected by their retinal ON-pathway dysfunction. From

these boys only one (Pat119) showed an abnormal result in his negative contrast

sensitivity in Tests 2 and 3.
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As with the motion perception tasks, it was of particular interest whether there

was a difference in performance between ON and OFF systems. When comparing

relative contrast sensitivities for positive and negative contrast stimulation (Figure

5.34), patients displayed a better contrast sensitivity of the OFF system across all

three tests. This disparity was significant in the coherent motion task (One-way

ANOVA with Tukey means comparison: Test 1: p= 0.04; Test 2: p= 0.15, Test 3: p=

0.53). Hence, individuals with ON-pathway dysfunction required a higher Michel-

son contrast in order to perceive the stimuli under positive contrast conditions (i.e.

when dots were brighter than the background). Upon a more detailed analysis of

ON and OFF contrast sensitivity within the individual subgroups, it became clear

that this overall trend of a disadvantage of the ON system was most prevalent in

patients with cCSNB and iCSNB, whereas patients with DMD and PMM2-CDG

showed no such tendency. The results of this more specific analysis are displayed

in Figure 5.35.
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Figure 5.34: The relative contrast sensitivity ranges of all patients of the ON-pathway dys-
function cohort for all three tests are shown. The values obtained from nega-
tive (black boxes) and positive (red boxes) contrast conditions are compared.
Boxes give Max and Min (-), Mean (square), Median (line inside the boxes),
99% and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
Boxes give Max and Min (-), Mean (square), Median (line inside the boxes),
99% and 1% (x), as well as 75% and 25% (margins of the boxes) percentiles.
Statistically significant differences are market by an asterisk.
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Figure 5.35: The relative contrast sensitivity ranges of all patients of the ON-pathway dys-
function cohort for all three tests are shown. The results are divided into the
respective subgroups. The values obtained from negative (black boxes) and
positive (red boxes) contrast conditions are compared. Boxes give Max and
Min (-), Mean (square), Median (line inside the boxes), 99% and 1% (x), as
well as 75% and 25% (margins of the boxes) percentiles. Boxes give Max and
Min (-), Mean (square), Median (line inside the boxes), 99% and 1% (x), as
well as 75% and 25% (margins of the boxes) percentiles. Note a halving of the
vertical scale (x-axis) in the DMD subgroups in order to improve presentation.
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5.6.2.3 How sensitive to abnormality is LumiTrackT m?

As with the novel electrophysiological tests presented in the previous chapter, af-

ter proving their functionality and their ability to detect abnormalities in patients

with retinal ON-pathway dysfunction, it was important to determine how sensitive

these tests were to detect abnormalities in patients. While the electrophysiologi-

cal test battery was compared to the sensitivity of the conventional pattern rever-

sal VEP, no standard clinical assessment for motion perception existed previous to

LumiTrackT m. Therefore, the sensitivity of the different tasks across the test battery

was analysed.

The sensitivity of LumiTrackT m to abnormality of the whole patient cohort

are listed in Table 5.3. While cohort abnormality levels fall with increasing test

complexity for motion perception, the opposite behaviour is observed when looking

at contrast sensitivity where more patients show an abnormal result with increasing

test complexity.

Condition Test 1 Test 2 Test 3
Motion positive 76% (32/42) 54% (22/42) 33% (15/46)
Motion negative 71% (30/42) 58% (25/43) 27% (12/45)
Contrast positive 58% (28/48) 70% (32/46) 80% (39/49)
Contrast negative 63% (30/48) 80% (37/46) 69% (34/40)

Table 5.3: The table gives an overview of how sensitive the LumiTrackT m psychophysical
tests were in picking up abnormalities in all patient groups. An abnormality was
defined as a value which fell outside the normative data ranges. Not all patients
carried out all tests, therefore the absolute amount of abnormal results is given
alongside the percentage.

Figure 5.36 shows a detailed overview of the sensitivity across patient sub-

groups, across tests and for both contrast conditions. Each data point represents the

grouped data of one patient subgroup and its behaviour across the different con-

ditions. It emerged that in the majority of patient subgroups at least 50% of the

patients showed abnormalities (with DMD being the exception) in Tests 1 and 2.

For Test 3, these values dropped below the 50% mark (until 6% for iCSNB) and

were generally more spread. Overall, motion perception performance of patients

with CSNB improved with increasing motion task complexity, and declined in the
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contrast sensitivity tasks. For the PMM2-CDG subgroup, positive contrast stimu-

lation resulted in consistent abnormality in all patients, while a lower abnormality

score was reached for negative contrast stimulation. This difference evened when

assessing the contrast sensitivity of shape from motion, as well as the perception

of biological motion and contrast, where all patients with PMM2-CDG exhibited

abnormal values. Some abnormalities were also detected in patients with DMD and

mutations pre exon 30, but only in the shape from motion and biological motion

tasks. The only patients who showed no abnormalities at all were DMD patients

with a mutation post exon 30 in the DMD gene.

In summary, the sensitivity of LumiTrackT m seemed to depend on the com-

plexity of the test, as well as the clinical subgroup assessed. A consistent pattern

relating to contrast condition across patient subgroups did not emerge. This re-

flects the picture observed in cortical electrophysiological testing, as well as in the

variability of visual impairment encountered in these patients.
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Figure 5.36: The graph shows the percentage of abnormal results encountered in each pa-
tient subgroup across all LumiTrackT m tasks (motion perception and contrast
sensitivity). Each symbol represents grouped threshold data for one patient
subgroup (blue diamond = cCSNB; red triangle = iCSNB; black square =
DMD pre exon 30; grey circle = DMD post exon 30; pink upside-down trian-
gle = PMM2-CDG). The data are further separated into results from positive
(+) and negative (-) contrast conditions. A linear fit through the data is indi-
cated.



5.7. Summary and conclusion 306

5.7 Summary and conclusion

5.7.1 Summary

• A novel set of psychophysical tasks assessing the perception of motion in a

hierarchical manner, as well as assessing contrast sensitivity of motion, was

designed and developed from the ground up. This psychophysical software,

called LumiTrackT m, allowed for a reliable, flexible and easy evaluation of

functional vision in subjects of a wide age range. Testing parameters were

kept constant, ensuring important comparability across and within subjects,

as well as allowing the evaluation of any differential effect of positive and

negative contrast stimulation, relating to ON-and OFF-pathway signalling,

respectively.

• LumiTrackT m was validated in a large cohort of healthy volunteers (n= 150),

delivering robust and comparable results. These served as the basis for an

normative data set for subsequent comparison to performance in patient sub-

groups. Motion perception experienced a clear maturation across the first ten

years of age, whereas for contrast sensitivity this effect was not as severe.

Instead, contrast sensitivity varie depending on the task and decreased with

increasing complexity of the motion tasks.

• When assessing individuals with ON-pathway dysfunction, it became clear

that most patients with subtypes of CSNB, as well as patients with PMM2-

CDG showed abnormal motion perception across all tests. This was most

severe in the coherent motion task and sequentially less so in the shape from

motion and biological motion tasks. Almost all boys with DMD performed

on a normal level.

• Patients with ON-pathway dysfunction also displayed considerably poorer

contrast sensitivities across the board when compared to healthy volunteers.

This impairment appeared to increase with higher complexity of the task.

Again, most boys with DMD exhibited contrast sensitivities on the level of

healthy observers.

• The investigation of patient performance comparing positive (ON-pathway)
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and negative contrast (OFF-pathway) conditions revealed some curious and

unexpected results:

– No clear differences were observed when comparing motion percep-

tion performance between positive and negative contrast conditions in

healthy observers, or patients with ON-pathway dysfunction.

– In patients with a disrupted ON-pathway, a better group contrast sen-

sitivity was always achieved under negative contrast conditions. This

trend agrees with an affected ON-pathway and was significant in the

coherent motion task. Upon more detailed analysis of the subgroups it

emerged that this trend was most prevalent in the patients within either

CSNB subgroup.

5.7.2 Conclusion

5.7.2.1 Healthy volunteers

Overall, the LumiTrackT m psychophysical test battery delivered satisfactory results

in healthy volunteers and thus enabled me to proceed to carrying out the tests in

subgroups of patients with retinal ON-pathway dysfunction. The test battery was

arranged in a hierarchical fashion with increasing test complexity. First, the percep-

tion of coherent motion was assessed, requiring motion direction discrimination,

and values exhibited an improvement with age until around 8 - 9 years, where adult-

like threshold values were obtained. The second task, distinguishing two shapes

which are elicited by dots moving in opposite directions, showed a similar trajectory

with mature threshold values first obtained in children of 9 - 10 years. The ability

to perceive biological motion was adult-like from an age of 10 - 12 years. These

results agreed well with previously published data (for example [407, 408, 409]).

The age ranges at which motion perception stabilises, coincides with the age at

which synaptic density in the visual cortex is thought to stabilise (around 10 years

of age [410]). Further, the finding that adult-like performance occurs slightly later

in healthy observers (depending on complexity of the motion percept) supports the

assumption that the three LumiTrackT m motion tasks are, in fact, targeting different
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cortical areas. Brain areas associated with more basic motor and sensory functions

are thought to mature first, followed by brain regions related to higher cognitive

function (for example [411]). The finding that contrast sensitivity ranges expanded

with increasing test complexity, supports the notion that the tasks increase in pro-

cessing difficulty. Contrast sensitivity is reported to fully mature across a large age

range of 7 - 19 years, depending on the study [412, 413, 414]. This wide range of

ages at which adult-like performance can be achieved is most likely the reason why

there was no obvious improvement of contrast sensitivity with age in this study. In

addition to the successful validation, some interesting findings arose when analysing

the data of healthy observers.

While Tests 1 and 2 proved to be very robust, Test 3 - assessing biological

motion perception - was subject to some irregularities. As shown in Figure 5.19,

some of the threshold values obtained from healthy volunteers exhibited a ceiling

effect, i.e. some subjects managed to correctly identify the point-light-walker and

its facing direction, tolerating 100% noise. The maximum level of 100% noise

corresponded to the 32 dots/deg2 dot density decided upon in the design stage of

LumiTrackT m, aiming to keep parameters constant across tests. For most healthy

subjects, this maximum noise level was appropriately placed and they already failed

to answer correctly at lower noise levels; however, 14 subjects managed to reach the

maximum level without making any mistakes26.

As previously established, the perception of biological motion requires not

only the integration of motion and form, but also some social cognition with re-

spect to associating the animated point-light-walker with a human walking. For this

reason, its results could be more prone to external factors like attention or moti-

vation to complete the test. These are variable factors which are difficult to con-

trol. Of course, the question of attention of a subject is always an important one

in psychophysical testing and care was taken to ensure participants were perform-

ing attentively and to remove any possible distractions. Mostly, children were very

attentive and motivated to carry out the tests, as they required their active partici-

26In such cases, the subjects were required to make 15 subsequent correct responses at the maxi-
mum noise level before the test was terminated, in order to ensure reliability in the performance.
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pation. Only results obtained from individuals who satisfactorily27 carried out the

tests were included in the analysis.

In order to solve this issue in healthy volunteers, some of the subjects carried

out Test 3 with a higher maximum noise dot amount of 5000 dots28 (and hence, a

higher maximum dot density). The resulting threshold values ranged from 115%

to 330% when compared to the original signal noise ratio (where 32 dots/deg2 ac-

counted for 100% under normal circumstances). For future application of this test,

such an increase in maximum noise level can be advantageous when encountering

a subject who reaches the ceiling level easily. While a comparison across different

individuals is more difficult when changing a parameter, valuable information on

the visual function of such subjects can still be derived from the test. Hence, the

ability to change dot amount / dot density easily in the LumiTrackT m software was

a beneficial feature and increased flexibility.

Another possibility to overcome the ceiling effect could be to limit stimulus

display time. Several studies applying biological motion tasks use a limited presen-

tation time of the stimulus [126, 387, 127, 395, 415] and generally, shorter display

times are associated with lower noise tolerance. When analysing the reaction times

to stimulus presentation of a subset of ten healthy volunteers (median age: 13 years,

age range: 7 - 26 years), no subject required more than 10 seconds to react (by but-

ton press) across trials and the mean reaction time for this group was 5 seconds.

Lowering the stimulus presentation time from infinite, which was initially selected

in order to allow sufficient time for subjects of all ages and visual abilities, to un-

der 10 seconds could have the potential of making it more difficult for subjects to

perform the task, preventing a ceiling effect. This way, the maximum density of

32 dots/deg2 at 100% could be maintained throughout the LumiTrackT m test bat-

tery. However, it might make the tasks significantly more difficult for very young

children and patients.

27A satisfactory performance was defined as the subject carrying out the tests in a concentrated
manner and finishing the tasks without interruption. Breaks were always allowed in between the
individual tasks. Only n= 2 very young patients during early trials had difficulties with the fixed
noise level of 25% and their data was not included in the analysis. The acceptability of the novel
tests was therefore proven as 99% of participants showed a satisfactory performance.

285 pixel dot size
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Naturally, a psychophysical test which exhibits a ceiling effect is not preferred,

as this ”cuts short” the results and therefore does not give a complete assessment

for a small part of the subject population. Importantly, however, this limitation

only presented itself when testing healthy volunteers and was no issue in patients.

Hence, for my study, the results obtained from the biological motion task are reli-

able and this ceiling effect is no limitation for the patient results or LumiTrackT m's

applicability in patient cohorts.
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5.7.2.2 Patients with ON-pathway dysfunction

The results portrayed in the previous sections suggest that the LumiTrackT m psy-

chophysical test battery was able to successfully assess motion perception and con-

trast sensitivity in subjects of a wide age range. Further, it was possible to delineate

abnormalities in subgroups of patients. The finding of abnormal motion perception

in the patient cohort suggests that the signalling disparity between ON-and OFF-

pathways, originating at the level of the retinal bipolar cells and still evident at the

level of the striate cortex, further continues to impact on visual performance which

is subject to higher order visual processing.

Abnormal perception of motion is associated with impaired magnocellular

function [360], further supported by the discovery that area MT gets a more pro-

fuse input from the parasol (i.e. magnocellular) than from midget (i.e. parvocel-

lular) ganglion cell system [20]. In a study carried out by the Schiller research

group, magnocellular lesions produced deficits in motion and flicker perception of

primates [32]. The motion perception abnormalities detected in patients in this

study therefore suggest an impact on magnocellular signalling by a retinal ON-

pathway dysfunction. As information from magnocellular and parvocellular sys-

tems is pooled at a cortical level, such a disruption of a major visual pathway at

an early stage could be expected to affect visual qualities transmitted by the parvo-

cellular pathway as well. When introducing lesions into the parvocellular system,

Schiller and colleagues observed deficits in the perception of form and texture in

primates. The finding of abnormal perception of shape from motion, as well as

biological motion in patients with ON-pathway dysfunction would agree with an

impact of the disruption on magnocellular and parvocellular systems. Support for

this suggestion comes from Alexander and colleagues (2004), as well as Wolf and

Arden (1996), who found both systems to be affected in patients with Melanoma-

associated retinopathy (MAR) who exhibit electrophysiological ERG evidence of a

dysfunctional ON-pathway that is indistinguishable from cCSNB.

When assessed using LumiTrackT m, abnormalities in patients were most preva-

lent in the coherent motion task, where pure motion direction discrimination was
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required. Here, the magnocellular system is thought to be primarily involved [416].

For the shape from motion task, the magnocellular and parvocellular systems are ex-

pected to be active in order to detect and distinguish the two shapes. Although more

than half of the patients also experienced difficulties in this task, less patients over-

all showed a subnormal performance. As the biological motion task required input

from both, magnocellular and parvocellular systems, an impact of ON-pathway dys-

function on performance was predicted. However, while most patients performed

considerably below average, a wider normative data range meant that fewer pa-

tients performed at an abnormal level. One could speculate that the necessity of

some social cognition for this task introduced a greater variability to results, as well

as alleviating the effects of a retinal ON-pathway dysfunction on performance.

When assessing contrast sensitivity, patients experienced an decrease in per-

formance with increasing test complexity, as was previously observed in healthy

volunteers. While for motion perception, an age-based improvement of threshold

values was observed in healthy subjects, a maturation of results with age in the

patient cohort was more difficult to determine due to the relatively low amount of

data points. A slight improvement in performance with age was visible, for exam-

ple in the biological motion task; however, this was not consistent and some older

patients performed worse than younger ones within the same subgroup. When re-

garding individual subgroups, results from LumiTrackT m motion tasks matched the

results obtained from VEP recordings, showing most abnormalities in both CSNB

subgroups, as well as the PMM2-CDG subgroup. Again, most patients with DMD

exhibited a relatively normal performance. This continuation of patterns of abnor-

mality in the patient subgroups could indicate that the signalling asymmetry be-

tween ON-and OFF-pathways, previously detected at the level of the visual cortex

via the VEP recordings, further continues into areas of higher cortical processing

and is translated into subnormal motion perception and contrast sensitivity.

While the electrophysiological results matched the outcome of the complemen-

tary psychophysical tasks in terms of the distribution of abnormalities encountered

across patient subgroups, the behaviour of results from ON-and OFF-pathways was
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more complex in the psychophysical tasks. Motion perception values across tests

and patient subgroups behaved relatively similar to positive and negative contrast

stimulation. A slight tendency was exhibited by patients with cCSNB showing a

poorer performance than patients with iCSNB across higher cortical Tests 2 and

3 in the positive contrast condition only. However, this trend was not consistent

throughout the test battery.

When comparing contrast sensitivities in the positive and negative contrast

spectra, a more persistent trend was observed among patients. Individuals with ON-

pathway dysfunction consistently required a higher Michelson contrast in order to

perceive stimuli under positive contrast conditions (i.e. when dots were brighter

than the background). This was significant in the coherent motion task and agrees

with the studies by Schiller, who found perceptual impairments to light increments

/ stimuli brighter than the background after blocking the ON-pathway with APB

in primates [32, 281]. Upon analysing this finding within the individual subgroups

this trend was found to be most prevalent within the iCSNB and cCSNB subgroups,

matching their electrophysiological results of a greater disparity between ON and

OFF signalling.

Based on the results obtained in this study, one could argue that a disparity

of performance between ON and OFF systems in patients with retinal ON-pathway

dysfunction, while present at the level of V1, is only perceptually distinguishable

under lower contrast conditions. This notion would also agree with the greater

ON/OFF response asymmetry detected recording VEPs under lower contrast, iso-

lated check conditions. The motion perception tasks were always carried out at

maximum Michelson contrast (100%, either positive or negative). The contrast

sensitivity tasks, in order to capture finer contrast differences efficiently within

one test, halved this maximum contrast value due to presentation of the black-or

white-spectrum stimuli on a mid-grey background. While a disadvantage of the

ON-system (or, a lower contrast sensitivity in the positive contrast spectrum) was

observed in patients at lower contrast conditions, this asymmetry was not evident

under maximum contrast conditions in the motion tests. A possible explanation
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for this phenomenon could be that, while at low contrast conditions the parasol

(M) system is active [417], at high contrast conditions, the midget (P) system also

comes into play. As discussed earlier, the parasol ganglion cells provide input to

the magnocellular pathway at the level of the LGN, which is responsible for mo-

tion and contrast vision. An impairment of the magnocellular pathway due to reti-

nal ON-pathway dysfunction with only slight impact on the parvocellular pathway

(as shape from motion and biological motion tasks also provided difficulties for

patients) could explain the results obtained from patients using the LumiTrackT m

software. The outcome of a predominant impact on magnocellular processes would

be primarily affecting perceptual tasks of lower complexity, as evident in the higher

rate of abnormalities encountered in the coherent motion perception task (Test 1).

Further, it explains the asymmetry of ON-and OFF-pathway results obtained in con-

trast sensitivity tests carried out at lower contrasts (with the disparity being signifi-

cant for Test 1).

Having carried out the LumiTrackT m tests in the patient cohort, a few unan-

swered questions remained, highlighting some limitations of the test battery. For

one patient the fixed noise level during the contrast sensitivity assessments was still

too difficult for the correct perception of the stimuli. During stimulus design and

development, a fixed noise level of 25% was anticipated to be low enough, in order

not to be an issue even when testing younger children. This assumption was further

supported by none of the healthy volunteers having problems at this level in Tests 1

and 2. A few very young volunteers (n=2), however, showed some difficulties when

using this noise level during early trials and their contrast sensitivity measures were

therefore not included in the data analysis. Following from this, the idea arose to

use a static noise mask for the biological motion task in such cases. This meant to

maintain the same relative dot density as in the ”normal” animated condition but

only presenting static noise dots. This made the detection of the point-light-walker

in the field of dots easier, while still requiring the perception of a human figure in

order to correctly decide on its facing direction. This method was subsequently tri-

alled in those children who had problems perceiving the stimuli at a 25% noise level
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and contrast sensitivity ranges were obtained successfully from them. Nonetheless,

this data was excluded from the analysis as it was not strictly comparable to data

obtained from subjects needing to detect the walker in a mask of moving dots.

Of course, when testing visual performance in young subjects and patients

with visual impairments, chances are that one will encounter more subjects with

problems at this noise level. Therefore, for future testing, it is suggested to lower

the fixed noise level in the contrast sensitivity tasks even further to 15%, as at this

level, retrospectively, no healthy volunteer had any issues perceiving the stimuli.

The application of static masking noise dots can also be a good alternative for the

biological motion task. While the necessity of application of static noise dots for a

patient already indicates a poorer ability to detect biological motion from noise, this

might, for example arise from issues with the perception of crowded displays. In

such cases, a static noise mask can allow contrast sensitivity assessment of a biolog-

ical motion stimulus. However, care must be taken in the subsequent comparison of

results obtained this way across subjects.

Another limitation of result comparison across subjects can arise if an observer

needs a bigger dot size. While all of the healthy volunteers, and almost all of the

patients were able to carry out the test at a dot size of 5 px, one patient with iCSNB

(Pat44) required a dot size of 10 px in order to easily perceive one single dot on the

screen. While a comparison of motion perception and contrast sensitivity within

a subject is not affected, the comparison to results obtained from tasks carried out

with a 5 px dot might not be appropriate. Although no effect of a change in dot size

on motion and contrast perception values was found in healthy observers, showing

comparable motion thresholds, as well as contrast sensitivities (Figures 5.11 and

5.12), it is generally advised to be cautious when comparing results which were

obtained using (even slightly) different parameters.

While the overall results obtained from patients give a relatively clear picture

of abnormality in motion and contrast perception associated to retinal ON-pathway

dysfunction, a more complex pattern emerges when trying to define individual im-

pact in the different subgroups. Results on this level were by no means clearly
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separated and varied within clinical conditions. While nonetheless test sensitivity

to detect abnormalities in patients was relatively high, a few false negative results

were obtained. These patients either exhibited normal motion perception or contrast

sensitivity measures, or - in some cases - both. This variability of results within a

patient subgroup is akin to the generally great fluctuation in visual performance

encountered in patients with ON-pathway dysfunction. Of course, as mentioned

previously when discussing the results of healthy observers, external factors such

as the subject's attention and motivation to carry out the task could have influenced

their performance. However, as with subjects in the cohort of healthy volunteers,

great care was taken in order to ensure a good control over these external factors by

monitoring each testing procedure, removing any distractions, as well as encourag-

ing each child to complete the test. Further, if a satisfactory performance was not

possible, the data from the tests was not included in the analysis.

Correlating the results obtained from the electrophysiological tests and the out-

comes from the psychophysical tasks with the underlying genotypes of individual

patients might give a more detailed insight into the causes of the distinct visual per-

formances encountered in each subgroup. This genotype - phenotype correlation

across patients is laid out in the following chapter.



Chapter 6

Integration of phenotype and

genotype data
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6.1 Genotype - Phenotype comparison
The visual phenotypes of patients with ON-pathway dysfunction presented in the

previous chapters showed a variability across, and sometimes even within, sub-

groups, despite more ON-pathway specific stimulation. While patients with cC-

SNB all showed marked ON system response delays in the isolated check VEP,

their results obtained from psychophysical testing were less consistent. A similar

picture was observed in patients with iCSNB and PMM2-CDG, displaying an even

higher phenotypic variability. Hence, a correlation of the patients' visual pheno-

types, as well as their genotypes was carried out in order to evaluate whether visual

performance in conventional or novel vision tests was linked to underlying genetic

make-up. The following sections display phenotypical data acquired by the novel

electrophysiological and psychophysical tests, as well as conventional clinical mea-

sures of vision, together with the individual genotypes of patients.

6.1.1 Compiled performance analysis across patient subgroups

The following Figures 6.1 - 6.4 display the compiled and tabulated phenotype and

genotype results obtained from individuals across the patient cohort, who had either

carried out at least one of the novel ON-pathway dysfunction assessments, had a

genetic diagnosis, or both. The total number of patients included in these charts are

therefore as follows:

Condition n
cCSNB 27
iCSNB 31
DMD 19

PMM2-CDG 15
Total 92

The performance of individual patients in the newly developed ON-pathway

dysfunction test batteries, as well as the conventional pVEP was compared to the

respective normative data sets obtained from healthy volunteers within this study

and highlighted via a colour code:

• green: performance within normal limits
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• orange: performance at the limit of normal

• red: performance abnormal

• black: test not carried out / no information available

The colour further indicated whether nystagmus was absent (green) or present

(red) in individual patients.
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Review of clinical patient data and the carrying out of the novel ON-pathway

test batteries showed that most phenotypical information was available for patients

with cCSNB and iCSNB. Out of the 27 patients with cCSNB, a genotype was ob-

tained for 191. Genetic analysis of patients within the cCSNB subgroup revealed

predicted pathogenic mutations in the following four genes: NYX (n= 8), TRPM1

(n= 6), GRM6 (n= 3) and GPR179 (n= 2). The protein products of all these genes

are involved in the intracellular ON bipolar cell signalling cascade[166].

When assessing whether there was a difference in visual phenotype present

between these genotypes, it emerged that the incidence of nystagmus was highest in

patients with a mutation in NYX (4/8), whereas of the patients with affected TRPM1

gene only two showed nystagmus (2/6). Such analysis became more speculative,

as patient numbers within the genotype subgroups were small and out of the three

patients with GRM6 mutations, two showed nystagmus, compared to one out of the

two patients with mutations affecting GPR179. In conclusion, mutations in all four

genes can lead to nystagmus (Figure 6.1).

Patients with NYX mutations showed the largest group peak timing difference

(TD) in the specialised ON-and OFF-pathway VEP (22ms, range: 14 - 28ms), and

second highest group mean VA BEO (0.34 logMAR, range: 0.175 - 0.6 logMAR).

Also, five out of eight patients with NYX mutations showed an abnormality in the

conventional clinical pVEP. This may indicate a fairly severe phenotypical impact

of NYX mutations on the visual physiological qualities assessed in this thesis.

The highest group mean VA was present in patients with GRM6 mutations

(0.43 logMAR, range: 0.175 - 0.8 logMAR), who all showed an abnormal clinical

pVEP; however showed a group mean TD of only 11ms when recording the spe-

cialised isolated check VEPs2. A slightly lower group mean VA but higher VEP TD

was present in patients with mutations in GPR179 (0.26 logMAR, range: 0.2 - 0.325

logMAR; both patients with GPR179 mutations showed a TD of 17ms) and TRPM1

1The remaining eight patients are planned for investigation via the Oculome in the Sowden lab-
oratory. DNA samples for these patients were collected during the course of this thesis but genetic
analysis was not completed.

2Only two patients with GRM6 mutations carried out the novel electrophysiological tests. Both
showed an ON-pathway peak delay of 11ms
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(0.28 logMAR, range: -0.025 - 0.55 logMAR; 12ms, range: 10 - 15ms). None of

the patients with GPR179 mutation showed an abnormal conventional pVEP, and

one out of six patients with variants in TRPM1 did (Pat30). In conclusion, a greater

ON / OFF system asymmetry does not seem to be linked to VA or the prevalence of

abnormal pVEP waveforms in this small cohort of genotyped cCSNB patients.

Moreover, performance within the LumiTrackT m test battery was variable

across genotypes. However, the least abnormal performances were observed

when carrying out the biological motion task. A more detailed assessment of the

LumiTrackT m results is provided in Section 6.2.2 of this chapter.

The biggest group of patients included in this genotype - phenotype analysis

was the iCSNB subgroup (Figure 6.2). Out of these 31 patients, the DNA of 26 was

sequenced3. While 24 out of 26 sequenced patients presented biallelic predicted

pathogenic variants in CACNA1f, one showed a possible variant in PDE6B, indicat-

ing an autosomal dominant inheritance pattern (Pat8), and one did as of now not

yield a possible pathogenic variant (Pat15).

Within the group of individuals with CACNA1F mutations, considerable vari-

ation in visual phenotype was found using conventional and novel assessments.

Two thirds of patients with CACNA1f mutations exhibited nystagmus (16/24) and

achieved an average group VA of 0.48 logMAR (0.125 - 0.8 logMAR). In stark con-

trast to the genotyped patients with cCSNB, iCSNB patients with confirmed geno-

type showed a lower ON / OFF VEP TD of only 2ms (range: -26 - 15ms), although

17/24 showed an abnormal clinical pVEP. Moreover, psychophysically, only three

(out of 20) iCSNB patients showed abnormal biological motion perception, whereas

this number was much higher in the cCSNB cohort (11/22). In conclusion, the phe-

notypical variation was present both within and between genotypes of patients with

a subtype of CSNB.

3Out of the remaining five, three provided samples and consented to DNA analysis. These are
planned for analysis on the Oculome in the Sowden laboratory (Pat 51, Pat98 and Pat124). There
was no DNA available for two (Pat36 and Pat120).
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Figure 6.1: Overview over visual phenotypes, as well as genotypes of patients with cC-
SNB. Abnormal performance is indicated by red cell colour, whereas green
cell colour signifies normal performance. Highlighted in orange are cases in
which the patient's performance lay just at the margin of normal. In the case
of nystagmus, a red cell indicates the presence of nystagmus in the patient and
a green cell its absence. A black cell indicates that a test was not carried out
or a value not available. Related patients are displayed next to each other and
indicated by an asterisk.
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Figure 6.2: Overview over visual phenotypes, as well as genotypes of patients with iC-
SNB. Abnormal performance is indicated by red cell colour, whereas green
cell colour signifies normal performance. Highlighted in orange are cases in
which the patient's performance lay just at the margin of normal. In the case
of nystagmus, a red cell indicates the presence of nystagmus in the patient and
a green cell its absence. A black cell indicates that a test was not carried out
or a value not available. Related patients are displayed next to each other and
indicated by an asterisk.
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The DMD group correlations are shown in Figure 6.3. None of the patients

with DMD showed nystagmus or an abnormal conventional pVEP, and also their

respective group mean VA was comparable (pre exon 30: 0.003 logMAR, range:

-0.15 - 0.4 logMAR; post exon 30: 0.004 logMAR, range: -0.175 - 0.5 logMAR).

Further, motion perception was normal for all patients tested (n= 6) , except for

one (Pat119) with a mutation pre exon 30, who showed abnormal biological motion

perception. While patients with mutations post exon 30 showed a more abnormal

ERG signature [163], as well as an ON system response delay, evident in a VEP

TD difference of 6ms (range: -7 - 17ms) compared to -6ms (range: -20 - 3ms) for

DMD pre exon 30 boys, patients with pre exon 30 mutations seemed to experience

more contrast sensitivity abnormalities. Only two patients with DMD mutations pre

exon 30 performed at the normative data margin for these assessment. In contrast,

all three patients with pre exon 30 mutations who carried out the contrast sensitivity

assessments, showed only marginally normal performance or even abnormality. In

conclusion, the DMD patients assessed using conventional and novel measures of

vision showed mostly normal performance for psychophysical and physiological

tests. However, few patients within the DMD subgroups carried out the novel tests.

Hence, the future investigation of further patients is important to validate and further

investigate the slight visual abnormalities described in this thesis.
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Figure 6.3: Overview over visual phenotypes, as well as genotypes of patients with DMD.
Abnormal performance is indicated by red cell colour, whereas green cell
colour signifies normal performance. Highlighted in orange are cases in which
the patient's performance lay just at the margin of normal. In the case of nys-
tagmus, a red cell indicates the presence of nystagmus in the patient and a
green cell its absence. A black cell indicates that a test was not carried out or a
value not available. Patients with mutations pre exon 30 and post exon 30 are
separated by a grey line.
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Within the PMM2-CDG subgroup, the incidence of nystagmus was five out

of 13 patients (lacking information on two individuals). Curiously, however, there

seemed to be an association of nystagmus and the presence of the heterozygous

p.Arg141His variant. Out of eight patients with this variant, six had nystagmus,

while there was no information on the other two available in the clinical records. It

is noteworthy though that there were two further patients who exhibited nystagmus

while not carrying the variant mentioned above (Pat73 and Pat75). The incidence of

nystagmus in patients was not linked to performance in the pVEP, specialised VEP

or psychophysical tasks.

While the group mean VA was not greatly abnormal (0.14 logMAR, range:

0.04 - 0.2 logMAR), six out of the 16 patients showed an abnormality in the con-

ventional pVEP waveform. Only seven patients carried out the isolated check VEP

recordings, resulting in a group mean TD of 7ms (range: 0 - 13ms), indicating

an ON system response delay in all but one (Pat70) of assessed individuals. Psy-

chophysically, all three patients who completed the novel tasks, showed abnormal

motion perception and contrast sensitivity. An exception was Pat74, who performed

at the margin of normal for negative contrast stimulation in three tasks. His perfor-

mance was always abnormal under positive contrast conditions.
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Figure 6.4: Overview over visual phenotypes, as well as genotypes of patients with PMM2-
CDG. Abnormal performance is indicated by red cell colour, whereas green
cell colour signifies normal performance. Highlighted in orange are cases in
which the patient's performance lay just at the margin of normal. In the case of
nystagmus, a red cell indicates the presence of nystagmus in the patient and a
green cell its absence. A black cell indicates that a test was not carried out or a
value not available.
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6.2 Novel ON-pathway test batteries
In order to get a more detailed insight on patient performance linked to genotype

in the novel ON-pathway dysfunction test batteries, these results are presented sep-

arately in the following sections. For reasons of comparability, the same presenta-

tion as utilised in the individual chapters was used whenever possible. As patients

with iCSNB, DMD and PMM2-CDG were all affected by mutations of a single

gene respectively, labels for individual patients were omitted in the figures for these

subgroups. In contrast, patients with cCSNB showed a range of different genes in-

volved and thus, the data of these patients was subdivided according to the patients'

genotypes.
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6.2.1 ON-and OFF-pathway VEPs

For presentation of the correlated VEP results, data from isolated check (i.e. positive

and negative contrast) stimulation of 50% Michelson contrast was selected, as this

condition revealed the most profound ON / OFF response timing differences (TD)

across subgroups. The results are displayed in Figure 6.5.

Figure 6.5: Overview over ON / OFF response timing differences in the specialised isolated
check VEP to positive and negative contrast stimulation of 50% Michelson con-
trast across patient subgroups and genotypes. Different subgroups are shown
by coloured boxes. All blue boxes show cCSNB patient values. Individual
patient values are highlighted by diamond symbols. Dashed and dotted lines
indicate the normative data range obtained from healthy volunteers.

As noted in Chapter 4, only one DMD patient with a mutation pre exon 30

showed an abnormal TD, whereas the overall TD difference for boys with a mu-

tation post exon 30 was shifted towards an ON-delay (Mean TD: 6ms, range: -7 -

17ms). A similar picture was observed for PMM2-CDG patients (Mean TD: 7ms,

range: 0 - 13ms). However, the subdivision of the cCSNB patient subgroup re-

vealed a slight variation of the ON / OFF response TD across genotypes. Figure
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6.5 displays the genes involved in subtypes of CSNB arranged in order of location

in the photoreceptor / ON bipolar cell signalling cascade, with the protein product

of CACNA1f (Mean TD: 2ms, range: -26 - 15ms) at the beginning (located in pho-

toreceptor terminals), followed by GRM6 (Both patients showed a TD of 11ms) -

encoding the glutamate receptor specific to ON bipolar cells - and GPR179 (Both

patients showed a TD of 17ms), which is thought to play a role in the subsequently

located G-protein complex. The protein products of NYX (Mean TD: 22ms, range:

14 - 28ms) and TRPM1 stand at the end of this intracellular signalling cascade

with nyctalopin thought to provide structural gating support for the cation channel

TRPM1.

A trend was visible of increasing ON / OFF TD, an increasing ON system

response delay, if the underlying genotype of a patient affected a protein located

at later positions of the ON bipolar cell signalling cascade. Patients with iCSNB

(and hence, a presynaptic disruption due to mutation in CACNA1f ), showed vari-

able values but an overall smaller group TD value than patients with cCSNB. In

cCSNB, the signalling defect is located postsynaptically within the ON bipolar cell

dendrites and patients with cCSNB showed higher ON / OFF TDs depending on the

gene affected. The only exception to this modest tendency of TD increase provided

patients with mutations in TRPM1 (the apparent endpoint of the signalling cascade),

who show a smaller TD than patients with NYX mutations.
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6.2.2 LumiTrackT m

To assess whether this trend observed in the VEP data, reflecting the situation at

the striate cortex, was still observable upon assessment of higher visual functions

(presumably processed in subsequent cortical areas), the results obtained via the

psychophysical software LumiTrackT m were correlated to the patients' genotypes.

The results for the motion perception assessments are shown in Figures 6.6 - 6.8,

whereas those for the contrast sensitivity of motion tests are shown in Figures 6.9 -

6.11.
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6.2.2.1 Motion perception

Figure 6.6: Overview over coherent motion thresholds obtained from patients across sub-
groups and genotypes to negative and positive contrast stimulation of 100%
Michelson contrast. Individual patient values are highlighted by triangle sym-
bols of different colours with genotypes of cCSNB patients given next to the
respective symbols. The normative data range confidence interval (dark pink)
and prediction interval (light pink) are indicated including the mean of data
obtained from healthy volunteers (red line).

In contrast to the tendency observed in the specialised VEP results of patients

with cCSNB, the performance of tasks associated with higher cortical areas did not

yield a clear trend when motion perception phenotypes and genotypes were corre-

lated in these patients. Individual cCSNB genotypes did not result in a clearly differ-

ent performance across motion perception assessments. A similar picture emerged

for patients with iCSNB and PMM2-CDG, who showed a wide range of values,

albeit with the data of the PMM2-CDG subgroup showing a narrower spread. Pa-

tients within either DMD subgroup performed within the normal range across all

three motion tests and a difference between either genotype was not apparent.
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Figure 6.7: Overview over shape from motion thresholds obtained from patients across
subgroups and genotypes to negative and positive contrast stimulation of 100%
Michelson contrast. Individual patient values are highlighted by triangle sym-
bols of different colours with genotypes of cCSNB patients given next to the
respective symbols. The normative data range confidence interval (dark pink)
and prediction interval (light pink) are indicated including the mean of data
obtained from healthy volunteers (red line).
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Figure 6.8: Overview over biological motion thresholds obtained from patients across sub-
groups and genotypes to negative and positive contrast stimulation of 100%
Michelson contrast. Individual patient values are highlighted by triangle sym-
bols of different colours with genotypes of cCSNB patients given next to the
respective symbols. The normative data range confidence interval (dark pink)
and prediction interval (light pink) are indicated including the mean of data
obtained from healthy volunteers (red line).
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6.2.2.2 Contrast sensitivity of motion

Figure 6.9: Overview over contrast sensitivity ranges of coherent motion perception ob-
tained from patients across subgroups and genotypes to negative and positive
contrast stimulation. Individual patient values are highlighted by triangle sym-
bols of different colours with genotypes of cCSNB patients given next to the
respective symbols. The normative data obtained from healthy volunteers is
indicated by black boxes.

When regarding measures of contrast sensitivity, however, it appeared that pa-

tients with NYX mutations required the highest contrasts in order to perceive a stim-

ulus across all three tests (see Figures 6.9 - 6.11). Performance of these patients was

matched by that of Pat17 with a mutation in TRPM1, who always showed the broad-

est contrast sensitivity range within her age-group. Pat21 (GPR179) and both pa-

tients with mutations in GRM6, affecting the mGluR6 receptor specific to ON bipo-

lar cells, showed a comparable performance in the contrast sensitivity assessments.

Even though numbers for patients with the individual cCSNB genotypes were low,

these results match the trend observed for the VEP data, with a poorer performance,

the later the affected protein is located in the ON bipolar cell signalling cascade.

Patients with iCSNB showed variable contrast sensitivity performances with some

being highly abnormal and some falling within the normative data range for the
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Figure 6.10: Overview over contrast sensitivity ranges of shape from motion perception
obtained from patients across subgroups and genotypes to negative and posi-
tive contrast stimulation. Individual patient values are highlighted by triangle
symbols of different colours with genotypes of cCSNB patients given next to
the respective symbols. The normative data obtained from healthy volunteers
is indicated by black boxes.

coherent motion contrast sensitivity assessment (Figure 6.9). The performance of

patients with DMD mutations pre and post exon 30 never fell outside the normative

data range and was comparable between both genotype subgroups. Patients with

PMM2-CDG performed comparably to those with cCSNB.
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Figure 6.11: Overview over contrast sensitivity ranges of biological motion perception ob-
tained from patients across subgroups and genotypes to negative and positive
contrast stimulation. Individual patient values are highlighted by triangle sym-
bols of different colours with genotypes of cCSNB patients given next to the
respective symbols. The normative data obtained from healthy volunteers is
indicated by black boxes.
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6.3 Summary and conclusion

6.3.1 Summary

• A clear genotype - phenotype correlation did not not emerge when reviewing

conventional clinical patient data. Nonetheless, it became clear that patients

with mutations in NYX were more visually affected when compared to pa-

tients with variants in GPR179 (when comparing VA, incidence of nystagmus

and pVEP results). Patients with iCSNB experienced the poorest VA across

patient subgroups. Further, patients with DMD did not show any abnormal-

ities and the visual performance of both genotypes was comparable. Curi-

ously, patients with PMM2-CDG showed an apparent link of the incidence of

nystagmus and the presence of the heterozygous variant p.Arg141His.

• Among patients with a subtype of CSNB, a slight trend was apparent from

electrophysiological data. Patients who exhibited a genetic variant affecting

a protein placed later within the ON bipolar cell signalling cascade, showed a

greater temporal ON/OFF VEP asymmetry. Following this trend and begin-

ning with the genotype resulting in the least temporal asymmetry, the hierar-

chy presented as follows:

CACNA1f (iCSNB) <GRM6 <GPR179 / TRPM1 <NYX.

• Behaviourally, such a trend was obscured by the within subgroup variability

of the motion perception data. The only patients constantly performing at

normal levels were boys with DMD. Upon contrast sensitivity assessment,

however, it seemed that patients with NYX and TRPM1 mutations required

the highest contrasts for successful detection of the stimuli, whereas patients

with GPR179 and GRM6 mutations needed less contrast. DMD patients with

pre exon 30 mutations showed slightly poorer results for these assessments

compared to DMD boys with mutations post exon 30. Patients with PMM2-

CDG performed comparable to patients with cCSNB.
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6.3.2 Conclusion

The study of the patient cohort presented in this thesis revealed a high variabil-

ity in clinical visual phenotypes encountered across the patient subgroups; the ob-

served ON-pathway dysfunction was shown to be induced by different molecular

retinal defects. While the sites of defect in patients with iCSNB, cCSNB, as well as

PMM2-CDG are relatively well known, the role of the different dystrophin isoforms

expressed in the retina is still largely obscure [163]. Despite the different molecular

irregularities in these distinct conditions, they all reveal an ERG signature indicative

of ON-pathway dysfunction. Moreover, conventional clinical vision assessments

did not deliver a satisfactory distinction between the ON-pathway dysfunction pa-

tient subgroups. Hence, in this thesis, more specific vision tests were developed in

order to be able to distinguish and delineate further the differences between these.

Apart from visual phenotype differences, a correlation of these with patient geno-

types was of particular interest, in order to be able to better define whether a specific

molecular deficit leads to a specific visual outcome. What does the genotype - phe-

notype correlation reveal about the impact a retinal ON-pathway dysfunction has

on visual performance?

Looking at the correlation of the findings from conventional clinical tests, some

separation could be achieved linking phenotypical results to the genotype. Within

the cCSNB subgroup, presenting four different genotypes, a relatively clear dis-

tinction could only be made between patients with NYX mutations and those with

GPR179 mutations, who seemed to present a less severe visual phenotype when

compared to NYX across all assessed visual functions and domains. Further, it was

highlighted that patients with DMD showed no visual abnormalities, apart from

their ERG signature suggesting ON-pathway dysfunction. The data obtained from

the remaining patients remained highly variable within and across conditions, even

in the face of the genotype being included in the analysis.

When regarding the novel ON-pathway test batteries developed, the cortical

ON/OFF VEP measure gave the clearest distinction between different genotypes

across all patient subgroups. The ON-response was delayed in the majority of pa-
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tients when compared to healthy observers and between patient subgroups. These

results indicate that the differences in electrophysiological signature present be-

tween conditions at the level of the ERG continues to be present at V1. Further,

the trend observed in the VEP results of patients with a subtype of CSNB suggests

that if proteins are affected, which are located later in the photoreceptor / ON bipo-

lar cell signalling cascade, this might lead to a more severe effect on the ON-and

OFF-pathway signal arrival symmetry at the level of the striate cortex. In accor-

dance with this tendency, patients with PMM2-CDG showed comparable results to

patients with cCSNB, most likely because the glycosylation defect in PMM2-CDG

affects the same proteins which are affected by mutation in these patients, such as

nyctalopin and mGluR6 [217].

An insight into higher cortical functions gained by psychophysical testing re-

vealed more variable results. The trend observed previously at the level of the

striate cortex, discerning the genotypes present in CSNB, was not obvious and no

clear genotype advantage or disadvantage was present in tasks assessing motion

perception. Again, patients with PMM2-CDG performed comparable to patients

with CSNB. The individual molecular differences between patients with iCSNB,

cCSNB and PMM2 observed at the retina and still at the striate cortex, are not

markedly distinct and therefore lead to an almost indistinguishable perceptual out-

come using the visual tests available. These results imply that, on the level of higher

visual processing, a compensation mechanism might be at play.

The processing of visual tasks taking place in higher cortical areas is thought to

experience significant interplay between different visual pathways [53, 54], which

could have the potential of filtering out signals which are not sufficiently distinct.

An increasing stimulus selectivity is known to be a property of many cortical cells

[418]. The response behaviour of such cells is also becoming increasingly complex,

the higher up in the visual pathway they are situated, allowing for greater robustness

of the visual system [45, 46], as laid out in the introduction of this thesis. Follow-

ing this line of thought, the minor differences observed in contrast sensitivities to

perceive motion stimuli within the cCSNB subgroup, when linked to patient geno-
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type, could suggest that the cortical stage influencing such contrast sensitivity might

experience less integration of signals from different visual pathways and is there-

fore less ”robust” to differences in visual signals received. This could explain why

it seemed that among the cCSNB patients, those with NYX and TRPM1 mutations

showed a slightly poorer contrast sensitivity of motion when compared to patients

with GPR179 and GRM6 mutations4.

In contrast, the performance of patients with DMD differs greatly to the one

of the other patient subgroups. Thus, the functional role of dystrophin isoforms in

the retina, while associated with the ON bipolar cell signalling cascade reflected in

the ERG, must be distinct from the roles of proteins affected in CSNB and PMM2-

CDG. In fact, so distinct that they not only lead to different VEP responses but also

to a striking difference in perceptual visual performance between boys with DMD

and the rest of the patient cohort. Differences between the two DMD genotypes,

distinguishable at the retinal level and, to some extent, at the cortical level, were not

apparent when assessing visual motion perception. This could indicate a relatively

similar functional signature of the dystrophin isoforms affected by mutations pre

and post exon 30.

Certainly, some intriguing questions remain from this analysis, such as the

role of dystrophin in the retina with, or, in what way the different molecular defects

could lead to the visual phenotypes observed. Further discussion of these results

will therefore be presented in the subsequent General Conclusions and Discussion

chapter.

4It is noteworthy that numbers within the individual genotype-subgroups were low, only allowing
a speculative comparison between different genetic make-ups.
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7.1 Summary of findings

• This thesis sought to elucidate the ways in which a disruption of the ON-

pathway at the level of the retina might affect higher order visual signalling.

Further, potential asymmetries between positive and negative contrast situa-

tions, thought to bias ON-and OFF-pathway contributions to the visual pro-

cesses, were investigated. It was anticipated that such a disruption would be

detectable in the VEP waveform and affect perceived vision. A cohort of n=

109 patients with ON-pathway dysfunction was included in this thesis for ge-

netic analysis and assessment of physiological and psychophysical function.

• Patients showed recognisable patterns of ERG signatures across the ON-

pathway dysfunction subgroups. Further, a range of visual impairments was

present across subgroups. This was associated with the different molecular

causes for this retinal signalling disruption across conditions and the impor-

tance of obtaining a complete phenotypical and genotypical picture of a pa-

tient for clinical diagnostics.

• The genotypes of patients with subtypes of CSNB were investigated via Next

Generation Sequencing approaches (”The Oculome” gene panel or via Whole

Exome Sequencing). Predicted pathogenic variants were detected and con-

firmed (via Sanger sequencing) in 92% of patients with ERG signatures of

CSNB subtypes who had genetic testing carried out (n= 44/48). Patients with

cCSNB showed mutations in genes associated with ON bipolar cell proteins

GRM6, TRPM1, GPR179 and NYX, whereas genetic testing in patients with

iCSNB revealed mutations in CACNA1f only. Four CSNB patients (out of a

total of 75 patients) remain unsolved and are recommended for further analy-

sis via Whole Exome or Whole Genome Sequencing.

• A set of specialised electrophysiological stimuli, aiming to selectively elicit

cortical responses from ON-and OFF-pathways was developed and applied

across patient subgroups. Using these, an asymmetry of ON and OFF sig-

nal arrival at the striate cortex was detected in four out of five patient sub-

groups. Such an asymmetry was not detected in patients with DMD mutations
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pre exon 30. VEP responses to ON-pathway stimulation were delayed up to

30ms in patients with cCSNB. This delay was more pronounced when stim-

uli were biased to highlight the magnocellular pathway (via isolated check

VEPs). These findings suggest a delay in ON-pathway signalling, but not a

complete blockade, at the retinal level.

• The behavioural impact of such an asymmetry of cortical signalling on vi-

sual qualities transmitted by ON-and OFF-pathways, was investigated using

a novel psychophysical software. LumiTrackT m, a psychophysical software

developed in this thesis, provided an easy and playful way to evaluate motion

perception, as well as contrast sensitivity of motion, across several levels of

complexity in young volunteers and patients from four years of age. A com-

parable software was not previously available for use in paediatric practice

and these perceptual qualities have not been assessed in children with ON-

pathway dysfunction before. Patients with cCSNB, iCSNB and PMM2-CDG

showed subnormal motion perception thresholds, as well as a decrease in con-

trast sensitivity. With increasing text complexity, fewer patients showed mo-

tion perception abnormalities, yet contrast sensitivity abnormalities became

more frequent in more complex tasks. These findings indicate an impact of a

retinal ON-pathway dysfunction on higher cortical visual percepts which are

crucial for everyday visual performance. Further, the results suggest an im-

pact on functions mostly involving magnocellular function, however, a slight

impairment of the parvocellular system could not be excluded.

• A genotype-phenotype correlation of the findings revealed a trend of increas-

ing temporal ON/OFF VEP asymmetry in patients with cCSNB, associated

with genetic defects affecting proteins placed later within the photoreceptor

/ ON bipolar cell signalling cascade. Here, patients with mutations in NYX

were most severely affected. Such a genotypic distinction, detected at the

level of the striate cortex, was less apparent when assessing visual functions

associated with higher visual processing using psychophysical measures. Pa-

tients with mutations in genes NYX and TRPM1, whose protein products are
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involved at the end of the intracellular signalling cascade in ON bipolar cells,

seemed to require the highest stimulus/background contrast to perceive mov-

ing stimuli among patients with cCSNB. However, no clear distinction be-

tween genotype subgroups was apparent when regarding motion perception

results at supra-threshold contrast level. Patients with CSNB and PMM2-

CDG seemed to perform comparably across assessments, while an impact of

an ON-pathway dysfunction in patients with DMD mutations post exon 30

was only observable at the level of the retina (ERG) and the striate cortex

(VEP). DMD patients displayed almost completely normal visual perceptual

performance, suggesting a molecular function of dystrophin in the signalling

circuits of the retina which is distinct from that of the proteins involved in

CSNB and PMM2-CDG.
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7.2 Discussion

7.2.1 Visual impairment in the absence of ON-pathway signals?

In this thesis, I have presented evidence that patients with ON-pathway dysfunction

show visual signalling abnormalities, not only at the retinal level, but also detectable

at the level of the striate cortex, resulting in the perceptual impairment of important

visual qualities transmitted by ON-and OFF-pathways, such as motion and contrast.

These results are in agreement with my hypothesis that a retinal ON-pathway dys-

function at the level of the ON bipolar cells would disrupt visual signalling at the

level of the striate cortex and in higher order visual areas[153, 154, 155].

ON-and OFF-pathways in the visual system are thought to have evolved in or-

der to increase (contrast) sensitivity of the visual system, as well as to increase the

dynamic range for detection of visual stimuli [419]. If light increments and decre-

ments were signalled by a single pathway, the relatively low maintained activity of

retinal ganglion cells and cortical neurons would make it difficult for the visual sys-

tem to efficiently utilise a decrease in neuronal activity (as might be expected from

OFF cells to a light increment). Hence, transmitting ON and OFF signals from eye

to the brain via excitiatory connections, rather than by increases and decreases of

firing rates within a single pathway, is an efficient and quick means of signal pro-

cessing1. Further, as explained earlier2, having parallel ON-and OFF-pathways also

enables the visual system to efficiently enhance contrast sensitivity [326].

A disruption of ON-pathway ganglion cell firing was suspected to alter the ar-

rival of visual signals at the striate cortex and this, in turn, to affect perceived vision.

The delay of ON-pathway mediated signals detected in specialised ON/OFF VEPs

of patients with cCSNB, iCSNB, as well as boys with DMD mutations post exon

30 and patients with PMM2-CDG, suggests a temporally altered signal transmis-

sion from the retinal level continuing until the striate cortex. Even though the VEP

is a cortical measure, the notion of synaptic dysfunction due to receptor blockade

1Nonetheless, decreases of neuronal activity (in the OFF system in response to light increments
or in the ON system in response to light decrements) are potentially still able to signal changes in
ambient light to the cortex.

2Chapter 5, section 5.2
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as a mechanism underlying VEP latency delays in humans was previously raised

by Bodis-Wollner and colleagues [420]. In the past, disturbed ganglion cell and

LGN ON-pathway signalling had only been suggested in the mouse and primate

[156, 157, 158, 159, 327]. This thesis presents new insight into the pathology of

human ON-pathway dysfunction.

While there was a clear difference in cortical VEP signature between the ma-

jority of patients and healthy observers, one observation was that a response could

be recorded from VEP stimulation highlighting ON-pathway contribution. If the

ON-pathway was completely blocked at the level of the bipolar cells, and thereby

not transmitting any signals to the ganglion cells, one might expect a severely ab-

normal ON-pathway response at the cortical level. Instead, ON-and OFF-system

responses were highly similar in appearance but the ON-pathway response was de-

layed in the VEP of most patients with ON-pathway dysfunction. This suggests

that a signal is transmitted through the retinal layers and subsequently to the cortex,

albeit with a temporal delay, even though signal transmission through ON bipolar

cells is supposedly disrupted in patients. If this were the case, the question arises

how such a temporal delay could be introduced at the retinal level.

My finding that a delayed response could be recorded from the ON-pathway to

specialised ON/OFF VEP stimulation in subgroups of patients with a retinal ON-

pathway dysfunction, signifies that the visual system could potentially have an al-

ternative, route of transmitting ON-pathway signals from retina to visual cortex3.

From this point, three alternatives are possible. Firstly, a partial preservation of the

ON-pathway within the foveal region could explain the visual outcomes observed

in patients. Secondly, the signal could be relayed via an alternative network of cell

circuits, or, thirdly, the signal could be transferred via an alternative molecular sig-

nalling cascade, still resulting in the (delayed) depolarisation of ON bipolar cells.

3As mentioned earlier, decreases of neuronal activity within the intact OFF-pathway could poten-
tially also signal changes in ambient light to the cortex. This could explain the relative preservation
of the perception of light increments in patients with ON-pathway dysfunction (cCSNB specifically)
in photopic conditions. In scotopic conditions, where rods are exclusively using the ON-pathway, a
more severe impairment of vision can be observed clinically.
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7.2.1.1 Three hypotheses for ON-pathway signalling in retinal ON-

pathway dysfunction

A partial preservation of healthy ON-and OFF-pathways within the fovea could

explain the abnormal full field ERG results observed in patients with ON-pathway

dysfunction, while allowing for relatively ”mild” visual impairments under photopic

light conditions reported in some cases. The full field ERG represents a whole-

retina response and hence, if retinal abnormality was present but a healthy set of

ON and OFF system terminals were confined to the macula or fovea, the contri-

bution from the (healthy) foveal cells to the ERG waveform would most likely be

overshadowed. Recently, at the 55th ISCEV symposium (2017), Dorfman and col-

leagues suggested this hypothesis as an explanation why patients with cCSNB ap-

pear to be photopically asymptomatic [421]. They indicated an ON-pathway deficit

in the peripheral, but not the central retina of patients with cCSNB using the multi-

focal ERG.

While such a hypothesis could certainly explain the disparity between light

adapted ERG findings and visual performance of cCSNB patients under photopic

light conditions, the findings presented in this thesis suggest a different cause.

Firstly, the electrophysiological methods applied in this thesis were eliciting

responses from the macula and were therefore ideal to investigate this hypothesis.

The use of the VEP to selectively compare ON and OFF system contributions to cor-

tical waveforms showed that a macula-driven ON system response can be recorded

from the cortex, albeit with a delay compared to the OFF system response, in pa-

tients with ON-pathway dysfunction. These findings suggest that an ON-pathway

signal is relayed through the macula/fovea in case of an ON-pathway dysfunction

and it was hypothesised that the abnormalities in visual performance encountered

by patients are caused by this ON and OFF system signal asymmetry4.

Secondly, while patients with cCSNB are known to experience problems at

low light levels, the results presented in this thesis show that a retinal ON-pathway

4Interestingly, Dorfman and colleagues did observe a delay in multifocal ERG waveform peak
times for patients with cCSNB.
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dysfunction can result in an impairment of visual behavioural qualities such as mo-

tion perception and contrast sensitivity under photopic light conditions. Further, the

psychophysical assessments carried out using the LumiTrackT m software, such as

the biological motion detection or the contrast sensitivity assessments, relied on the

use of foveal vision. The abnormal performance of patients in these tasks therefore

suggests an ON-pathway abnormality also in the fovea. In summary, the results ob-

tained in this thesis indicate a delay of the ON system, rather than a complete block

or a healthy foveal ON system, resulting in the visual outcomes observed in patients

with ON-pathway dysfunction. Hence, alternative pathways for ON system signals

through the whole of the retina were considered more likely. Two ways of how this

could be achieved are described below.

While there are are least three known pathways via which rod signals are trans-

mitted across the retina under scotopic and mesopic light conditions [422, 423, 424,

24], only two major retinal pathways for cone signal transmission under photopic

conditions are known: ON-and OFF-pathways. Rods never directly synapse onto

ganglion cells but relay signals via ON bipolar cells to amacrine AII cells under sco-

topic conditions, which can make contacts with cone bipolar cells, OFF ganglion

cells, as well as other amacrine cells [1]. In contrast, cone ON and OFF bipolar

cells can transmit information about light increments and decrements directly onto

ganglion cells. An extensive feedback and signalling network of amacrine cells

is interleaved into these cone signal systems, with some bipolar cells connecting

with retinal ganglion cells (for example [425, 426, 427, 428]). In the case of a

disruption of the ON-pathway at the level of the cone ON-bipolar cells, the ON sig-

nal would need to be transmitted through another cell type, possibly OFF bipolar

cells or the OFF surround of ON bipolar cells, at least initially, and could then be

relayed by sign-inverting amacrine cells synapsing onto ON ganglion cells. Candi-

date amacrine cell populations which show synapses with ON ganglion cells exist

and several could be candidates for such a task:
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• A22, thought to be involved in visual coding of fast movements [425]

• ACh or Starburst amacrine cells, connecting to ON/OFF directionally selec-

tive ganglion cells [429, 428, 430, 431, 427, 432]

• A8, with a so far unknown role [426]

• Small diffuse amacrine cells of the midget system [433]

While all of these amacrine cells build connections linking cone bipolar cells

and ON ganglion cells, it is difficult to highlight one of them as the most likely can-

didate, as knowledge about their exact function is sparse. The midget system is at

its maximum density in the central retina [434] where cones outnumber rods. Thus,

a large contribution of these cells to the VEP, which reflects the integrity of the mac-

ula, is a possibility. A pathway of ON signals from cones using the midget amacrine

cell networks onto ON ganglion cells could provide a possible second route for

ON signals through the retina under light adapted conditions and would affect a

VEP response. Such a ”detour” from the original, direct photoreceptor-bipolar cell-

ganglion cell route could introduce a temporal delay in ON signal transmission,

which may be reflected in the observed ON/OFF VEP timing asymmetry. Under

dark adapted conditions, if the rod ON bipolar-AII amacrine cell pathway is the

only active route, the rod ON-pathway would still remain dysfunctional, agreeing

with the night vision problems encountered in patients.

A logical draw-back of this hypothesis is that such an alternative, multicel-

lular route for ON-pathway signals within the retina, involving the activation and

input of several other cell types, would be inefficient in healthy individuals. Here,

the direct original pathway would be activated by light. Further, a hypothetical al-

ternative pathway would be activated by the same stimulus. This would result in

several cellular signalling routes being active under healthy conditions, unless it is

prevented by inhibitory signals. While inhibitory circuits are a common occurrence

in the retina, in such a case, the cells involved in the ”alternative ON-pathway cell

network” would need to be primed to be active under the circumstance that ON

bipolar cell signalling fails. This presence of an additional cell network, requiring

several levels of inhibitory feedback circuits to transfer ON-signals in the case of
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dysfunction of the primary route, makes the ”alternative ON-pathway cell network”

a metabolically costly solution [435].

A more cost-effective explanation presents itself if an alternative molecular

route exists within the ON bipolar cells. Such a pathway could provide an alter-

native regulatory mechanism, coming into play when the conventional signalling

cascade is deregulated or disrupted by mutation. Alternative intracellular control

mechanisms are common in the regulation of several important biological func-

tions. An example for such a mechanism comes from cell apoptosis, where there

are at least five different molecular pathways known to exist, leading to the same

physiological outcome, programmed cell death [436, 437]. These range from hav-

ing distinct starting points (i.e. membrane receptors) to several cascades involving

different proteins. Another example for such a system can be found in the case of

DMD. Here, the expression of utrophin, a protein with a highly similar molecu-

lar structure to dystrophin, was shown to prevent muscular dystrophy in dystrophin

knock out mice [438, 439], almost completely taking over its function5. A similar

situation within the molecular signalling cascade of ON bipolar cells, which carry

out the important physiological function of transmitting light signals onto subse-

quent retinal cell types, is therefore a possibility.

The ”negative ERG” detected in patients with ON-pathway dysfunction has

classically been explained by functioning (hyperpolarising) photoreceptor cells,

driving the a-wave. With the signal not depolarising the ON bipolar cells this results

in an absence of the b-wave or a decrease in its size [441, 442]. However, Siev-

ing (1993) conducted elegant experiments that suggested the electrophysiological

phenotype observed in the light adapted ERG of patients with CSNB may also be

explained by a signal delay of depolarising ON bipolar cells [161]. In his model, the

more the signal from depolarising bipolar cells was delayed, the smaller the result-

ing b-wave was. His work suggests that an ON-pathway dysfunction might involve

a slowing, rather than a complete block of signal transmission, at the photoreceptor

/ ON bipolar synapse6. This supports my second hypothesis of an alternative molec-

5Utrophin-based therapy is now in phase two clinical trials to treat patients with DMD [440].
6His experiments were initiated by the observation that patients with CSNB showed a slight
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ular pathway within ON bipolar cells. Instead of a complete block of ON bipolar

cell function, these cells are depolarised, albeit with a delay.

As an example, in the case of cCSNB patients with GRM6 mutations (resulting

in a loss of function of the mGluR6 glutamate receptor) such an alternative molec-

ular route could be initiated by a different glutamate receptor present at ON bipolar

cell dendrites. In addition to metabotropic glutamate receptors, ionotropic gluta-

mate receptors were reported in cyprinid [443] and salamander [444] ON bipolar

cells and rat retina [445]. While this shows that ON bipolar cells potentially express

more than one glutamate receptor type on their membrane, ionotropic receptors are

usually associated with OFF bipolar cells in humans [446] and present a rather fast

mechanism. Hence, they are unlikely to play a major role in the delay of an ON

signal in humans. The presence of several, slower, metabotropic glutamate recep-

tors (mGluRs) was previously suggested and confirmed in the rodent inner nuclear

layer [447, 448], as well as the outer plexiform layer [449]. Further, glutamate re-

ceptors with transporter-like pharmacology are known to exist on cone ON bipolar

cell dendrites of basses [444]7. Such alternative receptor proteins, by being slightly

different functionally or in timing, could introduce a temporal delay, while still en-

suring a signal relay via the depolarisation of the ON bipolar cell. For example,

this could happen if an alternative receptor protein would require the recruitment of

more downstream intermediary proteins to successfully complete the intracellular

signalling cascade. Importantly, such a receptor could be blocked by a glutamate

antagonist like APB, resulting in a complete disruption of the ON-pathway in the

research setting, however, its function would not be disturbed by a mutation of

GRM6.

Within this intracellular signalling network, the presence of several alternative

proteins with similar functions within the molecular cascade would make for a rela-

tively robust system. This could explain the abnormalities observed in patients with

delay of the light adapted b-wave. As discussed in Chapter 2, Section 2.3.2, this delayed peak might
represent an OFF system response emerging due to abnormal ON system activity. Nonetheless,
the hypothesis of a delayed signal transmission through depolarising bipolar cells as a cause for
ON-pathway dysfunction in light of delayed cortical ON system responses is plausible.

7In primate ON bipolar cells, only the function of mGluR6 has been physiologically examined
[450].
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subtypes of CSNB, as well as PMM2-CDG, as in these cases similar proteins are

affected by mutation or N-glycosylation defects (CACNA1f, CACNA2D4, GRM6,

GPR179, LRIT3, NYX) 8. Moreover, the slight distinction in results observed in the

VEP data between patients with different genotypes could also be accounted for by

this hypothesis. The temporal delay introduced into the ON signal might differ with

the mutation type encountered in patients, depending on how much of an impair-

ment of the original intracellular signalling cascade is caused by a certain mutation

type. Following this hypothesis, the results obtained from the specialised ON/OFF

VEP recordings indicate that the most severe intracellular impact would be caused

by a lack of nyctalopin (encoded by NYX) as the compensation of its function might

lead to the most severe temporal delays.

Of course, this hypothesis is highly speculative, but support for it could come

from the discovery of further proteins involved in the ON bipolar cell signalling cas-

cade leading to its depolarisation. Currently, there are no known candidate proteins,

which could serve as alternatives to those mutated in patients with ON-pathway dys-

function, such as TRPM1, nyctalopin or GPR179. This highlights the importance of

extensive genetic testing of patient cohorts and it emphasises the value NGS analy-

sis can bring to the field, enabling the discovery of novel candidate genes in patients

without a mutation in known ON-pathway dysfunction genes9. More importantly,

such genetic analysis would benefit from research into protein function, alongside

proteomic and transcriptomic analysis.

The lack of expression of certain proteins or their malfunction could poten-

tially lead to the deregulation of others, delivering candidate proteins for the in-

vestigation of molecules involved in an alternative intracellular signalling pathway.

A similar relationship was shown to exist in autism, where an upregulation of the

mGluR5 receptor protein was linked to decreasing levels of the GABA A receptor

beta 3 protein in patients [451]. Whether the expression of certain proteins is up-

8It is noteworthy that this statement relates to the ON-and OFF-pathway abnormalities observed
in PMM2-CDG patients in this thesis. Clinically, a cone-rod dystrophy is common in this condition,
which distinguishes it from the subtypes of CSNB [238, 216].

9For example, a further examination of the genotypes of the four CSNB patients without con-
firmed genotype in this thesis could lead to the discovery of such novel candidate genes and proteins.
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regulated in patients with a mutation in an ON-pathway dysfunction gene, is not

currently known. Such novel candidate proteins could perhaps initially be revealed

by proteomic analysis in the nob CSNB mouse models. Observing the expression

and activity levels of different proteins within the mutant retinae compared to the

wild type could help to assess whether an alternative pathway is active in case of

ON-pathway dysfunction, and give insight into potential proteins involved. Such

analysis previously revealed TRPM1 as a candidate gene for CSNB [172, 203, 204].

Physiological support for either of the hypotheses presented here, could come

from the recording of PERGs in human patients. If stimuli were designed to selec-

tively bias waveform contribution from ON-and OFF-pathways, they could enable

an insight into ON and OFF amacrine and ganglion cell circuits via electrophys-

iological methods. The stimuli utilised for the recording of specialised ON/OFF

VEPs in this study could provide a starting point for such PERG recordings10. Spe-

cialised ON/OFF PERGs could give an insight into whether an ON signal is passed

through the retinal ganglion cells with a delay.

10In fact, some light increment and decrement PERGs were simultaneously recorded from healthy
volunteers during the validation phase of these stimuli. Reliable PERGs could be recorded from this
stimulation and waveforms were akin to the conventional pattern reversal ERG waveforms obtained
clinically. A manuscript including these data was accepted for publication in IOVS in December
2017: Fritsch, DM, Sowden, JC and Thompson, DA: ”Pattern onset ERGs and VEPs produced by
patterns arising from light increment and decrement”, 2018. The manuscript can be found in the
appendix.
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7.2.2 Behavioural impact of a retinal ON-pathway dysfunction

Apart from the physiological impact of an ON-pathway dysfunction, it was impor-

tant to investigate the visual perceptual impact of such a retinal signalling disrup-

tion. Psychophysical assessments of motion and contrast perception in patients with

ON-pathway dysfunction revealed abnormalities in perceptual performance, which

is heavily reliant on the accurate correlation of visual information (for example,

the temporal integration of motion signals in the parietal cortex is crucial for de-

cision making [452], whereas the importance for vision of correlated ganglion cell

firing was highlighted in the salamander retina [155]), supporting the hypothesis

that a retinal ON-pathway dysfunction likely results in visual impairment due to an

abnormality of visual signalling.

Assuming that a complete ON-pathway signal block is present at the level of

the bipolar cell level, some authors speculated that an ON signal could originate

from the ON surrounds of OFF centre ganglion cells [288]. Theoretically, such sur-

round input is gathered from bipolar cell signals, as well as from the interconnecting

amacrine network (for example [453]). Schiller showed that the ON surround re-

sponse of OFF cells in the LGN of rhesus monkeys was not affected by application

of APB [327]. Further, Massey and colleagues reported that some OFF centre gan-

glion cells in the rabbit retina respond to light onset with a delayed response from

the antagonistic surround [6]. Responses occurred around 90ms later than the ON

centre response to the same stimulus, indicating a presence of ON-related visual sig-

nals even when ON-pathway glutamate receptors are blocked pharmacologically.

Such results, however, could also be explained by a delayed signal transmis-

sion through ON bipolar cells and do not exclude the possibility of a functional ON

signal relay through the retina. Support comes from studies of nob mouse mod-

els lacking functional mGluR6 showing a response delay, rather than a response

absence, to light onset in retinal ganglion and thalamus cells [158, 156, 454], re-

sulting in receptive field abnormalities of these mice [157]. A signal delay from

ON bipolar cells, as discussed in the previous section, could disturb the temporal

structure of ganglion receptive fields, resulting in receptive fields with no clear sur-
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round, as reported in nob3 mice by Maddox and colleagues. Subsequently, such

ill-defined receptive fields could lead to ON-and OFF-pathway signals being out of

sync temporally, impeding the ability of ganglion cell firing patterns to accurately

develop.

Retinal activity is thought to be crucial for the correct wiring of the visual

system during early development and a congenital abnormality affecting such fir-

ing patterns could logically have an impact on the visual circuitry. There is some

evidence suggesting that ganglion cell firing specifically is needed for normal devel-

opment of the visual system [455]. Blocking cat retinal ganglion cell activity with

Tetrodotoxin (TTX), a blocker of voltage dependent sodium channels, was shown

to prevent the segregation of ganglion cell axons into LGN layers, which is, in turn,

important for the development of postsynaptic neurons [456]. Especially the direc-

tional tuning of direction sensitive retinal ganglion cells seems to be influenced by

the integrity of the developing ON-pathway [457, 458]. In line with these results,

it is likely that the development of receptive fields in these cells also relies on the

temporal domain of signal input during development.

Signal firing patterns are crucial for the correct transmission and process-

ing of motion and contrast signals within the visual pathways (for example

[459, 460, 461]). Moreover, the importance of the temporal structure of such pat-

terns was highlighted in a study from 2001, suggesting the magnitude of neuronal

activation could depend on a specific ”ranking order” of a neuron's input [462]. If

maximum activation of a neuron was dependent on the reception of synaptic in-

put in an optimal order (or pattern), a temporal asymmetry between ON-and OFF-

pathway signals may affect the activity of those cortical cells integrating signals

from both pathways. Hence, an impact of such an abnormality on visual behavioural

responses, such as observed in patients with ON-pathway dysfunction in this study,

is feasible.

In this sense, a comparison might be drawn to vision under mesopic light con-

ditions, where cone and rod photoreceptors are active simultaneously. The mesopic

range has relatively ”soft” boundaries and reaches from the point where cones are
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first active (cone threshold, at a light luminance of approximately 0.2 trolands) until

the light level where rod saturation begins (at approximately 200 trolands) [463, 31].

At the dimmest light levels, rods first become active and are thought to transmit a

signal via the slow rod pathway using the intermediary amacrine AII cells. In the

healthy visual system, rod signals (i.e. ON-pathway signals) are delayed compared

to cone signals [464, 465] and their delay at retinal ganglion cell level is estimated

to be between 20 and 40ms in primates when measuring intracellular responses

[463, 466], and between 8 and 20ms when measured psychophysically in human

observers [463, 467, 468].

More recently, ON-pathway signalling delays of around 20ms were reported

in mouse retinal parasol ganglion cells when presenting light targets under low

mesopic light conditions [469]. These delays were non-existent once the back-

ground light was increased over the mesopic threshold. Importantly, such an asym-

metry of ON-and OFF-pathway signalling was suggested to result in decreased VA

under low light conditions [470, 31] in healthy individuals. Further, a deterioration

of motion perception was observed under mesopic conditions in healthy observers,

likely due to the incompleteness of integration of rod and cone signals in parasol

ganglion cells which feed into the magnocellular system [471, 465, 472].

The ON system signal delay in retinal ganglion cells of 20ms described by

Takeshita and colleagues [469], and also reported from detection tasks by Cao and

colleagues [467, 463], resemble my findings of the cortical ON system signalling

delay in patients with ON-pathway dysfunction11 with an average ON delay of 18ms

in patients with cCSNB. Additionally, the visual behavioural phenotypes of healthy

individuals under mesopic conditions, such as subnormal VA and abnormalities in

the perception of motion, are akin to those observed in patients with ON-pathway

dysfunction under photopic conditions. This resemblance supports the proposal that

retinal ON-pathway signalling delays could be the cause for the visual impairments

experienced by patients. Following these findings, it could be concluded that an

ON-pathway dysfunction, and therefore an ON and OFF system signalling asym-

11The ON/OFF VEP recordings in this study, however, were carried out under photopic condi-
tions.
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metry, may place a patient's visual system in a functionally mesopic state, at least

to a certain extent.
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7.2.2.1 The curious case of patients with DMD

In this thesis, I have highlighted the similarities and differences between patient

subgroups with ON-pathway dysfunction. While the hypotheses proposed in the

previous section can explain the presence of delayed ON signals during vision test-

ing and the visual impairments associated with it in patients with subtypes of CSNB

and PMM2-CDG, they do not explain the striking difference in visual outcome be-

tween these patients and boys with DMD. Several studies investigated the unex-

pected link between DMD mutations and apparent abnormal retinal signalling, and

most of these recorded the ocular phenotype of these patients alongside the ERG,

but found generally no abnormalities (for example [258, 220, 473, 163]). Similarly,

as described in Chapter 2, DMD patients showed clinically normal visual acuity, as

well as normal fundi and retinal structure (OCT), alongside none of the visual per-

ceptual deficits generally associated with a negative ERG, such as night blindness.

Ricotti and colleagues found electrophysiological differences between patients

with DMD mutation pre and post exon 30 [163]. Boys with mutations upstream

of exon 30, affecting expression of the long dystrophin isoform Dp427, showed

normal dark adapted b:a-wave ratios. However, boys with mutations post exon 30

showed profoundly negative ERGs, with those mutations affecting shorter isoforms,

such as Dp71, being associated with a more pronounced negative ERG waveform,

as well as with autism spectrum disorder [163]. This suggests a differential effect

of mutation location, and the dystrophin isoform affected, on retinal signalling and

cognitive function. In my patient cohort, a distinction between these two groups

also revealed some abnormalities of cortical ON/OFF VEP responses in patients

with DMD mutations post exon 30, indicating a temporal signalling delay remaining

detectable at the striate cortex. However, the asymmetry of DMD ON and OFF

system signals was not as striking as in patients with subtypes of CSNB and PMM-

CDG.

Only one recent study assessing visual function in boys with DMD detected ab-

normalities in visual perception. Costa and colleagues detected a high incidence of

red-green vision defects in DMD patients with mutations post exon 30 using a bat-
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tery of different assessments [474]. Such colour vision defects might be explained

by the colour opponency of some ganglion cell receptive fields within the visual

pathway receiving cone signal input [475, 15]. The existence of colour opponent

receptive fields, receiving specific dichromatic input (red-green, or blue-yellow),

was suggested in primate retina [476], LGN [477, 478] and cortex [479, 480]. All

cone signals are relayed via ON or OFF bipolar cells and subsequently feed into

ganglion cell receptive fields [481]. Hence, an ON-pathway dysfunction, impact-

ing on the receptive fields of such red-green (or blue-yellow) colour opponent cells,

underlying a subtle colour vision defect in patients is a possibility12.

Nonetheless, if such defects are present to an extent, the question remains why

these would not be detected in clinical practice. Costa and colleagues hypothesised

that conventional colour vision assessments, such as the Ishihara Colour Vision

test, are used to detect severe colour vision defects and therefore might not be suffi-

ciently sensitive to expose the slight defects observed in these patients. In line with

this thought, the psychophysical tests assessing motion perception might not have

been sensitive enough to pick up the minor abnormalities in these subgroups. When

evaluating contrast sensitivities of motion in more detail, however, some abnormal-

ity was detected in two DMD patients using LumiTrackT m. Consequently, this also

means that the ERG and specialised VEPs provide more sensitive measures in this

patient population, revealing slight physiological abnormalities.

Experiencing such ”subclinical” symptoms could explain why patients with

DMD do generally not report any visual problems. An explanation could come

from the presence of slight colour vision disadvantages within the general popu-

lation, which is usually only revealed through specific colour vision testing and

rarely through obstacles encountered in everyday life [474]. Unless individuals are

faced with a task revealing a subtle impairment (such as a sensitive vision assess-

ment), few are initially aware of such slight impairment, while an improvement in

awareness often only comes with adult age [483, 484, 485, 486]. Due to patients

12Although patients with ON-pathway dysfunction are not usually described to experience colour
vision deficits, one case report of mild defects for blue-yellow and red-green discrimination can be
found in the literature [482].
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with DMD often not surviving their second decade of life [487], such awareness of

slight visual alterations might not be present in some. Moreover, due to the multi-

tude of neuromuscular problems these patients experience, a possible minor visual

impairment might not be immediately evident.

The question of the roles of different retinal dystrophin isoforms resulting in

a negative ERG, yet allowing a normal visual phenotype, remains. Apart from the

muscle, several dystrophin isoforms can be found in cells of the nervous system

[488, 489], where they seem to localise to dendrites [490]. In the retina, four dys-

trophin isoforms (and their associated protein complexes) have been localised to

the photoreceptor terminals and inner retinal synaptic layers (Dp427, Dp260 and

Dp140) and Müller cells (Dp71) [491, 492, 225, 220, 493, 494, 495, 496]. ERG ab-

normalities have been detected in the absence of all these isoforms, with greater

ERG abnormality and cognitive-neuropsychiatric disturbances linked to patients

with mutations downstream of exon 30 [163].

In the retina, the lack of structural abnormalities in DMD patients, together

with the physiological defect observed, suggests a role in neurotransmission for

dystrophin isoforms. This could for example be through a role in the formation of an

ion channel or an interaction with other signalling-related proteins. A functionally

related protein, ankyrin, is present in the brain and associated with Na+ channels

[497], while dystrophin in the muscle is important for Ca2+ homeostasis [498, 499]

and hence the link to an ion channel regulating membrane potentials is possible. In

the case of ON-pathway dysfunction, this could be the (Ca2+ permeable) TRPM1

channel in ON bipolar cells or one of the Ca2+ channels located in photoreceptor

terminals.

Moreover, the fact that all dystrophin isoforms found in the retina contain sim-

ilar protein binding regions [500], suggests that the isoforms have the capacity to

overlap in function, at least to a certain extent. Abnormalities in the ERG in the

disease context could therefore be caused by a disruption of dystrophin binding to

its associated protein complexes or altered interaction with other proteins, influenc-

ing synaptic transmission indirectly [501, 502]. Taking the results obtained in this



7.2. Discussion 362

study into account, a mutation of the shorter isoforms seems to lead to a more

affected physiological phenotype, resulting in abnormal retinal and cortical sig-

nalling, which agrees with what is generally suggested in the literature [503, 163].

In summary, my findings show that patients with DMD show visual pheno-

typical abnormalities at the retinal and cortical level, which do not translate into

obvious visual impairments. Hence, it would be of interest to evaluate perceptual

visual function in these patients in further detail using more sensitive motion per-

ception assessments, in order to detect possible subtle defects. Moreover, the DMD

sample population carrying out the LumiTrackT m psychophysical assessment was

relatively small and any association between patient physiological and perceptual

phenotypes would require further exploration on a larger cohort.
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7.2.2.2 Future work

The investigation of protein expression levels and function in ON-pathway dys-

function model organisms, alongside the genetic analysis of patient samples, can

provide a first step to increase the knowledge on the key molecular processes im-

portant at the photoreceptor / ON bipolar cell synapse. Such future studies have the

potential to discover key players within the ON bipolar cell signalling cascade. The

exploration of potential alternative molecular pathways leading to depolarisation

of these cells upon light stimulation further have the potential to initiate candidate

gene sequencing approaches aiming to discover novel genes leading to ON-pathway

dysfunction in patients and to identify possible molecular interventions.

Apart from the normal visual phenotypes observed in patients with DMD, other

visual phenotypes encountered in patients could not be fully explained and require

further investigation. Particularly some ocular and perceptual conditions seem to

show a high incidence if the ON-pathway is disturbed. One example is the apparent

increased susceptibility of some patients with CSNB to photo-aversion. An intrigu-

ing link exists to the recently described intrinsically photosensitive ganglion cells,

which are thought to express the photopigment melanopsin [504] and mostly associ-

ated to the circadian rhythm [505]. However, recent research has revealed additional

roles for those cells in conscious visual perception, including brightness discrimi-

nation in mice [506], as well as motion analysis [507]. These cells receive input

from rod and cone ON bipolar cells [13] and have been linked to photo-aversion

before [508]. Therefore, an abnormality of ON-pathway signalling could have an

impact on these cells and their associated functions. Further study of these only

very recently described cells will shed more light on their supposed role within

visual perception and in a disease context13.

A further factor contributing to visual impairment in some patients with ON-

pathway dysfunction is the presence of nystagmus. Similarly to the incidence of

photo-aversion in patients, the presence of nystagmus is variable in patients and

13As intrinsically photosensitive ganglion cells are thought to play a role in the circadian rhythm,
some anecdotal evidence about patients with CSNB having trouble sleeping could reflect an impact
on these visual processes. Such reports come from online support forums for people with CSNB,
such as www.visionaware.org/forum/your-eye-condition/congenital-stationary-night-blindness.
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a reason for its occurrence not known. A starting point for investigation in pa-

tients with PMM2-CDG might be provided by the apparent link of the occurrence

of nystagmus in patients with the heterozygous variant p.Arg141His observed in

this study.

Pieh and colleagues previously investigated nystagmus waveforms characteris-

tics in patients with CSNB via eye-movement recordings and distinguished it from

congenital idiopathic nystagmus [509]; however, no definite reason for its occur-

rence was suggested. The results presented in this thesis highlight a retinal sig-

nalling abnormality which is still detectable at the level of the visual cortex. It

is therefore likely that such an abnormality is also present earlier at the level of the

LGN. The primate LGN possesses connections to the cells of the superior colliculus

[510], which plays an important role in the control of eye movements and saccades

[511, 512]. Could an ON/OFF system signalling asymmetry disturb the execution

of eve movements in the superior colliculus and hence explain the incidence of nys-

tagmus in patients?

In line with this thought, is the suppression of the magnocellular system, which

is thought to be initiated during a saccadic eye movement to dampen the sensation of

retinal image motion [513], in some way linked to the magnocellular system deficits

observed in patients in this thesis? Studies analysing the nystagmus waveforms ob-

served in patients in detail (such as [509]) and comparing them with extensive geno-

typical information, alongside comparative studies investigating motion perception

in patients with nystagmus and no other ocular conditions, could provide a starting

point to answer these questions.

Another finding in this thesis was the slight difference in presence and absence

of specific OPs across the patients subgroups. Especially striking were the contrast-

ing results from dark adapted and light adapted OPs of patients with the complete

and incomplete form of CSNB. Under dark adapted conditions, OPs of patients with

cCSNB were almost completely abolished, whereas the same was true for patients

with iCSNB under light adapted conditions. While dark adapted OPs are elicited to

a relatively bright flash (3.0 cd*s*m−2 according to ISCEV), potentially showing
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some cone contribution, light adapted OPs are thought to reflect activity with the

cone circuits only. Under dark adapted conditions, earlier OPs (OP2) seem to be

linked to rod-mediated (ON) activity, whereas late OPs (OP4) are linked to the off-

set of a light stimulus, i.e. they likely stem from the cone system. OP3 in contrast

seems to be evoked by an interplay from both systems [73, 81]. The absence of

OP2 and OP3 in patients with cCSNB was linked to disturbed retinal ON-pathways

before [78, 77]. The absence of all OPs in patients with iCSNB under cone-biased

light conditions highlights this disorder's influence on ON-and OFF-pathways. As

OPs are thought to mainly reflect spiking activity within the retinal amacrine cell

feedback circuits, an alteration in ON-and OFF-pathway signal interplay within

these circuits might result in the specific OP phenotypes encountered in this thesis.

In view of these results, it is curious why OP1 and OP4 were reduced in

patients with DMD and mutations post exon 30 under light adapted conditions,

indicating ON-and OFF-pathway impacts, without impacting significantly on be-

havioural visual performance of patients. In this sense, a further unanswered ques-

tion is what OPs reveal generally about the functionality of vision in these patients.

A detailed investigation of OPs under different light conditions across patient sub-

groups, aiming to link the presence or absence of specific OPs to individual geno-

types and visual outcomes, may give an insight into the significance amacrine cell

circuits have for the various visual behavioural phenotypes observed in this study.
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7.2.3 Implications of findings for patients and clinical teams

This thesis presents a systematic study of visual phenotypes and genotypes in chil-

dren with ON-pathway dysfunction. In order to evaluate the physiological impact

such a dysfunction has on cortical signalling, a novel set of electrophysiological

VEP stimuli, distinguishing contributions from ON-and OFF-pathways, was intro-

duced. These novel stimuli outperformed the sensitivity and specificity of conven-

tional cortical assessments in detecting abnormal ON-pathway function. Using the

novel electrophysiological tests, physiological abnormalities were detected in 83%

of patients with ON-pathway dysfunction, compared to only 37% when using con-

ventional pVEP stimulation.

Results obtained from patients indicated an impact of a retinal ON-pathway

disruption which was detectable at the level of the striate cortex, indicating a dis-

ruption of optic pathways originating in the retina, including the ganglion cells.

Further, these specialised VEP recordings revealed a delay, rather than an absence,

of ON-pathway signals at the striate cortex, implying that ERG phenotypes encoun-

tered in patients with ON-pathway dysfunction might be due to a signal delay, rather

than a complete block of signal transmission at the level of the ON bipolar cells.

The stimuli applied for cortical VEP recording in patients in this study, further pro-

vide a starting point for potential assessment of ganglion cell integrity of ON-and

OFF-pathways via specialised PERG. These responses could be recorded simulta-

neously with VEPs, especially beneficial when recording from children where time

efficiency is paramount.

Further, this thesis delivered the first quantifiable clinical assessment of motion

perception and contrast sensitivity in such children, using a quick and playful psy-

chophysical software called LumiTrackT m. This software compliments the novel

electrophysiological test battery, which assesses the situation at the striate cortex,

by combining higher cortical tasks assessing motion and contrast sensitivity within

one, very mobile, test. Three domains of motion perception can be assessed under

opposing contrast conditions, while contrast sensitivity within these tasks can be

assessed in more depth. Further, these tasks are easy to carry out in children from at
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least four years of age and take around 30min per subject, thereby providing an ap-

proachable way to assess visual function in a clinical paediatric setting. Designed

with the variability of visual capabilities encountered in ophthalmological paedi-

atric practice in mind, LumiTrackT m allows the individual tailoring of the tasks by

giving a flexibility of parameter choice, such as dot size and speed. At the same

time importance was placed on maintaining constant test parameters across tasks,

in order to ensure comparability of results obtained.

The physiological and perceptual results of these novel assessments allow a

more realistic insight into a patient's visual capabilities. Firstly, this provides a more

pragmatic link of conventional clinical vision assessments of ocular structure and

physiology with visual qualities important in everyday life of patients. The objective

assessment of such qualities was previously challenging in children and reliant on

first-hand patient accounts. Being able to, for example, associate abnormalities in

retinal structure with an objectively measurable and quantifiable perceptual defect,

will provide a more complete clinical picture of a patient's visual phenotype. The

large normative data set obtained from healthy volunteers of different ages in this

study can aid in the determination of the perceptual abnormality in patients.

Consequently, clinical teams and carers might be able to better assess a pa-

tient's needs, optimising intervention to improve quality of life. In the face of dif-

ficulties perceiving low contrast, such an intervention could be to increase contrast

of stairs and steps. Further, abnormal motion perception could lead to implications

in the ability to carry out certain activities, such as some sports or driving a car.

Secondly, being able to judge the visual capabilities and deficits a child has, in a

more realistic way, aids parents, teachers and carers of patients to better understand

their visual requirements. An adjustment and tailoring of the help a child with spe-

cific visual impairment receives at school can have significant benefit in his or her

further cognitive and social development [123].

Further, the novel test batteries provide tools to investigate further and inter-

pret better the patterns of visual loss which occur in children with visual impair-

ment where testing was previously difficult. While they were developed with the
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aim to investigate the ON-and OFF-pathways of vision, such tests, especially the

psychophysical LumiTrackT m software, are transferable to wider patients groups

with visual impairments. Knowing how certain retinal or ocular defects translate

into visual perception is an advantage for clinical care teams treating or assessing

any visual condition. In the future, these tests may also be used to monitor interven-

tions and the impact of treatments on perceptual visual function in children. These

could include surgery for certain conditions but also monitoring the effectiveness of

pharmacological treatments via clinical drug trials.

Ultimately, when combined with patient genotype, these novel vision assess-

ments could further aid clinical teams and research teams in associating genetic

make-ups with visual outcome. The molecular pathways involved in signal trans-

mission at the photoreceptor / ON-bipolar cell synapse are largely unknown and

several genetic key players are yet to be discovered. Obtaining a more detailed in-

sight into the molecular processes at the retinal level especially with the potential

of discovering novel genes involved - will inform translational studies that aim to

restore function and influence connectivity in inherited retinal disease, for example

through the development of gene-therapies.

In monogenic diseases, such as CSNB, a mutation in a specific gene can lead

to a loss of protein function and result in a pathological phenotype. Gene therapy

therefore aims to introduce functional cDNA for the affected gene into the cells.

Such targeted cDNA is usually introduced using adeno associated viral vectors

(AVV) in clinical studies attempting to treat eye conditions such as Lebers Con-

genital Amaurosis [144]. Evidently, such approaches are individually fitted and the

exact cDNA introduced into a patient's cell depends on which gene is mutated in the

individual. Thus, knowledge of the exact genotype of individual patients is crucial.

Accordingly, studies linking genotype and phenotype of patients are an essential

part leading to the development of gene therapy trials14. Moreover, the advent of

gene editing, with the CRISPR-Cas9 system having received increased attention in

recent years (for example [515, 516]), promises to directly target a patient's genome

14Recent advances in gene therapies for ocular disease are presented in a review by Petit and
colleagues [514].



7.2. Discussion 369

in order to treat inherited disease, making the knowledge of the exact variant present

in a patient imperative.
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Abstract

Purpose Pattern onset VEPs do not always show

distinct C1–C2–C3 peaks and troughs. Our purpose

was to study changes in pattern onset VEP with age to

determine when the illustrated ISCEV standard onset

VEP waveform can be reliably recorded.

Methods We recorded pattern onset VEPs from an

Oz electrode referred to mid-frontal electrode accord-

ing to ISCEV standards by presenting checks of 600

and 150 side length in a 15� field. Twenty-four adults

aged 20–63 years participated. Amplitudes and laten-

cies were collated. Pattern onset adult VEP shapes

were compared to the waveform published in the

ISCEV VEP standard and to paediatric pattern onset

VEP waveforms recorded from 16 infants aged

7 months.

Results The shape of the pattern onset VEP changed

gradually with age. The C1–C2–C3 morphology of the

ISCEV standard pattern onset VEP becomes apparent

consistently after 40 years to 600 check stimulation. As

age increases a negative trough, C2 is more frequently

seen; however, the broad positive peak which charac-

terises infant onset VEPs may still be recorded at

20 years. The group median measurements of onset

VEPs to 600 were C1 7 lV@ 88 ms (range

67–110 ms), C2 9 lV@109 ms (range 89–158 ms)

and C3 13 lV@121–246 ms. To smaller 150 checks,

peak latencies were earlier and C2 became more

obvious. The group median measures of onset VEPs to

150 were C1 2 lV@69 ms (55–108 ms), C2

10 lV@90 ms (77–145 ms) and C3 14 lV@122 ms

(99–200 ms).

Conclusion The ISCEV standard onset VEP best

describes the waveform configuration and latency of

the onset VEP produced by 600 checks in adults of

more than 40 years of age. The onset VEP waveform

produced by 150 checks is distinguished by more

prominent negative C2 and earlier C1 and C2

latencies.

Keywords Pattern onset VEP � ISCEV standard

VEP waveform � Waveform maturation � Check size �
Age

Introduction

Three visual stimuli are described in the 2016 ISCEV

VEP standard; pattern reversal, pattern onset and flash

[1]. Pattern reversal stimulation is the gold standard. A

phase-reversing draughtboard produces a pattern
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reversal VEP which is characterised by a positive peak

at a latency of 100 ms. This is established by 7 months

of age and is highly reproducible across individuals

[2, 3]. Pattern onset and flash stimulation are recom-

mended for patients with active defocus or nystagmus,

or to identify chiasmal misrouting in albinism. VEPs

produced by pattern onset and flash stimulation have

complex polyphasic waveforms and show consider-

able inter-individual variation [1].

The pattern onset VEP waveform shown in the

ISCEV VEP standards has well-described C1-posi-

tive–C2-negative–C3-positive peaks [1], but in prac-

tice these individual peaks are not always identifiable.

Infants, for example, tend to show a single, simplified

broad positive peak, which becomes more complex

with maturation [4]. There are few published examples

of pattern onset VEP waveforms. We sought to better

describe and understand the waveform changes that

may be expected in pattern onset VEPs produced by

different check sizes at different ages when the ISCEV

standard protocol is used.

Methods and subjects

A cross-sectional observational study was carried out.

Pattern onset VEPs were elicited from 24 adult subjects

aged 20–63 years to the ISCEV standard VEP protocol

which stipulates check side lengths 600 and 150

presented in a minimum 15� field recorded from Oz

referred to Fz. The stimuli were presented for 200 ms

onset/followed by 400 ms offset of mean luminance

82 cd/m2 on a plasma display panel Michelson contrast

96% (max 170 cd/m2/min 6 cd/m2) viewed at 1 m.

Pattern onset VEPs were additionally recorded from 5

adults who viewed the same stimuli in a larger 30� field

and with a shorter onset period of 200 ms and from 10

teenagers to 600 checks presented with an additional,

longer inter-stimulus interval/offset interval of 1000 ms

Pattern onset VEPs recorded from Oz-mf 16 infants

aged 7 months were retrospectively reviewed from a

sample of more than 200 infants who were tested

within the first year of life when laboratory reference

data were compiled. The age 7 months was selected

because it is the age at which pattern reversal p100

latencies fall within 10% of adult values. Onset VEPs

in this infant reference study typically were recorded

using a wider range of check sizes, 4000, 2000, 1000,
500, 250 and 12.50 presented for 230 ms in a 30� field

followed by a field of mean luminance for 330 ms. For

this study, the stimuli had been displayed on a 74-cm

NEC multi-synchronisation monitor (contrast 80%

and luminance 50 cd/m2).

The acquisition trigger timing, field size and check

sizes presented on the plasma display panel were

adjusted to match the NEC monitor. All data were

recorded using the Espion system. The EEG was

digitised using a sampling rate of 1 kHz and a band-

pass filter of 0.312–100 Hz. The amplifiers had a fixed

gain with an input range of ±0.5 V (Espion by

Diagnosys, Cambridge, UK). The impedances of all

electrodes were balanced and maintained below 5 kX
throughout the recordings. In all cases, central fixation

was monitored by CCTV.

The onset VEP waveforms were evaluated and the

amplitude and latency of the main peaks and troughs

measured. In cases where C1–C2–C3 morphology was

not defined, the first main positive peak was taken as

C1. In cases where C1 was not identified, but a negative

C2 was prominent, the time point at the beginning of the

C2 descent from baseline was taken as a C1 latency.

Results

Pattern onset waveforms examples from healthy

infants are shown in Fig. 1. Data from 16 infants aged

7 months, the age at which reversal VEPs are within

10% of adult latency [3], are shown in Fig. 2a, b.

At 7 months 13/16, infants showed an early posi-

tive peak mean C1 13 lV@94 ms (range 76–112 ms),

seen in the top Fig. 2b. Of 13, 5 showed only the early

positive peak, but 8/13 showed a positive peak at

138 ms as well (middle trace Fig. 2b). Of 16, 3 infants

showed only a later positive peak (possibly C3), mean

135 ms (range 130–138 ms) bottom trace Fig. 2b.

Adult pattern onset VEP waveforms are arrayed in

broad decade panels in Fig. 3. The ISCEV standard

pattern onset VEP C1–C2–C3 configuration is seen

more consistently after 45 years to 600 checks

(Fig. 3c). The C2 trough is more prominent in the

pattern onset VEP waveform produced to smaller 150

checks. C1 and C2 latencies are earlier to 150 checks

compared to 600. The teenage pattern onset VEPs to

600 were similar to those of the 20 year old shown in

Fig. 3, a simple positive peak (Fig. 4).

The latency range of pattern onset VEP main peaks

produced by 600 and 150 checks is detailed in Table 1.
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When the latency ranges are translated onto the

standard ISCEV onset VEP waveform in Fig. 5, there

is good agreement with the 600 check values.

We also compared the onset waveforms from the

same adults produced by the ISCEV standard field size

15� with those from checks presented with a slightly

longer onset period of 230 ms in a larger 30� field.

Though waveforms differed within the same individ-

ual to 600 or 150, we did not observe an intra-individual

difference between the onset VEP waveforms pro-

duced when either of these checks was presented in

15� or 30� field, nor did we observe any differences in

the onset VEP waveform elicited to 200 ms compared

to 230 ms onset, nor when the inter-stimulus interval/

offset interval was 330 ms cf 1000 ms.

Discussion

Pattern onset stimulation is an essential VEP stimulus

for paediatric clinics where defocus and nystagmus are

often encountered. The ISCEV VEP standard

recognises that inter-individual variability of VEP

waveforms produced by onset and flash stimulation is

high [1], but the within individual concordance means

that an inter-ocular comparison of onset and flash VEP

waveforms can provide valuable clinical information,

as can an inter-ocular comparison of the trans-

occipital distribution of monocular responses. Indeed

onset stimulation is required for detection of chiasmal

misrouting of albinism in older subjects [4–7].

Published illustrations most often show onset VEP

waveforms with C1:C2:C3 ratios that resemble the

ISCEV standard waveform example [1]. Our findings

caution that the composition of the onset VEP

waveform is dependent upon age and check size.

Our data suggest the onset VEP waveform illustrated

in the ISCEV VEP standard [1] most likely represents

the response produced by 600 pattern onset in a 45 year

old subject. The onset VEP waveform produced by

smaller 150 checks has a more prominent C2, com-

pared to 600, and has earlier C1 and C2 latencies. The

range of latencies for each component described in our

study of ISCEV standard onset VEPs agrees well with

other published adult work, e.g. C1 65–80 ms, C2

90–110 ms, C3 150–200 ms [8] and C1 80–110 ms

[9].

Although the C1 component is better seen in older

subjects, it may also be enhanced by rapid onset periods

(e.g. 25 ms onset [10] or 40 ms onset [11] compared to

ISCEV standard 200 ms), use of lateral electrodes and

large checks [12]. Indeed the spatial tuning of adult

onset VEP components is complex; for example, Kriss

et al. [8] reported that C1 is largest to 720, C2 largest to

90 and C3 bimodally larger to 90 and 1100.
The three peaks of the onset VEP, C1, C2 and C3,

appear to represent an interaction and temporal

summation of activity from different cortical sources.

These multiple, simultaneously active areas are very

close together. Our data suggest ageing differentially

alters the relative contribution of one or each compo-

nent to the summated onset VEP waveform, but it is

challenge to attribute a specific peak to a cortical

source. Researchers have sought innovative ways to

solve this inverse problem [13]. Parametric manipu-

lations that include contrast adaptation, localising

stimulation to small quadratic fields, which show the

dependence of the waveform on retinal location, and

principal component analyses and coregistration of

fMRI, EEG and MEG have been used to infer cortical

dipoles [10, 14–17].

Fig. 1 Example pattern onset VEPs waveforms from infants

aged 3, 4, 5 and 6 months show a trend for the positive peak

latency to reduce from 140 to 100 ms. The solid line is the

average, repeated trials are shown in grey
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There is broad consensus that the onset VEP

waveform has at least two overlapping time compo-

nents: one from striate and the other from extra-striate

areas [10, 14–17]. Classic studies from Jeffreys and

Axford [10, 17] attributed C1 to striate cortex and C2

to extra-striate regions (for comparison C2 is P1 in di

Russo et al. 2002 description [13]), whilst Spekreijse

et al. [18] associated C1 with local luminance changes

within the pattern arising from area 18 and C2, which

is sensitive to contrast, defocus and pattern size, with

striate areas [14]. This controversy is current some

50 years later [19, 20]. Mostly available data suggest

C1 arises from multiple visual areas, but has a

predominant contribution from V1 primary striate

visual cortex in the early part of the waveform, whilst

C2 reflects activity in dorsal and ventral extra-striate

and C3 has also posterior parietal cortex contributions

[21, 22].

During the early parametric studies two matura-

tional phases for the onset VEP emerged: a rapid phase

between birth and 8 months and followed by a slower

phase ending at puberty with the C1–C2–C3 onset

VEP morphology apparent at 16 years [11]. Published

figures of paediatric pattern onset VEPs are very few.

A population study of 214 children from 2 months to

12 years by De Vries-Khoe and Spekreijse [23]

described how a negative peak (C2) became recog-

nisable in the broad positive pattern onset VEP of

children, with an incidence increasing continuously

from 0% in the first five to ten months post-term to

Fig. 2 a Average onset waveforms from 16 individual infants

all aged 7 months are arrayed. b Waveforms from 3 infants that

exemplify the maximal waveform variation at 7 months are

highlighted. The ISCEV standard waveform is shown on the

same timescale in black for ease of comparison above
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about 40% at 20 months of age and to approximately

100% around 8 years of age. Ossenblok et al. [24]

confirmed this in a detailed study of equivalent dipole

source localisation of 10 children aged 6–16 years and

described the evolved response as being a positive

peak at 130 ms preceded by a negativity at 100 ms.

These changes in onset VEP waveform from child-

hood to adulthood were attributed to changes in the

activity profile of the striate cortex, which dominates

in younger children whilst extra-striate activity

Fig. 3 Three panels of adult pattern onset trace arrays are

arranged in decades (a–c). Onset VEP waveforms produced by

600 and 150 checks in the same individual are displayed

alongside each other, and each one is superimposed on the

ISCEV template waveform in black for comparison. a Adult

(aged 20–29 yrs), pattern onset waveforms overlaid on ISCEV

standard waveform. b Adult (aged 32–39 yrs), pattern onset

waveforms overlaid with ISCEV standard. c Adult (aged

41–63 yrs), pattern onset waveforms overlaid with ISCEV

standard
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dominates in later life [16]. Apkarian and Tijsson [9]

describe the maturation of the albino trans-occipital

asymmetry with some waveform illustrations of

paediatric onset VEPs. They argued that C2 is not

developed because of the immaturity of the sensitivity

to fine elements in the striate cortex, but show C2 is

developed by 20 years (using 120 checks and 40 ms

onset). They highlighted that reliable contra-lateral

asymmetry in the pattern onset VEP is most consis-

tently seen in the C1 peak—as this is not apparent or

well developed in children it helps explain why the

flash VEP is a preferred stimulus for checking for

albino misrouting in young children under 3 years.

Lenassi et al. [25] plotted onset VEP data from 13

children, aged 1 year and less, and suggested mean C1

latency becomes *120 ms at 6 months, with a range

75–155 ms at 6 years. This agrees with the wide range

of peak onset VEP latency in our study of 16 children

at 7 months of 76–134 ms. Although there is a

preponderance of an early first peak, some waveforms

are dominated by later positive peaks.

Surprisingly our study shows a third ‘maturational’

or differential phase in the onset VEP waveform, or

Fig. 4 Example waveforms

from 3 individuals are

shown that summarise the

main change in waveform

features with check size and

age during adulthood

Table 1 The median and

range of amplitude and

latency of each peak of the

pattern onset VEPs

produced by 600 and 150

checks

600 median adult peaks (range) 150 median adult peaks (range)

C1 7uV@88 ms (69–109 ms) 2uV@69 ms (60–95 ms)

C2 11uV@109 ms (109–150 ms) 14uV@90 ms (79–143 ms)

C3 14uV@152 ms (127–246 ms) 14uV@122 ms (100–167 ms)

Fig. 5 The latency range of the peaks C1 and C2 are displayed

over the ISCEV waveform for 600 and 150 checks. The peaks to

smaller checks are earlier than to larger checks. The ISCEV

waveform peaks fall in the middle of the latency range of the

adult C1 and C2 produced by 600 check
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rather continuous changes throughout adult life, with

the emergence of a more prominent C1:C2 ratio with

age. The underpinning physiological changes in the

cortex between 40 and 60 years of age responsible for

this are unclear and speculative. The occipital lobe is

one of the brain areas most resilient to ageing.

Myelination and synaptic pruning dominate the mat-

uration changes in childhood whilst neuronal shrink-

age and axonal fibre loss predominate ageing.

Delineating a transition from maturation to degener-

ation associated with ageing is complicated to deter-

mine in vivo. Grey matter is fairly constant, but white

matter volume increases until mid-40s, corresponding

with a peak of myelination in some areas at 50 years,

e.g. mesial temporal surface [26]. Brain weight is

maximal around 20 years and does not reduce until

after 50 years with a decline in brain volume starting

around 45–50 years [26]. Age-related loss of grey

matter is most prominent in the frontal and temporal

lobes, with peak loss in dorsal brain areas around

50–70 years. The occipital lobes show least change,

and although Good and colleagues [27] describe white

matter loss in the occipital cortex, this occurs only

towards the eighth and ninth decades. The network of

higher-order regions that develop relatively late in

adolescence shows accelerated degeneration in old

age and heightened vulnerability to disorders that

impact brain during adolescence and ageing [28, 29].

According to this ‘last in first out’ theory, we may

speculate that that the onset components associated

with extra-striate areas will be affected first by ageing

and may underpin the waveform changes we have

described.

In terms of VEP generation, these gradual anatom-

ical and physiological changes in cortical tissue could

alter extra-cellular or intra-cellular resistance, which

in turn may change the relative amplitude and/or

timing of one of the components contributing to the

summated pattern onset VEP signal. A small latency

difference in one component can have a substantial

impact on the summated waveform shape, as seen

when a ‘negative’ prolonged on flash ERG is modelled

by delaying by 5 ms the depolarising bipolar contri-

bution to the photopic prolonged on off macaque ERG

a-wave [30, 31].

In summary, our data illustrate the changes in the

ISCEV standard pattern onset VEP waveform through-

out life and provide a template for clinical comparison.

Further studies are needed to understand whether these

changes may be exploited to explore ageing mecha-

nisms and vulnerability to degenerative disease.
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PURPOSE. Our aim was to elaborate how on and off signals contribute to pattern ERGs and
pattern visual evoked potentials (VEPs) by using pedestal patterns arising from incremental
and decremental onset stimulation.

METHODS. Pattern onset/offset ERGs and VEPs were produced by black and white checks of
600 side length and 88% spatial contrast appearing in a 168 field for 200 ms from white (110
cd/m2), black (7 cd/m2), and gray (48 cd/m2) backgrounds and disappeared for 1000 ms.
Twenty healthy subjects participated in the study (median age 19.5, range, 5–31 years), 10 of
whom also underwent pattern onset/offset ERG recordings to the same stimuli (median age
25.7, range, 22–31 years). VEPs were recorded from an occipital array referred to Fz. Pattern
electroretinograms (PERGs) were recorded from DTL plus corneal electrodes referred to
ipsilateral outer canthi. ?2

RESULTS. There was high correlation within subjects of the VEP waveform produced by
patterns arising from light increment and decrement (group mean correlation coefficient of
PVEPs to check appearance from black versus white: 87%). An average of increment and
decrement PERGs simulated the onset PERG from a gray background. This waveform is akin
to standard International Society for Clinical Electrophysiology of Vision (ISCEV) clinical
PERGs to reversing checks.

CONCLUSIONS. In healthy individuals, the early components of the pattern onset/offset VEP
waveforms are comparable to light increment and decrement pedestal stimulation. Pattern
onset/offset ERGs to pedestal stimulation may be used to probe simultaneous recording of
ERGs with VEPs in order to obtain an assessment of retinal ganglion cell and optic pathway
function in patients with less stable fixation.

Keywords: ON-pathway, VEP, PERG, congenital nystagmus, OFF-pathway

ON- and OFF-pathways in the visual system convey the
perceptions of light increment and decrement to the

visual cortex.1?3 ?4 In primates, a pharmacologic blockade of the
ON-bipolar pathway using 2-amino-4-phosphonobutyric acid
(APB) results in impairment of light increment perception, as
well as loss of contrast sensitivity.2 Patients with selective ON-
pathway dysfunction are identified by flash electroretinograms
(ERGs) that have reduced b-waves, so-called electronegative
ERGs. This ERG phenotype localizes dysfunction to the synapse
between photoreceptors and depolarizing bipolar cells and is a
characteristic of the complete type of congenital stationary
night blindness (cCSNB or CSNB1). Patients with CSNB1 often
show visual problems in dim light conditions,3–6 but the effects
of this retinal dysfunction on subsequent neuronal pathways
and cortical vision is not well understood at present.

In clinical electrophysiological practice the visual evoked
potential (VEP) and the pattern electroretinogram (PERG) are
used to assess visual pathway integrity and retinal ganglion cell
function, respectively. Both responses, in accord with the
International Society for Clinical Electrophysiology of Vision
(ISCEV) standard recommendation, can be produced by phase
reversing checkerboard stimuli made up of equal numbers of
black and white checks.7,8 This makes it feasible to assess

retinal and optic nerve pathway function simultaneously in the
same session.

Nystagmus is frequently seen in patients with a dysfunc-
tional ON-pathway, which can make the electrophysiological
recording to pattern reversal stimuli challenging. Although a
pattern reversal VEP with normal time to peak can be recorded
even in the presence of nystagmus,9,10 the recording of a
PERG—where good image quality and contrast is crucial to
obtain a response8—can be difficult and results variable.11

In such cases, pattern onset stimulation can give insight into
visual pathway function.12,13 Here, we explore the potential of
incremental and decremental ‘‘pedestal’’ pattern onset stimula-
tion14 with the aim of investigating and functionally distinguish-
ing ON- and OFF-pathway contributions to ganglion cell and
optic pathway function in healthy volunteers. These tests may
present a viable electrodiagnostic alternative in patients with
ON-pathway dysfunction who also have nystagmus.

METHODS

Participants

Pattern onset VEP responses were recorded from 20 healthy
subjects (median age 19.5 years; range, 5–31 years), of whom
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10 were under 18 years of age (median age 10.5 years; range,
5–17 years) and 10 were over 18 years of age (median age 27
years; range, 22–31 years). The 10 adult subjects also
consented to additional PERG recordings (visual acuity range
with both eyes viewing: !0.275 to þ0.15 logMAR). Onset
PERGs were recorded separately from VEPs. For the recordings
subjects were refracted as needed for best corrected vision
outcome. The research followed the tenets of the Declaration
of Helsinki. Informed consent was obtained from the subjects
after explanation of the nature and possible consequences of
the study. The research was approved by the Research Ethics
Committee, NRES Committee London–South East (REC num-
ber 14/LO/2136).

Electrode Placement

Pattern onset VEPs were recorded from an occipital array
referred to Fz. An electroencephalogram (EEG) was recorded
from the scalp overlaying the visual cortex (active electrode
positions: O2, Oz, O1, P3, Pz, P4, inion, reference: Fz, ground:
T3) following the international 10-20 EEG electrode placement
system. Pattern onset ERGs were recorded from DTL plus
corneal electrodes (Diagnosys LLC, Cambridge, UK) referred to
outer canthi. Responses were recorded with both eyes
viewing.?5

Specifications

Pattern onset VEPs and pattern ERGs were recorded as
continuous electroencephalography files using Neuroscan 4.2
software (Compumedics Ltd., Victoria, Australia). Amplifiers
were set to an A/D rate of 1000 and had a band pass of 0.5 to
100 Hz. For stimulus generation, the Stim2 software was used
(Compumedics Ltd.). The stimulus generation software sent
out a trigger every time the stimulus was displayed to allow
subsequent offline analysis of the continuous EEG file via
epoching and averaging. One epoch was defined as the time
range from 15 ms before stimulus/trigger until 400 ms after
stimulus/trigger in order to capture all relevant components of
VEP waveforms. An online artifact rejection was enabled for all
responses outside of 6150-lV amplitude; responses with
amplitudes falling outside of this range were rejected
automatically. For each subject 150 accepted sweeps (2 3
75) were recorded for each VEP testing condition. PERG
responses were averaged over 2 3 200 sweeps per condition in
order to show repeatability. In order to distinguish the small-
amplitude signals from noise, the mean noise level encoun-
tered in all subjects was retrieved by measuring the waveforms’
mean deflection from zero over a period of 10 ms before
stimulus. Subsequently, the 95% confidence interval (CI) of the

noise was calculated. For the VEP recordings, the mean noise
level was 0.93 lV with a 95% CI ranging from 0.55 to 1.29 lV;
however, to obtain more robust values, we doubled the cutoff
limit in order to achieve a supra-threshold level. The VEP
components therefore needed to have an amplitude of at least
2.58 lV. For the PERG recordings, the mean noise level was
0.22 lV with a 95% CI ranging from 0.16 to 0.29 lV. At supra-
threshold level, the PERG components needed to have an
amplitude of at least 0.58 lV. Investigating the PERG offset
response can be problematic due to the potential of blink
artifacts at the end of the ISI (see, e.g., Fig. 5, traces 3 and 7). ?6

Choosing a poststimulus time window for the expected
occurrence of the offset response is advised as highlighted in
Figure 5. Here, we were looking for a defection from zero
between 80 and 120 ms after stimulus offset. ?7

Stimuli

Electrophysiological stimuli were black and white checks of
side length 600 and 88% Michelson spatial contrast appearing
in a 168 square stimulus field viewed at 1 m (within a bright
110 cd/m2 surround of 878 3 628). ?8Stimuli were presented on a
plasma display panel. Each stimulus was presented with one of
three backgrounds—white background (mean luminance 110
cd/m2), gray background (mean luminance 48 cd/m2), black
background (mean luminance 7 cd/m2)—for 1000 ms, after
which a checkerboard stimulus of the same size covered the
same area for 200 ms. Representations of the pattern stimuli
used in this study are displayed in Figure 1. These three stimuli
were used to elicit pattern onset VEPs and ERGs.

RESULTS

VEP Results

In order to functionally distinguish ON- and OFF-pathways we
recorded pattern onset VEPs to patterned stimuli arising from a

FIGURE 1. Overview of the stimuli used for the pedestal pattern onset
VEPs and ERGs. Numbers 1 to 3 illustrate the different stimuli
displaying a checkerboard of 88% Michelson spatial contrast appearing
from three different backgrounds, with (1) presenting an overall light
decrement upon appearance of the checkerboard and (3) an overall
light increment; (2) shows the equivalent of a pattern onset VEP
stimulus used in clinical practice with no luminance chance during
stimulation.

FIGURE 2. Pedestal pattern onset VEPs elicited with light increment
(blue) and light decrement (black) stimulation overlaid for compari-
son. Each trace is an average of 150 sweeps recorded from Pz. Stimulus
duration is displayed in red. Subjects arrayed in descending age order.
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black background (light increment) and a white background
(light decrement), respectively. Reliable pattern onset VEP
waveforms were recorded from all subjects to all three
background conditions. Although the waveforms of the pattern
onset VEPs varied across subjects and with age, within a
healthy individual there was good concordance between
waveforms produced by patterns appearing due to light
increment and decrement (Fig. 2). In view of this variability,
we chose to analyze the waveform shape and timing by
calculating the correlation coefficient (CC) for each subject,
rather than carrying out a simple component analysis. For this,
we compared the waveform behavior and shape over a time
period of 400 ms by comparing two corresponding points from
the light increment and decrement conditions per millisecond.

Hence, the similarity of both responses is calculated with a
resolution of 400 points (1 point/ms). Resulting from this, the
overall group mean CC was 87% with the smallest correlation
within one subject being 42% and the highest 99% (Table).

Upon exploring the results empirically it seemed that in
children the CC was higher than in adults; however, upon
statistical analysis, this was not significant (2-sample t-test: P¼
0.063; Fig. 3). Overall, the waveform shapes obtained from
children were less variable than those from adults, with all of
them showing a big positive first peak followed by a negativity.
The waveform of the pattern onset VEP matures and becomes
more complex with age and continues to differentiate into the
three clear components, C1:C2:C3, by around 45 years.15 Some
young adult subjects showed similar-looking waveforms to
children; others also displayed more complex responses. The

FIGURE 3. Comparison of the correlation coefficients obtained for
each group from light increment and decrement VEP recordings. Black
diamonds represent the individual subjects. Boxes give max and min
(x), mean (square), and median (border inside the boxes), as well as
75% and 25% (margins of the boxes) percentiles. The children group
displays an overall higher mean and median CC between the two
conditions, as well as a narrower range of values. However, statistical
analysis did not find a significant difference between the two groups (2-
sample t-test: P¼ 0.063).

FIGURE 4. (A) A Reversal stimulus has equal spatial contrast (SC) and temporal contrast (TC), but a pedestal onset stimulus differs for light ON and
light OFF and has a lower space-averaged temporal contrast of 67%.22 (B) Representative pattern onset ERG traces of one subject for all three
stimulations. Gray traces represent 200 averaged sweeps; black traces are averages of these. Offset PERGs are enhanced by light decrement. Onset
PERGs have prominent N35 to light increment. An average of pedestal PERGs simulates the onset PERG from gray background (purple overlay,
column 1).

FIGURE 5. Pedestal pattern onset ERGs of adult subjects elicited with
light increment (blue) and light decrement (black) stimulation are
overlaid for comparison. Each trace is an average of 2 3 200 sweeps.
Recordings were binocular; however, left eye is always displayed. No
difference between right and left eye waveforms was observed.
Stimulus duration is displayed in red. The time window used for
investigation of the offset response is highlighted in gray.
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early peaks within 65 to 145 ms were the most similar when
produced by light increment and decrement. This was
supported by the finding that a higher group CC (90%) was
achieved when analyzing only a duration of 200 ms from
stimulus onset focusing on the timing of the first positive peak.

PERG Results

Although pattern onset stimulation from a gray background
displays less temporal contrast than reversal stimulation,16 we
were able to produce consistent onset PERGs in our cohort.
These waveforms were akin to those obtained from clinical
reversal stimulation when stimulation occurred from a gray
background (Fig. 4B, first part of figure). The standard ISCEV
PERG waveform is identified by three main components: N35,
P50, and N95. When patterns appeared from a black
background (light increment), a pronounced negativity with
a timing matching the N35 could be observed immediately
before the main positive peak (P50). Upon light decrement
stimulation (pattern appearing from a white background), this
negativity was not evident in any of the subjects, but a second
prominent positive peak emerged at approximately 250 ms
post stimulus, which most likely represents the stimulus offset
response (Fig. 4B). Further, when averaging light increment
and decrement responses together, the resulting waveform is
almost identical to the one obtained from clinical pattern onset
stimulation to a gray background (Fig. 4B, purple trace). An
overview of all traces is given in Figure 5.

The amplitudes of the N35, P50, and N95 components were
statistically different between the light increment, decrement,
as well as gray background conditions with the light increment
conditions giving consistently the biggest and best-defined
responses (Fig. 6A). Responses elicited from light decrement
stimulation were consistently smallest for these components,
with the responses elicited to gray background condition being
of intermediate amplitude. This picture was reversed when
looking at the offset response, where the light decrement
condition provoked the biggest responses and the light
increment condition the smallest (1-way ANOVA with repeated
measures and post hoc Bonferroni means comparison: P50:
increment > decrement P ¼ 0.001, increment > gray P ¼
0.0055; N95: increment > decrement P < 0.001, increment >
gray P < 0.001; offset: decrement > increment P ¼ 0.0108,
offset decrement > gray P¼0.0418). When times to peak were
compared across conditions and components, no statistically
significant difference was found (Fig. 6B).

TABLE. Correlation Coefficients of Pedestal Pattern Onset VEP Waveforms Across Subjects

Subject
Correlation

Coefficient, %
95% CI Lower

Limit, %
95% CI Upper

Limit, % Subject
Correlation

Coefficient, %
95% CI Lower

Limit, %
95% CI Upper

Limit, %

1 75 66 82 11 96 95 97
2 96 95 98 12 94 91 96
3 60 47 70 13 98 97 99
4 88 83 91 14 98 97 99
5 42 26 56 15 84 78 87
6 89 85 93 16 87 82 91
7 92 88 94 17 98 97 99
8 99 98 99 18 99 98 99
9 80 73 86 19 77 69 84

10 86 80 90 20 96 93 97
Mean CC > 18 y 80.7 6 17.6 Mean CC < 18 y 92.7 6 7.5
Total mean CC 87 Total MIN CC, % 42 Total MAX CC, % 99

Values represent the percentage of correlation for waveforms obtained to light increment and decrement, as well as the 95% confidence interval.
The closer this value is to 100, the more similar are the two waveforms. Mean CC is always given as percentage. Total mean CC is given with total
minimum (MIN) and maximum (MAX) values, and mean CC of groups older and younger than 18 years is given with standard deviation (SD).

FIGURE 6. (A) P50 amplitude increased significantly in the light
increment condition. ANOVA with repeated measures and post hoc
Bonferroni means comparison: P50: increment > decrement P <
0.001, increment > gray P¼ 0.006; N95: increment > decrement P <
0.001, increment > gray P < 0.001; OFFSET: decrement > increment P
¼ 0.011, offset decrement > gray P¼ 0.042. (B) P50 time to peak does
not differ significantly across testing conditions. (C) Amplitudes of the
offset responses to all three stimulation conditions were not
significantly different. Boxes give max and min (x), mean (square),
and median (border inside the boxes), as well as 75% and 25%
(margins of the boxes) percentiles.
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Upon closer component analysis of the onset PERG
waveforms obtained in our study group, we found that onset
response (P50) amplitudes to 600 checks across all conditions
were constantly bigger than offset response amplitudes. Similar
results were previously reported by Arden and Vaegan and
others.17–19 This difference was not found to be significant
when patterns arose from gray or white backgrounds (light
decrement); however, in response to a light increment, onset
amplitudes were significantly higher than the corresponding
offset response (Fig. 7).

DISCUSSION

In this study we have applied a set of electrophysiological tests
assessing retinal ganglion cell, as well as visual pathway
function, separately in the ON- and OFF-pathways of the visual
system. This was achieved by utilizing conventional pattern
onset stimulation and introducing a pedestal light increment
and decrement component by presenting checkerboards
arising from a black or white background, respectively. We
were able to show that pattern onset VEPs are similar to
incremental and decremental pedestal stimulation in healthy
observers. Although there was waveform variation across the
subject cohort, a good concordance within individual subjects
was observed. Generally, the first positive peak seemed to be
the most robust component when produced by light incre-
ment and decrement. These results suggest local spatial
contrast changes rather than luminance changes (temporal
contrast) to be the driver of these responses. This agrees with
earlier work by Spekreijse, Estevez, and Van der Tweel and
another group,20,21 who found that cortical responses show a
spatial contrast dependence.?9 If it was temporal contrast, we
may expect a bigger difference between incremental and
decremental responses according to the inherent asymmetry in
temporal contrast magnitude proposed by Drasdo and
colleagues22 (Fig. 4A).

In addition to VEPs, pattern onset ERGs were recorded to
the same stimuli in order to capture inner retinal contributions
of ON- and OFF-pathways. The summation of the increment
and decrement PERGs showed great similarity to the wave-
forms obtained from a conventional clinical pattern reversal

ERG with the main components being observed. Previous
research established that there is no peak latency variation in
the onset PERG with changing contrast.23 We show here that
the same is true when PERGs are elicited by patterns arising
from light increments and decrements. In contrast, a marked
difference in peak amplitude between onset PERGs produced
by light increment and decrement was observed in this study.
Not only were N35, P50, and N95 components significantly
larger during light incremental stimulation, but the occurrence
of an N35 was not observed in light decremental PERGs at all.
A wealth of studies highlight an asymmetry in the processing
and perception of darks and lights by the visual system.
Initiated by Galilei’s24 irradiation illusion highlighting a higher
visual spatial resolution for dark stimuli compared to light
stimuli, this phenomenon was subsequently supported by
more recent findings that OFF-center afferents dominate the
cortical representation of central vision,25 and that cortical
neurons are more strongly driven by darks than by lights at low
spatial frequencies.26 These studies reveal a fundamental
difference between ON-and OFF-pathway representation and
processing in the cortex. Our results would agree with a larger
retinal signal gain exhibited in the ON-pathway compared with
a subsequently larger cortical signal gain in the OFF-pathway,
as the subsequent cortical VEP waveforms to incremental and
decremental stimulation were highly similar. At the retinal
level, PERGs were bigger and better defined to light
incremental stimulation, hinting at a potential advantage of
the ON-system at this stage.

Pharmacologic studies have suggested that ON- and OFF-
pathways contribute equally to the conventional pattern
reversal ERG.27 Interestingly, we found the pattern ERG offset
response in our cohort to be of smaller amplitude than the
pattern onset response. This was significant in the light
increment condition. The check size used in this study (600)
might be the cause of this, as the amplitude of the offset
response exhibits band-pass spatial tuning with larger ampli-
tudes encountered using big check sizes.18,19,23 Another
possibility is that the offset response is driven more by
temporal contrast than the onset response at this spatial
frequency, resulting in different-sized components.28 Further-
more, in this study, a substantial offset response was elicited
only if the temporal contrast of the stimulus was higher than
33%, that is, in the light increment condition and when stimuli
were appearing from a gray background.

In conclusion, our results show that pedestal pattern onset
stimulation can be useful to assess ganglion cell as well as
visual pathway integrity selectively in ON- and OFF-pathways.
VEPs recorded from healthy volunteers show a high correlation
when waveforms elicited to light incremental and decremental
stimulation are compared. Pattern onset ERGs are of compa-
rable morphology to conventional clinical pattern reversal ERG
waveforms, displaying all major components. Pattern onset
ERGs may be recorded simultaneously with onset VEPs.

These results suggest that these stimuli offer an effective
means of investigating a dysfunctional ON-pathway and
distinguishing ON and OFF signals from optic nerve and striate
cortex. In particular, they can provide an alternative stimulus
for assessing visual function in patients with ON-pathway
dysfunction who can also have nystagmus.
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Appendix B

Patient Information Sheet used

during recruitment of patients to the

study



Project title: “Cortical Visual Impairment in absence of ON pathway signal” 
 
 

PIS parent/guardian Version 3.0, 28/01/2015 
 

Page  1 of 5 

A study of how eye signals alter vision. 
INFORMATION FOR PARENTS OR GUARDIANS OF  

YOUNG PATIENTS PARTICIPATING 
Version 3.0, 28/01/2015 

Aim of this study 

The eye uses different pathways to signal light (on path) and dark (off path). 

When the brain combines signals from on and off paths we are able to see 

different contrasts and patterns.  We aim to find out how contrast vision is 

altered when ‘on-path’ signals from the retina in the eye are disrupted. 

 

Why are we doing this study? 

If we identify aspects of visual impairment that are specific to disrupted ‘on-

path’ connectors it could help us develop ways to compensate, e.g. by 

changing the lighting or reversing contrast of print. Eventually it may become 

possible to repair the ‘on path’ to restore visual function.  

 

The vision tests, (EEG, VEP, ERG). 

We would like to record your child’s visual responses from the brain using an 

EEG and from the eye with an electroretinogram, ERG, and also to do some 

visual detection tests. 

An EEG, or Electroencephalogram, measures all of the spontaneous brain 

activity going on at any time in our brains. Small electrodes placed on top of 

the scalp listen for the tiny electrical signals that the brain uses to send 

messages from one part of the brain to another. The signal we record is called 

a visual evoked potential or VEP.  An electroretinogram or ERG is similar, but it 

records the signal from the retina, which is the light sensitive lining at the back 

of the eye. 
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How are the vision tests done? 

In the clinic rooms children may sit by themselves, or on your lap, on a chair in 
front of a large TV screen or in front of a flash globe.  They may have a drink or 
eat a snack during the tests, & can enjoy some cartoons. Please do bring any 
favourite DVDs from home if your child wants. 
 

The EEG Test 

 

 

 

 

 

The ERG test 

 

 

 

 

When the pupils are dilated we will show your child lights of different colours 

and brightness both in the dark and with the lights on. At the end of the test 

everything is easily removed and any cream is washed off with cotton wool 

and warm water. Both tests together take approximately 1.5 to 2 hours if done 

one after another. 

 

Visual detection test 

 

 

 

Visually evoked potentials (VEPs) will be measured via the EEG. VEPs are evident 

when signals from the eye reach the vision areas of the brain. Small areas of scalp 

will be cleaned using a slightly gritty soap on a cotton wool bud, then electrodes 

will be positioned on your child’s head with a washable cream.  A headband will be 

used to keep them in place.  The lights in the room will be turned off and black and 

white patterns will be shown on the TV.   

For the electroretinogram (ERG) test, sticker electrodes will be 

gently placed on your child’s cleaned temples and below the 

eye.  An anaesthetic drop will then be put in the eye followed by 

a dilating drop to make the pupil big. This can make your child’s 

near vision blurry for a few hours, but takes away any sting from 

the dilating drops and stops a thin fibre electrode on the lower 

eyelid from tickling.  
 

This is a psychophysical assessment, where your child presses a button when they 

see a light on the TV. This simple test will not exceed 30 minutes. 
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Genetic test DNA sample 

If you and your child have not provided one before, we may ask for a small 

blood sample so that we can look for changes in your and your child’s genetic 

alphabet that may be associated with known genes and protein connectors in 

the ‘on-path’. The small blood sample will be taken from your and your child’s 

arm by an experienced practitioner. We can use spray or cream to numb the 

patch on the arm to minimise any discomfort. DNA will be extracted from 

these samples. Genes that may be involved in congenital eye defects that can 

alter the ‘on-path’ will be studied.  This part of the study may take us up to 5 

years before we get a result. 

 

Can I know the results obtained from the study samples? 

It is not planned to routinely feedback the results from genetic or other tests 

obtained from the donated samples. However, if the research does identify a 

cause of the rare disease in your DNA, with your permission, we would let your 

doctor and your clinical care team know. All research results that are identified 

will need to be confirmed in an accredited diagnostic laboratory before being 

used in the clinical management of you and your family members. 

 

Are there any side effects or risks of the tests? 

No risk is foreseen. The procedure of giving a blood sample may involve a 

momentary discomfort, from a needle prick, and may leave a small bruise.  We 

use numbing cream or spray on the arm to lessen any discomfort.  

The application of electrodes and types of vision tests used in this study have 

been carried out as a clinical routine on newborns and children at Great 

Ormond Street for over 20 years, and has never induced a seizure. There is, 

however, a very small risk that the flickering lights or patterns could induce a 

seizure. This risk is comparable to that of seizures being induced by video 

games on TV. 
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Do I and my child have to take part in this study? 

If you decide, now or at a later stage, that you and/or your child do not wish to 

take part in this study, that is entirely your right and it will in no way prejudice 

any future care your child or you may require. 

What are the potential benefits of the study? 

The data that you’re and your child’s participation provide will help us better 

understand the role of ‘on path’ signals in children who have cortical visual 

impairment Also it will help our studies that aim to develop gene therapies for 

inherited retinal disease that may affect the ‘on path’.  

Should we notice any unexpected vision difficulty that needs attention we will 

ask permission to tell your child’s GP for referral to an appropriate specialist.   

Who will have access to the case/research records? 

All data and results will be kept confidential and will only be seen by the 

researchers involved in the study. 

Who do I speak to if problems arise?  

If you have any concern or complaint about the way in which this research 

study has been, or is being conducted, please, as soon as possible discuss them 

with the researcher in the first instance.  If the problems are not resolved, or 

you wish to comment in any other way, please contact the Patient Advice and 

Liaison Service (Pals) at GOSH: 

By phone: 020 7829 7862 (direct line)  By email: pals@gosh.nhs.uk 

In person: The Pals office is located in the main hospital reception, on your 

right as you come through the entrance. It is open Monday to Friday from 

10am to 5pm. 
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Who has reviewed the study? 

The Research Ethics Committee, NRES Committee London – South East has 

approved the study. 

 

Who do I contact if I want to know more about taking part in this study? 

Mr Dennis Fritsch 

Eye Department, Great Ormond Street Hospital for Children NHS Trust  

Tel: 07842115138  Email: d.fritsch@ucl.ac.uk 



Appendix C

Oculome NGS gene list

Genes associated with the Schubert-Bornschein types of CSNB are highlighted in

bold.

ABCA4 ABCB6 ABCC6 ABHD12 ACBD5 ACTB ACTG1 ADAM9

ADAMTS10 ADAMTS18 ADAMTSL4 AGBL1 AGK AHI1 AIPL1 ALDH18A1

ALDH1A3 ALG3 ALMS1 AP3B1 ARL13B ARL2BP ARL6 ATF6 ATOH7

ATXN7 B3GALTL B9D1 B9D2 BBIP1 BBS1 BBS10 BBS12 BBS2 BBS4 BBS5

BBS7 BBS9 BCOR BEST1 BFSP1 BFSP2 BLOC1S3 BMP4 BMP7 C10orf2

C12ORF57 C12ORF65 C1QTNF5 C21orf2 C2orf71 C5ORF42 C8orf37 CA4

CABP4 CACNA1F CACNA2D4 CAPN5 CBS CC2D2A CDH23 CDH3 CDHR1

CEP164 CEP250 CEP290 CEP41 CERKL CFH CHD7 CHM CHMP4B CHRDL1

CHST6 CIB2 CLDN19 CLN3 CLRN1 CNGA1 CNGA3 CNGB1 CNGB3 CNNM4

COG4 COG6 COL11A1 COL18A1 COL2A1 COL4A1 COL8A2 COL9A1 CRB1

CRIM1 CRX CRYAA CRYAA CRYAB CRYBA1 CRYBA4 CRYBB1 CRYBB2

CRYBB3 CRYGB CRYGC CRYGD CRYGS CSPP1 CTDP1 CYP1B1 CYP4V2

DCN DFNB31 DHDDS DHX38 DMD DPYD DTHD1 DTNBP1 EFEMP1

ELOVL4 EMC1 EPG5 EPHA2 ERCC1 ERCC5 ERCC6 EYA1 EYS FADD

FAM111A FAM126A FAM161A FBN1 FBP1 FLVCR1 FNBP4 FOXC1 FOXC2

FOXE3 FOXL2 FRAS1 FREM1 FREM2 FSCN2 FTL FYCO1 FZD4 FZD5

GALE GALK1 GALT GCNT2 GDF3 GDF6 GFER GJA1 GJA3 GJA3 GJA8

GNAT1 GNAT2 GNB3 GNPTG GPR125 GPR143 GPR179 GPR98 GRIP1 GRK1

GRM6 GSN GUCA1A GUCA1B GUCY2D HARS HCCS HESX1 HK1 HMCN1
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HMGB3 HMX1 HPS1 HPS3 HPS4 HPS5 HPS6 HSF4 IDH3B IFT140 IFT172

IFT27 IGBP1 IKBKG IMPDH1 IMPG1 IMPG2 INPP5E INVS IQCB1 ITM2B

JAG1 KAT2B KAT6B KCNJ13 KCNV2 KERA KIAA1549 KIF11 KIF7 KIZ

KLHL7 KRT12 KRT3 LAMB2 LCA5 LCAT LCP1 LEPREL1 LIM2 LMX1B

LRAT LRIT3 LRP2 LRP5 LTBP2 LZTFL1 MAB21L2 MAF MAK MERTK

MFN2 MFRP MIP MIR184 MIR204 MITF MKKS MKS1 MLL2 MTTP MVK

MYO7A MYOC NAA10 NDP NEK2 NEUROD1 NHS NMNAT1 NOTCH2

NPHP1 NPHP3 NPHP4 NR2E3 NR2F1 NRL NYX OAT OCA2 OCRL ODZ3

OFD1 OPA1 OPA3 OPN1LW OPN1MW OPN1SW OPTN OTX2 PANK2 PAX2

PAX3 PAX6 PCDH15 PCYT1A PDE6A PDE6B PDE6C PDE6D PDE6G PDE6H

PDZD7 PEX1 PEX2 PEX7 PGK1 PHOX2A PHYH PIGL PIKFYVE PITPNM3

PITX2 PITX3 PLA2G5 PLDN PLK4 PMM2 PNPLA6 POC1B POLG POLR1C

POLR1D PORCN PQBP1 PRCD PRDM5 PROM1 PRPF3 PRPF31 PRPF4 PRPF6

PRPF8 PRPH2 PRSS56 PTCH1 PXDN RAB18 RAB28 RAB3GAP1 RAB3GAP2

RARB RASSF8 RAX RAX2 RB1 RBP3 RBP4 RD3 RDH11 RDH12 RDH5

RGR RGS9 RGS9BP RHO RIMS1 RLBP1 ROM1 RP1 RP1L1 RP2 RP9 RPE65

RPGR RPGRIP1 RPGRIP1L RS1 SAG SALL1 SALL2 SALL4 SCLT1 SD-

CCAG8 SEC23A SEMA3E SEMA4A SH3PXD2B SHH SIL1 SIPA1L3 SIX1

SIX3 SIX5 SIX6 SLC16A12 SLC24A1 SLC33A1 SLC38A8 SLC45A2 SLC4A11

SLC4A4 SLC7A14 SMOC1 SNRNP200 SOX2 SPATA7 SRD5A3 STRA6 TAC-

STD2 TBC1D20 TBC1D32 TBX22 TCOF1 TCTN1 TCTN2 TCTN3 TDRD7

TEAD1 TFAP2A TGFBI TIMM8A TIMP3 TMEM126A TMEM138 TMEM216

TMEM231 TMEM237 TMEM67 TMEM98 TMX3 TOPORS TREX1 TRIM32

TRPM1 TSPAN12 TTC8 TTLL5 TTPA TUB TUBGCP4 TUBGCP6 TULP1

TWF1 TYR TYRP1 UBIAD1 UNC119 USH1C USH1G USH2A VAX1 VCAN

VIM VPS13B VSX1 VSX2 WDR19 WDR36 WFS1 YAP1 ZEB1 ZEB2/ZFHX1B

ZIC2 ZNF408 ZNF423 ZNF469 ZNF513



Appendix D

Influence of contrast condition on

LumiTrackT m motion threshold -

omitting DMD patients

Figure D.1: The motion threshold values of all patients of the ON-pathway dysfunction
cohort, except patients with DMD, for all three tests are shown. The values
obtained from negative (black boxes) and positive (red boxes) contrast condi-
tions are compared. Boxes give Max and Min (-), Mean (square), Median (line
inside the boxes), 99% and 1% (x), as well as 75% and 25% (margins of the
boxes) percentiles. Boxes give Max and Min (-), Mean (square), Median (line
inside the boxes), 99% and 1% (x), as well as 75% and 25% (margins of the
boxes) percentiles.



Appendix E

Comparing positive and negative

contrast LumiTrackT m motion

threshold values - patients

Figure E.1
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Figure E.2

Figure E.3



Appendix F

SureSelect Target Enrichment

System Capture Process used for

Oculome mutation screening



397

Figure F.1: An enzymatic shearing step simultaneously fragments DNA and ligates
adapter-tags. Then samples are hybridized with 120-mer biotinylated cRNA
library capture baits (436 genes, listed in Appendix C). Target regions are
selected using magnetic streptavidin beads. Following this, a PCR amplifies
and adds sample specific indices which are sequenced on MiSeq 2x150bp or
HiSeq2500, using 2x100 bp reads. Taken from Agilent Technologies website:
www.agilent.com
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Primer list

Primer name sequence (5'to 3')
TRPM1 I1011NF AGCATTGCATGGAGTAGGAA
TRPM1 I1011NR GGAACTGATCATCTGCCTCA
GPR179 E1630QF TCAACAGCAGGAGTCAGTTT
GPR179 E1630QR TTTCCTCCACATCCAAAGGG
TRPM1 E1281KF CCCAGTGAAAGGTGAAGACT
TRPM1 E1281KR TGAAAACTTCCCTGCAGACT
TRPM1 L682PF ACCTCTGACAGAAAGGGTTC
TRPM1 L682PR TGAGAAGTACATTGGCCACC
GRM6 V243fsF GGACCTCTTTGTTTTGGACG
GRM6 V243fsR CAGGGAGAGTGTGTAAGGTG
GRM6 T177IF CCTTCCATCTCCCATCTGTG
GRM6 T177IR GCCCACACTATGTAGACTCC
GRM6 A738fs F AGTGAATGAACAAGCAGCCA
GRM6 A738fs R TGTCAGGGCTGGAATGGATT
GRM6 C522YF TGGATGTGAGTGTGCAGAC
GRM6 C522YR TGGCGTAGATGAGGAAGATG
GPR179 S329fsF CCAGAGAAAGCCCCACATAA
GPR179 S329fsR CCAGCCTTTTCCCTGATAGT
CAPN5 F32SF CAGTCTATGGAGTCAGGCCG
CAPN5 F32SR TACAGCCCATTCTCCAAGCT
CAPN5 D66GF TCACCATGCTGATGATCACA
CAPN5 D66GR TGAAAGTCTCATCTGCCACA
TRPM1 R941HF CATGTCAGAACCAGGCAAAC
TRPM1 R941HR ATACACAGTAGGCCCTCAAC
TRPM1 C954YF CTGCCTGAGAAGAAGAGTGT
TRPM1 C954YR AAATTGAAGGAAGCCATGCC
CACNA1F F AGTGTTGCTCTGTCTGTTCA
CACNA1f R GTAGACATTCTCCCCAGTGG
TRPM1 A1049TF GAGTACAGTGGCTCGATCTC
TRPM1 A1049TR ATTGGTATCTTGGGAGCGTT
CACNA1f Leu956Pro2 F GTGAGATCTGAGGGCCTCTG
CACNA1f Leu956Pro2 R CCACCCGGCAAACACTTATT
CACNA1f K875K F GGGACAGGACAAGAGGCTAG
CACNA1f K875K R AGGAGAAGAGCCCTAGGTGA
NYX Cys Ala34del F GTACAGGCAGGAGGGAGTTT
NYX Cys27 Ala34del F GTTCCGGTCCAGGTCGATG
CAPN5Leu90Val F CCCACAGGTTCTTCATCAGC
CAPN5Leu90Val R CTGCCACAATCAGGTTCCG

Table G.1: List of primers used for Sanger Sequencing
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Primer name Oligo sequence (5'to 3')
LRIT3 Arg25Cys F GATTTGAACCAAGGCCCTCC
LRIT3 Arg25Cys R AGGGAAAGCAGCCAGAGAAT
GPR179Gly1991Glu F ACAGACCCTTGCCATCTTGA
GPR179Gly1991Glu R AGGTTCCTTCCCAGAACACA
GRM6Arg621Ter F GAGGTGAGGCTGAAGGTGAT
GRM6Arg621Ter R CTGTTGGCACTGCGAGGC
GPR179Pro1283Ser F CCTTGGTGATGTCAGGGGTA
GPR179Pro1283Ser R TCAAGCAATCAAAAGAAACCCC
GRM6Leu441Phe F CCGGAACTTGTCTCATGTCT
GRM6Leu441Phe R CGGGCACACTTTCTCTGGG
CACNA1f Arg454Gln F AAGCTACAAGGTGGGATGGG
CACNA1f Arg454Gln R GCCTCGATCTCAGTCCTTGA
NYX 2 F CTGGAGCCTGCATTGTCTTG
NYX 2 R TTGTCGTTGAGCAGCAGATG
NYXPat26 F ACTCCCCACCACCCTGTC
NYXPat26 R CAGATGCTCCAGGACGCC
CACNA1fPat4 F CTGTGTTTGAGGCCCTTGTC
CACNA1fPat4 R CCCCATGGTCCCTAGTTACC
NYXPat7 F CCGCCTCTTCCTCTTCCG
NYXPat7 R GAGAAACCAGGGCTGCCG
Cacna1fPat6 F GGGGTTCAGAGCTAGGAGTG
Cacna1fPat6 R CTATCACATGGCAAGGGTGG
Cacna1fPat14 F CTCTTGAACCCTGGTGACCT
Cacna1fPat14 R AGGTAGGAAGCAGCCACAAT
Cacna1fPat12 F CTAGGGCTTGGTAGGGTGC
Cacna1fPat12 R TCCCTAGTTACCTCCCCACA
TRPM1Pat26a F TTTGTCCTGTCCATGTATCACA
TRPM1Pat26a R GCAGACTGTTGACCTTCGAC
TRPM1Qdad R ATTGCCTTTTCCACCTCTGC
TRPM1Qdad F TGGAGTACAGTGGCTCGATC
Pat109 R ACTGGGCTTCTCTGAGCAAT
Pat109 F ATCTCCACTGGCCAGGTTG
Pat102 R TTCCTATACATGGGTCCCGC
Pat102 F GCTCTGATGAAATGAATGGGCT
Pat85 R GGCAACAACAGAGAAGAAGCA
Pat85 F ACTGCATTCATGTGACACGA
Pat46 R GCCTCAGCCATTTTCTTTCTGA
Pat46 F GGCGGGCTTATATGGTCATG
Pat90 R CTAAGCCTTCCCTCAGCCAG
Pat90 F AGGTTGAGGAAGGCAATGGA
Pat44 R AGTTCGAGACCAACCTGACC
Pat44 F GGACCCAAAGATGACAAGGC
Pat9 R ACCCAGGGCAGTTCATACC
Pat9 F CCGGTAATCCCAGCTACTCA

Table G.2: List of primers used for Sanger Sequencing - continuation
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Primer name Oligo sequence (5'to 3')
Pat101 R GCGGAACAGGTTGTCGAAG
Pat101 F ATCCTGCTGCCCGGACAG
Pat32 R TTCTTGCAGCCCACCTCTC
Pat32 F AGGGAGCTGGGTCTGAGA
Pat39 R GAACCGTAATGTCTGACTTCACA
Pat39 F TACATCCCTGACCCATCACC
Pat15 R CCATAACGACCAGACCCTGT
Pat15 F CCCACTCAAGTCAGCTCCTA
Pat3 R TCCTGCAGCTGGAAGGTTG
Pat3 F TTTAGGCCAGTGGAGAAGGG
Pat 16 and 29 R CCATGGTACCAGGCATCTTTT
Pat 16 and 29 F ATTAGGAAGCTCTTTGGGGAC
Pat8 R GACCCCGATGTCCAGTGG
Pat8 F GTCATGCTGTGTGTGGGATA
Pat111 R CGGGATCTAAACTGCAGGGA
Pat111 F CAGATGTGTGTCCAGACCCT

Table G.3: List of primers used for Sanger Sequencing - continuation 2
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[409] Marina Pavlova, Ingeborg Krägeloh-Mann, Alexander Sokolov, and Niels

Birbaumer. Recognition of Point-Light Biological Motion Displays by

Young Children. Perception, 30(8):925–933, 2001.

[410] Peter R Huttenlocher. Synaptic density in human frontal cortex-

developmental changes and effects of aging. Brain Res, 163(2):195–205,

1979.

[411] Nitin Gogtay, Jay N Giedd, Leslie Lusk, Kiralee M Hayashi, Deanna Green-

stein, A Catherine Vaituzis, Tom F Nugent, David H Herman, Liv S Clasen,

and Arthur W Toga. Dynamic mapping of human cortical development dur-

ing childhood through early adulthood. Proceedings of the National academy

of Sciences of the United States of America, 101(21):8174–8179, 2004.

[412] Dave Ellemberg, Terri L Lewis, Chang Hong Liu, and Daphne Maurer. De-

velopment of spatial and temporal vision during childhood. Vision research,

39(14):2325–2333, 1999.

[413] Jani Mantyjarvi, Johan Himberg, and Tapio Seppanen. Recognizing human

motion with multiple acceleration sensors. In Systems, Man, and Cyber-

netics, 2001 IEEE International Conference on, volume 2, pages 747–752.

IEEE, 2001.

[414] Susan J Leat, Naveen K Yadav, and Elizabeth L Irving. Development of

visual acuity and contrast sensitivity in children. Journal of Optometry,

2(1):19–26, 2009.



BIBLIOGRAPHY 453

[415] Davide Bottari, Nikolaus F Troje, Pia Ley, Marlene Hense, Ramesh Kekun-
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Silke Haverkamp. Morphology and connectivity of the small bistratified

A8 amacrine cell in the mouse retina. Journal of Comparative Neurology,

523(10):1529–1547, 2015.

[427] David I Vaney. The mosaic of amacrine cells in the mammalian retina.

Progress in retinal research, 9:49–100, 1990.

[428] E V Famiglietti and N Tumosa. Immunocytochemical staining of cholinergic

amacrine cells in rabbit retina. Brain research, 413(2):398–403, 1987.

[429] Franklin R Amthor, Clyde W Oyster, and Ellen S Takahashi. Morphology of

on-off direction-selective ganglion cells in the rabbit retina. Brain research,

298(1):187–190, 1984.

[430] Edward V Famiglietti. Synaptic organization of starburst amacrine cells in

rabbit retina: analysis of serial thin sections by electron microscopy and

graphic reconstruction. Journal of Comparative Neurology, 309(1):40–70,

1991.

[431] M Tauchi and R H Masland. The shape and arrangement of the cholinergic

neurons in the rabbit retina. Proceedings of the Royal Society of London B:

Biological Sciences, 223(1230):101–119, 1984.



BIBLIOGRAPHY 455

[432] David I Vaney. Territorial organization of direction-selective ganglion cells

in rabbit retina. Journal of Neuroscience, 14(11):6301–6316, 1994.

[433] Helga Kolb, LI Zhang, Laura Dekorver, and Nicolas Cuenca. A new look at

calretinin-immunoreactive amacrine cell types in the monkey retina. Journal

of Comparative Neurology, 453(2):168–184, 2002.

[434] H Kolb. Photoreceptors. 2012.

[435] Simon B Laughlin, Rob R de Ruyter van Steveninck, and John C Anderson.

The metabolic cost of neural information. Nature neuroscience, 1(1):36–41,

1998.

[436] Klaus-Michael Debatin. Apoptosis pathways in cancer and cancer therapy.

Cancer Immunology, Immunotherapy, 53(3):153–159, 2004.

[437] Katja C Zimmermann and Douglas R Green. How cells die: apoptosis path-

ways. Journal of Allergy and Clinical Immunology, 108(4):S99–S103, 2001.

[438] Nicolas Deconinck, Jonathon Tinsley, Fabienne De Backer, Rosie Fisher,

David Kahn, Steve Phelps, Kay Davies, and Jean-Marie Gillis. Expression

of truncated utrophin leads to major functional improvements in dystrophin-

deficient muscles of mice. Nature medicine, 3(11):1216–1221, 1997.

[439] Jonathon Tinsley, Nicolas Deconinck, Rosie Fisher, David Kahn, Steve

Phelps, Jean-Marie Gillis, and Kay Davies. Expression of full-length

utrophin prevents muscular dystrophy in mdx mice. Nature medicine,

4(12):1441–1444, 1998.

[440] F Muntoni, K Maresh, K Davies, S Harriman, G Layton, R Rosskamp,

A Russell, B Tejura, and J Tinsley. Phaseout dmd: a phase 2, proof of con-

cept, clinical study of utrophin modulation with ezutromid. Neuromuscular

Disorders, 27:S217, 2017.

[441] Ronald E Carr. Congenital stationary nightblindness. Transactions of the

American Ophthalmological Society, 72:448, 1974.



BIBLIOGRAPHY 456

[442] H Ripps. Night blindness revisited: from man to molecules. Proctor lecture.

Investigative ophthalmology & visual science, 23(5):588–609, 1982.

[443] V P Connaughton and R Nelson. Axonal stratification patterns and gluta-

mategated conductance mechanisms in zebrafish retinal bipolar cells. The

Journal of physiology, 524(1):135–146, 2000.

[444] S A Picaud, H P Larsson, G B Grant, H Lecar, and F S Werblin.

Glutamate-gated chloride channel with glutamate-transporter-like properties

in cone photoreceptors of the tiger salamander. Journal of Neurophysiology,

74(4):1760–1771, 1995.

[445] Thomas S Otis and Craig E Jahr. Anion currents and predicted glutamate

flux through a neuronal glutamate transporter. Journal of Neuroscience,

18(18):7099–7110, 1998.

[446] Katsuko Morigiwa and Noga Vardi. Differential expression of ionotropic

glutamate receptor subunits in the outer retina. Journal of Comparative Neu-

rology, 405(2):173–184, 1999.

[447] Robert M Duvoisin, Congxiao Zhang, and K Ramonell. A novel

metabotropic glutamate receptor expressed in the retina and olfactory bulb.

Journal of Neuroscience, 15(4):3075–3083, 1995.

[448] E Hartveit, J H Brandstätter, R Enz, and H Wässle. Expression of the mRNA
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