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Abstract

Short ~

Unilateral amblyopia is a common neurodevelopmental syndrome characterized by
reduced acuity and contrast sensitivity in the amblyopic eye (AE) & by abnormal inter-
ocular visual function, e.g. reduced stereoacuity; without a concomitant etiological
dysfunction. Standard treatment consists of a period of optical correction followed, when
necessary, by occlusion therapy. Although ~70% children gain vision, this monocular
therapy is limited by poor compliance and uncertain impact on stereo-function. Recently,
bi nocular treatments have attempted to
monocular visual inputs (enhancing usage to AE or reducing fellow-eye -FE- one), while

stimulating binocular cortical interactions.

We have developedafiBal anced Bi nocul ar Vthat vas patipdts
spend an hour per day at home watching modified movies while wearing 3D goggles (to
control what each eye sees). Movies present a blurred image to the FE and a sharp
image to the AE. Performance (compliance and binocular-imbalance) is monitored
throughout treatmentusi ng t he c¢chi | dé&agame playédauringamoydiee
playback. T wo 0 estimuls t dach made of a mixture of luminance
increment/decrement, were presented dichoptically (some visible only through goggles):
we quantified the mixture required for the child to be equally likely to report either ghost
as Gwfeating children (N=22) for 8-24 weeks lead to significant improvement in
the AE acuity (mean gain: 0.27 logMAR). This is comparable to results achieved with

occlusion, but elicits much higher compliance (89% of prescribed daily dose).

We also compared our measure of binocular-imbalance to others, also quantifying
sensory eye-dominance, to assess any testd suitability to complement clinical practice.
Pilot data measured with adult and children, with and without amblyopia, suggest that a
variant of the 6 g h @amte & a potentially useful and efficient stand-alone clinical test
with the advantage of being suitable for unsupervised home-based monitoring of

patientds binocular status.
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Long ~

Amblyopia is a common developmental disorder of spatial vision caused by a prolonged
imbalance in visual stimulation in early childhood. For example, a difference in blur
across the eyes (in anisometropic amblyopia, i.e. reduced refractive power in the
amblyopic/affected eye) and/or interocular misalignment (in strabismic amblyopia) leads
to interocular differences (IOD) in visual function. The differences persist following
optical correction despite the absence of any ocular or neurological pathology. The
mechanism of amblyopia is poorly understood. Possibly, the reduced neuronal response
to stimuli presented to the affected eye (AE) is a consequence of either a loss or a
reduced excitability of neurons in primary visual cortex (V1). The functional deficit
associated with the amblyopic syndrome includes reduced visual acuity and contrast
sensitivity in the AE, vulnerability to foveal crowding in the AE and poor stereoacuity.
Left untreated amblyopia can have negative impact on quality of life. Current clinical
best-practice is a period of refractive adaptation (resolving the deficit in at least 28% of
3-7 yrs children, after 18 weeks - Cotter, Foster et al., 2012; mean duration ~15w.-
Stewart, Moseley, Fielder et al., 2004) followed by occlusion of the less affected fellow
eye (FE), through patching or pharmacological intervention. Such treatments enjoy good
success, as ~70% children gain at least ~0.2 logMAR (Stewart, Moseley, & Fielder,
2011). But they also have several limitations: poor compliance (>50% fail to comply; M.

P. Wallace, Stewart et al., 2013), high rate of recurrence ( O0. 21 ogMAR | 0oss in ~¢

rd

atlyear; Bhola, Keech et al., 2006) and unlikely impact on stereo-function (<50%;
Stewart, Wallace et al.,, 2013). Recently, binocular treatments have attempted to
Airebal anced asymmetrical visual i nput based on t
AE input (beyond V1) might be responsible for both monocular and binocular functional
deficits in amblyopia. Binocular treatments work by adjusting the intensity of monocular
visual inputs (either increasing AE stimulation or reducing FE one) to promote normal

binocular interactions (reweighting of neural connections in binocular cortex).

This project describes a new iBal anced Bi nocul dreatmani ferwi ngo ( BB
amblyopia. BBV requires patients to spend an hour per day at home watching movies
while wearing modified 3D shutter-glasses. The glasses allow us to present dichoptic
visual stimuli where the FE receives an image Gaussian blurred to a level to elicit
crowded acuity comparable to the AE. Images are slowly modulated in horizontal
disparity in order to promote stereovision. Additionally, children& performance on a
simple video game (played periodically during movie playback) allow us to monitor both
compliance (is the child wearing the goggles?) and the level of binocular-imbalance

(how much does the child favour one eye?).
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Our exploratory study on children (24 children aged 6 to 11 yrs; with anisometropic
and/or strabismic amblyopia) showed that a period of 8 to 24 weeks of treatment
(following, on average, 28 weeks (0:12) of refractive adaptation) leads to a significant
improvement in visual acuity (N=22; 0.27 logMAR gain in the AE, on average; Keeler
chart) and elicits good compliance (on average, 89% of prescribed daily dose on 68%
of days when the system was installed at home). Contrary to the notion that intra-ocular
suppression (I0OS) may have a causative role in amblyopia, 10S did not change

significantly following treatment.

A key component of our home-based therapy was its inclusion of a psychophysical
method for quantifying binocular balance (our index of 10S). We next sought to compare
our measure to other measures and specifically to assess their suitability for
development as a clinical test of binocular balance. When comparing the same tests on
adults with normal vision we report that a variant of the test we used for monitoring 10S
- involving a brightness judgement of superimposed opposite-contrast polarity same-
identity optotypes - exhibits superior test reliability (quantified using intra-class
correlation) than comparable tests. Pilot data measured with both adult and children
with amblyopia suggest that this test, along with the letter tests derived from Kwon,

Wiecek et al. (2015), are potentially useful.

In summary, we have described a new home-based binocular therapy that engages high
levels of compliance in children and leads to gains in acuity comparable to those
achieved with equal or longer periods of patching. We have also gone on to show that
the test of binocular balance developed for monitoring I0S during treatment is a
candidate for being an efficient stand-alone clinical test that has the advantage of being

suitable for unsupervised home-based monitoring of children's binocular status.



10



Contents:

ACKNOWIEAGMENTS: .. .o ———————- 4

Y 01 1 = T AP 7

I = 7 Vo3 (o | {010 [T RS 15

1.1  Structure of the human visual SyStemL...........ceeviiiiiiiiiiii e, 15

1.2 Functional architecture of VL.........ooooiiiiiiii e 19

I B = 11 0T Tt U | F= T V7T~ o o TR 21
1.3.1 SEEIEOVISION....ccc i e e e e e e e e e e e e e e e 25

1.4 DeVvelopment Of VISION........cciii it e e e e e eeeaaeaa 27

2 Amblyopia: INTFOAUCTION........uuiiiiiiiiiiiiiiiiiiiee e 33

N R Y o1 411 (o] o] - U 35

1 - o111 11 1 S 36

2.3 The functional deficit in amblyopia............oouviiiiiiiiiiiiee e 37
231 ViSUAl CONLIAST........cviiiiiei e e e 37
2.3.2 POSItioNal COAING........cvviiiiiiei e 40
2.3.3  Spatial diStOrtiON..........cciiiiiiiiiiiiiee e 41
2.3.4  Globalform perCeplion.........cccuueeeiieiiiiiiiieieiiieeeeeeeee e 42
2.35  CroWdiNg.....ccoooiiiiiii e a e e e e e e 44
2.3.6  Stereopsis (depth perception)........ccccccvvveieeeiiei s 45

2.4  Physiological basis of amblyopia..........ccccceeiiiiiiiiii e, 48
2.4.1  The critical PEIOM.........cco oo a e 48
242 Binocular vision in amblyopia.................oo oo, 52
2.4.3  Cortical locus: Downstream mechaniSMS........ccccccvveveiieiieeiieeeeeeeell) 53

2.5 The role of cortical plasticity after abnormal visual development.................... 54

2.6  Pharmacological StUdIES............oouuiiiiiii e 56

2.7 Neuroimaging StUAIES ........ccooiiiiiiieie e 57

2.8  Treatment for amMIyOPIa............uuuureiiiiiiiiiiiiier e 58
2.8.1 Current clinical practice (occlusion therapy).....ccccccccvveviieiiiieiieeeeenen.. 58
2.8.2 Monocular alternative treatmentsi{ew-occlusioflechnigques and PL).60
2.8.3 Binocular alternative treatments (and bragtimulation)........................ 61

3 Balanced Binocular Viewin(BBV)treatment for amblyopia........................... 65

G 700 R 1 11 e o 11 Tox 1o o I 65

G 7 |V =1 T T £ P 68
3.2.1 PartiCIRNTS. ....ooeiiiieieeie e 68
3.2.2 Lo 01T o] 0 0= o | O 72
3.2.3  TreatmMent re@gIMEeIL......couiiiiiiiiiee e 73
3.2.4  OrthoptiC ASSESSMENL.....cceiie i eeee e e eeeeeeas 75
3.25 OULCOME MEASUIES .....uiiiiiiieeeeeeii e e e et e e e e et s e e e e et e e e e erae e e e e eraa s 76

3.3 RESUIS .. e e aarans 76
3.31 o U OO 76

11



3.3.2 INterocular SUPPrESSION..........uviiiiiiiiiiiie e 380

3.3.3  COMPUIANCE.....cc e e e e e e e e e e e e e e e e 84
3.3.4  Visual Outcome: Other FaCIQIS.........cccooviiiiiiiiieieiiiiiiieee e 85
3.3.5 Maintenance of acuity gains after end of treatment...............ccccceeeus 87

N B 1o U 111 (o] o P TIPS 89
34.1 CONCIUSION.......ieeeiee e eeeas 94

4  Effect of BBV treatment on crowding and contrast sensitivity.................... 97

g R [ 01 o o 11 o 1 o] o 97

A Y/ 111 T To LSRR 98
4.2.1  Participants and ProCEAULE...........ceeeiiiiirmrireeeeeiiiiieee e e e s eeirrreeee e 98
4.2.2 BeNAVIOUIal TESTS.......uuiiiiiiiiiiiiiiieeeeeee e 99

A3 RESUIS ... 101

N 5 11T o 1] [ o R 104

5 Quantitative tests for binocular VIiSion.............couuiiiiii e 109

ST A [ 01 o To [ Tox 1o o 109

oI |V =1 oo R3PS 113
5.2.1  PaAITCIPANTS....ctiiiiiiiiiiiiiee et e e e e e e 113
5.2.2  APPAIAIUS....coe i e e e e e e e eas 114
5.2.3  SHMUI.cciii i 114
524 PrOCEAUNE. ... e e e e e e e e e e e e e e e e e e e s e e e s e ae e e 116
5.2.5 Response Procedure: SimulatiQn............ccoccvvviiieeiinniiiieieee e, 118
5.2.6  ANAIYES. ..o 119

TR T o =1 | PR 121

oI I T 1= o] U 1S [ o 1T 127
54.1 (0] o Tod 1151 o ] o TSR UUUR 130

6 Quantitative tests of binocular vision in amblyopia.............ccceeeeiiiiiiieee. 131

S0 A [ 011 o T [ o 1o o 131

2 |V =1 [0 o R3PS 133
6.2.1  PaAITICIPANTS....ceiiiiiiiiiiiiii et e e e e e 133
B.2.2  APPAIALUS....ceeiieeeiee et e e e e e e e e as 137
6.2.3 Stimuli, Procedure & ANAIYSES..........uuuviiiiiiiiiiiiiiiiiieeeeee e e eaaaeaaeeeas 138

8.3  RESUIS ... i e e aaraaa 139

T I 1= o] U 1S [ o ST 155
6.4.1 CONCIUSION. ...ttt e e e e e e e e e e e aaae e e e e e e e e e e e s e e s s aennnnnnas 130

7 General DISCUSSIQN........uuiiiieiieiiiiiiie ettt e et e e anr e e e e e e e eaenna s 161

7.1 Summary Of fiNdiNGS.....ooo oo 163
7.1.1 BBV treatment (clinical and psychophysical results)........................ 163
7.1.2  SED in normal and amblyopic VIEWEIS..............cooeeiiiiiiiieiies 170

42 1 01 o] o= 11 o] o =P 174
7.2.1  Relating current amblyopia research and our findings..................... 174
7.2.2  Assessing amblyopia at any age by meagusensory eye dominancel77

7.3 FULUIE DIFrECHONS....cceiiieiiiieee e ettt e e e e e e et ee e e e e eaaat e s e e eaaeeeeenes 178

A ©7o ] (o] U1 o PP PPPPPTPPPPPRN 180

REIEIENCES. ... et 183



List of Figures:

Figure 1 From the retina to LGN ........ooiiiiiiiiiiiiiee e ee e s sinrne e e e e e e e nnnes 16
Figure 2 Schematic reproduction of retino-cortical projections..........cccccceevvviviiieeeeeeeiinnns 18
Figure 3 Cortical visual areas active in the human visual system .............ccccccvveeeeeeeiinnnns 19
Figure 4 Schematic representations of receptive field (RF) organisation within V1 .......... 20
FigureS5Left:t The -BlUDbe0 MO.del 21
Figure 6 Archetypal binocular disparity deteCtOr. ..........cooiiiiiiiiiiiiieii e 24
Figure 7 Binocular ViSion: PhENOMENA..........cooiiiiiiiiiiii et 25
Figure 8 CS curves and deVelOPMENL..........ccvvviiiiiiiiiiiiieieieeeeeeeeeeeeeee e e eeeeeeeeeeseseaesenenenes 29
Figure 9 Summary of developmental rates of four resolution abilities ................cevvveveeennes 30
Figure 10 Example of grating StmUli..............oeviiiiiiiiiiiiiiicieeeeeeeeeeeeeeeeeeeeeeeee e aeaenenenes 38
Figure 11 Examples of contrast sensitivity functions from amblyopic patients.................. 39
FIQUIre 12 GIasS PAEIMS ... ..eiiiiiiiiee ittt ettt e e e e s nbbne e e nnneee s 42
Figure 13 Example of stimuli used to measure acuity at varying sizes and spacing......... 44
Figure 14 A) Random-Dot stereograms used to measure depth perception..................... 46
Figure 15 Histogram of Ocular Dominance for V1 NEUroNS...........c.cccvevueerieeeneeesieee e 49
Figure 16 Normal and right-eye deprived development of OD ............covvvvvevveviiivevieeiinennns 50
Figure 17 Schematic representation of three critical periods (CPs) in amblyopia.............. 52
Figure 18 A. BBV treatMent SYSEM.......cccvviiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeaeeesesesssesesesenene 72
Figure 19 Setting the binocularly balanced ViSiON................euvvvveiiiiiiiiiiieieieieeeeeeeeeeveeeeeeeens 73

Figure 20 A, B. Acuity difference in the AE compared to baseline (BL) during treatment 78

Figure 21 Acuity in the AE at exit compared to baseline ...........cccccoviiiiinni e, 79
Figure 22 Stereoacuity (when measurable) for children who completed BBV treatment .. 80
Figure 23 Daily estimates Of SUPPrESSION ......cocuuiiiiiiiiiie it 82
Figure 24 Change in suppression and the relation to baseline acuity. ............cccccccoeeiins 84
Figure 25 Compliance and attention ............ccuuveiiiiieiiiiiiiie e 85
Figure 26 Other factors that may have influenced treatment outcome............cccccceeeeinnne 87

Figure 27 Mean gain in the AE acuity from baseline to ~1 additional year after treatment89

Figure28Schemati c represent at.i.an..of..idVa.c.Ma bod

Figure 29 Psychophysical data-Sets .........ccueieiiiiiiiiiiiiei e 102
Figure 30 A comparison of pre- versus post-treatment psychophysical results, ............. 103
Figure 31 Acuity, cONtrast, CrOWAING. ......ooviuiiiiiiiie et e e e 104
Figure 32 SED testS SUMUIL ... 115
Figure 33 Comparison of simulated estimates of contrast-balance..............cccccccceeiis 119

Figure 34. (a) Estimated balance point (BP) for adult participants with normal vision .... 122

13

test



Figure 35. Bland-Altman plots of results from the eight testS........cccccoviiiiiiiiiiiiiiiiiiiee. 124

Figure 36. CoR and ICC in adults with normal ViSion ............cccccceeee i, 126
Figure 37 SED and SEre0ACUILY .........ccicuiiiiiiie e e i e it e e e e s s s e e e e e e s e e e e e e s e sanreaee s 127
Figure 38 SED and acuity in A+A vsS A-A and C+A VS C-A ....ccviieeeee e 141
Figure 39 (left side) Estimated balance point (BP) for all participants ...............cccvvvveee.. 146
Figure 40 Bland-Altman plots of results from tests #1-7, obtained from adults with amblyopia
........................................................................................................................................... 148
Figure 41 Bland-Altman plots of results from tests #1-7, obtained from children with amblyopia
........................................................................................................................................... 149
Figure 42 Bland-Altman plots of results from tests #1-7, obtained from children without

E= 0] o] Y/ - 1SRRI 150
Figure 43 StatistiCs for our three groUPS ......ocoeeeeiieee e 151
Figure 44 CoR and ICC across all 4 grOUPS .....cccoiuiiieiiiiiee ettt e e 154

List of Tables:

Table 1 Summary of the main properties (left column) of three types of retinal ganglion cells
along with their downstream channel-properties. ...........cooivviiiiiiiiiieee e 18
Table 2 Summary of visual development in babies ..........cccocoiiiiiiiiiiiiii 31

Table 3 Population studies in children 6 to 72 months to assess the prevalence of

anisometropia, strabismus and amblyOpPIa. ...........ceviviiiiiiiiiiiiiiieeeeeeeeeeee e 37
Table 4 Baseline details of BBV participants (N=24) ..o 72
Table 5 Allowed and actual individual BBV duration ............cccccovviiieiiiiine e, 77
Table 6 An indicative summary of current and proposed treatments for amblyopia........... 95
Table 7 Summary of €ight tESIS. ..o 116
Table 8. Adults with normal vision: Summary StatiStiCs ...........cceriiiiiiiiieieie e 125
Table 9 Details of participants, subdivided by group ... 135
Table 10 Statistics: Adults with AMDbIYOPIA.........cociiiiiii e 153
Table 11 Statistics: Children without amblyopia...........c.oooiiiiiiiiiii e 153
Table 12 Statistics: Children with amblyopia............ccccooiiiiiii e 153
Table 13 Statistics: Overall (across groups A-A, A+A, C-A and C+A) ..ccccevevvvvccviieeeeeeenn, 154

14



1 Background

1.1 Structure of the human visual system

From the retina

The wavelength of visible-light falls in the range 400 to 700 nm. The retina contains

two classes of photoreceptors that transduce light into electrical signals: cones i

specialized in spatial resolution and sensitive to photopic light levels (10-108 cd/m?)

- and rods, specialised for sensitivity to scotopic (103-10® cd/m?) light levels

(Purves, Augustine, & Fitzpatrick, 2001). Within the retina, photoreceptors are

connected to bipolar and amacrine cells which then project to ganglion cells. The

area of visual space where light modulates neural activity is known as the receptive

field (RF) of the cell and its extent depends on the intensity, frequency and size of

the spot of light received (Hartline, 1938). Bipolar (and ganglion) cells have a centre-
surround struct uONO oofr fAOFEde Ot irced rightrdéadling ing .

the RFO6s centre wild.l e x cONoe) tbhuet nleiugrhotn f(atlh
surround will inhibit activity (Dacey, Packer et al., 2000). The arrangement of inputs
determinesifasub-r e gi on of t h®toanahibitdrysor eRciatoly elraved

In retinal ganglion cells: a depolarization of the pre-synaptic (e.g. bipolar) cell

induces a positive post synaptic potential that leads to an increase in the retinal
ganglion cell 6s f i r i mdthe pretsyndptc cal inHibitsppest po | ar i
synaptic potential (Kuffler, 1953).

Ganglion cells are broadly classed as parvocellular (P-cells, covering the fovea and
parafovea, with smaller cell bodies), magnocellular (M-cells, distributed more densely
throughout the peripheral retina with larger cell bodies), or koniocellular (K-cells, or

nonM-nonP, with very large non-concentric RF) - see Casagrande (1994) for a review.
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Fixation

—— C: controlateral signal !
point

..... I: ipsilateral signal

P-channel

channel

Figure 1 From the retina to LGN - From the top of the image: light enters each eye and

stimulates the retina of each eye. Through the optic nerve, temporal and nasal retinal projections

from each eye pass the 6chiasmd (and only retinal proj
and reach LGN (lateral geniculate nucleus) of the ipsilateral thalamus. LGN is a six-layers

structure receiving input from M-cells (layers 1,2) and P-cells (layers 3 to 6) from the contralateral

eye, by nasal retinal projections (6cdgyetindlayer s 1, 4,
projections (06i 06; Badtgmelefs acrorl séction of thaleftd @G d 3 cat.

Bottom right: schematic reconstruction of the right LGN, with blank and shaded layers indicating

selectivity for projections from the contralateral (1, 4, 6) or ipsilateral (2,3,5) eye respectively.

Adapted from the drawings by Santiago Ramon y Cajal. From Histologie du Systeme Nerveux

de I'Homme et des Vertebres, Madrid, 1952 i considered no longer under copyright protection
(https://archive.org/details/histologiedusystOlram).

To the Lateral Geniculate Nucleus (LGN)

About 90% of connections from the retina project to the lateral geniculate nucleus (LGN)

within the thalamus?. The optic nerve terminates in the ¢
d e c us s tottheooptidé tract) connects to the ipsilateral LGN (only nasal-retinal

connections cross-over). The visual pathway then continues through the optic tract to

the primary visual cortex, conveying signals from the contralateral hemi-field (see Figure

1). The LGN has six layers where right/left eye and M/P/Konio signals remain separated,

as shown in Figure 1. Layers 1, 2 serve the M-channel conveying a rapid-transient

response; upper layers (3, 4, 5, 6) process P-signals, with slower and sustained

response; a thin substrate under each layer drives Konio information. In LGN, strati 1-

1 The remaining (around 10%) of retinal connections, project to the superior colliculus and are involved in the control of
eye movements. The pupillary reflex, as well, is fast-way controlled directly via retina-hypothalamus and 1 pretectum,

regulating circadian rhythms and sleep quality; Bear, Connors, and Paradiso (2001)
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4-6 receive contralateral temporal signal, while 2-3-5 layers the ipsilateral nasal signal
(Bear et al., 2001). Like retinal ganglion cells, LGN cells have centre-surround RFs
confers selectivity for spatial frequency-SF, the scale of detail in an image (Bear et al.,
2001) 1 see also Figure 10.

To primary visual cortex

From LGN, visual signals project into layer 4 of primary visual cortex (V1 or striate

cortex; Figure 2),subdi vi ded i nto 4A, 4 B, 4C (4CcU and -
retinotopically organized (see 1.2, AQ ucbee 6 M dedls| by contrast to retina and

LGN, have larger more elongated RFs (see Figure 4).

Three parallel visual pathways can be distinguished (summarised in Yoonessi &
Yoonessi, 2011):

1)AM changeaehg!i ®n cells, through | ayers 1,
monocularity is preserved. Layer 4CU is con
integrated and contrast-properties extracted. This channel is primarily concerned with
encoding visual motion.

22AP changan@li ®n cel |l s, through | ayers 3,
binocular information is integrated in 4A and conveyed to strati 2, 3 in interblob-
col umns, wh er e pfoaess phasegproperties. IThisschannel is concerned

with encoding the shape of visual stimuli.

3) nABIlI ob <cetinalrcelleprofiect to & LGN thin sub-layers and then into V1 so-
called blob columns, where cells with circular RFs process colour. Note the P-channel
occupi es -btlhoeb ofi irnetgeiron s .

M & P channels are also classed as transient and sustained, respectively, since they
respond differently to temporal modulation of grating-stimuli (transient: flickering;
sustained: static) (Hubel & Wiesel, 1968). These pathways are thus thought to support
sensitivity to high spatial frequencies 1 SFs (P; transient) and low SFs (M; sustained),

as introduced by Kulikowski and Tolhurst (1973).
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Cell’s property

M-ganglions

P-ganglions

K-ganglions

RF’s structure

on-off centre/surround

on-off centre/surround

on-off centre/surround

cell’s body large small small

speed of conduction  [fast slow very slow

SF sensitivity low SF high SF mid-high SF
light sensitivity high (photopic) low (scotopic) mid-high
channel Parvocellular Magnocellular Koniocellular

LGN connection layers

1,2

3,4,5,6

sub-layers (1to6)

V1 connection layers  [IVCa-IVB-II/lli(blobs) - V/VI IVCB-IVA-III/II (interblob)  blobs (II-I11)
Extrastriate areas V2-V3-MT-MST-(LIP-VIP-STP-7a) V2-V3-V4-IT
cortical stream dorsal ventral (ventral)

Table 1 Summary of the main properties (left column) of three types of retinal ganglion cells along
with their downstream channel-properties.

Interblob Blobs
4 “
-1l and I ‘ ' -1l and I
goce
Striate . / - IVB ‘ -IVB
cortex ® o, 0
\1 / -IVC / -IVC
[0 1B ol P
4 * o
Magnoceliular Magnocellular Parvocellular Parvocellular
LGN layer 1 LGN layer 2 LGN layers ® © LGN layers
l 4and6 3ands
controlateral: ipsilateral: controlateral; ipsilateral:
 M-ganglions M-ganglions P-ganglions P-ganglions |

Retina

Figure 2 Schematic reproduction of retino-cortical projections. On the left: M-channel. From the
bottom, neural signal from M-ganglion cells is conveyed to layers 1, 2 of the LGN, maintaining
separate contralateral (blue) and ipsilateral (red) signals. The projection continues to layer 4Ca
of V1 where binocular connections are established in upper layer 4B. On the right: P-channel.
From the bottom, neural signals from P-ganglion cells originating in the controlateral retina are
conveyed to LGN layers 4, 6 while P-ganglions of the ipsilateral retina projects to LGN layers 3,

5. I n cortex, Vi is reached in its |l ayer 4CU and the
inter-blob columns of upper layers 2 and 3. K-channel is not represented, because it projects

from P-cells into all six sub-layers in LGN; then reaches blobs (upper right-figure) in layers 2 and

3 of V1. Adapted from http://what-when-how.com/, by Cr a n k s h a f usirig srtickes vehichfare

in contract with several publishing houses, on revenue share basis.

Beyond V1

From V1, the visual i nf o-smatamnpadoshisitead Banto a F

leading to parietal areas, and a ventral stream towards temporal areas (Figure 3). A
hierarchical organization of visual processing has been proposed: ventral for object
recognition, and dorsal for spatial localisation and motion (Bear et al., 2001). Based on
studies on rhesus monkeys, the ventral pathway have been said to perform perception
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(involving as it does V4, which encodes colour, shape and orientation, and
inferotemporal area, encoding faces and objects) and the dorsal pathway-action
(involving as it does V5/MT which encodes movement) (Goodale & Milner, 1992). A
strict dichotomy of two-pathways has been superseded by a better understanding of
modular and hierarchical organisation of the visual system (i.e. functional and cyto-

architectural sets of operation computed in progressive downstream areas).

MT(V5)

Figure 3 Cortical visual areas active in the human visual system (left hemisphere view). Under

theit wat hwayo view, the dorsal stream proceeds

parietal, corresponding to area V5 in monkeys) and on to MST (superior medio temporal area).
The ventral stream passes from V1 to V2 to extra-striate areas, V4 and IT (inferotemporal cortex).
In the case of the dorsal stream, circuits are thought to elaborate mainly motion information for
action programming while in the case of the ventral stream, they are involved in perception for

object recognition. Adapted from http://what-when-h o w. ¢ o m/ , by Cii omghka haf t

source: Mishkin, Ungerleider, and Macko (1983), p.414 i licence agreement # 4414800673684.
1.2 Functional architecture of V1

During the 1950's and 60's, D.H. Hubel and T. N. Wiesel expanded our knowledge of
RF organisation and V1 functional architecture (from physiological studies in kittens).
They classed V1 cells as simple cells (monocularly driven; predominantly located in V1-
layer 4 and deep layer 3) and complex cells (binocularly driven; higher orders and
distributed through upper and lower layers, 5-6 and 2-3) - Hubel and Wiesel (1962), see
Figure 2 and Figure 4. Both classes of cells, in contrast to retinal and LGN cells have
elongated RFs that are orientation selective. However only complex cells show spatial
invariance, i.e. they are not selective for the contrast-polarity of features falling within
their RFs. Simple cells respond to stimuli falling in specific locations within
excitatory/inhibitory portions of the RF, and sensitive to the phase of their inputs. The
output of simple cells is thought to be aggregated by complex cells, which respond to
features falling in any position within the RF. For a review, see Hubel (1982). In terms

of the dynamics of their responses, simple cells show transient activity and complex
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cells show sustained activity, i.e. complex cells are phase-insensitive (De Valois, Yund,
& Hepler, 1982).

(1) ()
From LGN cells to V1 Simple cell V1: from Simple to Complex cells

B

Figure 4 Schematic representations of receptive field (RF) organisation within V1, adapted from

Hubel and Wiesel (1962), p. 142-143 - copyright licence agreement No 4414811341577. (1) Four

LGN cells have centress ur r ound RFselftheee, Afopmti mally excited by a
arrangement collectively stimulates a V1 simple cell (in purple) that consequently responds to a

specific orientation (marked by the yellow dashed line). (2) Simple cells (three, in purple) have

RFs subdivided in excitatory (+) and inhibitory (-) regions. A complex cell (in orange) will be

excited by any vertical stimulus falling across the al
(e.g. the outlined orange box), regardless of its position or contrast polarity.

The same authors described V1 functional architecture as modular. Each module

contains information about all possible orientations of elements from both eyes. In V1,

85% of cells are binocular, responding well to stimulation from either eye, although there

is variation in the degree of eye dominance. The variation is sharp in layer 4 and

progressively reduces in upper layers (Hubel & Wiesel, 1962). Cells with a preference

(of any degree) for a given eye are organised into ocular dominance (OD) columns

(Hubel, 1982). T h ec unbl ecoe migudeed) r oposes that a 6édcubed of
(2*2mm in layer 4, with dimensions scaling with RFs size in other layers) fully elaborates

a specific portion of visual space (~1deg?), completely encoding eye preference (Figure

5 0600D6 arrow) Figured:o®Onriiemttathi amr@ow). Different uni
monocular preference, i.e. falling in the same OD column, represent all the possible
orientations. In addition, cells (mainly, complex cells) tuned for the same preference of
motion-direction are clustered in columnar arrays: in some regions the cells respond
equally well to the two opposite directions of movement, but in others there is a mixture
of cells favouring one or the other direction (De Valois et al., 1982). Hubel and Wiesel
found that across the visual field of rhesus monkeys, a light stimulus falling 20 degrees
from the fovea (centralis) activated RFs so that each visual degree is represented by
~6mm of cortex, whereas only ~0.15 mm of cortex represents the same area of the
peripheral visual field, until 80-90 degrees (Hubel & Wiesel, 1968). T fcorscal fi
magnificationd0 def i nes the di st amgteldegreeintheviseat correspo
field so that the cortical representation is scaled to RFs properties (i.e. fovea has the

highest resolution and magnification decreases for peripheral stimuli). Instead, shape
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and orientation of the visual stimulus (in any position of the visual field) are uniformly

represented in the cortex.

Figure 5 Left: The -G lubeo rfoagihellly introduced by Hubel, 1982): schematic
representation of the functional organisation of V1. Cells in V1 are organised into columns sharing
common (1) Ocular Dominance (OD) and (2) orientation preference. Cells within (1) OD columns
(vertically oriented), preferentially respond to right- or left-eye stimulation (in the figure: L green,
R blue columns), roughly covering one cycle every mm. (2) Orientation units (arranged parallel
to the surface) preferentially fire for each possible orientation, with preferences distributed on
average in 10 deg steps across each OD column, e.g. ~10° shift in orientation-preference,
clockwise or counter-clockwise, each 0.05 mm of cortex. Right: Schematic reconstruction of a
tangential section of right V1 of a macaque, layer4 (C and B), originally made using the reduced-
silver-stain method by LeVay, Hubel, and Wiesel (1975). Here, black and white stripes represent
the alternating OD columns (right or left eye-preference).

Therefore, our visual system maps in cortex a 2D topographic representation
(integrating information from both eyes) of the corresponding 3D visual space

(approximately up to +80 degrees of visual angle from fixation).

1.3 Binocular vision

The external visible space is referred to
overlaps with the other in the binocular central field (with right eye's field extending
further to the right, and vice versa). Features in each VF stimulate specific portions of
the retina. When features land in the binocular VF, they stimulate corresponding retinal
points on each eye. Importantly, this topographical mapping of visual space (known as

the retinotopic map) is maintained in the visual cortex.

Binocular summation (or convergence) is the cortical mechanism through which
monocular signals are integrated across the eyes into a single percept. In fact, via a
combined activity of eyesd6 muscl es, each
(convergence, for close objects) or outward (divergence, for further objects) to direct
both visual axes towards the fovea. Concomitant accommodation of the lens regulates
the refraction of the light-stimulus. Together, these mechanisms allow us to focus on a

fixation target and so, by combined activity of ocular muscles and neurons, the slightly
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different images from the two eyes are merged into a single percept. This process is

referred to as (binocular) fusion.

With visual axes aligned, the target image stimulates both foveae in correspondent

retinal points. Before V1 neural activity at these locations is monocularly segregated but

within V1, specifi-chahgef )y omn tl achdned, Bighdlsr § M3

from each eye converge into RFs of binocular cells (primarily, complex-cells in V1).
These cells are sensitive to retinal image disparity (see next paragraph) and activation
of cells within the binocular visual field support precise representation of depth
information. When a stimulus activates non-correspondent retinal points (i.e. not at
equal di stance from each calgderdtheory, experienge,
diplopia (or double vision; see also 1.3.1) - although in reality we are equipped for
ignoring/filtering this information (e.g. reallocating attention somewhere else). However,
prolonged adaptation to anomalous correspondence (e.g. due to misalignment of the
eyes) can lead to a neural compensation for the angle of deviation leading to fusion
supported by abnormal retinal correspondence. Under these conditions input from one
eye might either be intermittently preferred over input from the other eye (fixation
preference), or there may be a constant preference for the output of one eye, inducing

functional suppression of the non-dominant eye (see 1.3.1).

Depth/disparity tuning

Vergence movements determine the extent of deviation of the visual axis from the
physical projection of the fixation point, influencing the horizontal disparity of monocular
images falling in correspondent retinal points. This disparity supports stereopsis
(Freeman & Ohzawa, 1990), commonly defined as the ability to judge depth based on

binocular information (retinal disparity).

Stereopsis is sometimes defined as coarse- or fine-stereopsis (large or small disparities
processed in the respective RFs), the last being clinically measured as stereoacuity
(Poggio & Poggio, 1984). Disparities are classed as crossed disparity (disparity<0)
arising from objects presented closer to the observer than the focal point (disparity=0)

and uncrossed disparity (disparity>0) for further objects, giving a precise indication

(retinal di sparity) for objFgwea7d)s position

The portion of the visual field that yields single vision, allowing for retinal

correspondence and fusion is the horopter. G. Vieth (1818) and J. Muller (1823) argued

t
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that the horopter fall s s&lmaveahe Sameé angldsevilen wher e
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individually projected into the two eyes (Vojnikovic & Tamajo, 2013). There is a zone
around the horopter known a sfusiBra of ubmacslar
information is possible, allowing for singleness of binocular vision (Ogle K., 1950
Researches in Binocular Vision; Philadelphia: Saunders). Particularly, we distinguish

motor fusion (eye movements that allow convergence) and sensory fusion (neural

activity of binocular cells).

An early study in cats established that the horizontal disparity eliciting maximum cortical
response in correspondent points ranges 6.6 degrees of visual angle; less extended is
instead the vertical disparity range, equal to 2.2 degrees (Barlow, Blakemore, &
Pettigrew, 1967). However, binocular fusion would be possible within a disparity
gradient (depending on the proximity of objects in the visual field) and not within an
absolute extension of the fusional area (Braddick, 1979). This gradient has been defined
as nfa cdckibdtweaenithe disparities of neighbouring objects divided by their angular
separationodo, so that fusion could fail
objects near one another (Burt & Julesz, 1980).

An archetypal binocular disparity detector? (Ohzawa, Deangelis, & Freeman, 1990),

reproduced in Figure 6, should: (i) receive both monocular inputs from correspondent

ar ea

even

retinal points, (ii) be selective for all 3

and (iii) be phase-dependent. These last two points respectively relate to the fact that
each eye perceives a different perspective of the same object and the same binocularly
viewed object maintains the same polarity. In cats, such a response arises in a subset
of complex-cells, thought to be optimal detectors for binocular-disparity, with a specific
selectivity for SF (i.e. size) acquired from their simple-cell input (Anzai, Ohzawa, &
Freeman, 1999). Other studies showed that disparity-tuned cells are present in the
visual cortex of humans (Ohzawa et al., 1990) and monkeys (Hubel & Wiesel, 1970a;
Poggio & Poggio, 1984). Hubel and Wiesel (1970a) proposed the existence of cells
tuned for near and far disparities (selectively activated by objects nearer or further away
from the focal point) or at different relative depths. Poggio et al used dichoptically

presented bars (of optimal orientation and size) to distinguish near (crossed) and far

2 To investigate the mechanism of binocular summation, optimal stimuli for isolated cells (in terms of their orientation,

SF, temporal frequency-TF) are identified under monocular presentation. Then, to identify a binocular-response, the

same cellsd sensitivity i s mea wsingepiimalstineus presentecedictoptigallyi(ite.u d e ; S

each eye is simultaneously presented with a modulated version of the same stimulus, e.g. drifting gratings at 2Hz, phase-

shifted between eyes).
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(uncrossed) disparity-tuned cells in V1 and V2 (predominantly simple and complex cells,
respectively). About half of them were tuned, showing largely excitatory responses, for
stimuli presented within the range of preferred disparity. Cormack and colleagues used
a psychophysical task to probe disparity-channels, presenting sub-threshold stimuli
dichoptically (2IFC of correlated or not, random dots stereograms) and found disparity

sensitivity up to £20 arc min of retinal disparity (Cormack, Scott, & Schor, 1993).

XR Disparity > 0
1 ~  Disparity =0
,Disparity <0
w
<
B
2
v
Left RF /1

Figure 6 Archetypal binocular disparity detector. A light-bar falling in corresponding retinal points
at zero disparity (see Figure 4) will fall on different retinal position in the left or right eye, projecting
to correspondent RFs in cortex. Their empirical position is represented on the x and y-axes. In
addition, stimuli falling within a specific range of disparities will activate a correspondent pair of
cells. An optimal detector would be represented as a square (shaded area in the image), whose
main diagonal represents zero disparity. Stimuli falling here will be optimal. Closer or further
objects will fall respectively below or above this line, eliciting a proportional reduction in response.
Taken from Ohzawa et al. (1990) i copyright license agreement # 4414821457723.
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Fixation point

Viewing :
distance, v Monocular rivalry

| | 8l i
| l;' i
@ EE | J Ambiguous figure

Figure 7 Binocular vision: phenomena A) A diagram of binocular crossed-disparity: if a viewer
fixates the bar on the right, the far bar (1l eft
fovea, respectively at U and b disparities. The
distance and the depth between the bars. Resulting retinal images are reproduced flattened, at

the bottom. Adapted from Prof. D. Heeger,i De pt h, Si z eDeparnukent 8fPsyghaocyy,

New York University (2006) T copyr i ght per mi ssi on sgaBaThteestmuby NY |
adopted to induce perceptual alternation (taken from Blake & Logothetis, 2002) i copyright

licence agreement # 4414831184177. 1. Looking through red-green anaglyphs, binocular rivalry

between a house and a face will occur. 2. An example of monocular rivalry: two superimposed

patterns differ in colour and orientation thus resulting in alternating perception; 3. The Rubi n o
ambiguous figure: appearance fluctuates over time between a vase and two facing human faces.

1.3.1 Stereovision

Stereo vision is the perception of depth based on retinal disparity signal, excluding
monocular cues (such as shadows, linear perspective, texture gradient, relative size,

etc.).

Look at Figure 7A: when we fixate a point (or the right bar) sothat it f all s on
fovea, another point (the far left-bar), within the binocular visual field at varying viewing

distance (v+d), will fall at different distance from the respective foveae. The resulting
discrepancy inretinal-l ocat i ons (ban,gldeess cUr iabnedd respect i\
the right retina | eads to binocul ar di spar
fiuncrossedo (U>b). Cortical cells (in V1 arl
they respond maximally to a certain a mo u nt of db )Bprlew ét aly 197U

Hubel & Wiesel, 1970a).

In addition to retinal disparity, there are also extra-retinal cues to depth. Among others:

convergence (the different angles of inclination of the eyes directed to a target),

accommodation of the lenses and the refraction power of each eye. The first two are
25



usually defined as Ophysiological cues to depth©o
etc. there is a region of visual space within which binocular fusion occurs, i.e. the
viewer perceives a single image. Thisregion-Panumés area is thought to b
by attention and retinal eccentricity (e.g. fusional space is larger in peripheral retina;
Vojnikovic & Tamajo, 2013). Image size also plays a role: the limit for fusion is larger for
low SF defined stimuli (broader and blurred) and reduces with increasing SFs (C. Schor,
Wood, & Ogawa, 1984). Fusion is also limited by temporal properties of the images: TFs

>0.5 c/sec will be less likely to favour a fused perception (C. M. Schor & Tyler, 1981).

When fusion is possible, a problem arises: which
i mage that mat c¥Wewtlahdeshoald theeefore beyflsséd) This question
introduces Athe correspondence probl emo. Stereov
guide fusion, e.g. when using random dots stereograms (see also 2.3.6, Figure 14A),

thus falsifying the view that spatial forms guide fusion. In fact, B. Julesz (1971) stated

that stereo images are matched based on (a) physical similarity, (b) one-to-one

matching of a features (the uniqueness constraint) and (c) smooth variation of disparity

across the target image (the continuity constraint). These features would allow fusion of

different monocular image pairs into a correspondent single binocular percept.

As discussed in section 1.3, fusion is possible only within a gradient of disparities across
space (e.g. for two points: difference in disparities divided by their separation in visual
angle). We could think about the gradient as the slant of a surface in space, relative to
the point of view of the observer. Fusion will not be achieved if the slant in depth is too
steep. Thus, outside Panumbébs fusion area the vie
called diplopia. This phenomenon occurs for example when we try to focus on objects

too close to our eyes (i.e. when convergence and accommodation fail).

If different monocular images, eliciting an ambiguous sensory signal, fall on
correspondent retinal | ocations of the two eyes
alternate over time. This phenomenon is known as rivalry. Wheatstone, using his
stereoscope, investigated the effect of presenting dissimilar alphabetic letters to the two

eyes, introducing the phenomenon of binocular rivalry (Wheatstone, 1838). An

analogous situation arises under monocular vision, when two stimuli are physically
superimposed 1 e.g. a red and green grating at two different orientation 7 resulting in
our percept alternating between the two components (see Figure 7B.2). Monocular
rivalry is related to features that remain visible in the binocular VF but are grouped

differently over time, and differs from binocular rivalry where one or the other of the
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components disappears (C. Schor et al., 1984). Binocular rivalry can derive from
interocular dissimilarities in colour, luminance, contrast polarity, form, size or velocity of
the presented images, either embedded in simple stimuli, (e.g. grating of orthogonal
orientation) or in complex stimuli (e.g. Figure 7B.1: a house or a face), viewed each in
one eye (Blake & Logothetis, 2002). In the presence of a stronger competing-stimulus
(e.g. at higher contrast), rivalry will occur quickly and the relative exclusive perceptual

dominance will be maintained for longer duration (Blake & Logothetis, 2002).

When two spatially dissimilar images are presented for a sustained period to the two

eyes, perceptual dominance could develop: the cortical visual processing will be driven

mai nly by one eyeds st i mulheasthereeyedvill behigmoresi.t i mu |
Thus, monocular suppression occurs. This cortical phenomenon is activated by
temporal and spatial properties of competing stimuli (P. C. Huang, Baker, & Hess, 2012)

and it is commonly refer to as inter-ocular suppression (I0S). 10S has been thought to

avoid diplopiat hr ough fAactive cortical inhibition ¢
o ne €Janepolsky, 1955). This phenomenon commonly occurs in amblyopia, as will

be discussed in section 2.4.2.

A specific case of 10S is defined as large regional suppression: children with severe
amblyopia (either strabismic or anisometropic amblyopia- see sections 2.1, 2.2) develop
a scotoma to eliminate the lack of fusion (due to extreme disparity between retinal
images). It is an intermittent phenomenon occurring when vergence movements to solve
the severe deviation of one eye are interrupted only occasionally, e.g. due to interfering
signal. In this case, the patient will alternate between a state of binocular fusion and one
of monocular vision, with concomitant suppression of the input from the deviated eye.
We could think of this process as a marker to track the region of space (in the horizontal
and vertical dimensions) where the amblyopic viewer is more susceptible to suppress
the input to the AE. Details can be found in Wright KW, Spiegel PH, Thompson LS,
AHandbook of Paedi athbl go@@éawaYarkh NS Spuirger;2006), A m
p. 188.

1.4 Development of vision

Much of our understanding of the visual system comes from electrophysiological studies
of monkeys. Although broadly similar in structure the human visual system develops at
about ¥ of the rate of the monkey i.e. in 1 week after birth a monkey shows similar

maturation in visual abilities as a human baby after one month (Teller, 1981). Among
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behaviour al studi es on humans, Frant z,

looking-patterns by inventing the method of Preferential Looking (PrL). This allows one

to estimate the infantso6 visual di scri mi

staring at one of the two patterns. Specific measures used are direction of gaze, duration
of fixation and number of distinct stimulus-fixations (Fantz, 1958). A variant on this
method is forced-choice preferential looking (FPrL) whi ch i nvol ves

observer performing discrimination based only on the looking patterns of the baby,

i n

nati on

a

all owing one to infer an e qTellem®79e This methbch e

has pushed back the preferred minimum age for vision testing to around 5 months.

In clinical practice, Teller cards are
Cards show gratings at various SFs and by measuring the highest frequency children
reliably fixate one can estimate their acuity (for norms of use in 1m. to 4y. children see
Mayer, Beiser et al., 1995). Other studies used optokinetic nystagmus (OKN) to quantify
an oculomotor-reflex (repeated smooth pursuit followed by corrective saccade) in
response to a s(Dobson N198F.6Visua oBvdkex nPotentials are a
physiological measure used to quantify the cortical response to specific visual stimuli,
recording latency and amplitude of neural activity after stimulation (e.g. to a flash light)
in a specific state (e.g. wakefulness or sleep)- see Norcia and Tyler (1985). Although
highly sensitive, these measurements are time consuming to collect and only rarely

reliable in infants under 3 months of age (Barnet, Friedman et al., 1980).

A significant driver for research on infant vision came from the animal studies of cortical
plasticity pioneered by Hubel and Wiesel (see section 1.2). Table 2 shows the main
milestones the developing visual system achieves within the first 6 months after birth.
Visual acuity (grating detection) rapidly develops during the first month and
progressively improves, reaching 0.7 logMAR aroundthe 6"mont hs aft er
level of acuity (0O logMAR) will be reached around the age of 3 years (Teller, 1997). A
reason for this rapid development was found in kittens, where photoreceptors in the
retina centralis and the optic nerve respectively reach 100% and 80% of their maturation
by ~8 weeks after birth (the remaining 20% is reached at ~24 months; Ikeda, 1980).
Therefore, physiologically, adult-like visual acuity is reached shortly after 24 months of
age, but the visual system (particularly parvocellular neurons) is highly susceptible to
abnormal development in the preceding period (lkeda, 1980). Contrast sensitivity
measures the relative difference in luminance required to support detection of a
stimulus. Performance is typically characterised using a Contrast Sensitivity Function

(CSF), which plots contrast sensitivity against the spatial frequency of the stimulus
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(Figure 8; see also section 2.3.1). Spatial frequency (SF) is a measure of spatial-detail
- how often a sinusoidal luminance profile modulates in one degree of visual angle. In
infants, the CSF is shifted down compared to normal adults (indicating poorer sensitivity)
and extends over a smaller range of SFs (indicating poorer sensitivity to high SFs, i.e.
acuity). Within few months, the child will achieve sensitivity in detecting gratings at both

lower and higher spatial SFs (Banks & Salapatek, 1978).

[the Picture has been removed due to copyright restrictions]

Figure 8 CS curves and development. Average contrast sensitivity (reciprocal of contrast
threshold) plotted against increasing spatial frequency (measured in cycles per degree) for
children of 1, 2 and 3 months. Data are compared to an adult. Adapted from Banks and Salapatek
(1978)

Colour vision develops to an adult level only after the first year, due to a lack of blue-
channel activity (short-wavelength-sensitive cones on the retina), likely related to a
general lower sensitivity to higher SFs (Teller, 1997). Confronted with 100% contrast
stimulus, infants as young as 1 month show an overall lower spatial resolution than
adults (factor of 1.5 log units) but no difference in temporal vision (measured by
manipulating the temporal frequency (TF) i or flicker rate - of the stimulus). Indeed, their
Critical Flicker Frequency (CFF) i the highest detectable flicker rate- would be near to
adult levels (about 60 Hz) from the age of 2 months (Teller, 1997). Stereopsis has been
measured using PrL or FPrL of line stereograms or VEP measured using (random dot)
coherent motion tasks. No measures of depth perception based on combination of
horizontally shifted images has been obtainable before the age of 6 months, implying a
late activation of binocular disparity tuned neurons (E. E. Birch, Gwiazda, & Held, 1982).
Finally, vernier acuity, the ability to detect displacements between two stimuli (e.g.
subtle misalignments in near-collinear bars), moves from very poor performance and
steeply develops in the first months (Teller, 1997), reaching nearly adult level after 6

months of age (0.05 -1 minutes of arc, i.e. ~1.3-0.0 logMAR).
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[the Picture has been removed due to copyright restrictions]

Figure 9 Summary of developmental rates of four resolution abilities: critical flicker frequency

(CFF), grating acuity, stereoacuity and vernier acuity. The dashed line corresponds to the

estimated performance in adults and marks the 0 point on the y-axis. The abilities are plotted

from birth to 12 monthsofage(x-axi s) i n | ogarithmic units of proporti
performance (y-axis). From Teller (1997)

The tasks discussed so far -orientation selectivity, SF tuning etc. i are thought to be
mediated by low-level visual mechanisms e.g. in primary visual cortex. Recently there
has been more consideration of the development of extra-striate processing,
responsible for segmentation, integrative motion and pattern processing, in order to
refine our knowledge on normal development and the prevention/treatment of abnormal

development (for a review see Braddick & Atkinson, 2011).

Table 2 summarises the commonly accepted knowledge of the development of various
visual abilities from birth. Note that there is evidence of individual differences in rate of
visual development (Braddick & Atkinson, 2011), thus Table 2 provides only an

indicative summary.

30



Newborn @1m. @2m. @3m. ®6m. Adult norm

Acuity * =1 c/deg (1.5) 1.5-2.4¢/deg. 2.8c/deg (1.03) 3-4c/deg. 6.4c/deg (0.7) 30c/deg.

(logMAR) (1.3-1.1) (1-0.9) (0)

Contrast / 9 11-19 / / 500 (0.2%)

Sensitivity peak® (11.1%) (9.09-5.26%)

Motion discrim.  Very poor (only Gross Improving / excellent excellent
lowSF-high C)

Critical Flicker Not obt. =40Hz =50Hz =52Hz 55Hz 55-60 Hz

Frequency

Stereo —acuity absent absent absent =60 min 1 min 30-55 sec

(arc units)

Colour vision absent absent rudimentary better Better L,M,S cones

(LMcones) (+Scones)

* Acuity is defined as the highest 5F grating visible at maximum contrast, and it is expressed in cycles per degree (c/deg) or as the
corresponding logarithm of the minimum angle of resolution (logMAR)

# The temporal contrast sensitivity function is shifted by 1.5 log units in children of 1 month of age compared to adults, but has a nearly
identical shape.

Table 2 Summary of visual development in babies, comparing performance at 1, 2, 3, and 6
months to adult norm. Results were obtained using behavioural and VEP measures, typically with
grating stimuli (spatial and temporal resolution and colour vision) or stereo-lines (stereoacuity).
From: Teller (1997)-motion CFF, stereo and colour vision information, Braddick and Atkinson
(2011)-for a general comparison and contrast values, and Banks and Salapatek (1978)-for acuity
details.

With this snapshot of normal visual development in mind, we now move onto consider

abnormal visual development and in particular amblyopia, the focus of this project.
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2 Amblyopia: introduction

Amblyopia is defined as unilateral (rarely bilateral) reduction of the best-corrected visual
acuity (BCVA) in an otherwise healthy eye (Ciuffreda, Levi, & Selenow, 1991), i.e. in the
affected/amblyopic eye (AE). This condition originates from prolonged abnormal retinal
stimulation during the development of the visual system. According to its origin (also
called, the amblyogenic factor), amblyopia is defined as strabismic (due to persistent
inter-ocular misalignment), refractive (by a refractive imbalance) or visual deprivation
amblyopia (due to congenital monocular obstruction, i.e. ptosis or cataract) (American
Academy of Ophthalmology & Pediatric Opthalmology/Strabismus Panel, 2012).
Specifically, refractive amblyopia is re-defined as anisometropic - when the deficit is
unilateral, or, less commonly, as ametropic or meridional - after a bilateral deficit, i.e.
respectively either a significant refractive error or astigmatism, in both eyes. When
strabismus and anisometropia co-occur, amblyopia is defined combined-mechanism
(Cotter et al., 2012), or also mixed (Stewart, Fielder et al., 2005). Finally, there is a
specific form of deprivation amblyopia that may occur as adverse effect of patching
therapy: it has been recently defined as occlusion or reverse amblyopia (David K.
Wallace, Repka et al., 2018). In this thesis, we will focus on anisometropic, strabismic

and combined-mechanism amblyopia (unilateral amblyopia only).

Clinically, in the presence of at least one amblyogenic factor, unilateral amblyopia is
diagnosed based on the corrected visual acuity. The specific criteria have changed
towards the end of the last century: from a BCVA in the AE equal or worse than [0.2-
0.3] logMAR being sufficient to diagnose amblyopia, also a persistent inter-ocular
difference in best-corrected acuity (IOAD; usually, O 0 .I08MAR) was then required for
the same diagnosis (J. M. Holmes & Clarke, 2006). Some research-groups define
amblyopia based on IOAD >0.1 logMAR (MOTAS, ROTAS groups; e.g. Stewart,
Stephens et al., 2007), which is enough to exceed the acuity test-retest variability (J. M.
Holmes, Beck et al., 2001), while others accept only IOAD >0.2 logMAR (PEDIG group;
e.g. J. M. Holmes, Kraker et al., 2003; Repka, Beck et al., 2003). Proviso a minimum
level of IOAD, depending on the BCVA in the AE, amblyopia is classified as moderate
(BCVA in the AE: (0.3 to (0.6 logMAR) or severe (BCVA in AE: (.7 logMAR). Note

that acuity measures >1.3logMAR are likely related to ocular conditions other than
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unilateral amblyopia, therefore additional checks are highly recommended (David K.
Wallace et al., 2018). Mild amblyopia corresponds to a BCVA in the AE of 0.1 to 0.3
logMAR (Stewart et al., 2005) - thus =0.3logMAR is associated with either mild or
moderate amblyopia, depending on the study group.

In this thesis, we will associate amblyopia to IOAD®.2 logMAR and define the deficit
as mild (BCVA in the AE O0 . 2 | o gnvdeRaje (BCVA in the AE 0.3 & (0.6) or
severe (BCVAinthe AEOO. 71 og MAR)

Amblyopia is one of the leading causes of visual loss in children with an estimated
prevalence of ~3% (Attebo, Mitchell et al., 1998; J. R. Thompson, Woodruff et al., 1991),
varying from 0.7 to 5.5 % in population-based studies, depending on the population
investigated and the definition used for amblyopia (David K. Wallace et al., 2018; see
Table 3 for comparable studies in children aged 6-72 months). Bilateral amblyopia
(either due to ametropia or bilateral vision deprivation) is much less frequent than
unilateral (e.g. see Table 3), although the exact proportion varies between studies.
Henceforth, we will refer to unilateral amblyopia, unless differently specified.

In a month, amblyopia can account for >75% of outpatients visits to NHS paediatric eye
services (Stewart, Shah et al., 2016). It is an important public health problem, associated
with around 2.6 relative risk for lifetime binocular visual impairment (Chua & Mitchell,
2004; van Leeuwen, Eijkemans et al., 2007). Amblyopia and/or its treatment can cause
distress in young patients and/or parents (Hrisos, Clarke, & Wright, 2004) and have a
negative impact on their quality of life, for example by affecting family life or social
interactions (Carlton & Kaltenthaler, 2011). Untreated or residual amblyopia can also
have a negat i v e educatppraand/or azeupatiod (Chua & Mitchell, 2004).

Monocular amblyogenic factors lead to degradation in image quality, which in turn leads
to (a) reduced reliance by the patient on the AE, aka interocular suppression (I0S), and
(b) the syndrome of functional visual deficits termed amblyopia. As said, clinically,
amblyopia is primarily associated with reduced visual acuity (Ciuffreda et al., 1991), but

the syndrome also includes poor contrast sensitivity (Levi & Harwerth, 1977), elevated

foveal Acroewdi ngeérfering effect of visual

in the peripheral visual field; Levi & Klein, 1983), fixation instability (K. R. Kelly, Jost et
al., 2015), and poor or absent stereopsis (Weakley, 2001). In particular, anisometropic
amblyopia, compared to strabismic, is associated with a more moderate loss in visual
acuity, poorer contrast sensitivity especially at high spatial frequencies and retention of

a certain level of binocular visual function (McKee, Levi, & Movshon, 2003).
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2.1 Anisometropia

Around 20% of the adult population exhibits a degree of anisometropia, - an 10D in
spherical-equivalent refraction (SE; i.e. sphere + cylinder/2) of a certain magnitude, e.g.
~15%adults: 1 0DO1D (D, dioptres= 1/focal
axial length and/or optical power (i.e. corneal and lens power in redirecting light-input)
between the eyes - for a review see Barrett, Bradley, and Candy (2013). The
consequence may be myopia (~ 60-70%; near-sighted: focal point before the retina) or
hyperopia (farsighted: focal point beyond the retina). An additional correction (for
astigmatism) will be prescribed if the refractive difference occurs at any meridian
(cylinder axis). The interocular difference in refractive power (anisometropia) can be
accompanied by aniseikonia, a difference in magnification between the two eyes
causing the images to differ in their perceived size (i.e. AE image: stretched in case of
myopia, compressed in case of hyperopia) with consequent abnormal sensitivity over a
full range of SFs (Bradley & Freeman, 1981). Since long ago, a degree of aniseikonia
greater or equal to 0.75% size difference between monocular retinal images has been
considered clinically significant when associated with constant eye strain and/or
headache, not relieved by accurate refractive or motility corrections (Burian, 1943). As
a rule of thumb, the expected relative difference in image size is about 1% per dioptre
of anisometropia, with the limit of tolerance in humans commonly set at >5% image size
difference (Achiron, Witkin et al., 1997). Exceeding this limit, prevents acquisition of fine
binocular vision, although in some cases a higher degree of aniseikonia can still be
tolerated by anisometropes, who maintain eye alignment: some might pass Random
Dot Stereogram tests although their binocular vision is not optimal (Campos & Enoch,
1980). Caution should be taken when using just one stereo-test for screening

binocularity, especially in presence of aniseikonia.

Around 50-75% of cases of amblyopia are associated with some degree of
anisometropia (together with strabismus in ~10-30% cases) and hyperopia is associated
with amblyopia more frequently than myopia, with a risk estimated to be twice as high
(Levi, McKee, & Movshon, 2011). Such statistics may be influenced by the reliance of
screening procedures on near-vision tasks which are more sensitive to hyperopia

(Attebo et al., 1998). For details on different populations i see Table 3.
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In about one third of cases, anisometropic amblyopia is likely to resolve after a period
of optical correction alone, usually ranging 2 to 4 months to reach a plateau, depending
on the baseline vision (Cotter, Edwards et al., 2006; Moseley, Fielder, & Stewart, 2009).
Alternatively, a refractive-surgery intervention might be recommended in children who
cannot tolerate spectacles or contact lenses (W. F. Astle, Fawcett et al., 2008).
However, surgery is widely approved only in adults above the age of 18 yrs, as refractive
errors are less stable in children and, especially in young children, response to surgery
is less predictable and use of general anaesthesia carries risk. Refractive surgery
include intraocular techniques, such as implantation of an intraocular lens (if missing,
i.e. in case of aphakia) or removal of the crystalline lens (in case of high unilateral
myopia) & extraocular techniques, i.e. corneal surgery methods (in case of unilateral
myopia, astigmatism, and hypermetropia), including photorefractive keratectomy and
laser-assisted procedures (Alio, Wolter et al., 2011).

2.2 Strabismus

Commonly called fisquintodo, this ocular misalignme
a cover-uncover test, to evaluate visual-axes direction and/or a prism cover test (PCT-

using an accommodative target, at 6m for distance and 40cm for near), to measure the

angle of deviation (in Prism Dioptres, PD or g with and without wearing glasses). Ocular

movements (version, duction) including motor fusion, and head-posture, are normally

tested in all positions of gaze to check for anomalies. Strabismus is defined as manifest

(-tropia) or latent (-phoria) monocular deviation (horizontal: eso-, convergent to nasal

septum OR exo-, divergent from it; vertical: hyper- OR hypo-) when respectively

occurring during binocular vision or after its interruption (covering the non-deviating

eye). In both cases, a certain magnitude (¢ of deviation (mild if <10¢) can be constant

or intermittent, i . e. wi t h or wi t hout constant
indicates that the deviation is reduced or corrected by wearing the appropriate

prescription. It is then broken down into constant accom.- or -with accom. element OR

fully accom.-. In these cases, abnormal retinal correspondence (ARC) can develop if a

small angle of deviation is present i see section 1.3. Also, strabismus can be defined

incomitant when the deviation varies depending on the position of gaze, or concomitant,

when independent to gaze position (more typical of developmental anomalies). To find

more see fiGuidelines for the Management of Strabismus in Childhoodo (The Royal

College of Ophthalmologists; 2012).
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The prevalence of strabismus in children aged 6 to 72 months varies from 2.1% to 3.3%
depending on region, with most studies showing results around 3%, and further

ambl yopi a o78omuavesagd (see Talle 3).

Study Ethnicity Prevalence (%)
Strab. Aniso. Amblyopia
(bilateral)
MPEDS Group Hispanic 2.4 4.3** 2.6 (0.5%) 249
0
* (MEPEDS, 2008) Afro-American 2.5* 4.2+ |15 (0.4% oure
**(Borchert, Tarczy-Hornoch et al., .
aniso
2010)
BPEDS Group non-Hispanic  3.3% (50%ET) 5.0%8 1.8 (0.0%) 32%
§ (Friedman, Repka et al., 2009) pure
88 (Giordano, Friedman et al., 2009) aniso
Afro-American 2.1%5 (50%ET) 4.3%§ 0.8 (0.18)

Table 3 Population studies in children 6 to 72 months to assess the prevalence of anisometropia,
strabismus and amblyopia. Respectively: anisometropia (aniso.)=at least in one eye: 01 D SE
hyperopi aSEormy@D a or O1. 5D a s(straby)vanléastsnnone eget r a b i
constant or intermittent tropia). Amblyopia definedas ©0. 21 o g MAR | OAD and VA
logMAR) Tiin parenthesis, the specific proportion of bilateral amblyopia (i.e. in both eyes:
BCVA>0.3logMAR with either obstruction of the visual axis or ametropia - hyperopia ©4 D ,S E
myopi a QO®mha sSH gmat i Spedfic.stdkes .are indicated in column 1, left;
MPEDS=Multi-Ethnic Paediatric Eye Disease Study; BPEDS=Baltimore Paediatric Eye Disease

Study Each respective investigated group is specified in column2 (ethnicity), and the relative
findings are reported in columns 3to 5 (prevalence; in order of: strabismus, anisometropia and
amblyopia). ET=esotropia; SE=spherical equivalent; D=dioptre.

2.3 The functional deficit in amblyopia

Psychophysical studies have played a fundamental role in defining the functional deficit
associated with human amblyopia and the initial behavioural analysis concentrated on

monocular abilities i particularly contrast sensitivity and visual acuity.

2.3.1 Visual contrast

Visual contrast (introduced in section 1.4) is the measure of the range of luminance (L)
present in a visual stimulus (independent from absolute luminance, i.e. light intensity on
asurface,incd/m?, si ze varying with gratingds SF)
whose appropriateness depends to a degree on the nature of the stimulus. The contrast

of periodic stimuli (e.g. sine-wave gratings 1 see Figure 10) is often expressed using

Michelson contrast: & —22LETFor aperiodic stimuli, e.g. uniform patches against a
I Ag 1 EI
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background, contrast is often quantified using Weber contrast: & —A2LE! The
AAAECOI Ol A

contrast of more complex aperiodic stimuli such as natural images is usually expressed

in units of d&Root Mean Sq u a rcenfiast: 6 —, where Ls=L standard deviation,
t

d
|

L,=mean L.

Figure 10 Example of grating stimuli from (left) low to (right) high spatial frequency (SF). Stimuli
are shown at maximum contrast spanning three octaves of SF, here (a) 8, (b) 16, (c) 32 and (d)
64 cycles of the luminance-defined sine-wave per image. SF is normally expressed in cycles per
degree of visual angle (c/deg).

Contrast-sensitivity (CS) is defined as the inverse of contrast-detection-threshold, the
minimum contrast necessary to elicit a criterion level (e.g. 75% correct) of detection.
High contrast thresholds indicate poor performance while high CS indicates good
performance. CS-plot as a function of stimulus spatial frequency (SF; the rate of
luminance-modulation in space), is known as the Contrast Sensitivity Function (CSF).
This curve defines the limits of visibility of a sine-wave stimulus as a function of its spatial
frequency and typically is described as having an inverted U-shape (Campbell &
Robson, 1968). Adul t s & per f o-bcafdegat rear viewindpdéestarice, with 4
the limits of visibility falling between around 0.1 to 30 c/deg. Visual Acuity (VA) is a
measure of precision in spatial resolution, to identify the smallest visible letters or
optotypes, presented at high contrast 1 suprathreshold- (measured using different units,
e.g. logMAR: logarithm of the Minimum Angle of Resolution, or the visual angle
subtended by the target). Similarly, Grating VA is a measure of the limit of visibility of
sine-wave gratings, as the ones in Figure 10, defined by contrast (amplitude) and SF
(bandwidth).

Observers with anisometropic and strabismic amblyopia show poorer contrast
sensitivity, particularly at higher SFs. Figure 11 (right) shows that the CSF for an
ani sometropic observersod AE, peaks at a | ower SF
than when measured using the fellow eye (FE). For such observers, it is generally
assumed that poor focus of the affected eye leads to under-representation (or
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dysfunction) of cells tuned to high spatial frequencies (Bradley & Freeman, 1981; Levi
et al., 2011). Plus, uncorrected aniseikonia could account for significant loss of
sensitivity at low SFs, as the perceived size difference (abnormal magnification of the
image seen by the AE) tended to enhance sensitivity to details, i.e. to high SFs, so
selectively affecting sensitivity, i.e. greater I0OD to low SFs (Bradley & Freeman, 1981).
Figure 11 (left) shows that the loss in strabismic amblyopia is less marked and limited
to detection of high SF stimuli. Sensitivity in strabismus is markedly influenced by
stimulus configuration and thus elevated fAc
at high SFs which contain more repeating/periodic structure (Levi & Klein, 1983).
However, the perceptual loss in these amblyopes is less clear and sometimes
performance is poor at any SFs (R. F. Hess & Howell, 1977) so that a specific evaluation
of contrast sensitivity should be necessary to prescribe an appropriate treatment (e.g. a
defocused image would not work in presence of a low frequency abnormality too0).

[the Picture has been removed due to copyright restrictions]

Figure 11 Examples of contrast sensitivity functions from amblyopic patients with strabismus (on

the left; adapted from R. F. Hess & Howell, 1977) or anisometropia (on the right; adapted from

Levi & Harwerth, 1977). On each graph, sensitivity in FE (the upper curve) is normal. AE results

less sensitive in both amblyopes, with strabismus responsible of significant loss only at high SFs
(left; greaterc/ Hdeg}; alwbivee @84ni sometropia signi
sensitivity (right). In the top left corner, an illustration of the contrast sensitivity function in adults

( &30 c/deg; log steps; against mid grey background), firstly presented by Campbell, Robson

1968.

McKee and colleagues tested a large number of adults with amblyopia to examine the
overall deficit on spatial vision, to overcome case-studies differences, and to refine
specific patterns for type and severity of the deficit in amblyopia (McKee et al., 2003).
They tested 427 adults with amblyopia (plus 68 controls) measuring monocular spatial
resolution: (i) visual acuity, using Snellen optotypes, vernier alignment, contrast-
gratings, and (ii) contrast sensitivity, using the Pelli-Robson chart (1988; contrast-
defined-letter chart, identified at 1m. viewing distance) and edge sensitivity test
(luminance step detection, scaled for grating acuity). Furthermore, they investigated the
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(i) presence of binocularity T using a motion integration test (discrimination of direction
of a phase-shift;: 2Hz horizontal gratings dichoptically presented 90deg out-of-phase, at
increasing SFs) and stereo-optical-circles (coherent motion discrimination of global-
shape). Anisometropic amblyopia was associated with poor acuity (no significant
differences at different tests), poor contrast sensitivity (especially at high SFs) and a
residual level of binocularity. Strabismic amblyopia, instead, was associated with poorer
acuity than anisometropic amblyopia (particularly optotype and vernier acuities) and
relatively spared grating-contrast sensitivity. However, binocularity was severely
impaired. The authors concluded that VA loss (optotype acuity) may predict the amount
of amblyopia-deficit but the presence of binocularity is also critical. Indeed, analysis
based on binocularity showed that a significant degree of binocularity-loss accounted
for closer to normal CSF but poorer VA (optotypes, vernier) at any SFs (measured at
grating-VA) compared to amblyopes with a residual-binocularity. In summary, mild-to-
moderate anisometropic amblyopia (AE optotype acuity from 0.3 to 0.6 logMAR) is
characterized by a greater loss of contrast sensitivity and maintenance of binocularity,
while in mild-to-moderate strabismic amblyopia CS is less affected but the condition
significantly affects binocularity. Thus, more sensitive measures of binocularity would
be useful in the differentiating subtypes of amblyopia. To this end, Kwon et al (2015)
propose a measure of binocularity based on SF dependent-contrast imbalance, which
uses dichoptic presentation of SF-band-pass letter-pairs to establish the intra-ocular

contrast-difference required for letters to be equally likely to be perceptually dominant.

We now consider how visual abilities, other than contrast sensitivity and acuity, are

affected in amblyopia.

2.3.2 Positional coding

Positional acuity (precision in judging the relative location of features) has been
investigated in amblyopic viewers using vernier-alignment resolution of flanked targets
(Levi & Klein, 1985), bisection judgements (Levi & Klein, 1983), or judgements of
positional jitter (Levi, Klein, & Sharma, 1999). Anisometropic amblyopia does not affect
performance on either vernier or bisection tasks (foveal thresholds for spacing is close
to normal - 5-10arc sec - when scaling the stimuli presented to AE to compensate for
resolution loss), while strabismus causes a severe loss of spatial resolution in the same

conditions, both in detection and discrimination tasks (McKee et al., 2003). The
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tolerance of positional-jitter (in orientation detection task of suprathreshold Gabor®
patches) is affected in human amblyopia: strabismus causes a loss in sensitivity for
foveal presentations comparable with similar deficit measured in periphery in subjects
with anisometropic amblyopia (Levi & Klein, 1985). This effect may arise from abnormal
cortical activity as (i) a consequence of under-sampling (fewer neurons and RFs driven
by AE) of the retinal image from the AE or (ii) as a spatial disarray in RFs location
(distorted topographic mapping in correspondent RFs) leading to a raised positional
uncertainty. Neither of these mechanisms alone can explain amblyopia without
considering the hypothesis of higher neural noise in V1 (Levi et al., 1999).

2.3.3 Spatial distortion

Since the late 1950s, there has been evidence that amblyopia induces abnormalities in
perceived spacing, segmentation and warping of Snellen letters when viewing stimuli
through their AE (Pugh, 1958). This is influenced by the pattern configuration (e.g.
proximity, shape) and was initially thought to be caused by fixation instability. The
presence of strabismus was found to affect monocular spatial vision, causing errors in
vertical alignment and horizontal bisection (Bedell & Flom, 1981). Strabismic amblyopes
reported perceived compression and expansion of horizontal spatial relations when
either judging the alignment of circle or attempting to judge their midpoint using their AE
(Sireteanu, Thiel et al., 2008). In the same study, observers with anisometropic
amblyopia were more uncertain (i.e. higher positional jitter in subjective point-to-point
reconstruction), but exhibited less systematic distortion (i.e. limited biases in perceived
position). In general, greater errors (uncertainty and distortion) were associated with
severity of amblyopia and errors were more evident when stimuli were presented across
sensory modalities (radial displacement plus acoustic cues to indicate the angular
position). Further, errors were particularly marked for observers with no residual
binocularity and large constant deviation. The notion is then that resultant poor
binocularity compromises positional mapping of RFs (Sireteanu et al., 2008). In a
dichoptic localization task - where a cross-hair cursor is only visible to the AE and has
to be placed over a target presented to the FE - the majority of adult amblyopes with
strabismus showed greater distortion than in the non-dichoptic condition, whereas
anisometropic amblyopes were less affected by modality presentation (M. E. F. Piano,

Bex, & Simmers, 2015). These results suggest that higher distortions and uncertainty in

3 A Gabor patch is a sine-wave grating (carrier) windowed by a two-dimensional Gaussian envelope. Gabors are widely
used in vision research as they match the receptive field properties of cells in the visual cortex and allow for selective

presentation of information at different SFs and orientations.
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spatial localisation are mainly influenced by poor binocularity (poor fusion and
stereopsis) and a large angle of deviation. They are inconsistent with the idea that poor
acuity directly leads to spatial distortions (Bedell & Flom, 1981; Fronius, Sireteanu, &
Zubcov, 2004; Sireteanu et al., 2008).

[the Picture has been removed due to copyright restrictions]

Figure 12 Glass patterns (Glass, 1969) are commonly used to identify a deficit in global from
perception. The figure shows an example of a concentric pattern: the global form is only perceived
when local paired random dots (here at 80% coherence) are integrated. Taken from Rislove, Hall
et al. (2010)

2.3.4 Global form perception

Amblyopic viewers show poor perception of global form: spatial structure defined by a
series of local features (e.qg. lines, dots, etc.; an example in Figure 12). This type of task
is interesting because the current view of form processing is that it is hierarchical, with
local features (e.g. SF, orientation, motion) being first signalled by neurons with small
receptive fields (e.g. within V1) and these signals then being pooled/bound across space
by the operation of neurons with larger receptive fields (e.g. within V2/V4). Accordingly,
reduced spatial resolution, contrast sensitivity and lower number of activated binocular
cells could explain the deficit in amblyopia (thus related to local estimates of image-
structure). However, as explained below, also the ability to group local features over an
extended area of visual space (integrative visual processing, beyond V1) would be

impaired in amblyopia. This would indicate a deficit in global perception.

We already encountered global form when describing the ability to discriminate jittered
E-like patterns: strabismic-observers needed more elements to identify the target 1
visible only if individual elements (jittered Gabors) were combined across space (Levi
et al., 1999).

Contour integration also requires to process global form, and specifically strabismic

amblyopes showed reduced sensitivity when asked to discriminate which frame
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contained a path of Gabor patches (with varying levels of jitter added to the path element
angle) against randomly oriented Gabors (R. F. Hess, Mcllhagga, & Field, 1997). The
authors argued that only Aintrinsiecacpo seiyteida
view was differently affected: low variance in positional jitter was less disruptive to
performance when measured through AE compared to the FE, showing higher
uncertainty of the AE in positional encoding, i.e. RFs disarray (R. F. Hess et al., 1997).
Indeed, anisometropic amblyopes (whose positional uncertainty is usually normal)
showed no significant difference in detecting Gabor-paths in noise when using either
eye (R. F. Hess & Demanins, 1998). Using an averaging paradigm (what is the signalled
overall direction of orientation?) all amblyopic observers were able to discriminate the
global average-orientation of systematically varied arrays of Gabor patches, while using
either FE or AE, i.e. simple integration was only partially affected compared to normal.
However, under dichoptic presentation (in the context of a perceptual matching task)
the perceived variance of global orientation and position was imbalanced between eyes
(higher level of variance needed in FE to match the variability perceived in AE),
suggesting a generalised higher spatial uncertainty in global form processing in
amblyopic vs. normal viewers (A. J. Simmers & Bex, 2004)

The amblyopic deficit in global perception has been examined using a variety of tasks,
comparing poor performance at making local estimates (i.e. higher local uncertainty) to
the inability to integrate information across space (i.e. poor global processing).
Abnormalities have generally been found in amblyopia for global-orientation processing,
e.g. average orientation of locally jittered signal within a Gabors array (Husk & Hess,
2013), global motion processing e.g. coherence® task (A. J. Simmers, Ledgeway et al.,
2003) and structure-from-motion e.g. discrimination of same/different shapes defined by
perturbing their elements: motion defined depth-cues (Husk, Farivar, & Hess, 2012). In
addition, detection and discrimination of biological motion perception is known to be
impaired in amblyopia, e.g. masking AE was less effective on performance at all levels
of coherence in point-l i g h't A(B. a hok@sons Tooje et al.,, 2008) . In addition,
visuo-motor coordination is abnormal in amblyopia. For example, latency (reaction time
and acceleration of reaching movement) and (to a lesser extent) precision (the variable

error between trials) of reach-to-touch movements towards lateral stimuli under AE

4 In motion coherence paradigms observers are required to discriminate the direction of a pattern composed of moving
random dots. The pattern is composed of two populations of dots: signal-dots are moving in the same (coherent) direction,
noise-dots are moving in random directions. By manipulating the proportion of signal to noise dots one can determine
the minimum number of signal dots required to support reliable direction discrimination. This is known as the motion

coherence threshold. Such tasks have also been adapted to study orientation, size and other visual attributes.
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viewing are both affected in both anisometropic (Niechwiej-Szwedo, Goltz et al., 2011)
and strabismic amblyopia (Niechwiej-Szwedo, Goltz et al., 2014). Accuracy (constant

error) in both types of amblyopia is comparable to normal controls.

Recently it has been reported that face perception is compromised in strabismic
amblyopic viewers, with observers exhibiting poor detection and discrimination of
changes in facial configuration (relation between features) but not of single features
(Cattaneo, Vecchi et al., 2013).

Unflanked Flanked

Figure 13 Example of stimuli used to measure acuity at varying sizes and spacing. Single letter
presentation (left) and/or crowded presentation (right) are used to obtain unflanked and flanked
acuity respectively. For a study using similar stimuli see Song et al., 2014.

2.3.5 Crowding

Crowding refers to the disruptive influence of clutter on object recognition (Levi, 2008).
For normal observers crowding only impacts recognition of objects (e.g. letters, in Figure
13) when they are presented in the periphery. In contrast the disruptive effect of context
on foveal object recognition is thought to be a consequence of masking, or the
perceptual suppression induced by spatial interactions target-flankers (Levi, Klein, &
Hariharan, 2002). In amblyopia crowding also affects central vision (Levi & Klein, 1983).
In order for acuity testing in children to be effective at detecting the presence of
amblyopia, it is recommended that they be tested with crowded optotypes (Simons,
1983).

Levi and Klein (1985) showed that spatial offset discrimination thresholds varied
proportionally to target-to-flanks spacing in both controls and amblyopic observers when
using stimuli scaled for un-flanked acuity (AE view resulting in higher thresholds). Only

strabismic observers also showed abnormalities when using their FE. When stimuli were

presented in the periphery, strabismic ambl
worse than grating acuity compared to controls and anisometropes. For foveal
presentation, strabismics were poor at both tasks compared to controls and
ani sometropes, and indeed their perfor mance
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performance under peripheral viewing (Levi & Klein, 1985). Song et al (2014) showed
that crowding in anisometropia and strabismus could produce different patterns of
performance. Specifically, they showed that the ratio of threshold spacing (between
target and flanker) could differentiate the two conditions (see Figure 13 for an example
of their stimuli). Further, strabismic amblyopia results in temporal-crowding - effect of
clutter nearby in time, e.g. within rapid serial visual presentation; as well as in spatial-
crowding - effect of clutter in space, e.g. crowded tumbling-E chart in the presence of
similar flankers (Bonneh, Sagi, & Polat, 2007). These different patterns of crowding
between normal and amblyopic viewers and between types of amblyopia may relate to
the amount of binocularity loss (Song et al., 2014), as a limited correspondence between
cyclopean images (ultimately preventing stereopsis) would be more disruptive in the
presence of &émor easidadroavdetl wsual scenah dndeed) the irfter-
ocular difference in crowded acuity (measured with minimum distance target-flankers)
is associated with the severity of acuity loss (IOAD), in amblyopic and non-amblyopic
children (Greenwood, Tailor et al., 2012). This foveal deficit in acuity (crowded-distance
and size) is also associated with poor or absent binocularity (stereopsis measured with
random-dots stereograms) in strabismic and mixed amblyopia (Greenwood et al., 2012).

2.3.6 Stereopsis (depth perception)

A common way to evaluate binocular vision in the clinic is to measure stereopsis (a term
introduced by Wheatstone, 1838). As explained in section 1.3, this is the ability to
evaluate depth and estimate relative distance between objects in the binocular visual
field based on the horizontal disparity between correspondent retinal images (Ohzawa
et al., 1990). Since our eyes are offset horizontally, the two retinal images will be shifted
in relation to one other, with a single point in space stimulating corresponding retinal loci
(see Figure 14B). This provides a disparity signal to cortical cells that supports stereo-
perceptioni see section 1.3-Depth/Disparity tuning. To assess stereopsis multiple tests
have been developed which generally require the observer to differentiate a form/figure
from background after fusing stereo-images, e.g. Figure 14A. An object falling closer to
the viewer than the horopter will have disparity<O (see Figure 14B) and we need to cross
our eyes to fixate on it; conversely for disparities >0, uncrossed movement will be
necessary. Vergence movement of the eyes (crossed/ uncrossed) and accommodation
of the |l ens allow for reti nadge (amdalsp previeo n d e n
independent extra-retinal cues to depth). One could try to fuse the boxes in Figure 14A
top (i.e. combine them by crossing the eyes, at ~arm-length viewing distance). Each box
(right and left squares) contains a same portion of dots shifted horizontally, in opposite

direction to the other (slots left over filled with random dots). Using the depth cue elicited
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by the disparity of retinal images corresponding to these sub-regions, the observer who
has fused successfully should perceive a square floating in front of a background. The
amount of retinal disparity (in this case the horizontal offset of the sub-regions) required
for an observer to perceive depth determines his/her level of stereopsis (the finer the

stereopsis, the smaller the horizontal displacement of stereograms).

Disparity > 0
Disparity = 0
Disparity < 0

Figure 14 A) Random-Dot stereograms used to measure depth perception. Images are
presented independently to the left and right eyes. Each image is composed of a series of dots
at identical locations, apart from a sub region of each where the dots are laterally displaced
(across the two eyes). This arrangement leads to impression of depth when the two images are
perceptually fused. Top: random-dot patterns designed to be free fused (adapted from Fricke &
Siderov, 1997). The observer relaxes accommodation to fuse the two images. Here, a square
should appear. Below: a random-dot stereogram designed to be viewed through red-green
anaglyph glasses (originally introduced by Julesz, 1971): the observer should perceive a floating
central square B) Geometry of binocular viewing: horizontal position on left and right retina (x. or
Xr respectively) are computed as distance from the focal point, here falling in the middle of the
retinal-projections, as indicated by the red arrows. Adapted from Ohzawa et al. (1990) -i
copyright license agreement # 4414821457723.

When strabismus is present, it will rarely be possible to obtain a measure of
stereoacuity. Currently it is assumed this arises from uncorrelated binocular stimulation
preventing development of stereopsis in the first 6 months of life (Braddick, 1996). See
also sections 1.3 and 1.4. Further most subjects with strabismic amblyopia fail

stereoacuity tests, e.g. in McKee et al. (2003), only 10% of pure or mixed strabismics
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passed tests of binocularity (specifically, a binocular motion integration-BMI task® and

the stereo-circles test®).

Overall, and perhaps counter intuitively, while poor binocularity (related to strabismus)
is associated with poor acuity it has been linked to higher contrast sensitivity, while the
presence of a degree of binocularity (associated with anisometropia) is associated with

better acuity and poorer contrast sensitivity (McKee et al., 2003).

With respect to the mechanism by which this pattern might emerge, for anisometropia,
defocused but correlated binocular stimulation would allow stereoacuity to develop to a
certain degree whereas the binocular de-correlation resulting from strabismus is less
likely to lead to development of binocularity. As to how binocularity might impair CS,
McKee et al. (2003) speculate that an absence of binocular function could be associated
with an over-representation of monocular cells which would confer superior monocular
contrast sensitivity. They also propose that superior acuity associated with better
binocularity arises from a superior ability to allocate attentional resource to the tested
eye. It turned out that abnormal hyperacuity (monocular) in amblyopes can be predicted
by the residual level of binocularity. A strong correlation was indeed found between
binocularity (tested at stereo tests, including BMI) and vernier acuity results (Agrawal,
Conner et al., 2006).

Anot her way of testing binocul attofind autihown
much each one weights in the binocul ar
6stopsd the other from being processed.
of binocular function as manifest by poorer stereoacuity. It has been proposed that this
is in part as a result of increased inter-ocular suppression one consequence of which
is a reduction in normal binocular summation, the ability of the visual system to combine
information across the eyes to detect a target. To obtain a direct experimental measure
of suppression, psychophysicists can use dichoptic-masking (Legge, 1979), where a
target stimulus (varied in incremental steps, e.g. of contrast or coherence) is presented

to one eye and simultaneously an interfering mask (with the same properties as the

5 Judgement of the direction of motion elicited by dichoptic presentation of two gratings presented 90 deg. out of spatial

and temporal phase, and matched for perceived contrast.

6 Multiple-choice stereoacuity test assessing fine depth perception. The test requires the observer to discriminate the
circle that floats in front of two reference circles. Monocularly visible contours help to separate the form from random-

dots background. Ten disparities are probed from 20-400sec of arc, at ~40cm viewing distance.
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target, at a fixed stimulus-level) is presented to the other eye. Normally the mask
elevates the stimulus-level required to detect the target. Huang et al. reported
essentially normal masking in amblyopes, when the visibility of dichoptic stimuli was
matched across the AE and FE, otherwise a weaker effect was observed for AE masking
(P. C. Huang et al., 2012), suggesting intact binocular processing in this group. The non-
dominant eye (AE in amblyopic observer) may be more affected by masking in the

dominant-eye (FE) because of less interocular inhibition than normal.

Others have used supra-contrast-threshold global processing tasks - ostensibly motion
and form discrimination of multiple elements to probe the conditions under which
binocular combination can occur, showing that adding contrast energy to the AE could
lead to balanced global integration e.g. global motion processing across the eyes (Ding
& Levi, 2011; Narasimhan, Harrison, & Giaschi, 2012). Using a different paradigm
Huang et al. presented dichoptically supra-threshold sine-wave gratings in different-
phase and the perceived centre of the middle dark stripe of the cyclopean image was
measured (C. B. Huang, Zhou et al., 2009; C. B. Huang, Zhou et al., 2011). The contrast
required for the AE-image to contribute equally to the percept was substantially higher
than for the FE attesting the presence of interocular imbalanced contribution to

binocularity in amblyopia.

At present, there is not yet a unique definition (nor a measuring technique) for interocular
suppression and possible specific mechanisms active in amblyopia are under

investigation.

2.4 Physiological basis of amblyopia

2.4.1 The critical period

Ocular Dominance (OD) of individual V1 neurons has beencharact er i sed -
point-s ¢ a | e oHubelfamdd\esel (1962). This measure quantifies the extent to which
a cell could be driven by either or both eyes. In Figure 15 we plot the number of cells
falling into each category: bar 1 represents all-contralateral-dominance cells, bar 7 all-
ipsilateral-dominance and intermediate levels show the degree of eye preference in
between these extremes, with bar 4 corresponding to cells with no eye-preference (i.e.
equally well-driven by stimulation through either eye). Hubel and Wiesel showed that
experimentally induced Monocular Deprivation of visual stimulation (MD through eye-
suturing, eye-muscle surgery or the use of an opaque lens) dramatically changed the

functi onal architecture of cortex if it
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in kittens (Hubel & Wiesel, 1970b) and monkeys (Hubel, Wiesel, & LeVay, 1977)i see
Figure 15.

CAT
0, NORMAL DEPRIVED
— 160F )
40) 120
©
o
o
S i M wf
m —A
0
£ 20
=
z
40F
T 2 3 4 5 6 7 T 2 3 4 5 6 7
Binocular Binocular
— E— — —_—
Controlateral Ipsilateral Controlateral Ipsilateral

Figure 15 Histogram of Ocular Dominance for V1 neurons in a normal adult cat (left) and the

average distribution of OD in four kittens raised with right MD induced i muscles resection- at 3

to 18 weeks after eye opening (right). Column 1 means 100% preference for the left eye; column

7 means 100% preference for the right eye. Normally, ~ 85% of cells does not have a strong
preference for either eye (scoring 3-5), i.e. are binocular. Binocularl y fibal ancedo cel |
under-represented in MD kittens, as visible in the right graph. This highlights the susceptibility of

vi sual cortex during a critical period (from bir
deprived eye (preference for left eye, col.1 compared to right eye, col.7) and associated reduction

of binocular cells (adapted from Hubel & Wiesel, 1965a), p.1049 (related copyright licence
agreement No 4414811341577)

Initially, the authors surgically sutured one eye of kittens (and later baby monkeys)
and discovered that MD (of light and form) led to substantial shifts in ocular
dominance towards an increased cortical representation of the unaffected eye. This,
the authors argue, is consistent with OD resulting from binocular competition
between monocular inputs. The notion is then that MD leads to reweighting of each
eyebds contr i b uetcepbisince \d neurore aré moneaveaklydriven by
the deprived eye (Wiesel & Hubel, 1963). Furthermore the effects of MD were visible
only if one eye was deprived and the other was not, i.e. suturing both eyes did not
double effect size (Wiesel & Hubel, 1963). This means that the mechanism
supporting shifts in OD was based on active competition and not disuse. The effect
of MD was reversible - after a period of reverse occlusion i but only when treatment
occurred during the critical period (Wiesel & Hubel, 1965a). The functional
consequences of MD declined with age (until 3 months from birth) and were absent
in adult cats (Wiesel & Hubel, 1965b). Their work highlighted the critical role of
binocular visual experience vs. deprivation on the normal development of visual
49



system in animals (cats and monkeys) during a sensitive period. This is the period

of maximal vulnerability to abnormal visual stimulation,c al | ed #fAcri ti cal period?ad

Figure 16 reproduces possible effects of abnormal development compared to

normal, in macaque monkeys.

Normal OD distribution (Normal) (After MD)
development of OD after MD
birth== — —
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Figure 16 Normal and right-eye deprived development of OD (from the left) at birth (experience-

independent) and during the following 2, 3 and 6 weeks (descending rows, respectively). Pink

colour for left eye, blue for right eye; on the right
identification) consequent effects on anatomical structure and the distribution of physiological

connections from LGN (below) to V1 (OD schematic representation just above) respectively in

nor mal monkeys (left) and deprived ani mal (all right)
evident. Adapted from Hubel et al. (1977), p.404 (related copyright licence agreement No

4414811341577)

Different species show different sensitive periods to visual experience, including
induced or naturally occurring MD. The most sensitive time-span is commonly referred
as 4 to ~16 weeks after birth in kittens or postnatal to ~1 year in monkeys (Hubel &
Wiesel, 1970b; Hubel, Wiesel, & LeVay, 1976; Hubel et al., 1977) and increases in
babies, varying for each visual function (Daw, 1998) i see also section 1.4. In a
subsequent phase of neural refinement, the tuning of cells (in particular for eye-
preference i OD formation- and orientation-selectivity) is refined based on visual

experience.

Hubel and Wiesel found that (i) a prolonged period of MD causes maximal loss of
responsiveness of cortical neurons driven from the deprived eye (Figures Figure 15 and
Figure 16), (ii) binocular deprivation does not affect OD formation and (iii) alternating
MD and Dbinocul ar activity dec¢revieveed mdWiedeli nocul ar c
1982). The authors considered as critical the period during which deprivation was
effective (in cats and monkeys): a few days of MD in the post-natal period was enough
to reduce the proportion of the area of V1 driven by the deprived eye, so that afterwards
only few cells responded to stimulation through this eye. Hubel and Wiesel proposed
that activity-dependent competition (within layer 4 of V1) is the driver for OD column

formation. Further areas in the visual pathway, where monocular inputs are integrated,
50


















































































































































































































































































































































































































