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Abstract 

Amblyopia is a relatively common visual disorder characterised by an abnormal pattern of 

inhibition within the visual cortex. This impairment can affect quality of life and is associated with 

health risks. Current treatment approaches are based on patching or penalising the fellow fixing eye 

and are traditionally considered ineffective in adults, presumably due to insufficient visual cortex 

plasticity. The aim of this dissertation was to assess the effects of transcranial direct current 

stimulation (tDCS) on visual function within both the healthy and amblyopic visual cortex and 

evaluate its potential use in the treatment of adults with amblyopia. 

Four studies were conducted in total. Study 1 was conducted in healthy adults to investigate 

whether anodal tDCS is capable of decreasing the tone of inhibition in the visual cortex. The amount 

of intracortical inhibition, behaviourally manifested as surround suppression, was quantified with 

and without tDCS. Studies 2 and 3 aimed to assess the effects of a single dose of tDCS on the 

amblyopic visual cortex via behavioural (threshold contrast sensitivity) and functional (functional 

magnetic resonance imaging – fMRI) measures. The objective of study 4 was to translate these 

findings into a clinically applicable treatment approach combining tDCS and dichoptic perceptual 

training in adult patients with amblyopia. 

We found that anodal tDCS decreased the tone of intracortical inhibition within the healthy 

visual cortex manifested by a decreased amount of surround suppression. In a cohort of adult 

amblyopic patients, contrast sensitivity of the amblyopic eye improved and fMRI activation of the 

amblyopic visual cortex normalised after anodal tDCS. These data also indicated a reduction in tone 

of intracortical inhibition. The final experiment showed that a combination of anodal tDCS and 

dichoptic training can result in greater and/or more rapid improvements in vision in adults with 

amblyopia than dichoptic training alone. 
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Our results indicate that anodal tDCS of the visual cortex has potential to be used as an 

adjunct therapy in the treatment of amblyopia in adults. 
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CHAPTER 1 Introduction 

A familiar proverb common to many Asian cultures is that “it is better to see something once 

than hear about it a hundred times”. A modern lifestyle is demanding and good visual performance 

is important. One of the visual disorders that can be responsible for deteriorated visual experience is 

amblyopia; sometimes referred to as “lazy eye”. Amblyopia is usually defined as a reduction of best 

corrected visual acuity in the absence of any organic abnormalities of the eye (Robaei et al., 2006). It 

is a cortically based, usually monocular (affecting one eye) visual impairment in which visual 

information from the affected eye is not correctly processed within the visual cortex. Amblyopia is 

also often associated with impaired binocular visual functions such as stereopsis (Wallace et al., 

2011) and affects about 3% of the population (Thompson, Woodruff, Hiscox, Strong, & Minshull, 

1991). It has been shown that the presence of amblyopia influences educational performance and 

possibly occupation choice (Chua & Mitchell, 2004). Due to the possibility of damage or disease 

affecting the non-amblyopic eye, amblyopes are at a significantly higher risk of vision loss which can 

lead to decreased quality of life and increased risk of death, serious morbidity or social isolation 

(Rahi, Logan, Timms, Russell-Eggitt, & Taylor, 2002). 

Many generations of clinicians, optometrists and ophthalmologists, have been educated that 

amblyopia cannot be treated after the “critical period” which is often considered to be over after 

first 9 – 12 years of life (Epelbaum, Milleret, Buisseret, & Dufier, 1993). The proposed reason was a 

lack of plasticity within the adult visual cortex limiting any anatomical, physiological and functional 

changes. This has made amblyopia the focus of current research for two main reasons. Firstly, there 

is an effort to develop a clinically applicable treatment approach that would enable treatment of 

amblyopia in adolescent and adult patients. Secondly, results of current research have indicated that 

factors affecting plasticity within the visual cortex may also be responsible for plasticity elsewhere in 

the neocortex (Chang & Merzenich, 2003; Zheng & Knudsen, 1999; Zhou, Panizzutti, De Villers-

Sidani, Madeira, & Merzenich, 2011). Amblyopia is, therefore, widely recognised as an exemplary 
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model of neural plasticity and approaches that allow for improved visual function and reorganisation 

of the visual cortex in amblyopia may be applicable to other neurological disorders. 

Recent research has shown that it is possible to increase human neuroplasticity using non-

invasive stimulation techniques such as anodal transcranial direct current stimulation (tDCS). In 

tDCS, a weak direct electric current is delivered to the cortex using electrodes placed on the scalp 

(Nitsche et al., 2008). The ability of tDCS to alter neural plasticity has been well demonstrated in 

recent studies where it, for example, improved acquisition of numerical abilities (Cohen, Soskic, 

Luculano, Kanai, & Walsh, 2010) and language skills (Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 

2010; Flöel, Rösser, Michka, Knecht, & Breitenstein, 2008) or accelerated discovery learning (Clark, 

Coffman, Mayer, et al., 2010). From a restorative point of view, tDCS has the potential to become a 

therapeutic intervention for cortically based disorders. For example, tDCS delivered to the motor 

cortex accelerated the therapeutic effects of physical therapy in patients with upper limb weakness 

after stroke (Lindenberg, Renga, Zhu, Nair, & Schlaug, 2010). The beneficial effects of tDCS after 

stroke do not appear to be limited to the motor system. For example, recent studies indicate that 

anodal tDCS might be beneficial in enhancing the results of visual rehabilitation in hemianopic 

patients (Plow, Obretenova, Fregni, Pascual-Leone, & Merabet, 2012; Plow, Obretenova, Jackson, & 

Merabet, 2012). 

The research presented in this thesis aimed to evaluate the therapeutic potential of tDCS in 

the treatment of human adults with amblyopia and the results also contributed to our knowledge of 

the effects of tDCS on the visual cortex. 

The first part of the literature review (CHAPTER 2) introduces amblyopia as a clinical visual 

disorder with considerable public health concerns in terms of prevalence and psychosocial 

consequences. Subtypes of amblyopia and their associated visual impairments are then discussed 

together with traditional and novel treatment approaches. In CHAPTER 3, amblyopia is introduced as 

a model of cortical plasticity. The concept of the critical period and its neural correlates are 
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discussed. CHAPTER 4 provides an overview of tDCS including the proposed mechanisms of action, 

determinants of outcome and safety considerations. Finally, the use of tDCS as a therapeutic 

intervention for cortically based disorders is discussed concluding with a rationale for the use of 

tDCS in the treatment of amblyopia. 

This thesis presents data from four experiments evaluating the effects of tDCS both on the 

healthy and amblyopic visual cortex of adults whereby each subsequent study represented a further 

step from basic science findings towards the clinical application of tDCS. My hypotheses were: 

 Anodal tDCS would reduce the amount of GABAergic (GABA = γ-aminobutyric acid) 

inhibition within healthy visual cortex behaviourally measured as surround 

suppression (CHAPTER 5) 

 Anodal tDCS would improve contrast sensitivity in adult patients with amblyopia 

(CHAPTER 6) 

 Anodal tDCS would normalise the characteristic asymmetry in activation of the 

visual cortex in response to inputs from the amblyopic vs. the fellow fixing eye 

(CHAPTER 6) 

 Anodal tDCS would enhance and/or accelerate the outcomes of dichoptic perceptual 

training in adults with amblyopia (CHAPTER 7). 

The results of the first study are presented in CHAPTER 5. This experiment aimed to evaluate 

the effects of anodal tDCS on intracortical inhibition within the normal visual cortex. Based on the 

current consensus that anodal tDCS is capable of reducing intracortical inhibition (Stagg, Bachtiar, & 

Johansen-Berg, 2011), we hypothesised that it would decrease the amount of surround suppression, 

a behavioural measure of intracortical inhibition within the human visual cortex. As similar inhibitory 

mechanisms have been proposed to play a role in the visual deficits associated with amblyopia 

(Sengpiel, Jirmann, Vorobyov, & Eysel, 2006), these results provided a foundation for the future 

application of anodal tDCS to the amblyopic visual cortex. 
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CHAPTER 6 includes the results of a study that aimed to evaluate the basic functional 

changes in the adult amblyopic visual cortex following tDCS. In this experiment, monocular contrast 

sensitivity of both the amblyopic and fellow fixing eye was used as a behavioural measure of the 

function of the neurons driven by either eye. Two modes of tDCS, anodal and cathodal, were 

employed in this study and the contrast sensitivity changes were assessed during, directly after and 

30 minutes after the stimulation. We hypothesised that anodal tDCS would decrease inhibition of 

cortical inputs from the amblyopic eye allowing for a temporary increase in contrast sensitivity of 

the amblyopic eye. The results of this study were further explored in another experiment employing 

functional magnetic resonance imaging (fMRI). In this study, anodal or sham tDCS was delivered to 

the visual cortex directly before an fMRI scan. The excitability changes associated with anodal 

stimulation were quantified using the fMRI blood oxygen level dependent (BOLD) signal elicited by a 

monocular broad band visual stimulus. It was hypothesised that anodal tDCS would reduce the 

difference between levels of visual cortex activation evoked by viewing through the amblyopic vs. 

the fellow fixing eye. Use of a standard retinotopic mapping paradigm in a separate scanning session 

allowed for a closer evaluation of the effects of tDCS. Specifically, the excitability changes associated 

with anodal tDCS were separately quantified in visual areas V1, V2, V3, V3a and V4. Both studies are 

presented in CHAPTER 6 and provided not only a foundation for the further therapeutic use of 

anodal tDCS in amblyopic patients but also provided a deeper insight in the neural correlates of 

amblyopia. 

The final experiment presented in CHAPTER 7 brought together the findings from the 

previous studies presented in this dissertation and a recent approach to the treatment of adults with 

amblyopia. Anodal tDCS was administered on five consecutive days together with a novel iPod-based 

dichoptic perceptual training paradigm previously found to be effective in the treatment of 

amblyopia in adults (To et al., 2011). We hypothesised that anodal stimulation of the visual cortex 

would enhance the effects of training for both monocular and binocular visual functions. 



 

5 

This thesis challenges the traditional view that amblyopia is untreatable in adults. Here, we 

present a series of experiments that show for the first time that anodal tDCS of the visual cortex is a 

potential therapeutic approach for the treatment of amblyopia in human adults.  



 

6 

CHAPTER 2 Amblyopia as a Clinical Disorder 

In this section, amblyopia will be introduced as a clinical disorder that has a relatively high 

prevalence in the population and that is associated with considerable health and psychosocial 

concerns. Subtypes of amblyopia, as well as corresponding visual deficits, will be discussed in the 

later chapters. Finally, traditional and novel approaches to the treatment of amblyopia will be 

reviewed. 

2.1 Definition and Prevalence of Amblyopia 

The term amblyopia originates from two Greek words: “amblys” translated as blunt, and 

“opsi” translated as sight. Clinically, this visual disorder is defined as an optically uncorrectable 

decrease in vision in one or both eyes without any identifiable pathology within the visual system 

(Hess & Bradley, 1980; Hess, Campbell, & Greenhalgh, 1978). Despite some early disputes (Ikeda & 

Tremain, 1979; Ikeda & Wright, 1974) and existing evidence for the involvement of subcortical visual 

centres (Hess, Thompson, Gole, & Mullen, 2009, 2010), the primary site of amblyopia is thought to 

be located within the primary visual cortex (Wiesel & Hubel, 1963). Amblyopia originates in the early 

phases of postnatal visual development and derives from an abnormal visual input during this 

period. It is characterised by an imbalanced ratio of excitation and inhibition within the primary 

visual cortex whereby the neuronal population driven by the amblyopic eye is chronically suppressed 

by the neurons responding to the fellow fixing eye, possibly via GABAergic inhibitory circuits (Farivar, 

Thompson, Mansouri, & Hess, 2011; Li et al., 2011; Sengpiel & Blakemore, 1996; Thompson, 

Mansouri, Koski, & Hess, 2010). Apart from decreased visual acuity, amblyopia is also associated 

with a variety of psychophysical deficits including reduced contrast sensitivity (Bradley & Freeman, 

1981; Hess, 1979), difficulty segregating signal from noise (Mansouri & Hess, 2006), impaired motion 

perception (Ho & Giaschi, 2009; Simmers, Ledgeway, Hess, & Mcgraw, 2003), spatial distortions 

(Barrett, Pacey, Bradley, Thibos, & Morrill, 2003; Hess, et al., 1978), and poor or absent binocular 
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vision (Cooper & Feldman, 1978; Mansouri, Thompson, & Hess, 2008; Mckee, Levi, & Movshon, 

2003). 

Estimates of amblyopia prevalence vary between 1.19% (Chia et al., 2010) and 5% (Lai, Hsu, 

Wang, Chang, & Wu, 2009) depending on criterion of visual acuity, age group, and region. It has 

been shown that occurrence and severity of amblyopia as a result of treatment noncompliance is 

also positively correlated with poverty (Hudak & Magoon, 1997). 

2.2 Causes and Classification of Amblyopia 

Amblyopia may result from a variety of conditions that interfere with the correct input of 

visual information to the visual cortex. Both animal experiments and human studies have suggested 

that the longer any amblyogenic factor is present during visual development, the more severe the 

visual impairment of the amblyopic eye. Amblyopia is usually unilateral (affecting one eye), but 

rarely it can also be a bilateral (affecting both eyes) visual disorder. The next paragraphs will focus 

primarily on the unilateral form of amblyopia. The main causes of amblyopia include unequal 

refractive error between the two eyes (anisometropia), eye axes misalignment (strabismus), and a 

physical obstruction in the optical system of the eye such as ptosis or cataract (form deprivation). 

According to the origin, we distinguish three main types of amblyopia: refractive (anisometropic) 

amblyopia, strabismic amblyopia, and form-deprivation amblyopia. If more than one amblyogenic 

factor is involved, the resulting amblyopia is referred to as mixed amblyopia. 

2.2.1 Anisometropic Amblyopia 

A refractive error that significantly differs between the two eyes is referred to as 

anisometropia. Depending on the study, it is usually defined as a difference of at least 1.0; 1.5 or 2.0 

dioptres in the spherical equivalent between the two eyes. It can also be defined by an interocular 

difference of over 1.5 or 2.0 dioptres of cylinder. In the presence of uncorrected anisometropia, the 

visual cortex constantly receives two retinal images that differ markedly in the level of blur and/or 
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size. During early visual development, this sensory inequality can result in suppression of the more 

blurred image. Another proposed mechanism contributing to the development of anisometropic 

amblyopia is form deprivation caused by the loss of pattern information in the blurred image. The 

severity of amblyopia is strongly correlated with the level of anisometropia (Townshend, Holmes, & 

Evans, 1993). 

The prevalence of anisometropia varies widely across studies according to the criterion used 

for identifying a potentially amblyogenic refractive asymmetry and the population studied (Almeder, 

Peck, & Howland, 1990; Devries, 1985; Guzowski, Fraser-Bell, Rochtchina, Wang, & Mitchell, 2003; 

Huynh et al., 2006; Tong, Saw, Chia, & Tan, 2004). In the younger population, the prevalence varies 

between 1.01% and 4.7% (Almeder, et al., 1990; Devries, 1985; Huynh, et al., 2006; Tong, et al., 

2004). The results of the Blue Mountains Eye Study (Guzowski, et al., 2003) have shown a prevalence 

of 14.7% in the older population. 

In most studies, anisometropia has been found to be the most common cause for amblyopia 

with a prevalence of 50% to 75% among amblyopic patients (Attebo et al., 1998; Multi-Ethnic 

Pediatric Eye Disease Study Group, 2008). A population-based study of 1035 participants in Mexico 

revealed that 35%, 53% and 79% participants with anisometropia of more than 1.0, 1.5, and 

2.0 dioptres respectively, were amblyopic (Ohlsson et al., 2003). Amblyopia usually originates from 

hyperopic anisometropia rather than from myopic anisometropia. The proposed reason are transient 

periods of sharp vision at near in both myopic eyes, as opposed to a constant blur in the more 

impaired eye in hyperopia (Barrett, Bradley, & Mcgraw, 2004). 

2.2.2 Strabismic Amblyopia 

Under normal circumstances the two visual axes intersect at the observed object. An ocular 

state in which the two visual axes are misaligned is called strabismus. Strabismus is a relatively 

common ocular disorder with a prevalence ranging from 35.9% in new-borns to 5.66% in the general 



 

9 

population to (Graham, 1974; Nixon, Helveston, Miller, Archer, & Ellis, 1985; Stidwill, 1997). 

Misalignment of the visual axes results in two visual disturbances: diplopia (double vision) and 

confusion. Diplopia occurs because the observed object appears in two different retinal positions 

and is not fused in the visual cortex. Seeing two different images in the same visual direction results 

in confusion (Barrett, et al., 2004). Both of these phenomena are poorly tolerated by the visual 

system and their presence during early visual development is thought to result in strabismic 

amblyopia, possibly due to a chronic suppression of the deviated eye (Sengpiel, Blakemore, Kind, & 

Harrad, 1994). 

In order to induce amblyopia, strabismus has to be constant and unilateral (Sireteanu & 

Fronius, 1981) and amblyopia occurs in the deviated eye. It results more commonly from esotropic 

(eye turned inward) than an exotropic (eye turned outward) strabismus (Jampolsky, 1955) in which 

the eyes tend to alternate fixation which prevents the occurrence of amblyopia. Nevertheless, in 

alternating strabismus, one of the retinal images is constantly suppressed resulting in impaired 

binocular function (Goodman, Black, Phillips, Hess, & Thompson, 2011). 

In most studies, strabismus is found to be the second most common cause of amblyopia. The 

percentage of strabismus as an amblyogenic cause varies among studies. For example, Attebo et al. 

(1998) reported that 19% of amblyopia cases in their study were due to strabismus. In a study on 

young Singaporean Chinese children, strabismus was identified in 15% as a causative factor (Chia, et 

al., 2010). 

2.2.3 Form Vision Deprivation Amblyopia 

 Form vision deprivation amblyopia, also known as stimulus deprivation amblyopia (Gusek-

Schneider & Martus, 2000) or amblyopia ex anopsia, traditionally refers to amblyopia resulting from 

an impoverished visual input to the visual cortex during the early stages of visual development in 

children. In most cases it is caused by a physical obstruction to vision such as ptosis (droopy eyelid), 
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congenital cataract or corneal opacities. Another possible cause is an irregularity of the optical 

media of the eye such as scarring (Von Noorden, 1974). Amblyopia due to a physical obstruction is 

usually severe and relatively resistant to therapy. The visual prognosis is typically poor (Hatt, 

Antonio-Santos, Powell, & Vedula, 2006).  

The overall prevalence of deprivation amblyopia is hard to estimate as some authors 

consider refractive amblyopia as form deprivation amblyopia. Such results show that the prevalence 

of deprivation amblyopia is relatively high; e.g. 4% (Attebo, et al., 1998). Otherwise, the prevalence 

of true deprivation amblyopia associated with an obstruction to vision, but not refractive error, has 

been reported to be as low as 0.01% (Rosman, Wong, Koh, & Tan, 2005). Moreover, Chia et al. 

(2010) found 0% prevalence in a group of 3009 young Singaporean Chinese children. 

The incidence of amblyopia in ptotic patients has been found to be relatively high, varying 

between 50% and 70% (Gusek-Schneider, 2002; Gusek-Schneider & Martus, 2000; Stark, Zubcov, 

Kast, & Gutermuth, 1996). However, not all of the cases are solely due to the obstruction in vision. 

Congenital ptosis is strongly associated with high astigmatism and other amblyogenic factors such as 

strabismus, anisometropia or high refractive error (Gusek-Schneider, 2002; Kao, Tsai, Lee, & Liu, 

1998; Oral, Ozgur, Akcay, Ozbas, & Dogan, 2010; Stark, et al., 1996). Moreover, the surgical 

correction of ptosis can induce astigmatism (Kao, et al., 1998). The most common amblyogenic 

factor in ptotic patients is high astigmatism which is responsible for up to 63% of amblyopia 

associated with ptosis (Kao, et al., 1998). The incidence of true deprivation amblyopia caused by a 

droopy eyelid widely varies among studies; Gusek-Schneider (2000) reported 3.9% whereas Oral et 

al. (2010) reported 26%. 

The most efficient treatment of severe deprivation amblyopia is early surgical correction and 

penalisation of the fellow eye (Birch & Stager, 1988; Travi et al., 2005). It has been shown that poor 

visual outcomes are associated with poor compliance with treatment (Birch & Stager, 1988; Chak, 

Wade, & Rahi, 2006). 
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2.2.4 Mixed Amblyopia 

The term mixed amblyopia refers to amblyopia in which more than one amblyogenic factor 

is present. Most often it is defined by the presence of the two most common factors; anisometropia 

and strabismus (Attebo, et al., 1998; Robaei, et al., 2006). Depending on the study, mixed amblyopia 

represents between 14.3% and 29.5% of all cases (Attebo, et al., 1998; Awan et al., 2009; Jamali, 

Fotouhi, Hashemi, Younesian, & Jafari, 2009; Robaei, et al., 2006). This type of amblyopia is usually 

more treatment-resistant, requires longer patching periods and is associated with worse visual 

outcomes (Awan, et al., 2009), most likely due to a higher occurrence of eccentric fixation (Stewart, 

Fielder, Stephens, & Moseley, 2005). 

2.3 Health-related and Psychosocial Consequences of Amblyopia 

Amblyopia is usually a monocular disorder. Nevertheless, with impaired vision in one eye 

there exists a significantly higher risk of severe vision impairment due to loss of vision in the fellow 

fixing eye. Rahi et al. (2002) reported that within 24 months in the United Kingdom, 370 individuals 

with unilateral amblyopia suffered a major vision loss in their non-amblyopic eye. Of these 370 

patients, 28% (104) had socially significant visual impairment, 49% (180) had visual impairment, and 

23% (86) had severe visual impairment or blindness. Notably, only 35% of these 370 patients were 

able to continue working. Another study conducted in Finland over a 20-year period showed that 

amblyopic patients were at a significantly higher risk of becoming blind compared to the general 

population (Tommila & Tarkkanen, 1981). The more common reason for the vision loss in the non-

amblyopic eye was an accident (particularly work related) rather than disease (Tommila & 

Tarkkanen, 1981). Finally, the results of the Rotterdam Study (Van Leeuwen et al., 2007) showed 

that amblyopic individuals had an 18% risk of bilateral visual impairment, whereas for non-

amblyopic individuals the risk was only 10%. 

The psychosocial consequences of amblyopia or vision loss in the fellow fixing eye have also 

been described. It has been reported that completion of a university degree is less common in 
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people with amblyopia (Chua & Mitchell, 2004). However, opposite results have been found 

elsewhere (Rahi, Cumberland, & Peckham, 2006). In the United Kingdom, every year 185 amblyopes 

suffer vision loss to a level that is associated with an increased risk of death, serious morbidity and 

social isolation (Rahi, et al., 2002). Sabri et al. (2006) conducted a study with 120 teenagers using the 

VF-14 questionnaire in order to assess the impact of amblyopia, strabismus and wearing glasses on 

subjective visual and psychological function among amblyopes. They found that psychosocial status 

was negatively affected in amblyopes when compared with non-amblyopic subjects. Contributing 

factors included frustration, a fear of losing eyesight and an unsatisfactory social life. These data 

show that amblyopia can be considered as a significant psychosocial concern. 

2.4 Visual Function Loss Associated with Amblyopia 

Studying amblyopia provides insights into visual system function, development and 

plasticity. In addition, amblyopia can be considered as a model of plasticity which may generate 

findings that are applicable to a range of cortical functions. Psychophysical investigations into the 

effects of amblyopia provide insights into the role of early sensory experience on the development 

of visual function. Therefore, assessment of the visual impairments associated with amblyopia in 

humans and animals has been a focus of many research groups in vision science, experimental 

psychology and other scientific disciplines. Various research techniques such as psychophysics and 

functional magnetic resonance imaging (fMRI) in humans, or electrophysiological recording with 

subsequent histological analysis of the cortex in animals, have been employed in order to assess the 

visual impairment of the amblyopic visual system. In this chapter, only the most clinically-relevant 

impairments will be discussed. 

2.4.1 Contrast Sensitivity 

Contrast sensitivity is considered as one of the fundamental properties of the visual system. 

It refers to the ability of the visual system to distinguish changes in luminance and is best 

characterised by the contrast sensitivity function. This is a plot of the reciprocal of the threshold 
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contrast required for the detection or discrimination of stimuli with different spatial frequencies 

(Robson, 1966). It is most commonly measured using sinusoidal gratings of varying spatial frequency 

as these types of stimuli are thought to be closely related to the receptive field properties of V1 

simple cells (Hubel & Wiesel, 1962). Contrast sensitivity is quantified as the reciprocal of the contrast 

detection threshold for each frequency measured. The (Michelson) contrast of a grating is calculated 

using the formula 𝐶 =
𝐿𝑚𝑎𝑥−𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥+𝐿𝑚𝑖𝑛
 where Lmax and Lmin are the maximal and minimal luminance 

intensities of the grating, respectively. The contrast sensitivity function typically has an inverted U 

shape with a peak around 4 cycles per degree (cpd) (Robson, 1966). 

Impaired contrast sensitivity is one of the basic characteristics of amblyopia. The reported 

pattern of these defects varies across different studies. In general however, the amblyopic contrast 

sensitivity function is characterised by a shift of the cut-off (the highest visible spatial frequency) 

towards lower spatial frequencies (Levi & Harwerth, 1977; Thomas, 1978; Volkers, Hagemans, 

Vanderwildt, & Schmitz, 1987), and overall or band-specific decreases in threshold contrast 

sensitivity (Abrahamsson & Sjöstrand, 1988; Bradley & Freeman, 1981; Campos, Prampolini, & Gulli, 

1984; Hess & Howell, 1977; Levi & Harwerth, 1977). Hess and Howell (1977) showed two patterns of 

contrast sensitivity impairment in strabismic amblyopia. Whereas one group of strabismic 

amblyopes showed contrast sensitivity impairment at high spatial frequencies, the other group 

showed impaired contrast sensitivity across the entire range of spatial frequencies. In anisometropic 

amblyopia, contrast sensitivity is impaired for all spatial frequencies as described by Bradley and 

Freedman (1981). They have also shown that the defect in contrast sensitivity is significantly related 

to the degree of amblyopia. The conclusions of these two studies are in accord with results of a 

study conducted by Campos et al. (1984) who measured the visual evoked response (VER) and 

revealed contrast sensitivity defects only at high spatial frequencies in strabismic, and at both high 

and low spatial frequencies in anisometropic amblyopes. The pattern of contrast sensitivity deficits 

in the third main type of amblyopia (stimulus deprivation) corresponds to strabismic amblyopia – 
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high spatial frequency deficits and a shift of the contrast sensitivity peak towards lower spatial 

frequencies (Levi & Harwerth, 1980). 

Also, the correlation between visual acuity loss and contrast sensitivity impairment seems to 

differ across amblyopia subtypes. For example, the peak of the contrast sensitivity function was 

found to be independent of visual acuity in strabismic amblyopes. On the other hand, in 

anisometropic amblyopes the peak of the contrast sensitivity function was decreased and shifted 

towards the lower spatial frequencies in accordance with the visual acuity loss (Abrahamsson & 

Sjöstrand, 1988). 

In one of the recent studies on contrast sensitivity in anisometropic amblyopia, Zele et al. 

(2007) aimed to assess the contrast sensitivity deficits separately in the parvo- and magnocellular 

pathways by measuring contrast sensitivity on a pulsed or steady pedestal, respectively. They 

revealed a generalised decrease in contrast sensitivity for the parvocellular pathway whereas the 

magnocellular pathway showed only a mid-frequency loss (1 – 2 cpd). 

The different contrast sensitivity function deficits have also been attributed to the severity 

of amblyopia irrespective of the cause. Whereas in relatively mild amblyopia high spatial frequency 

deficits were observed, severe amblyopia was associated with a generalised decrease in contrast 

sensitivity function (Bradley & Freeman, 1981; Campos, et al., 1984; Thomas, 1978). 

Finally, Hess et al. (1978) proposed that some contrast sensitivity losses in amblyopia might 

be caused by distortions of the sinusoidal gratings described by some participants. This idea was 

systematically evaluated by Barrett et al. (2003) who measured the perception of sinusoidal gratings 

of various spatial frequencies, orientations and contrasts viewed through the amblyopic and fellow 

fixing eyes of 30 participants. This study revealed “nonveridical visual perception” in 20 participants 

which mainly affected higher spatial frequencies. Furthermore, in most of the cases, Barrett et al. 

were able to replicate the amblyopic percept by combining two simple gratings varying only in 
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orientation. This led to the conclusion that this kind of amblyopic misperception could arise from 

activation of two orientation channels within the primary visual cortex in response to a simple 

grating. Even though there were some patients with anomalous visual perception but normal 

contrast sensitivity and vice versa in this study, this phenomenon may contribute to the high 

frequency contrast sensitivity loss in some cases of amblyopia. 

It has been shown that the contrast sensitivity deficits in amblyopia are not only associated 

with the central visual field. Katz et al. (1984) showed that the shift of the high spatial frequency cut-

off towards lower spatial frequencies occurs even in the peripheral visual field. They also showed 

that contrast sensitivity depends on the stimulus field size and that the contrast sensitivity of 

amblyopic eyes is improved by increased stimulus field size significantly more than that of non-

amblyopic eyes. Hess and Pointer (1985) also showed deficits in contrast sensitivity in the peripheral 

visual field of amblyopes. Furthermore, they distinguished between two different patterns of 

peripheral contrast sensitivity deficits in anisometropic and strabismic amblyopes. Whereas 

strabismics showed greater contrast sensitivity loss in the central visual field and a nasotemporal 

asymmetry, anisometropes showed an equal decrease in contrast sensitivity function across all 

tested retinal eccentricities. One possible explanation arises from a different pattern of suppression 

in these two types of amblyopia. While in strabismic amblyopia suppression is thought to involve the 

fovea and retinal regions ipsilateral to the direction of the squint, suppression in anisometropic 

amblyopia is uniformly spread across the entire visual field (Sireteanu & Fronius, 1981). 

Although measurements of threshold contrast sensitivity are valuable, the salient visual 

stimuli in the world around us have suprathreshold contrasts. Amblyopic perception of 

suprathreshold visual stimuli was tested by Hess and his colleagues using dichoptic stimulus 

presentation (Hess, Bradley, & Piotrowski, 1983; Hess, Campbell, & Zimmern, 1980). The amblyopes 

had to adjust the contrast of a grating viewed with their amblyopic eye to the same perceived 

contrast as a control grating viewed by their fellow fixing eye. Even though there were some 
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differences between anisometropes and strabismics (anisometropes showed a more pronounced 

defect for higher spatial frequencies presented at lower contrasts), Hess et al. concluded that there 

was no significant deficit in perception of the suprathreshold contrasts within the amblyopic visual 

system. 

However, recent studies using the fMRI have revealed cortical deficits for suprathreshold 

visual stimuli manifested as a weaker cortical activation when viewing through the amblyopic eye 

relative to the fellow fixing eye (Conner, Odom, Schwartz, & Mendola, 2007). This deficit is 

reportedly more pronounced for high contrast stimuli (Hess, Li, Lu, Thompson, & Hansen, 2010). This 

finding is in accord with the previous results of Zele et al. (2007) indicating a selective contrast 

sensitivity loss in the parvocellular pathway, characterised by higher contrast thresholds and 

saturation at high contrast. It is also worth noting that decreased cortical activation when viewing 

through the amblyopic eye is consistent with the concept of amblyopia as a cortical disorder. 

Furthermore, as fMRI appears to be sensitive to the visual loss in amblyopia, it represents a viable 

approach for assessing the neural basis of treatment interventions for amblyopia. 

In addition to spatial contrast sensitivity, some research groups have also investigated 

temporal contrast sensitivity. Levi et al. (1977) found that the temporal contrast sensitivity function 

in both strabismic and anisometropic amblyopes was lower for all spatial frequencies tested (0.5 – 

10 cpd). The shape of the function did not significantly change with different stimulus-presentation 

times (50 and 500 ms). Interestingly, there was no marked difference in contrast sensitivity between 

the amblyopic and fellow fixing eyes at low spatial frequencies when the presented stimulus 

flickered at 10 Hz, suggesting that the temporal contrast sensitivity deficit is more pronounced in the 

sustained (parvocellular) channels than in the transient (magnocellular) channels. This finding is in 

agreement with the notion of a selective loss within the parvocellular pathway (Zele, et al., 2007). 

However, different results have been found in stimulus deprivation amblyopia where contrast 

sensitivity was decreased with shorter stimulus durations. Furthermore, 10 Hz flicker induced an 
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equal decrease in contrast sensitivity across all the spatial frequencies tested suggesting more 

extensive temporal contrast sensitivity deficits in deprivation amblyopia (Levi & Harwerth, 1980). It 

is important to mention, however, that the two studies (Levi & Harwerth, 1977, 1980) were 

performed with only four and two participants, respectively. 

The presence of specific spatial and temporal contrast sensitivity deficits supports the idea 

that the visual loss in amblyopia is cortical in origin. In addition, because contrast sensitivity provides 

a sensitive index of function at early stages of cortical processing (Hawken, Parker, & Lund, 1988), 

changes in contrast sensitivity can be used to assess the effects of experimental interventions aimed 

at improving function in the amblyopic eye. 

2.4.2 Visual Acuity 

Amblyopia is, by definition, associated with decreased visual acuity. The term visual acuity 

refers to the ability of the visual system to resolve fine details in the visual environment. It 

represents a measure of the “resolution” or “sharpness” of someone’s vision. 

One of the factors strongly affecting the outcome of visual acuity assessment in amblyopic 

patients is whether the acuity chart consists of a single symbol, multiple symbols on one line, or a 

single letter flanked by bars. Visual acuity measured with the latter two types of chart can give a 

significantly worse visual acuity estimate than a single letter chart. This well documented 

phenomenon is referred to as “crowding”. Crowding is pronounced in normal peripheral vision and 

is present in the central field of strabismic amblyopes (Bonneh, Sagi, & Polat, 2004; Elliott & Firth, 

2009; Levi & Klein, 1982). Even though the exact causal mechanism of crowding remains unclear, it is 

known to be cortical in nature (Levi, 2008) and may be due to lateral inhibition (Levi, Hariharan, & 

Klein, 2002). 

Vernier acuity is also affected in amblyopia. In order to test Vernier acuity, Levi and Klein 

(1982) employed horizontally divided and shifted gratings and observed a correlation between 
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Vernier acuity and the spatial frequency of the grating. They also reported that in anisometropic and 

mixed amblyopes the loss of Vernier acuity corresponded with the loss in the grating acuity, whereas 

strabismic amblyopes showed deeper deficits in Vernier than grating acuity. Moreover, unlike 

anisometropes and controls, the strabismics showed a crowding effect. In another experiment, Levi 

and Klein (1985) observed the effect of flanking on Vernier acuity in amblyopic, fixing fellow and 

healthy eyes both in central vision and in the periphery. They found that anisometropic amblyopic 

eyes were similarly affected by flanks for grating and Vernier acuity, whereas in strabismic amblyopic 

eyes, flanking had a more pronounced effect in Vernier acuity. Interestingly, the fellow fixing eyes of 

strabismic amblyopes showed a larger spatial interference in Vernier acuity relative to controls and 

the fellow fixing eyes of the anisometropic amblyopes. These findings supported the idea of “central 

deficits” within the strabismic visual cortex, which affect visual performance in both eyes (Bedell & 

Flom, 1985). 

Good visual acuity reflects accurate processing of basic visual features in the primary visual 

cortex as well as their appropriate integration within the higher visual areas. Visual acuity deficits 

that cannot be explained by refractive error or pathology therefore reflect abnormal cortical 

processing of visual information within the amblyopic visual cortex. 

2.5 The Clinical Significance of Interocular Suppression in Amblyopia 

Interocular suppression is a well-known phenomenon in which the information from one eye 

is actively suppressed in favour of the other eye. Suppression occurs in the normal visual system in 

situations such as binocular rivalry. This is a well described visual phenomenon that is characterised 

by perceptual fluctuation when each of the two eyes is presented with a different image (Blake, 

2001; Leonards & Sireteanu, 1993). This is thought to be caused by alternating suppression of 

neurons subserving either eye. In amblyopia, suppression is typically unilateral and sustained. There 

is evidence that suppression is an important component in the amblyopic syndrome that 

significantly contributes to both binocular and monocular visual deficits (Fahle, 1983; Harrad, 
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Sengpiel, & Blakemore, 1996; Sengpiel, et al., 1994). In the following sections, findings regarding 

relating to intraocular suppression and its significance in amblyopia will be discussed. 

2.5.1 The Significance of Interocular Suppression for Binocular Function in 
Amblyopia 

One of the hallmarks of amblyopia is a significant impairment in binocular function. 

Traditionally, this binocular dysfunction has been attributed to a deficiency or even an absence of 

binocular connections in the amblyopic visual cortex (Holopigian, Blake, & Greenwald, 1986; Lema & 

Blake, 1977; Levi, Harwerth, & Manny, 1979; Levi, Harwerth, & Smith, 1980; Pardhan & Whitaker, 

2000; Vedamurthy, Suttle, Alexander, & Asper, 2007). This opinion was supported by early 

physiological studies on anesthetised cats (Blakemore, 1976; Hubel & Wiesel, 1965). However, the 

results of recent studies suggest that the binocular cells and binocular connections may be 

preserved in the amblyopic visual cortex and actively suppressed rather than absent (Hess, 

Mansouri, & Thompson, 2011; Mansouri, et al., 2008). 

In the normal visual system, binocular performance across a range of visual tasks is superior 

to monocular performance (Blake & Fox, 1973). This well-established phenomenon is referred to as 

binocular summation and represents an excellent opportunity to study basic binocular functions in 

amblyopia. Baker et al. (2007) suggested that the conventional approach to the assessment of 

binocular summation which uses contrast threshold as an outcome measure, does not respect the 

reduced monocular contrast sensitivity of the amblyopic eye. In their study, they measured the 

binocular contrast threshold ratio but instead of presenting both eyes with Gabor patches of equal 

contrast they matched the detectability of the Gabor patch in both eyes. Using this approach they 

showed that the contrast summation mechanisms are intact in patients with strabismic amblyopia. 

Another approach to the study of binocular function in amblyopia was introduced by 

Mansouri et al. (2008). Similarly to Baker et al. (2007) they compensated for the amblyopic eye 

deficit by decreasing the contrast of the stimulus presented to the fellow fixing eye. However, unlike 
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Baker et al. (2007) who presented threshold stimuli, this method used dichoptic presentation of 

suprathreshold (clearly visible) stimuli. In two main experiments, Mansouri et al. tested binocular 

combination using global motion and global form tasks. These required segregation of signal from 

noise, whereby signal elements were presented to one eye and noise elements to the other eye. 

In the first experiment, they employed a dichoptically presented random dot kinematogram 

(RDK). The RDK is a well-established visual stimulus composed of signal dots moving in a coherent 

(common) direction and noise dots moving in random directions (Newsome & Pare, 1988). As stated 

above the signal dots were presented to one eye and the noise dots were presented to the other eye 

(Figure 2.1 modified from To et al. (2011), page 281). The task was to identify the direction (up or 

down) of the signal dots – the global motion direction. The authors reasoned that under conditions 

where both eyes received the same contrast, the amblyopic eye’s percept would be suppressed and 

therefore performance of the task would be dependent upon which eye was presented with the 

signal. Specifically, performance would be at chance when the signal was presented to the 

amblyopic eye. Conversely, when the signal was presented to the fellow fixing eye, performance 

would be at ceiling. However, varying the relative contrast of the dots between the two eyes, 

(interocular contrast ratio) in favour of the amblyopic eye, would allow for binocular combination by 

overcoming suppression. The outcome measure was a “balance point”, an interocular contrast ratio 

resulting in a constant motion coherence threshold independent of which eye was presented with a 

signal or noise. 
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Figure 2.1 Dichoptic RDK 

Noise (left panel) is represented by a population of dots moving in random directions (white arrows). Signal (right panel) is 

represented by dots moving in a coherent (common) direction (black arrows). At a specific interocular contrast ratio (balance 

point) the same motion coherence threshold can be measured independently of which eye sees signal or noise in patients with 

amblyopia indicating normal binocular combination between the two eyes. Figure modified from To et al. (2011), page 281. 

 

In their second experiment the same rationale was used, however, the signal was 

represented by a population of Gabor patches oriented in a common direction (left or right of 

vertical) and the noise seen by the other eye was represented by Gabors oriented in random 

directions. The relative information between the two eyes was modified by varying the number of 

elements rather than contrast (Mansouri, et al., 2008). 

 The measurable interaction between signal and noise provided evidence for excitatory 

binocular integration in both the dorsal (motion) and ventral (form) cortical streams and further 

supported the presence of binocular mechanisms in the amblyopic visual system that are suppressed 

under normal viewing conditions. Furthermore, using the technique established by Mansouri et al, 

the balance point at which binocular integration occurs can be used to assess the degree of 

amblyopic eye suppression. In fact, the motion-based (RDK) approach (Mansouri, et al., 2008) led to 

the development of a new clinical technique for quantifying of suppression in the amblyopic visual 
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system (Black, Thompson, Maehara, & Hess, 2011; Li et al., 2013) which has been adopted in later 

studies. For example, Goodman et al. (2011) showed that binocular combination is preserved even in 

patients with alternating strabismus. 

An important observation made by Hess and his colleagues (2010a) was that repeated 

exposure to ”balanced” binocular viewing conditions led to improved binocular vision manifested as 

the establishment or improvement of stereopsis. Moreover, concomitant improvement in 

monocular visual acuity was also found. This finding and its significance in amblyopia therapy will be 

further discussed in later chapters. 

2.5.2 The Significance of Interocular Suppression for Monocular Function in 
Amblyopia 

As mentioned above, it has been proposed that interocular suppression is a significant 

component in the monocular visual deficits associated with amblyopia (Burchfiel & Duffy, 1981). The 

traditional view considers interocular suppression to be a secondary consequence of amblyopia 

which compensates for two conflicting visual inputs; a blurred and/or misaligned input coming from 

the amblyopic eye and a normal input from the fellow fixing eye (Holopigian, Blake, & Greenwald, 

1988). This view presumes that supressing a severely blurred image in the case of deep amblyopia 

requires less inhibition than supressing a stronger image as in the case of mild amblyopia. This 

notion is in accord with the findings of Holopigian et al. (1988) who assessed the relationship 

between the depth of amblyopia and the amount of interocular suppression in a group of nine 

patients with suppression and found that the strength of amblyopia was negatively correlated with 

strength of suppression. There is, however, a growing body of evidence suggesting otherwise; i.e. 

that interocular suppression may play a primary role in the loss of monocular function in the 

amblyopic eye. 

Firstly, recent studies (Li, Thompson, et al., 2011; Narasimhan, Harrison, & Giaschi, 2012) 

have shown that the monocular visual acuity impairment positively correlates with the amount of 
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interocular suppression measured using the motion coherence technique introduced by Mansouri et 

al. (2008). This finding clearly conflicts with the results of the previous study by Holopigian et al. 

(1988). Li, however, examined a larger number of patients with a wider range of amblyopia 

severities. Furthermore, three of the nine patients tested by Holopigian had alternating strabismus 

that may be associated with deep suppression (Goodman, et al., 2011) and does not represent a 

“true” example of unilateral amblyopia. 

A second piece of evidence indicating that interocular suppression might be a primary cause 

of the monocular deficits in amblyopia is the recent finding that an intensive period of dichoptic 

perceptual training improved visual acuity in amblyopic eyes (Hess, Mansouri, et al., 2010a; Hess, 

Mansouri, & Thompson, 2010b; To, et al., 2011). This finding will be discussed in more detail in 

subsequent sections. 

2.5.3 The Neural Basis of the Interocular Suppression 

Recent evidence indicates that interocular suppression contributes to the visual deficits 

associated with amblyopia. It is therefore important to understand the neural basis of this 

suppression. The current view based on a considerable body of evidence is that these inhibitory 

mechanisms are GABAergic in nature. 

Possibly the first study revealing the GABA dependent mechanisms thought to be involved in 

amblyopia was conducted by Duffy and colleagues (1976) who showed that intravenous 

administration of bicuculline, a GABA receptor blocker, restored binocularity to neurons within the 

visual cortex of monocularly deprived kittens. Similar results were described after focal 

administration of the same drug directly into the kittens’ visual cortex and intravenous application of 

naloxone (Duffy, Burchfiel, Mower, Joy, & Snodgrass, 1985), another type of GABA antagonist. In a 

later study Mower and Christen (1989), using intracortical infusion of bicuculline, demonstrated that 

GABAergic inhibition is responsible for loss of binocular responses in cats with experimentally 
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induced strabismic amblyopia. Finally, in a more recent study, bicuculline reversed suppression in 

strabismic cats under true binocular psychophysical stimulation (Sengpiel, et al., 2006). This 

neurophysiological work is consistent with behavioural findings indicating that binocular function in 

the amblyopic visual cortex is present but suppressed (Hess, Mansouri, et al., 2010a; Li, Thompson, 

et al., 2011; Mansouri, et al., 2008). 

The findings of the studies summarised above cast interocular suppression in a new light. 

Firstly, it can be assessed as an outcome measure following treatment. Secondly, and more 

importantly, it represents a viable target for novel amblyopia treatment regimens that aim to 

improve visual function. In particular, reduction of suppression may result in improvement of both 

binocular and monocular visual functions. 

2.6 Treatment of Amblyopia 

The ultimate goal of amblyopia treatment is to improve both monocular and binocular visual 

function of the amblyopic visual system. In the following paragraphs, the most recent findings 

relating to traditional and novel approaches to amblyopia treatment will be discussed. Also, general 

factors affecting treatment results will be discussed. 

2.6.1 Current Approaches to the Treatment of Amblyopia 

There are three main traditional approaches to the treatment of amblyopia; spectacle 

correction, patching, and penalisation of the fellow fixing eye with a Bangerter filter or a topical 

cycloplegic agent such as atropine. There have been controversies regarding the efficacy of the 

treatments, as well as the most effective time course for treatment application mainly due to a lack 

of systematic well-controlled studies in the past. A great deal of light has been shed on these 

questions by the Pediatric Eye Disease Investigator Group who systematically evaluated several 

aspects of amblyopia treatment. 
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The first Pediatric Eye Disease Investigator Group study into the treatment of amblyopia 

aimed to assess the effectiveness of pharmacological penalisation of the fellow fixing eye with 

atropine (Pediatric Eye Disease Investigator Group, 2002). In this study, amblyopic patients received 

either six hours of patching every day or a daily dose of atropine. Even though the patching group 

exhibited faster improvement, by six months the results of the atropine group were comparable to 

the patching group. Importantly, the atropine treatment was associated with better compliance and 

less adverse effects. Comparable improvements in visual acuity of approximately 0.3 LogMAR at 24 

weeks were also associated with a Bangerter filter worn over the fellow fixing eye (Pediatric Eye 

Disease Investigator Group, 2010). Similarly to atropine penalisation, this treatment approach was 

better tolerated by the patients than patching. 

Another important question that was addressed by the Pediatric Eye Disease Investigator 

Group was number of hours of patching per day required for optimal outcomes. The results showed 

that there was no significant advantage of six hours of patching compared to two hours of patching 

in moderate amblyopia (Pediatric Eye Disease Investigator Group, 2003b). Similarly, there was no 

reliable difference between six hours vs. whole day patching regimens in severe amblyopia (Pediatric 

Eye Disease Investigator Group, 2003c). In addition, the investigators did not find any reliable 

advantage of daily atropine administration compared to weekend administration (Pediatric Eye 

Disease Investigator Group, 2004). 

The authors also evaluated the efficiency of spectacle correction for different subtypes of 

amblyopia. The results showed that “optical treatment” was effective in anisometropic (Pediatric 

Eye Disease Investigator Group, 2006), strabismic (Cotter et al., 2007) and mixed amblyopia 

(Pediatric Eye Disease Investigator Group, 2012) with maximum improvement occurring by 10 weeks 

in the majority of subjects. Furthermore, patching enhanced the effects of optical correction in older 

children and adolescents aged up to 17 years of age (Pediatric Eye Disease Investigator Group, 

2005). 
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Despite positive results for traditional treatment options, there is still room for 

improvement. Firstly, the majority of patients experience a residual visual impairment (Pediatric Eye 

Disease Investigator Group, 2008) the degree of which is strongly correlated with non-compliance 

with the treatment regime (Loudon, Polling, & Simonsz, 2002; Stewart, et al., 2005). Secondly, these 

treatment approaches are associated with a significant rate of regression after cessation of the 

therapy (Bhola, Keech, Kutschke, Pfeifer, & Scott, 2006). Thirdly, they target only monocular visual 

function and often leave residual binocular deficits (Wallace, et al., 2011) presumably due to the 

absence of correlated binocular input during the course of treatment. Finally, they are often 

considered to be ineffective after the “critical period” of development (Epelbaum, et al., 1993) due 

to insufficient plasticity within the adult visual cortex. 

There is, therefore, a need for novel treatment approaches that are more effective than the 

traditional ones, that target the binocular nature of amblyopia, and that are effective after the 

critical period. 

2.6.2 Novel Approaches to the Treatment of Amblyopia 

2.6.2.1 Perceptual Learning as a Treatment Option for Amblyopia 

As the traditional forms of amblyopia treatment are associated with residual visual deficits 

(Pediatric Eye Disease Investigator Group, 2008) and are not typically attempted outside of the 

critical period (Epelbaum, et al., 1993), the novel treatment methods are usually applied to patients 

who did not respond or comply with traditional treatment methods or to patients who are beyond 

the critical period. 

It has been well documented that repeated exposure to the same visual task leads to a 

marked improvement in performance of the specific task. This phenomenon is called visual 

perceptual learning (Sasaki, Nanez, & Watanabe, 2010) and is considered to be a form of neural 

plasticity (Levi & Li, 2009). Perceptual learning occurs in the adult visual cortex (Li, Piëch, & Gilbert, 
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2008) and has recently been considered as a potential treatment approach for adult amblyopia (Li, 

Ngo, Nguyen, & Levi, 2011; Li, Provost, & Levi, 2007; Polat, Ma-Naim, Belkin, & Sagi, 2004).  

For example, intensive monocular perceptual training with the fellow eye patched leads to 

an improvement in positional acuity in both juvenile and adult amblyopes (Li, Klein, & Levi, 2008; Li, 

Provost, et al., 2007). Similarly, Levi et al. (1997) showed that adult amblyopic patients showed 

significant improvement in Vernier acuity after prolonged monocular training on a Vernier acuity 

task. The greatest extent of learning was exhibited for the specific stimulus configuration used 

during training. In some participants, however, learning transferred to other stimulus orientations 

or/and to the fellow fixing eye. More importantly, in some cases learning also transferred to an 

improvement in Snellen visual acuity. Improvements in visual acuity and threshold contrast 

sensitivity in adult amblyopic participants were also found after extensive perceptual training on a 

task requiring detection of a flanked or un-flanked Gabor patch (Polat, et al., 2004). A direct 

comparison between monocular perceptual learning and patching was made by Chen and colleagues 

(2008). Patients received either patching in accordance with the Pediatric Eye Disease Investigator 

Group regimens (Pediatric Eye Disease Investigator Group, 2003b, 2003c) or 30 minutes of 

monocular perceptual learning consisting of a contrast detection task completed three times per 

week. Both treatment regimens were administered until a patient’s visual acuity improvement 

plateaued. On average, the visual acuity reached by the patching group was approximately one 

LogMAR line better than the perceptual learning group. The difference between the two groups was 

not, however, statistically significant. Furthermore, visual improvement in the perceptual learning 

group was considerably faster. Monocular perceptual learning was therefore advocated as an 

alternative treatment for patients with amblyopia (Chen, et al., 2008). 

It has been suggested that playing action video games can improve various aspects of visual 

perception in individuals with normal vision (Green & Bavelier, 2003, 2007). This, together with the 

positive results of different forms of monocular perceptual learning in amblyopia (Levi & Li, 2009; 
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Levi, et al., 1997; Li, Klein, et al., 2008; Li, Provost, et al., 2007), led to the assessment of a shooting 

video game as a potential treatment for amblyopia (Li, Ngo, et al., 2011). Adult amblyopes exposed 

to 40 hours of monocular shooting game play improved in various aspects of visual performance 

such as positional acuity and visual attention. Importantly, they also improved in visual acuity (by 

about 1.5 LogMAR lines) and stereoacuity. Interestingly, similar results were achieved in a small 

group of amblyopes who played a non-action game that had previously been associated with a lack 

of plasticity in observers with normal vision (Green & Bavelier, 2003). 

Each of these results supports the notion that the mature amblyopic visual cortex possesses 

a considerable amount of plasticity and that visual function can improve even after the critical 

period. 

2.6.2.2 Dichoptic Treatment for Amblyopia 

All of the perceptual learning methods described above rely on intensive monocular 

presentation of a stimulus while the fellow fixing eye is covered. Despite their positive results these 

studies do not reflect the fact that amblyopia is an intrinsically binocular disorder (Hess, Mansouri, 

et al., 2010a). The significance of the interocular suppression was discussed in Section 2.5.2. In brief, 

the strength of interocular suppression is positively correlated with the degree of human amblyopia 

(Li, Thompson, et al., 2011). Furthermore, pharmacologically induced reduction of interocular 

suppression in amblyopic animals improved both the monocular and binocular responses of cells in 

the visual cortex (Sengpiel, et al., 2006). 

These findings are in agreement with the results of Hess et al. (2010a, 2010b) who observed 

that repeated measurements of interocular suppression in adult amblyopic subjects resulted in a 

reduction of suppression and an improvement in Snellen visual acuity and recovery of stereopsis. 

These two influential studies gave rise to a novel dichoptic approach to the treatment of amblyopia 

(To, et al., 2011). 



 

29 

This treatment relies on dichoptic presentation of a Tetris game on an Apple iPod device. 

The game field is divided between the amblyopic and the fellow fixing eyes using a prismatic foil. The 

contrast of the game elements seen by the fellow fixing eye is low enough that the amblyopic eye is 

no longer suppressed, or in other words, just above the dichoptic contrast threshold (Black, et al., 

2011). The rationale is that, in order to be able to play the game, the participant has to combine 

information between their two eyes. An initial study indicated that prolonged periods of play 

significantly reduce the amount of interocular suppression resulting in the establishment or 

improvement of stereopsis measured with the Randot test and improvement of visual acuity in the 

majority of patients (To, et al., 2011). It is noteworthy, that all of the participants in this study were 

adults. 

This dichoptic treatment approach has recently been adopted by Knox at al. (2012) who 

used a virtual reality head-mounted system to achieve dichoptic viewing. Participants in this study 

were children who, despite a good compliance, had previously plateaued on patching treatment 

with residual monocular and binocular deficits. Following one week (five hours) of dichoptic 

treatment, these children exhibited an average improvement of one line of LogMAR visual acuity in 

their amblyopic eye. All of the 14 children also improved in stereoacuity whereby, in three of them, 

measurable stereoacuity was not present before this treatment. It is important to highlight that the 

results achieved during only five one hour long sessions of binocular training are comparable with 

results achieved after 40 to 60 hours of monocular perceptual training (Liu, Zhang, Jia, Wang, & Yu, 

2011). 

The promising results of the studies described above were achieved during laboratory or 

clinic-based sessions with well-controlled compliance. Future research should therefore focus on 

whether similar results will be achieved using home-delivered paradigms. Nonetheless, perceptual 

training has emerged as promising treatment approach for amblyopia that is also applicable to 

adults. 
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In summary, amblyopia is a cortically based visual disorder with considerable psychosocial 

and health-related consequences (Chua & Mitchell, 2004; Rahi, et al., 2002; Sabri, et al., 2006) that 

has been traditionally been thought to be untreatable in adult population. There is, however, a 

growing body of evidence that altering inhibitory interactions within the visual cortex may improve 

both monocular and binocular function in adults and children with amblyopia. In addition, the novel 

treatment methods do not carry the negative socio-psychological burden that is often associated 

with conventional treatment approaches (Pediatric Eye Disease Investigator Group, 2003a). 
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CHAPTER 3 Amblyopia as a Model of Neural Plasticity 

The term neural plasticity refers to the ability of the brain and nervous system to change 

functionally and/or structurally in response to the environment (Pascual-Leone et al., 2011). It is 

widely accepted that the amount of plasticity in the central nervous system varies across the life 

span (Pascual-Leone, et al., 2011). The time during which the amount of plasticity reaches a 

maximum is called the “critical period”. Understanding the determinants of neuroplasticity 

regulation is one of the central goals of current research in the field of neuroscience. Being able to 

manipulate neuroplasticity would provide new approaches to the treatment of a variety of 

neurological disorders. 

Experiments evaluating cortical plasticity are performed across almost all cortical regions, 

however, the visual cortex is one of the most convenient areas as it is relatively easy to manipulate 

its sensory input and assess the neural correlates of these manipulations. Therefore, the visual 

cortex can be used as a model for exploring the general determinants of cortical plasticity. A 

common theme emerging in neuroplasticity research is the critical role of the balance between 

neural excitation and inhibition in gating plasticity (Jiao et al., 2011; Micheva & Beaulieu, 1995, 1996; 

Zheng & Knudsen, 1999; Zhou, et al., 2011).  

The cornerstone of research into visual neuroplasticity was laid by the elegant work of 

Wiesel and Hubel in the early 1960s (Hubel & Wiesel, 1962, 1963, 1965, 1968; Wiesel & Hubel, 1963, 

1965). In addition to other interesting findings, they first demonstrated that a visually inexperienced 

visual system is already organised at birth. They also described in detail the functional organisation 

of the visual cortex and how it is shaped by normal and abnormal visual experience. Another 

important finding of their work was the existence of a critical period. They demonstrated that an 

abnormal visual experience can interfere with normal visual development only when it occurred 

within a certain period shortly after the birth. These findings are very relevant to both amblyopia 



 

32 

treatment and neuroplasticity in general, and will be discussed together with current knowledge 

about the underlying neural determinants. 

3.1 The Innate Organisation of the Visual Cortex 

A noteworthy finding in the studies of Hubel and Wiesel was that the primary visual cortex 

of very young kittens with very little or no visual experience possessed a relatively high degree of 

organisation (Hubel & Wiesel, 1963). Similarly to adult visual cortex, the majority of the neurons 

were binocular whereby the two receptive fields corresponded in the visual field and had a common 

spatial tuning. The ocular dominance histogram, the distribution of cells responding to either one or 

both eyes, in the visually inexperienced kittens was adult-like. Also, the spatial tuning characteristics 

of the neurons were comparable to those in adult animals and neurons with similar preferred 

orientations were grouped in orientation columns as found in adults. Similar results were also 

reported by Blakemore et al. (1975). Adult-like functional organisation of the visual cortex at or soon 

after birth has been also supported by later studies in macaque monkeys (Horton & Hocking, 1996; 

Rakic, 1976, 1977). These findings are important when considering that an abnormal visual 

experience early in life can disrupt this already existing architecture. This concept will be addressed 

in detail in subsequent sections. 

3.2 Postnatal Development 

An additional remarkable finding of Wiesel and Hubel’s was that proper postnatal visual 

experience is a crucial prerequisite for the maintenance and normal development of visual system 

organisation (Wiesel & Hubel, 1963). 

In one of their classical papers (Wiesel & Hubel, 1963), they assessed the effects of 

monocular deprivation on the primary visual cortex in two different groups of kittens. Four kittens 

were deprived from the time of the eye opening and three kittens had two months of normal visual 

experience prior to deprivation. Monocular deprivation was also induced in one adult cat. The 
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deprivation was delivered either by monocular lid suture or using a translucent contact lens and the 

effects on ocular dominance were assessed. The results showed a significant shift in ocular 

dominance towards the non-deprived eye in all of the kittens, although normal visual experience 

before the onset of deprivation reduced the strength of the effect. In the animals deprived before 

any normal visual experience, the vast majority of the cortical cells were driven by the non-deprived 

eye with an almost complete lack of cells responding to the deprived eye. All animals exhibited 

marked deficits in the visual acuity of the deprived eye. In one of the kittens deprived from the birth, 

electroretinograms (ERG) and visual evoked potentials (VEP) were recorded. While ERG records 

electrical responses to light in the retina, VEPs measure the electrical response of the visual cortex to 

a visual stimulus recorded through electrodes attached to the scalp. Two aspects of VEP are typically 

evaluated; amplitude and latency. The amplitude corresponds to the degree of visual cortex 

activation and latency reflects conduction time. In this kitten, ERGs had a normal pattern when 

recorded from each of the two eyes, suggesting normal function of both retinae. Conversely, VEPs 

for the deprived eye recorded from either hemisphere showed abnormalities mainly in terms of the 

amplitude. There were no observable deprivation-induced deficits in the adult cat. 

In later experiments, similar results were obtained in macaque monkeys. For example Le Vay 

(1980) reported that an early suturing of one eye (during the first six weeks of life) resulted in a 

strong ocular dominance shift towards the nondeprived eye. Eye deprivation administered between 

7 and 14 months of age produced only minor dominance changes that were only evident when 

sections of the visual cortex were stained for activation. Finally, depriving adult monkeys did not 

cause any detectable physiological or anatomical effects. 

The effects of early monocular deprivation have also been studied behaviourally with 

relatively comparable results. In a study by von Noorden et al. (1970), macaque monkeys were 

deprived by monocular eyelid suture at different ages. It was demonstrated that monkeys sutured 

before four weeks of age showed irreversible deficits in visual function. Conversely, monkeys 
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sutured at three months of age and later showed milder and mostly reversible visual impairments 

(Von Noorden, et al., 1970).  

The results of these early studies supported two main postulates. Firstly, they indicated that 

correlated binocular visual experience is essential to maintain and further shape the innate 

visuocortical circuitry as an abnormal binocular experience results in cortical reorganisation. 

Secondly, these data suggested that the visual cortex does not retain the ability to functionally and 

structurally change throughout the entire life span leading to the concept of a “critical period”. This 

concept led to the idea of amblyopia being untreatable in adulthood. 

3.2.1 The Critical Period 

The critical period refers to a time during which the cortex is able to change in response to 

external sensory input. After this time window cortical plasticity was thought to significantly 

diminish. At present, the most common animal models for investigating the time course of the 

critical period are rodents (mice and rats) and cats. Under normal circumstances, the critical period 

for the visual cortex begins shortly after eye opening in these animals. The reported age of critical 

period closure varies across studies ranging from the age of three to nine months in cats (Daw, 1994; 

Wiesel & Hubel, 1963) and approximately four to five weeks in rodents (Fagiolini, Pizzorusso, 

Berardi, Domenici, & Maffei, 1994; Gordon & Stryker, 1996) depending on the specific visual 

function being measured.  

Following the pioneering work of Wiesel and Hubel, the maturation of visual functions, a 

shift in ocular dominance after monocular deprivation, or recovery from experimentally induced 

amblyopia often serve as an index of visual cortex plasticity. Several investigative techniques can be 

employed to assess these effects. Single cell recording directly from the visual cortex of an 

anesthetised animal can be employed to assess the development of specific visual functions (Hubel 

& Wiesel, 1963) as well as assess the distribution of ocular dominance (Wiesel & Hubel, 1963). 
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Likewise VEPs, specifically the contralateral and ipsilateral VEP ratio from the two hemispheres in 

rodents, can serve as a tool for measuring the distribution of ocular dominance (Mower & Christen, 

1985). Furthermore, manipulating the spatial frequency of the visual stimulus eliciting VEPs allows 

for the measurement of visual acuity (Baroncelli, Sale, et al., 2010; Maya-Vetencourt et al., 2012). 

Finally, behavioural tasks in which animals are trained to distinguish a patterned visual stimulus from 

a uniform stimulus can be also used to determine visual acuity (Timney, Mitchell, & Cynader, 1980; 

Tognini et al., 2012). Visual acuity is defined as the highest spatial frequency able to elicit a 

measurable VEP, or a behavioural response. These measures provide complimentary avenues by 

which to assess the function of the visual cortex, and therefore explore plasticity. 

The exact mechanisms involved in critical period opening and closure remain the subject of 

intensive research, however, there is a growing body of evidence indicating that maturation of 

GABAergic intracortical circuitry is responsible for both the opening and closure of the critical period. 

This seemingly contradictory model presumes the existence of two thresholds in the tone of the 

GABAergic circuitry (Sale, Berardi, Spolidoro, Baroncelli, & Maffei, 2010). The first threshold 

demarcates the beginning of the critical period and is associated with a certain level of GABAergic 

inhibition that allows for shaping of the functional structure of the visual cortex. With progressing 

neural development, the tone of the GABAergic inhibition increases. As soon as it reaches the 

second threshold, further potential for plasticity is dramatically reduced indicating the end of the 

critical period (Figure 3.1, modified from Sale et al. (2010), page 4). 
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Figure 3.1 Cortical Plasticity across the Lifespan 

Schematic representation of the relationship between the amount of cortical plasticity and the level of GABAergic intracortical 

inhibition across the lifespan. The terms in the right hand corner represent experimental interventions that have been 

associated with a decreased tone of GABAergic circuitry and recovery from experimentally induced amblyopia. PTX = 

picrotoxin, MPA = 3-mercaptopropionic acid. Figure modified from Sale et al. (2010), page 4. 

 

3.2.1.1 Opening of the Critical Period 

Early studies on animals provided evidence that the opening of the critical period can be 

manipulated by abnormal visual experience. For example, Mower and Christen (1985) reported that 

the onset of the critical period could be delayed by dark rearing. In their study, they compared the 

effects of monocular deprivation on totally dark-reared cats with dark-reared cats provided with a 

short period of normal visual experience. The dark rearing period lasted between 14 and 29 weeks 

and the monocular deprivation lasted between 8 and 14 weeks. Their results showed that 

monocular deprivation resulted in an ocular dominance shift in the totally dark-reared cats that 

were beyond the age at which deprivation usually has an effect but not in the cats that had brief 

periods of visual experience during the dark rearing period. Dark rearing also delayed the onset of 
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the critical period in rats (Fagiolini, et al., 1994). These studies clearly demonstrated that the 

opening of the critical period is not an event strictly associated with a certain age but rather an 

event whose occurrence can be modified by environmental factors. At the time of these studies, the 

exact internal neural mechanisms were only speculated, however, later studies showed that dark 

rearing delays the maturation of GABAergic circuitry (He, Hodos, & Quinlan, 2006; Morales, Choi, & 

Kirkwood, 2002). 

Direct evidence for the involvement of the maturation of GABAergic circuitry in critical 

period opening was provided by Hench et al. (1998). They manipulated the onset of the critical 

period in genetically modified mice lacking GAD65, an enzyme that is responsible for the production 

of GABA at the synaptic terminal (Fukuda, Aika, Heizmann, & Kosaka, 1998; Reetz et al., 1991). The 

authors compared the effects of monocular deprivation administered during the normal time frame 

of the critical period, in normal and GAD65 knockout mice. They reported that in contrast to the 

control mice, monocular deprivation did not result in an ocular dominance shift in the GAD65 

knockout mice. However, ocular dominance plasticity in these animals was rescued by boosting 

intracortical inhibition with diazepam, a GABAergic agonist. 

Several molecular signals have been identified in the visual cortex that trigger the 

development of intracortical GABAergic circuitry. For example, mice overexpressing brain derived 

neurotrophic factor (BDNF) exhibited an earlier occurrence of the critical period than wild type mice, 

possibly due to precocious BDNF-activated maturation of GABAergic circuits (Hanover, Huang, 

Tonegawa, & Stryker, 1999; Huang et al., 1999). In addition, dark-reared transgenic mice 

overexpressing BDNF had an identical level of visual development in terms of visual acuity and 

receptive field size as light-reared littermates (Gianfranceschi et al., 2003). This indicates that BDNF-

triggered development of GABAergic inhibition protects against the delay in development caused by 

dark rearing. Also insulin-like growth factor 1 (IGF-1) accelerates the development of intracortical 

inhibitory circuitry (Ciucci et al., 2007). Environmental enrichment, a manipulation whereby animals 
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are kept in an environment rich in visual, motor and social stimuli, resulted in increased levels of IGF-

1 in the visual cortex of infant rats accompanied by an accelerated development of visual functions. 

Furthermore, an intracortical administration of an IGF-1 receptor antagonist blocked the effects of 

environmental enrichment. Recently, the embryonic retinal homeoprotein Otx2 has been identified 

as another molecular signal triggering the maturation of GABAergic circuitry. The transmission of this 

molecule from the retina to the visual cortex has been proposed as a possible link between actual 

visual experience and the maturation of intracortical inhibition (Sugiyama et al., 2008). 

Interestingly, polysialic acid (PSA) blocks the formation of the GABAergic circuits. PSA 

concentration in the mouse visual cortex is inversely correlated with the development of GABAergic 

inhibitory innervations and its early removal leads to accelerated formation of GABAergic circuitry 

resulting in a premature opening of ocular dominance plasticity (Di Cristo et al., 2007). 

In summary, the exact cascade of neural mechanisms responsible for the opening of the 

critical period remains under investigation. There is, however, evidence indicating that several 

factors including BDNF, IGF-1 and/or Otx2 expression are involved in maturation of GABAergic 

circuitry which, in turn, results in critical period opening. 

3.2.1.2 Closure of the Critical Period 

Critical period closure refers to the point at which cortical plasticity wanes and further 

cortical modifications in response to environmental experience are limited or absent. Similarly to 

critical period opening, critical period closure can be experimentally manipulated. 

There is converging evidence suggesting that the maturation of GABAergic intracortical 

inhibition also determines the end of the critical period. Indirect evidence comes from early studies 

assessing the effects of dark rearing on critical period closure. Dark rearing is associated with late 

maturation of GABAergic circuitry (He, et al., 2006; Morales, et al., 2002) and delays critical period 

closure in cats. For example, dark-reared kittens exhibited a monocular deprivation-induced ocular 
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dominance shift at the age of seven to ten months (Cynader & Mitchell, 1980) which is well beyond 

the point at which monocular deprivation usually becomes ineffective. Prolonged periods of cortical 

plasticity following dark rearing have also been observed behaviourally. Monocular deprivation 

administered after the normal time frame of the critical period induced significantly more severe 

visual deficits in dark-reared cats than in light-reared ones (Timney, et al., 1980). 

More direct evidence relating to the role of GABAergic inhibition in critical period closure 

arises from studies on transgenic mice overexpressing BDNF. It has been well documented that 

increased levels of BDNF are associated with accelerated development of intracortical inhibitory 

circuitry (Huang, et al., 1999) associated with an early absence of ocular dominance plasticity 

(Hanover, et al., 1999). Similarly, overexpression of BDNF resulted in a timely closure of the critical 

period in dark-reared mice that usually exhibit an extended critical period (Gianfranceschi, et al., 

2003). 

The timing of critical period closure can also be manipulated by environmental enrichment. 

Bartoletti and colleagues (2004) reported that environmental enrichment reversed the effects of 

dark rearing resulting in appropriate timing of critical period closure in previously dark-reared rats. 

In normal animals, environmental enrichment accelerates visual development and leads to early 

closure of the critical period. This effect is accompanied by an increased intracortical concentration 

of BDNF (Cancedda et al., 2004; Ickes et al., 2000; Sale et al., 2004), an enhanced expression of the 

GAD65/67 enzyme, (Cancedda, et al., 2004) and increased production of IGF-1 (Ciucci, et al., 2007). 

Increased concentration of these intracortical substances is associated with accelerated 

development of GABAergic circuitry. 

These data strongly support the existence of the second threshold in the development of 

GABAergic inhibition denoting the end of the critical period (Figure 3.1). This time point is associated 

with a marked reduction in plasticity and therefore the brain becomes less predisposed to change in 

response to the environment. 
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Non-GABAergic mechanisms may also play a role in critical period closure. These include 

extracellular structural factors that are associated with restricted axonal growth and synaptic 

stabilisation such as Nogo-66 (NgR) protein and perineuronal nets. For example, ocular dominance 

plasticity is preserved in adult NgR-knockout mice (Mcgee, Yang, Fischer, Daw, & Strittmatter, 2005). 

Likewise, delayed development of perineuronal nets has been associated with delayed closure of the 

critical period (Pizzorusso et al., 2002). 

In summary, maturation of GABAergic circuitry seems to play an important role in 

modulating visual cortex plasticity. This makes it a feasible target in attempts to “reopen” the critical 

period to allow treatment of disorders such as amblyopia. 

3.2.1.3 “Reopening” of the Critical Period 

In terms of treating of amblyopia and other cortically based disorders in adults, restoring 

neural plasticity to levels found during the critical period is highly desirable. This would presumably 

allow for functional and physiological changes within a particular cortical region. In light of the 

considerable evidence suggesting that the tone of the GABAergic inhibition is a key factor in 

controlling of the critical period, specifically that intracortical inhibition gates plasticity, it is possible 

that reduced intracortical inhibition would reopen the critical period. Indeed, this possibility has 

been investigated in several studies involving pharmacological and environmental manipulations. 

Direct evidence that reduced GABAergic inhibition can restore plasticity to juvenile levels 

was provided by Harauzov et al. (2010). They infused the visual cortex of adult rats with picrotoxin 

(PTX) or 3-mercaptopropionic acid (MPA), drugs known to reduce GABAergic intracortical inhibition. 

PTX prevents GABA synthesis and MPA antagonises the action of GABA on its receptor. The visual 

cortices of adult rats infused with either drug exhibited enhanced plasticity manifested as a shift in 

ocular dominance after monocular deprivation. Another pharmacological intervention also 

associated with decreased GABA levels and restored visual cortex plasticity is administration of the 
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selective serotonin reuptake inhibitor fluoxetine (Maya-Vetencourt et al., 2008). Administration of 

fluoxetine to the adult rat visual cortex resulted in restoration of ocular dominance plasticity as well 

as recovery of function in eyes with deprivation amblyopia. This effect was accompanied by reduced 

concentrations of extracellular GABA. 

Other studies have investigated whether environmental manipulations that are associated 

with a reduction in intracortical GABA levels can also reopen the critical period. An example is dark 

rearing (He, et al., 2006). Three days of exposure to darkness reopened the critical period in adult 

mice. This was evidenced by a restoration of ocular dominance plasticity. Monocularly deprived age-

matched controls reared in normal lightning conditions did not exhibit such changes. Notably, 

besides the predicted decrease in GABA levels in the dark-exposed mice, intracortical N-methyl-D-

aspartate (NMDA) receptors were found to return to their juvenile form. These receptors are 

strongly associated with long term potentiation indicating that dark exposure enhanced neural 

plasticity (He, et al., 2006). A subsequent study from this research group demonstrated that dark 

exposure-induced plasticity can also rescue visual acuity in adult amblyopic mice directly raising the 

potential use of dark exposure as a treatment for adult amblyopia (He, Ray, Dennis, & Quinlan, 

2007). Another environmental manipulation associated with decreased intracortical GABA levels and 

enhanced plasticity is food restriction. A recent study showed that even a short period of fasting can 

significantly enhance ocular dominance plasticity and improve visual functions of the amblyopic eye 

in adult rats (Spolidoro et al., 2011). The direct causal role of decreased GABA levels in the 

restoration of plasticity in this study was supported by direct intracortical infusion of 

benzodiazepine, a GABAergic agonist. This drug blocked the fasting-induced visual cortex plasticity 

(Spolidoro, et al., 2011). 

Interestingly, environmental enrichment, an intervention associated with maturation of 

GABAergic inhibition and closure of the critical period in young animals, can also reopen the critical 

period when administered in adults (Baroncelli et al., 2012; Baroncelli, Sale, et al., 2010; Sale et al., 
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2007). This increase in plasticity has been demonstrated using measures of ocular dominance 

plasticity and a remarkable improvement in the visual acuity of previously deprived eyes, measured 

electrophysiologically (VEPs) and behaviourally. Apart from decreased GABA levels, environmental 

enrichment is also associated with an enhanced expression of BDNF (Baroncelli, Sale, et al., 2010; 

Sale, et al., 2007) and increased intracortical levels of serotonin. Serotonin seems to be the trigger 

for the plasticity enhancement as cortical infusion of a serotonin synthesis inhibitor prevents both 

the decrease in GABA levels and increased BDNF expression associated with environmental 

enrichment (Baroncelli, Sale, et al., 2010). This finding is in agreement with the plasticity enhancing 

effects of fluoxetine (Maya-Vetencourt, et al., 2008). A recent study also showed that environmental 

enrichment increases the release of the IGF-1 protein and also that direct intracortical 

administration of IGF-1 induces plasticity (Maya-Vetencourt, et al., 2012).  

It is counterintuitive that unregulated production of BDNF and IGF-1 which mediate critical 

period closure in the developing visual cortex, is also associated with enhanced plasticity in the adult 

brain. These findings suggest that BDNF and IGF-1 have a different association with GABA in the 

developing vs. the mature brain. In early development, the BDNF and IGF-1 seem to facilitate the 

development of GABAergic circuitry, whereas, in the adult brain they seem to further boost plasticity 

induced by a reduction in GABAergic inhibition. The exact relationship between BDNF and IGF-1 

expression and GABA levels is still to be elucidated (Baroncelli, Braschi, et al., 2010). 

Techniques such as the removal of perineuronal nets have also been implicated in reopening 

of the critical period (Pizzorusso, et al., 2002; Pizzorusso et al., 2006). However, the majority of 

studies in this field have targeted GABAergic inhibition (Table 3.1). As many interventions thought to 

reduce inhibition are safe and noninvasive, they may have therapeutic potential in humans. 

Furthermore, other techniques potentially capable of decreasing intracortical GABA concentration 

such as anodal tDCS (Spiegel, Hansen, Byblow, & Thompson, 2012; Stagg et al., 2009) have emerged 

as possible therapeutic interventions for amblyopia and other cortically based disorders in adults.  
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Table 3.1 Techniques Associated with Reopening of the Critical Period 

 Study Animal Species Intervention Proposed Mechanism of Action Outcome Measure 

Baroncelli et al. (2012) Rat Environmental enrichment Reduced GABA levels 
Behavioural visual acuity 
VEP visual acuity 
VEP ocular dominance 

Harauzov et al. (2010) Rat 

Intracortical infusion of 

 MPA 

 PTX 

Reduced GABA levels Single unit recordings of ocular dominance 

He et al. (2006) Rat Dark exposure 
Reduced GABA levels 
Restoration of a juvenile form of NMDA 
receptors 

VEP ocular dominance 

He et al. (2007) Rat Dark exposure 
Reduced GABA levels 
Restoration of a juvenile form of NMDA 
receptors 

VEP ocular dominance 

Huang et al. (2010) Rat Dark exposure Reduced GABA levels VEP ocular dominance 

Maya-Vetencourt et al. (2008) Rat Intracortical infusion of fluoxetine 
Reduced GABA levels 
Increased BDNF expression 

Behavioural visual acuity 
VEP visual acuity 
VEP ocular dominance 

Maya-Vetencourt et al. (2012) Rat Intracortical infusion of IGF-1 Reduced GABA levels 
VEP visual acuity 
VEP ocular dominance 

Morishita et al. (2010) Mouse Reduced expression of Lynx1 protein 
LTP enhanced by increased acetylcholine 
signalling 
 

VEP visual acuity 
Single unit recordings of ocular dominance 

Pizzorusso et al. (2002) Rat 
Intracortical infusion of chABC 
Dark rearing 

Decreased density of PNNs around visual 
neurons and/or GABA interneurons 

Single unit recordings of ocular dominance 

Pizzorusso et al. (2006) Rat Intracortical infusion of chABC 
Decreased density of PNNs around visual 
neurons and/or GABA interneurons 

Behavioural visual acuity 
VEP visual acuity 
Single unit recordings of ocular dominance 

Sale et al. (2007) Rat Environmental enrichment 
Reduced GABA levels 
Increased BDNF expression 

Behavioural visual acuity 
VEP visual acuity 
VEP ocular dominance 

Scali et al. (2012) Rat Environmental enrichment 
Reduced GABA levels 
Decreased density of PNNs 

Single unit recordings of ocular dominance VEP 
visual acuity 
VEP ocular dominance 

Spolidoro et al. (2011) Rat Food restriction 
Reduced GABA levels 
LTP enhanced by increased corticosterone 
levels 

VEP visual acuity 
VEP ocular dominance 

Tognini et al. (2012) Rat Environment enrichment 
Reduced GABA levels 
Increased BDNF expression 

Behavioural visual acuity 
VEP visual acuity 

MPA = 3-mercaptopropionic acid, PTX = picrotoxin, IGF-1 = insulin-like growth factor 1, chABC = chondroitinase-ABC, GABA = γ-aminobutyric acid, NMDA = N-methyl-D-aspartate, BDNF = brain derived 

neurotrophic factor, LTP = long term potentiation, PPNs = perineuronal nets, VEP = visual evoked potential
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CHAPTER 4 Noninvasive Brain Stimulation Techniques 

Noninvasive brain stimulation techniques allow for external modulation of neural activation 

and inhibition within the human brain. The two most commonly used noninvasive brain stimulation 

techniques are transcranial magnetic stimulation (TMS), and transcranial direct current stimulation 

(tDCS). Both of these techniques will be introduced in the following paragraphs with a particular 

focus on tDCS as this is the stimulation technique employed in the current research. 

4.1 Transcranial Magnetic Stimulation (TMS) 

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technique in 

which rapidly changing magnetic fields are used to induce a weak electric current within a particular 

cortical region, and was first introduced by Barker and colleagues (1985). Since that time this 

technique has developed into a valuable tool for investigating neurological function. 

TMS can be used as an indicator of cortical excitability. This is usually accomplished by 

delivering a single magnetic pulse (single pulse TMS) to a specific cortical region which causes the 

underlying neurons to fire. In the motor cortex, the strength of neuronal firing can be assessed using 

motor evoked potentials (MEPs). A MEP is an electrical potential recorded from a muscle which can 

indicate the amount of muscle activation caused by TMS-induced activity in the motor cortex. 

(Kaneko, Kawai, Fuchigami, Morita, & Ofuji, 1996). Both MEP threshold (the minimum TMS intensity 

eliciting a MEP) and MEP amplitude correlate with cortico-spinal excitability (Grunhaus, Polak, 

Amiaz, & Dannon, 2003; Stinear, Coxon, & Byblow, 2009). In the visual cortex, TMS-induced neuronal 

firing can manifest as a phosphene (Kammer, 1999). A phosphene is a brief transient visual percept 

that is not due to light entering the eye. The phosphene threshold (the minimum TMS intensity 

eliciting a phosphene) serves as a well-established measure of visual cortex excitability (Boroojerdi, 

Prager, Muellbacher, & Cohen, 2000; Gothe et al., 2002; Ziemann, 2011). 
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TMS can also be delivered as a train of pulses, a technique known as repetitive TMS (rTMS). 

rTMS can temporally alter activity within the stimulated cortical region. Depending on the frequency 

with which the pulses are delivered, rTMS can increase (high frequency > 10Hz) or decrease (low 

frequency < 1 Hz) neural excitability by altering the balance of excitation and inhibition within the 

stimulated area (Kim et al., 2006; Thickbroom, 2007). Importantly, the changes in neural excitability 

have been associated with promoting cortical plasticity (Cohen et al., 2010; Thompson, Mansouri, 

Koski, & Hess, 2008). 

A newer form of rTMS technique called theta burst stimulation (TBS) relies on a patterned 

delivery of TMS pulses whereby “bursts” of three pulses are given at 50 Hz and repeated every 200 

ms (Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005). The effects of TBS on neural excitability 

depend on the pattern of delivery of these bursts. Whereas in intermittent TBS (iTBS) the bursts are 

delivered for two seconds interleaved by eight seconds of rest, in continuous TBS (cTBS) the bursts 

are delivered uninterruptedly. iTBS then tends to increase, and cTBS tends to decrease cortical 

excitability. 

Both rTMS and TBS are capable of targeted regulation of cortical excitability have a great 

therapeutic potential for a range of neurological disorders (Ackerley, Stinear, Barber, & Byblow, 

2010; Hsu, Cheng, Liao, Lee, & Lin, 2012; Klein et al., 1999). 

4.2 Transcranial Direct Current Stimulation (tDCS) 

The idea of modulating human neuronal activity with an electric current has a long history. 

In fact, the first known transcranial electric stimulation was performed by Scribonius Largus who was 

a court physician of the Roman emperor Claudius. In 43 – 48 AD, he treated headaches by placing a 

live electric ray over a patient’s head (Priori, 2003). Modern research on the use of electric currents 

in medicine started when Luigy Galvani discovered that a dead frog leg twitched when hit by a spark 

created by an electrostatic generator (Stratbucker, 2009). Use of tDCS in its current form began in 
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the late 90s with a pioneering study conducted by Priory et al. (1998). The effects of short pulses (7 

s) of tDCS of the motor cortex were assessed using TMS-induced MEPs. Priory et al. demonstrated 

the feasibility of noninvasively alternating cortical excitability using tDCS in humans. Their study was 

followed by Nitsche and Paulus (2001) who also used MEPs as an indicator of cortical excitability, 

and demonstrated that tDCS-induced changes can last up to 90 minutes after the termination of 

stimulation. 

During tDCS a weak direct electric current is delivered through electrodes placed on the 

scalp in order to alter cortical excitability within a targeted cortical region. The direct current is 

usually generated by a battery-driven stimulator that is able to maintain a constant current strength 

connected to a pair of sponge-covered electrodes soaked in sterile saline. One electrode is 

positioned over the targeted cortical region (the stimulating electrode), and the second electrode is 

placed over a non-target area (the reference electrode). 

The position of the stimulating electrode is crucial to achieve the intended stimulation 

effects. This position is most commonly defined using the international 10-20 EEG system (Chatrian, 

Lettich, & Nelson, 1985). For example, it has been suggested that in order to stimulate the visual 

cortex, the Oz-Cz (stimulating-reference) electrode position is most effective (Antal, Kincses, Nitsche, 

Bartfai, & Paulus, 2004) where Oz refers to the occipital poles and Cz to a point on the top of the 

head equidistant from the nasion and the inion. This approach, however, carries some limitations in 

terms of individual variability such as differences in the real position of the target cortical region 

with regard to the 10-20 EEG coordinates (Jurcak, Tsuzuki, & Dan, 2007). 

As an alternative to the 10-20 EEG system, fMRI can be used to determine electrode 

positions for individual subjects. When using this approach, fMRI is used to determine the location of 

the region to be stimulated and the electrode is placed directly above this region. fMRI has been 

used to position tDCS electrodes over regions such as visual area MT+ (Thakral & Slotnick, 2011) or 
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the right parietal and prefrontal locations that receive input from visual areas during learning (Clark, 

Coffman, Garcia, et al., 2010). 

The ability of TMS to induce MEPs and phosphenes can also serve as a tool for determining 

the optimal tDCS electrode position over the motor or visual cortices. The scalp location (hot spot) 

that results in the most reliable MEPs for a particular muscle when stimulated with TMS can be used 

as a location for the tDCS electrode (Fregni et al., 2005). The same approach can be used to locate 

regions of the visual cortex that respond to stimulation by using TMS to induce phosphenes. 

In contrast to the simulating electrode, the reference electrode itself should ideally not have 

any effect on the underlying cortex. From this perspective, an extracephalic position such as the 

neck base (Accornero, Li Voti, La Riccia, & Gregori, 2007), shoulder (Monti et al., 2008) or upper arm 

(Moliadze, Antal, & Paulus, 2010) would be an ideal choice. However, extracephalic placement has 

been associated with adverse effects such as respiratory paralysis, presumably caused by 

modulation of respiratory centres in the brain stem (Lippold & Redfearn, 1964; Redfearn, Lippold, & 

Costain, 1964). A safer alternative is the use of a cephalic electrode with a large surface area. This 

approach minimises the current density under the reference electrode and renders the electrode 

functionally inert (Nitsche et al., 2007; Nitsche & Paulus, 2000). 

4.2.1 Safety of tDCS 

One of the reasons for an increasing interest in tDCS is that it is often considered to be safer 

than rTMS. The safety criteria for the use of tDCS in humans were first published by Nitsche et al. 

(2003) and were based on studies conducted in their laboratory. Even though the recommended 

limits on stimulation intensity and duration have been safely exceeded in more recent tDCS 

protocols, these early guidelines characterise the important safety considerations associated with 

tDCS. The most important safety parameter identified in the guidelines was current density, defined 

as stimulation strength (mA) divided by the electrode surface area (cm2) [mA/cm2]. Many current 
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tDCS protocols employ an intensity of 2 mA and use a 35 cm2 electrode which corresponds to a 

current density of approximately 0.06 mA/cm2. This is 240 times lower than densities (> 14.3 

mA/cm2) that induce brain damage in a rat model (Liebetanz et al., 2009). If the total duration of 

stimulation is considered as an additional factor then we can characterise the total charge as 

stimulation strength (mA) divided by electrode size (cm2) multiplied by the total stimulation duration 

(s) [C/cm2]. The safe limit of total charge in a rat model was 85714 C/m2 (Liebetanz, et al., 2009) 

whereas the total charge used in human studies is around 500 C/m2. Another concern discussed by 

Nitsche et al. (2003) was tissue damage caused by heating under the electrodes. However, practical 

experiments (Nitsche & Paulus, 2000) as well as theoretical computation (Datta, Elwassif, & Bikson, 

2009) suggest that the risk of such an incident is very improbable. In order to minimise metallic ion 

absorption through the skin it has been recommended, and has become standard, to use non-

metallic rubber electrodes wrapped in a saline-soaked sponge poach. With the advancing number of 

studies using tDCS and an absence of reported severe adverse effects, the limits for current 

intensity, stimulation duration and the frequency of repetition of tDCS in humans have tended to 

increase. Although the safety limits acquired in a rat model (Liebetanz, et al., 2009) cannot be 

directly transferred into humans, even the most intensive treatment regimens employed in current 

human studies can be considered very safe. 

The most commonly reported adverse effect of tDCS is a slight tingling sensation under the 

electrodes. This sensation usually disappears after the first few minutes of stimulation (Nitsche, 

Liebetanz, et al., 2003) and depends on the current intensity, salinity of the sponges and the shape 

of the electrode (Minhas, Datta, & Bikson, 2010). Moreover, this cutaneous perception can be 

minimised by “ramping up” and “ramping-down” the current intensity at the beginning and the end 

of stimulation. 

The results of both animal and human studies, therefore, indicate that anodal tDCS is a very 

safe brain stimulation technique with few adverse effects. 



 

49 

4.2.2 tDCS-Induced Effects on Cortical Excitability 

As stated above, the effects of tDCS depend on the charge of the stimulating electrode. 

Accordingly, we can distinguish between anodal and cathodal stimulation when the anode or 

cathode, respectively, is positioned over the targeted cortical region. Anodal tDCS tends to increase, 

and cathodal tDCS tends to decrease the excitability of the stimulated neuronal population (Antal, 

Nitsche, & Paulus, 2001; Nitsche & Paulus, 2001). These effects have been studied primarily in the 

motor and visual cortices and have been quantified both behaviourally and physiologically. 

4.2.2.1 tDCS of the Motor Cortex 

The motor cortex is possibly the most studied cortical region for the effects of tDCS. This is 

because the ability to elicit TMS-induced MEPs offers a unique opportunity to objectively quantify 

any shift in cortical excitability induced by tDCS. In early studies, this methodology helped to 

determine the basic polarity-specific effects of tDCS. Nitsche and Paulus. (2000) in their classic 

paper, showed that 5 minutes of anodal tDCS at 1 mA increased motor cortex excitability expressed 

as an increase in MEP amplitude. Cathodal stimulation had the opposite effect. These effects lasted 

for approximately ten minutes. They also showed that varying both the intensity and duration of 

tDCS significantly affected the stimulation effects. Specifically, shorter or weaker stimulation 

resulted in reduced stimulation effects. 

Long-lasting excitability shifts are one of the prerequisites for the potential use of tDCS as a 

therapeutic tool. It has been shown that longer stimulation times or increased tDCS intensity 

produces longer aftereffects (Monte-Silva, Kuo, Liebetanz, Paulus, & Nitsche, 2010; Nitsche, Nitsche, 

et al., 2003). However, there are limitations in terms of safety and comfort for the patient. A very 

promising method to prolong the stimulation aftereffects seems to be repeated administration of 

tDCS. For example, Monte-Silva et al. (2010) found that re-applying tDCS before the effects of a 

previous session had worn off prolonged the duration of the aftereffects for up to two hours. 
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Moreover, repeated administration of tDCS also increased the magnitude of cortical excitability 

shifts (Monte-Silva, et al., 2010). 

tDCS-induced excitability shifts in the motor cortex have been also quantified using BOLD 

fMRI. Antal et al. (2011) aimed to assess the changes in motor cortex excitability during short 

periods of anodal and cathodal tDCS while participants performed a finger tapping task or were at 

rest. Using a block design they alternated 20 seconds of either anodal or cathodal tDCS with 20 

seconds of no tDCS. Interestingly, they did not find any reliable alterations of the BOLD response for 

either stimulation condition. Conversely, excitatory aftereffects induced by longer durations of 

anodal motor cortex tDCS (10 or 20 min) have been found to increase the BOLD response within the 

motor cortex during hand or finger movement (Jang et al., 2009; Stagg, Bachtiar, et al., 2011). This 

discrepancy likely arises from the different durations of stimulation. 

In summary, studies of tDCS effects on the motor cortex have improved our knowledge of 

the parameters that influence the outcomes of tDCS and have provided a foundation for the 

application of tDCS to other cortical regions in healthy participants and clinical patients. 

4.2.2.2 tDCS of the Visual Cortex 

Although the majority of early tDCS studies have targeted the motor cortex, a number of 

more recent studies have investigated the effects of tDCS on the visual cortex. Antal et al. (2001) 

demonstrated that seven minutes of cathodal tDCS of the occipital poles resulted in significant 

decreases in both static and dynamic contrast sensitivity during and directly after tDCS. The effects 

lasted no more than ten minutes and anodal tDCS had no effect. The authors proposed that the 

absence of an anodal tDCS effect was due to a ceiling effect whereby the spatial frequency of the 

stimulus used in the study (4 cpd) was close to the peak of the human contrast sensitivity function 

and therefore no further improvement was possible. Conversely, anodal stimulation has been found 

to increase contrast sensitivity in a recent study using threshold perimetry (Kraft et al., 2010). 
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Furthermore, the results of this experiment indicated that the effects of tDCS are mostly restricted 

to the central 2° of the visual field. An explanation of this finding related to the retinotopic 

organisation of the calcarine sulcus. The cortical representation of the central visual field is located 

more superficially in the calcarine sulcus, and is therefore closer to the stimulating electrode (Engel 

et al., 1994) and presumably more susceptible to the local electric field induced by the stimulating 

electrode. Interestingly, cathodal stimulation did not have any reliable effect on contrast sensitivity 

in this study. These studies indicate that the effects of tDCS on visual cortical function may be 

quantified in terms of changes in contrast sensitivity under certain conditions.  

Another approach to assessing the effects of tDCS on the visual cortex is the use of 

phosphene thresholds (discussed in Section 4.1). The results of a study by Antal and colleagues 

(2003a) using this technique are in line with the behavioural findings on contrast sensitivity (Antal, et 

al., 2001; Kraft, et al., 2010). While anodal stimulation increased visuocortical excitability manifested 

as a decreased phosphene threshold (less intense TMS pulses were required to induce phosphenes 

after tDCS), cathodal stimulation had an opposite effect. Furthermore, the effects of both modes of 

tDCS lasted in excess of ten minutes after the end of the stimulation. 

The effects of tDCS on the primary visual cortex have been also evaluated using visual-

evoked potentials (VEPs) (Antal, Kincses, et al., 2004). In this study, cathodal tDCS decreased and 

anodal tDCS increased the amplitude of the N70 VEP component. In addition, cathodal stimulation 

tended to increase the amplitude of P100, albeit non-significantly. Intriguingly, the results of a later 

tDCS study also using VEP measurements (Accornero, et al., 2007) showed a different pattern 

whereby the P100 amplitude was increased by cathodal tDCS and decreased by anodal stimulation. 

Although the exact explanation for this discrepancy is unclear, the authors proposed two possible 

reasons. Firstly, they used a counterphasing checkerboard to induce a VEP, whereas Antal and 

colleagues (2004) used the onset and offset of a sinusoidal luminance grating pattern to induce a 

VEP. Secondly, the two studies differed in the position of the reference electrode, suggesting that 
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the position of the reference might play a role in the effects induced by tDCS. Although, sham tDCS 

was not used in these studies these results indicate that anodal and cathodal tDCS have opposite 

effects on the underlying cortex. 

The effectiveness of tDCS is not, however, restricted only to the primary visual cortex and 

basic visual functions. Studies have been conducted to investigate the effects of tDCS on extrastriate 

visual areas such as V5/MT. Antal et al. (2004) showed that anodal tDCS of V5/MT in the left 

hemisphere significantly improved learning progress in a visuo-motor task, possibly due to increased 

excitability within this region. 

Despite some contradictory results regarding the polarity specific effects of tDCS (Accornero, 

et al., 2007; Antal, Kincses, et al., 2004) it is apparent that tDCS of the primary visual cortex as well 

as tDCS of higher visual areas can modulate visual perception. While anodal stimulation tends to 

improve basic as well as higher visual processes, possibly due to increased cortical excitability, 

cathodal stimulation tends to induce the opposite effects. As these results are in accord with 

findings in the motor cortex, similar effects may occur when tDCS is delivered to other cortical 

regions. 

4.2.3 Mechanisms of Action 

As mentioned in the introduction to this chapter, the effects of tDCS are thought to be 

polarity dependent, whereby anodal stimulation results in an increase and cathodal stimulation in a 

decrease of neuronal excitability. There are several neural mechanisms that are thought to underlie 

these phenomena. 

4.2.3.1 Polarisation of the Synaptic Membrane 

Unlike TMS, tDCS does not induce an action potential in the stimulated neurons. Rather, it is 

thought to result in sub-threshold changes in the resting membrane potential of the stimulated 

neurons, whereby anodal tDCS depolarises and cathodal tDCS hyperpolarises the neuron (Purpura & 
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Mcmurtry, 1965). These changes are dependent on the direction of the electric current flow with 

respect to the orientation of the neurons, and result in an increased or decreased probability that 

the neuron will fire in response to synaptic input (Bindman, Lippold, & Redfearn, 1964; Creutzfeldt, 

Fromm, & Kapp, 1962). In an early in vivo study by Terzullo and Bullock (1956) it was shown that a 

direct current increased the spontaneous activity of a neuron when the current flowed from the 

axon to the dendrites. When the current direction was reversed, spontaneous activity decreased. 

Changes in membrane polarisation occur only during the course of tDCS. There are, 

however, aftereffects of the stimulation. These changes were first described in the late 1960s 

(Gartside, 1968). The aftereffects of direct current stimulation and their underlying mechanisms 

started being systematically studied with the advent of tDCS as a neurostimulation technique in 

humans. 

4.2.3.2 LTP and LTD-like Mechanisms of Action 

In their early work, Nitsche and Paulus (2000) reported aftereffects of tDCS lasting up to five 

minutes. They proposed that the aftereffects were driven by mechanisms related to long-term 

potentiation (LTP) or depression (LTP) in the case of anodal and cathodal stimulation, respectively. 

LTP refers to enhanced synaptic transmission caused by synchronised activity in the pre and 

postsynaptic neurons. Conversely, LTD refers to a decrease in synaptic transmission resulting from 

desynchronised neuronal activity (Cooke & Bliss, 2006). Later research supported the link between 

LTP/LTD mechanisms and tDCS. 

Liebetanz et al. (2002) employed orally administered dextromethorphan to assess the 

possible involvement of LTP and LTD mechanisms in motor cortex tDCS aftereffects in humans. This 

drug blocks the N-methyl-D-aspartate (NMDA) receptor which is thought to mediate both LTP and 

LTD. Indeed, dextromethorphan abolished both anodal and cathodal tDCS-induced aftereffects 

defined as a shift in MEP amplitude (Nitsche, Fricke, et al., 2003). Direct evidence of NMDA 
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involvement in tDCS induced effects came from an in-vitro study by Fritsch and colleagues (2010). It 

was found that pre-treatment of mice motor-cortex slices with the NMDA receptor antagonist D-

APV completely prevented the excitatory effects of anodal stimulation. 

 The importance of shifts in membrane potential on subsequent tDCS aftereffects has also 

been studied (Liebetanz, et al., 2002; Nitsche, Fricke, et al., 2003). Carbamazepne, which stabilises 

sodium channels in cell membranes selectively blocked anodal tDCS-induced aftereffects suggesting 

that membrane potential depolarisation is required for anodal tDCS-induced aftereffects (Liebetanz, 

et al., 2002). Similar results were found after administration of the calcium channel blocker 

flunarizine (Nitsche, Fricke, et al., 2003). Further insights into the role of LTP-like mechanisms in the 

aftereffects induced by anodal tDCS have come from in-vitro studies. Fritsch et al. (2010) 

demonstrated that anodal tDCS enhanced secretion of brain derived neurotrophic factor (BDNF) and 

activated its Tyrosine kinase (TrkB) receptor in slices of mouse cortex. BDNF is a neurotrophin that 

stimulates development and differentiation of new neurons, as well as synaptogenesis (Huang & 

Reichardt, 2001). 

These findings imply that tDCS modulates synaptic plasticity. Anodal tDCS is of particular 

interest in this regard as its ability to induce LTP-like effects that are strongly associated with 

plasticity makes it a promising tool in the treatment of neurological conditions. 

4.2.3.3 GABAergic Inhibition and tDCS 

The effect of tDCS that is possibly most relevant to amblyopia is a decrease in GABAergic 

inhibition that has been associated with anodal tDCS. It has been demonstrated that administration 

of lorazepam, an agonist of the GABAA receptor, attenuated the aftereffects of anodal tDCS (Nitsche 

et al., 2004) possibly by strengthening GABAergic inhibition. The involvement of GABAergic circuitry 

in the effects of anodal tDCS has also been supported by a recent study employing magnetic 

resonance spectroscopy. Stagg and colleagues (2009) measured the relative concentrations of GABA 
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and glutamate in the motor cortex following anodal, cathodal and sham tDCS. Interestingly, they 

found a significant decrease in GABA concentration after both anodal and cathodal stimulation. 

However, cathodal stimulation was also accompanied by a significant decrease in the concentration 

of the excitatory neurotransmitter glutamate. This suggests that anodal, but not cathodal tDCS, is 

capable of increasing excitability through a decrease in GABA-mediated inhibition. 

The efficacy of anodal tDCS in reducing GABAergic inhibition in the motor cortex has also 

been demonstrated behaviourally. Participants learned a visuomotor task while anodal tDCS was 

delivered to their motor cortex. The amount of learning participants exhibited was negatively 

correlated with the anodal tDCS-induced reduction in intracortical GABA concentration (Stagg, 

Bachtiar, et al., 2011) measured using magnetic resonance spectroscopy. Furthermore, the authors 

report that learning-related changes in the BOLD response within brain regions involved in this task 

were also negatively correlated with the tDCS-induced reductions in intracortical GABA 

concentration. Therefore the results of this study supported the ability of anodal tDCS to decrease 

intracortical GABA concentration and indicated an association between reduced GABAergic 

inhibition and enhanced learning. The ability of anodal tDCS to decrease GABAergic suppression has 

also been investigated in the visual cortex (Spiegel, Hansen, et al., 2012). Surround masking, a 

putative psychophysical measure of GABAergic inhibition within the visual cortex, was significantly 

reduced by anodal stimulation (CHAPTER 5). 

The ability of anodal tDCS to reduce the tone of intracortical inhibition within specific 

cortical regions has important implications. For example, the ability to reduce GABA-mediated 

inhibition may have a therapeutic benefit for neurological disorders associated with an excess of 

inhibition. These include Rett syndrome, Down syndrome, autism, schizophrenia and amblyopia 

(Baroncelli et al., 2011; Gonzalez-Burgos, Fish, & Lewis, 2011; Sengpiel & Blakemore, 1996) . 
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4.2.4 Additional Factors that Influence the Effects of tDCS 

In addition to parameters that can be manipulated by the experimenter such as the size and 

position of the electrodes, and the duration, intensity and timing of tDCS, there are other factors 

that can affect the outcome of tDCS. These include recent activity within the stimulated neuronal 

population and the gender of the participant. 

4.2.4.1 The State of the Stimulated Neuronal Population 

There is an emerging consensus that the effects of brain stimulation techniques are 

dependent on the state of the stimulated neuronal population. Specifically, the effects of excitatory 

stimulation tend to be more pronounced for neurons with a recent history of suppression and the 

effects of inhibitory stimulation are usually more pronounced for recently activated neurons. This 

concept, sometimes referred to as the theory of homeostatic metaplasticity, is based on the idea 

that the level of neuronal activation tends to vary within a physiologically advantageous range. 

Evidence supporting this hypothesis comes mainly from studies employing rTMS (Iyer, Schleper, & 

Wassermann, 2003; Ridding & Rothwell, 2007; Silvanto & Pascual-Leone, 2008), however, the 

concept of homeostatic metaplasticity is usually thought to be applicable to all types of noninvasive 

brain stimulation techniques including tDCS (Abraham, 2008). 

There is also evidence that on-going neural activity in the stimulated area can enhance the 

effects of tDCS. For example, using an in vitro mouse model, Fritsch et al. (2010) found that synapse 

specific activation was required to elicit long lasting effects of tDCS. This is in agreement with several 

recent studies suggesting that task specific activation of the stimulated neuronal population can 

enhance the beneficial effects of anodal stimulation. For example, stroke patients improved in 

naming pictures only when anodal tDCS was delivered during task performance (Baker, Rorden, & 

Fridriksson, 2010; Fridriksson, Richardson, Baker, & Rorden, 2011). Similarly, an improvement in 

motor performance has been reported for stroke patients when anodal tDCS of the lesioned 

hemisphere was combined with a specific motor task (Kim, Ohn, Yang, Park, & Jung, 2009). 
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In summary, the state of the neuronal population is an important factor in mediating the 

effects of tDCS. While neural activation is necessary to achieve long lasting excitatory effects (Fritsch, 

et al., 2010), a history of high levels of activation can diminish the effects of excitatory brain 

stimulation techniques. 

4.2.4.2 Gender 

Gender is another factor that can potentially affect the outcome of tDCS. To date only one 

study has focused directly on the difference in tDCS response between males and females. Boggio 

and colleagues (2008) applied anodal tDCS over left temporal cortex (the cathode was placed over 

the opposite hemisphere) in order to investigate tDCS effects on the recognition of facial expressions 

in males and females. Their stimulation protocol led to increased performance in females and 

decreased performance in males, compared to sham stimulation. The effect of gender on tDCS 

effects has also been investigated using retrospective data analysis (Chaieb, Antal, & Paulus, 2008; 

Kuo, Paulus, & Nitsche, 2006). Kuo et al. (2006) re-evaluated the results of previous tDCS studies and 

concluded that the acute effects and aftereffects of cathodal stimulation were stronger in females 

compared to males. They did not report any significant differences between the two genders in the 

response to anodal stimulation. Different results were, however, reported by Chaieb et al. (2008). 

There were no significant differences between the genders for the aftereffects of cathodal 

stimulation, whereas anodal stimulation was found to induce stronger aftereffects in females. 

Finally, some research groups report no differences between males and females (Ferrucci et al., 

2009) in their response to tDCS. Therefore the relationship between gender and tDCS effects 

remains unclear; however, it is plausible that gonadal hormones may influence neural responses to 

tDCS (Ridding & Ziemann, 2010). 

4.2.5 Anodal tDCS and Learning 

As anodal tDCS has been found to exert effects similar to LTP, a process tightly linked to 

learning, it has been hypothesised that anodal tDCS can facilitate learning. Indeed, several studies 
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have supported this idea. For instance, Chi and colleagues (2010) found that anodal stimulation of 

the right anterior temporal lobe together with cathodal stimulation of the left anterior temporal 

lobe enhanced visual memory by 110%. An opposite montage (cathode over the right anterior 

temporal lobe and anode over the left anterior temporal lobe) or sham tDCS did not improve 

participants’ memory performance (Chi, et al., 2010). Also, it has been suggested that learning of 

numerical abilities can be enhanced by tDCS. In a recent study, Cohen et al. (2010) showed that 

anodal stimulation of the left parietal lobe enhanced acquisition of new mathematical skills. Notably, 

the effects were still present after six months. Language-related learning can also be affected by 

tDCS. Specifically, anodal tDCS of the left dorsolateral prefrontal cortex improved naming abilities 

demonstrated by faster reaction times when naming objects (Fertonani, et al., 2010). Likewise, 

anodal stimulation of the left superior temporal cortex (Wernicke’s area) significantly accelerated 

learning of novel object names (Flöel, et al., 2008). 

Finally, anodal tDCS over both inferior frontal cortices has been found to significantly 

enhance discovery learning. This term refers to the acquisition of new skills during unguided self-

directed exploration of an environment. Clark and colleagues (2010) used fMRI to identify the 

cortical regions involved in the identification of concealed objects in a virtual environment. 

Subsequent anodal stimulation of these regions during task performance significantly improved 

performance. 

4.2.6 Therapeutic Use of tDCS in Cortically Based Disorders 

In addition to studies of healthy participants, there are a growing number of recent studies 

focusing on the use of tDCS as a therapeutic intervention for variety of neurological disorders. For 

example, tDCS has been shown to be effective in improving the symptoms of a variety of psychiatric 

conditions. Results of sham-controlled studies have shown that anodal tDCS of the left dorsolateral 

prefrontal cortex can be used in the treatment of major depression (Boggio, Rigonatti, et al., 2008; 

Ferrucci, et al., 2009; Fregni, Boggio, Nitsche, et al., 2006; Loo et al., 2010). In addition, anodal 
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stimulation of the left, combined with cathodal stimulation of the right dorsolateral prefrontal 

cortex, was found to significantly decrease smoking craving (Boggio et al., 2009). Conversely, food 

craving was reduced by the opposite electrode configuration (Fregni et al., 2008) and, finally, both 

electrode configurations reliably reduced alcohol craving in comparison to sham (Boggio, Sultani, et 

al., 2008). These studies also provided evidence that repeated sessions of tDCS across consecutive 

days can result in long lasting effects (Boggio, et al., 2009; Ferrucci, et al., 2009). 

There is also a growing body of evidence suggesting that tDCS can be a valuable therapeutic 

intervention for stroke rehabilitation. As functional recovery after stroke is strongly determined by 

the balance of excitability between the lesioned and non-lesioned hemispheres (Duque et al., 2005; 

Murase, Duque, Mazzocchio, & Cohen, 2004), the ability of both anodal and cathodal tDCS to 

improve recovery from stroke has been investigated. While anodal tDCS has been employed to 

increase the excitability of the lesioned hemisphere, cathodal tDCS has been used to decrease the 

excitability of the non-lesioned hemisphere. 

Using this approach, improvements in motor performance in subacute stroke patients have 

been reported following anodal stimulation of the lesioned hemisphere (Hummel et al., 2005; 

Hummel et al., 2006; Kim, et al., 2009). Furthermore, these effects can be enhanced by daily tDCS 

administration (Boggio et al., 2007). The use of cathodal tDCS over the non-lesioned hemispheres 

assumes two mechanisms contributing to the rebalancing of interhemispheric excitability. The first is 

a direct down-regulation of the excitatory neurons in the non-lesioned hemisphere. The second 

assumes a cathodal tDCS-mediated down-regulation of neurons within the non-lesioned hemisphere 

that mediate transcallosal inhibition of the lesioned hemisphere. The resulting reduction of 

transcallosal inhibition results in increased excitability of the lesioned hemisphere and improved 

motor function in stroke patients (Fregni, et al., 2005). Finally, the combination of anodal stimulation 

of the affected and cathodal stimulation of the non-lesioned hemisphere has been found to enhance 

recovery in patients with chronic stroke (Lindenberg, et al., 2010) to a greater extent than the use of 
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anodal stimulation alone (Vines, Cerruti, & Schlaug, 2008). Boggio et al. (2007) found that five 

consecutive daily sessions of tDCS in this bilateral configuration induced aftereffects lasting up to 

two weeks. Such enduring effects hold great promise for the use of tDCS in stroke rehabilitation. 

Recently, anodal tDCS has also been employed as a therapeutic tool in visual rehabilitation. 

Plow and colleagues (2011) combined anodal tDCS with Vision Restoration Therapy (VRT) in patients 

with post-stroke visual field loss. VRT involves the detection of visual stimuli repeatedly presented at 

the “transition zone”; the region of the visual field at the edge of the patient’s scotoma. In their pilot 

study (Plow, et al., 2011), two patients underwent three months of treatment consisting of two 30-

minutes VRT sessions three times per week. One patient always received anodal tDCS of the occipital 

poles and the second patient received sham stimulation. Comparison of the visual field assessments 

revealed more of a pronounced expansion of the visual field border into the scotoma region in the 

patient who received anodal stimulation. In their later study (Plow, Obretenova, Fregni, et al., 2012), 

these results were replicated in a sample of 12 patients. The anodal tDCS patients manifested a 

significantly larger expansion of the visual field border and an increase in stimulus detection 

accuracy compared to the sham tDCS patients. Although the effects of VRT itself have been 

questioned (Bouwmeester, Heutink, & Lucas, 2007) these results imply beneficial effects of anodal 

tDCS in visual rehabilitation. 

The results of these recent tDCS studies suggest that anodal tDCS has therapeutic potential 

in the treatment of cortically based disorders. Amblyopia, a neurodevelopmental disorder closely 

associated with an abnormal balance of excitation and inhibition within the visual cortex, is clearly a 

candidate for the potential therapeutic use of anodal tDCS. 

4.2.7 Anodal tDCS and Amblyopia 

It has been shown that visual function of amblyopic eyes can be manipulated by non-

invasive brain stimulation techniques. For example, both 1 Hz and 10 Hz rTMS of the visual cortex 
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temporarily improved contrast sensitivity of the amblyopic eye directly after and 30 minutes after 

stimulation (Thompson, et al., 2008). This finding suggests that brain stimulation techniques have 

the potential to improve visual processing in patients with amblyopia. 

As discussed in Section 2.5, there is emerging evidence indicating that active interocular 

suppression is a key factor in both the monocular and binocular visual deficits associated with 

amblyopia. For example, Li et al. (2011) demonstrated that the degree of visual impairment in the 

amblyopic eye is positively correlated with the strength of interocular suppression. Furthermore, a 

reduction of suppression following dichoptic therapy results in improvements in both monocular and 

binocular visual functions in adults with amblyopia (Hess, Mansouri, et al., 2010a, 2010b; To, et al., 

2011). 

These findings in humans are supported by animal studies (Burchfiel & Duffy, 1981; Duffy, et 

al., 1985; Sengpiel, et al., 2006). Pharmacological reduction of GABA-mediated inhibition reduced 

suppression, increased the response of cells to input from the amblyopic eye, and restored the 

binocularity of neurons within the visual cortex of monocularly deprived cats. GABAergic inhibition 

within the visual cortex has also been associated with plasticity. It has been established that reduced 

GABAergic inhibition within the adult visual cortex enhances plasticity and allows for recovery from 

experimentally induced amblyopia in adult animals (Harauzov, et al., 2010; He, et al., 2007; Maya-

Vetencourt, et al., 2008; Spolidoro, et al., 2011). 

As discussed in Section 4.2.3.3, several recent studies have provided evidence that anodal 

tDCS can reduce GABAergic inhibition possibly by lowering GABA concentration in the cortex 

(Nitsche, et al., 2004; Spiegel, Hansen, et al., 2012; Stagg, Bachtiar, et al., 2011; Stagg, et al., 2009). 

Anodal tDCS has also been associated with LTP-like mechanisms (Fritsch, et al., 2010; Liebetanz, et 

al., 2002; Nitsche, Fricke, et al., 2003) that may be directly associated with increased neural 

plasticity. 
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These data indicate that anodal tDCS might promote recovery from adult amblyopia by 

decreasing GABAergic inhibition and increasing plasticity of the visual cortex. This hypothesis is the 

focus of the experimental chapters that follow. 
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CHAPTER 5 Anodal Transcranial Direct Current Stimulation Reduces 
Psychophysically Measured Surround Suppression in the 
Human Visual Cortex 

This chapter has been published in PLoS One; Spiegel DP, Hansen BC, Byblow WD, Thompson 

B. Anodal transcranial direct current stimulation reduces psychophysically measured surround 

suppression in the human visual cortex. PLoS One. 2012;7(5):e36220. 

5.1 Abstract 

Transcranial direct current stimulation (tDCS) is a safe, non-invasive technique for transiently 

modulating the balance of excitation and inhibition within the human brain. It has been reported 

that anodal tDCS can reduce both GABA mediated inhibition and GABA concentration within the 

human motor cortex. As GABA mediated inhibition is thought to be a key modulator of plasticity 

within the adult brain, these findings have broad implications for the future use of tDCS. It is 

important, therefore, to establish whether tDCS can exert similar effects within non-motor brain 

areas. The aim of this study was to assess whether anodal tDCS could reduce inhibitory interactions 

within the human visual cortex. Psychophysical measures of surround suppression were used as an 

index of inhibition within V1. Overlay suppression, which is thought to originate within the lateral 

geniculate nucleus (LGN), was also measured as a control. Anodal stimulation of the occipital poles 

significantly reduced psychophysical surround suppression, but had no effect on overlay 

suppression. This effect was specific to anodal stimulation as cathodal stimulation had no effect on 

either measure. These psychophysical results provide the first evidence for tDCS-induced reductions 

of intracortical inhibition within the human visual cortex. 

5.2 Introduction 

Transcranial direct current stimulation (tDCS) is becoming widely used as a technique for non-

invasively manipulating excitability in the human cortex (Angelakis & Liouta, 2011; Antal, et al., 

2003a; Antal, Kincses, Nitsche, & Paulus, 2003b ; Nitsche & Paulus, 2000, 2001). During tDCS, a weak 
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direct current is delivered to a specific cortical region using two electrodes placed on the scalp. The 

stimulation can result in a polarity specific change in neural excitability, whereby cathodal tDCS 

tends to reduce excitability and anodal tDCS tends to increase excitability (Antal, et al., 2003b; 

Nitsche & Paulus, 2000). In addition, it has recently been demonstrated that anodal tDCS can reduce 

intracortical inhibition (Boros, Poreisz, Munchau, Paulus, & Nitsche, 2008; Stagg & Nitsche, 2011), 

possibly by lowering GABA concentration (Stagg, et al., 2009). The implications of this property of 

tDCS are significant as abnormal inhibitory interactions have been implicated in a number of 

neurological disorders such as Rett syndrome, Down syndrome, autism, schizophrenia and 

amblyopia (Baroncelli, et al., 2011; Gonzalez-Burgos, et al., 2011). Furthermore GABA mediated 

inhibition has been identified as a key factor in gating plasticity in the adult brain and in the adult 

visual cortex in particular (Bavelier, Levi, Li, Dan, & Hensch, 2010; Huang, et al., 2010; Maya-

Vetencourt, et al., 2008; Sale, et al., 2010; Sale, et al., 2007). Based on previous work focusing on the 

human motor cortex (Boros, et al., 2008; Nitsche, et al., 2004; Stagg, et al., 2009; Stagg & Nitsche, 

2011), this study was designed to test the hypothesis that anodal tDCS could reduce GABA mediated 

inhibition within the human primary visual cortex. 

There are two distinct suppressive neurophysiological mechanisms within the visual system 

that can reduce the response of a cell to a stimulus when a “target” stimulus is presented in 

conjunction with a “mask”. These two types of suppression are distinguished by the position of the 

mask with respect to the neuron’s receptive field. Surround suppression occurs when the mask 

surrounds the target (Cavanaugh, Bair, & Movshon, 2002; Deangelis, Freeman, & Ohzawa, 1994) and 

overlay suppression (also known as cross-orientation masking) occurs when the mask is 

superimposed upon the target (Deangelis, Robson, Ohzawa, & Freeman, 1992; Morrone, Burr, & 

Maffei, 1982; Petrov, Carandini, & Mckee, 2005). Analogues of these effects can be measured 

psychophysically, whereby the contrast detection threshold for a target stimulus is increased in the 

presence of a surround or overlay mask (Petrov, et al., 2005). 
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Surround suppression is thought to originate within the primary visual cortex (Akasaki, Sato, 

Yoshimura, Ozeki, & Shimegi, 2002; Osaki, Naito, Sadakane, Okamoto, & Sato, 2011; Walker, 

Ohzawa, & Freeman, 2000) and recent studies strongly imply that surround suppression involves 

GABA mediated inhibition (Fu et al., 2010; Yoon et al., 2010; Yoon et al., 2009). For example, it has 

been demonstrated that psychophysical measures of surround suppression are correlated with 

GABA concentration within the visual cortex (Yoon, et al., 2010). 

Conversely, neurophysiological studies in the cat suggest that overlay suppression depends on 

LGN inputs to V1 (Bonin, Mante, & Carandini, 2005; Freeman, Durand, Kiper, & Carandini, 2002; Li, 

Thompson, Duong, Peterson, & Freeman, 2006; Priebe & Ferster, 2006) and that this type of 

suppression is not reliant upon GABA mediated inhibition within the visual cortex (Katzner, Busse, & 

Carandini, 2011). This is in agreement with the findings of Petrov et al. (2005) who demonstrated 

psychophysically that overlay suppression precedes surround suppression within the human visual 

pathway. Specifically, it was shown that an orthogonal overlay mask superimposed on the surround 

mask, reduced the inhibitory effects of the surround mask on target detection. In other words, the 

surround mask was suppressed by the overlay mask. Conversely, the addition of a surround mask did 

not influence the inhibitory effect of an overlay mask on target detection (2005).  

Previous studies have demonstrated that tDCS can influence neural activity within the human 

visual cortex (Antal, Nitsche, & Paulus, 2006; Antal & Paulus, 2008). For example, Antal at al. (2003a) 

reported a decrease in phosphene threshold (increased excitability) following anodal tDCS and an 

increase in phosphene threshold (reduced excitability) following cathodal tDCS of the primary visual 

cortex. tDCS of the primary visual cortex has also been shown to influence visual evoked potentials 

(VEPs) whereby anodal stimulation increased and cathodal stimulation decreased the amplitude of 

the N70 VEP component (Antal, Kincses, et al., 2004). Opposite results have been reported for the 

P100 component of the VEP (Accornero, et al., 2007). It has also been demonstrated that tDCS of the 

visual cortex can influence visual perception. In a recent study, Kraft and colleagues (2010) reported 
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a polarity-specific change in contrast sensitivity measured using threshold perimetry. Anodal tDCS 

increased contrast sensitivity within the central 2° of the visual field whereas cathodal tDCS had no 

effect. Conversely, Antal et al. (2001) found no improvement in contrast sensitivity after anodal tDCS 

but a decrease in sensitivity after cathodal tDCS. 

To assess whether anodal tDCS could reduce inhibitory interactions within the human visual 

cortex, we measured the effect of anodal primary visual cortex tDCS on psychophysical measures of 

surround suppression. To control for any general effects of tDCS we also applied cathodal 

stimulation to the visual cortex, as cathodal stimulation is not thought to reduce inhibition within 

the stimulated brain area (Stagg, et al., 2009). As an additional control we also assessed the effects 

of both anodal and cathodal stimulation on overlay suppression. Since overlay suppression is 

thought to originate within the LGN and does not appear to recruit GABA mediated inhibitory 

networks, we did not anticipate a measureable effect of tDCS on this type of suppression. 

5.3 Materials and Methods 

5.3.1 Ethics Statement 

This study was approved by the Northern X Regional Ethics Committee, New Zealand and all 

study protocols were in accordance with the Declaration of Helsinki. All participants gave full written 

informed consent prior to taking part in the study. 

5.3.2 Subjects 

Eleven healthy participants (four females) aged between 23 and 32 years (mean 28.9 years) 

gave written informed consent. All participants completed baseline psychophysical measurements, 

however, one participant did not show evidence of surround or overlay suppression and was 

excluded from the study. Therefore data for 10 participants are reported below. All of the 

participants had normal or corrected to normal vision and wore their habitual optical correction 

during testing. 
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5.3.3 Stimuli 

The stimuli were based directly on those used in previous psychophysical studies of visual 

masking (Petrov, et al., 2005; Petrov & Mckee, 2006) and are shown in Figure 5.1. The target 

stimulus was an obliquely oriented (45°) Gabor patch (a sinusoidal luminance pattern presented 

within a Gaussian envelope) subtending 0.45° of visual angle with a spatial frequency of 3.5 cpd and 

a variable contrast. The target stimulus was presented either above or below fixation at an 

eccentricity of 1.2°. This eccentricity was chosen for two reasons. Firstly, it has previously been 

demonstrated that surround suppression cannot be measured in the fovea using a psychophysical 

paradigm involving contrast thresholds (Petrov, et al., 2005). Secondly, the effect of tDCS has been 

shown to be less pronounced in the peripheral visual field (Datta, Elwassif, Battaglia, & Bikson, 2008; 

Kraft, et al., 2010), presumably due to the retinotopic organisation of the calcarine sulcus, whereby 

the central visual field is represented more superficially than the periphery (Engel, et al., 1994). Our 

chosen eccentricity therefore provided a suitable compromise between these two factors. In order 

to reduce uncertainty regarding the location of the target, the two potential target locations were 

indicated by thin low contrast circles (Petrov, et al., 2005) (Figure 5.1). The surround mask consisted 

of a 2.18° diameter annulus constructed from a sinusoidal grating of 40% Michelson contrast defined 

as 
Ia−Ib

Ia+Ib
, where Ia = maximum luminance and Ib = minimum luminance, and with the same spatial 

frequency and phase as the target. The inner edge of the annulus was located 0.37° from the centre 

of the target. The overlay mask consisted of a Gabor patch of 20% Michelson contrast identical to 

the target stimulus in size, spatial frequency and phase. The stimuli were presented on a uniform 

grey background (luminance 27 cd/m2). 
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Figure 5.1 Psychophysical Stimuli 

The target is located above the fixation cross in all panels. Panel A. shows the no mask condition for which only the target was 

shown. Panel B shows the surround masking condition (mask orientation offset 0°). Panel C shows the overlay mask condition 

with a mask orientation offset of 0° (i.e. the mask and target are collinear). Under these conditions the mask and target 

contrast is summed and target detection is facilitated. Panel D shows the overlay mask condition with a mask orientation offset 

of 35° which suppresses the target (increases the detection threshold). Note that the targets are shown at high contrast in this 

figure for illustrative purposes. 

 

To determine the contrast detection threshold of the target in both masked and unmasked 

conditions, we employed a two-alternative forced choice (2AFC) paradigm in which the target 

appeared either above or below the fixation cross and a standard 1-up-2-down adaptive staircase 

procedure (Leek, 2001) in which the target contrast was varied using a step size of 0.5% Michelson 

contrast over 12 staircase reversals. The starting contrast was 20%. Although eye movements were 

not recorded as part of this study, participants were thoroughly trained on the task to ensure that 

they were able to maintain stable fixation and make perceptual judgements in the near periphery. In 

addition, the stimuli were presented for 150 ms, a duration short enough to prevent eye movements 

(Darrien, Herd, Starling, Rosenberg, & Morrison, 2001; Yang, Bucci, & Kapoula, 2002).  

The self-paced task was to report whether the target was presented above or below the 

fixation cross. The detection threshold was calculated as the average of the last five reversals of the 

staircase. Each threshold was measured 4 times per session. In the masking conditions, identical 
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masks were presented both above and below the fixation cross. Following Petrov et al. (2005), the 

suppressive effect of the masks on contrast detection thresholds for the target was quantified as a 

suppression factor, a well-established measure of visual masking (Freeman, et al., 2002; Heggelund 

& Moors, 1983). The suppression factor was defined as the contrast detection threshold of the 

masked target divided by the contrast threshold of the target alone. If the presence of a mask 

increased the target detection threshold, the suppression factor was greater than 1, whereas a 

suppression factor less than 1 implied mask-induced facilitation. The four threshold measurements 

for each condition were averaged prior to the calculation of the suppression factor.  

 The stimuli were generated using PsychToolBox version 3.0.8 for MatLab installed on Mac 

Mini 2 GHz Intel Core 2 Duo, 4 GB 1067 MHz DDR3 and viewed on a Sony CPD G520 CRT screen with 

resolution of 1600 x 1200 pixels and a refresh rate of 85 Hz. The monitor was linearly calibrated 

using a Minolta LS-106 luminance meter, and a bit–stealing algorithm (Bex, Mareschal, & Dakin, 

2007; Tyler, 1997) was used to yield 10.8 bits of luminance resolution. Participants were seated in a 

comfortable chair and viewed the display screen from a distance of 1 meter. As it has been shown 

that binocular viewing may protect against the effects of non-invasive brain stimulation on a visual 

perceptual task (Saint-Amour, Walsh, Guillemot, Lassonde, & Lepore, 2005), possibly by providing a 

more robust cortical representation of the visual stimuli (Meese, Georgeson, & Baker, 2006), 

participants viewed the stimuli monocularly with an opaque patch over their non-dominant eye. 

5.3.4 Procedure 

The study had two phases to allow for psychophysical measurements of overlay and surround 

suppression to be conducted within a timeframe suitable for tDCS stimulation (Figure 5.2). Firstly, 

each participant completed a set of baseline measurements where contrast detection thresholds for 

the target stimulus were assessed across a range of overlay and surround mask orientations. A mask 

orientation that produced measureable suppression was then selected for each individual 

participant for each of the two mask types (overlay and surround). This resulted in a set of three 
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stimuli for the measurements made during tDCS stimulation: 1) the no mask condition, 2) an overlay 

mask condition with the mask fixed at a chosen orientation and 3) a surround mask condition with 

the mask fixed at a chosen orientation. These stages are described in detail below. 

 

Figure 5.2 Experimental Design 

The study had two phases. Firstly baseline measurements of both types of suppression were quantified across a range of mask 

orientations (A). One orientation that produced measureable suppression was then chosen for each type of mask for 

psychophysical measurements made during anodal and cathodal tDCS (B and C). The sequence of stimulus presentation was 

randomised within each session. 

 

5.3.4.1 Baseline Measurements 

Two baseline measurement sessions were conducted. The first was conducted to ensure that 

the participants were familiar with task and the second provided threshold estimates that were used 

in the second stage of the study. Each baseline measurement session consisted of contrast detection 

measurements for the target alone, the target with an overlay mask and the target with a surround 

mask. Both the overlay and surround masks were presented at six different orientation offsets from 

the target orientation; 0° (collinear with the target), 5°, 10°, 15°, 25° and 35°. The conditions were 
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measured in a randomised sequence and the threshold for each condition was measured 4 times. 

Participants were advised of the upcoming condition by a text prompt presented on the stimulus 

display screen prior each staircase. In addition, three staircases (one target alone, one with an 

overlay mask and one with a surround mask) were measured at the start of each session to provide 

practise trials. This gave a total of 55 staircase measurements per baseline session, 4 staircases for 

the target only condition, 48 staircases for the target plus mask conditions (2 masks x 6 orientations 

x 4 staircases = 48) and three practise staircases. Each session was split into two blocks to avoid 

fatigue. 

5.3.4.2 Selection of Mask Orientations for the Use During tDCS 

One overlay mask orientation and one surround mask orientation were chosen from the 

baseline measurements for use during tDCS on an individual participant basis. Mask orientations 

were selected with the aim of having as a little variation as possible across the chosen orientations. 

An inspection of the baseline data for all participants revealed that 5/10 participants showed reliable 

suppression (defined as a suppression factor greater than 1.1) at an orientation offset of 10° for both 

mask types. Therefore a 10° mask orientation offset was chosen for this group for both masks. For 

the remaining five participants we selected the surround mask orientation offset that resulted in the 

strongest suppression and the closest overlay mask orientation offset that resulted in the same or 

higher level of suppression. Individual mask orientations and baseline suppression factors for both 

masking conditions are provided in Table 5.1. 

5.3.4.3 Measurements Made During tDCS 

To assess anodal tDCS-induced effects on overlay and surround masking, all participants 

attended two sessions each consisting of 12 randomly sequenced staircases completed during tDCS 

of the visual cortex. Anodal stimulation was delivered to the visual cortex in one session and 

cathodal stimulation, which is not thought to reduce inhibitory interactions within the human 

cortex, was delivered in the other session as an active control. The order of these sessions was 
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randomised and the sessions were separated by at least two days. The contrast detection threshold 

for the target stimulus was measured 4 times for each condition (no mask, overlay mask and 

surround mask) in a randomised sequence. The orientations of the surround and overlay masks were 

selected from the baseline psychophysical measurements on an individual participant basis as 

described above. Baseline measurements were not repeated directly prior to tDCS administration to 

avoid fatigue and any associated variability in the psychophysical data. However, the behavioural 

task was designed to account for this. All three stimulus configurations were measured during each 

tDCS session (target-alone, target + surround and target + overlay). As the suppression factor for a 

particular test session was calculated with reference to the target-alone threshold measured during 

that specific session, the data were robust to factors affecting general task performance. In addition, 

any between session variability would have been equally distributed across the anodal and cathodal 

(control) stimulation sessions. The minimal interval between the baseline and measurements and 

the first tDCS session was 2 hours and the mean was 17 days (SEM = 4). When there was an interval 

longer than 14 days between any two sessions, a subject completed a minimum of 22 staircases in 

order to re-familiarise them with the task and ensure that baselines were stable. 

5.3.5 Transcranial Direct Current Stimulation 

tDCS was generated using a 9V battery driven direct current stimulator (Chattanooga Ionto, 

USA) and delivered via a pair of rubber electrodes (Speds Medica S.r.l., Italy) covered in saline-

soaked sponges. The size of the stimulating electrode was 72 x 60 mm and the size of the reference 

electrode was 115 x 95 mm, rendering the large reference electrode inert due to low current density 

(Nitsche, et al., 2007). The positioning of the electrodes was adopted from previous tDCS studies 

related to vision (Antal, Kincses, et al., 2004; Antal, et al., 2003a, 2003b; Antal, et al., 2001, 2006; 

Antal & Paulus, 2008) whereby the stimulation and reference electrode were centred over Oz and Cz 

respectively, in accordance to the international 10-20 EEG system (Chatrian, et al., 1985). It has been 

suggested that tDCS has shorter lasting aftereffects for the visual cortex than for other cortical areas 
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and it is known that the aftereffects decay over time (Antal, et al., 2003a; Lang et al., 2007). As the 

suppression factor calculation used in this study required comparisons between measurements that 

were made over the course of several minutes, we chose to perform the psychophysical 

measurements during stimulation rather than after stimulation. This was because we assumed that 

the effects of tDCS would be more stable over time during stimulation than after stimulation.  

For both anodal and cathodal stimulation, the current was initially ramped up over 31 seconds 

to an intensity of 2 mA and then kept constant. In order to obtain the most accurate psychophysical 

data possible, we chose not to fix the stimulation duration. Rather, we fixed the number of self-

paced staircase measurements completed by each participant at 12 and terminated stimulation as 

soon as these measurements were complete. The stimulation time therefore varied between 8 and 

17 minutes and depended on the participant’s response rate. 

5.3.6 Statistical Analysis 

A repeated measures ANOVA (degrees of freedom corrected for sphericity using the Huynh-

Feldt correction where necessary) with factors of mask (surround vs. overlay) and mask orientation 

(0, 5, 10, 15, 25, 35°) was conducted on the baseline suppression factors to identify any differences 

in suppression relating to the use of overlay vs. surround masks prior to tDCS. Post-hoc paired two 

sample t-tests were then used to evaluate differences in suppression between the two mask types at 

each mask orientation offset.  

In order to assess the effect of anodal and cathodal stimulation on each type of suppression, 

repeated measures ANOVAs with a factor of stimulation (no stimulation/baseline, anodal 

stimulation, cathodal stimulation) were conducted on the data for the surround mask and the 

overlay mask conditions separately. Post-hoc paired two sample t-tests were then used to compare 

pairs of stimulation conditions for each mask type separately. Repeated measure ANOVAs, also with 

a factor of stimulation, were conducted on the target alone threshold data to test for any effects of 
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tDCS on detection thresholds in the absence of a mask. To further control for any tDCS induced 

changes in detection threshold for the target alone that may have influenced the suppression factor, 

an ANCOVA with a factor of stimulation (no stimulation/baseline, anodal stimulation, and cathodal 

stimulation) and a covariate of change in target stimulus threshold induced by anodal tDCS baseline 

threshold – threshold measured during anodal tDCS) was conducted. 

5.4 Results 

Pre-tDCS measurements indicated that the stimulus configuration allowed for both surround 

and overlay suppression (Figure 5.3) consistent with previous work (Petrov, et al., 2005). An ANOVA 

with factors of mask (surround vs. overlay) and orientation (0, 5, 10, 15, 25, 35°) revealed significant 

main effects of mask (F1, 9 = 14.869, p < 0.01) and orientation (F5, 45 = 12.568, p < 0.001) and a 

significant interaction between these two factors (F5, 45 = 30.841, p < 0.001). Post hoc paired t-tests 

revealed significant differences in the amount of suppression generated by each mask type for every 

mask orientation tested (p < 0.01). The main effect of mask type was driven by significantly stronger 

suppression for the overlay mask at orientation offsets from the target of 10° or greater. The 

interaction effect was due to a gradual shift from suppression to facilitation with increasing mask 

orientation offset for the surround mask data and an abrupt change from facilitation to suppression 

for mask orientations >5° for the overlay mask (Figure 5.3). 
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Figure 5.3 Psychophysical Measurement of Suppression for the Surround (circles) and 
Overlay Masking (squares) Conditions 

Panels A and B show individual participant data and C shows the mean group data. The suppression factor shown on the y-axis 

of each panel was calculated by dividing the detection threshold for the target alone by the threshold for the target + mask. 

Values above 1 (dashed line) indicate mask-induced suppression. Arrows in A and B indicate the mask orientations used for the 

tDCS portion of the study. Error bars represent ±1 SEM. 

 

As described earlier, the choice of mask orientations for the tDCS portion of the study were 

based on each participant’s psychophysical data. The average mask orientation used during tDCS 

was 7° (SEM = 1.70°) for the surround condition and 12° (SEM = 0.82°) for the overlay condition. 

Examples of individual psychophysical results are provided in Figure 5.3. 

In order to assess the tDCS-induced effects on both types of suppression, suppression factors 

obtained during the baseline (no stimulation) measurements were compared with suppression 

factors measured during anodal and cathodal stimulation (Figure 5.4) using a repeated measures 

ANOVA. An ANOVA conducted on the surround masking data revealed a main effect of stimulation 

indicating that tDCS influenced the suppression factor for this mask type (F2, 18 = 5.978, p = 0.01). This 

was not the case for the overlay masking condition, however, where no significant main effect of 

stimulation was apparent (F2, 18 = 0.505, p = 0.612). 
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For the surround mask condition both anodal and cathodal stimulation decreased the 

suppression factor; anodal by 14.8% (SEM = 4.8) and cathodal by 4.7% (SEM = 5.3). However, post-

hoc two tailed paired sample t-tests indicated that while the effects of anodal tDCS differed 

significantly from baseline t9 = 3.231, p = 0.01, the effects of cathodal tDCS did not t9 = 0.899, p = 

0.392. In addition, the effect of anodal stimulation was significantly different from the effect of 

cathodal stimulation t9 = -3.692, p < 0.005. 

 

Figure 5.4 The Effect of tDCS on Surround and Overlay Masking 

Panel A shows data for surround masking, panel B shows data for overlay masking. * p < 0.05, ** p < 0.01 (two tailed paired t-

test). Dashed lines indicate no suppression. Panel C shows the mean contrast detection thresholds for the target with no mask 

in place. Error bars represent ±1 SEM. Note that error bars represent between subject error, whereas p values represent 

within-subject differences. 

 

As can be seen in Figure 5.4, the choice of identical or similar mask orientations for the 

surround and overlay conditions resulted in significantly greater suppression for the overlay 

condition than the surround condition (t9 = -8.059, p < 0.001). This raised the possibility that the lack 

of an anodal tDCS effect on overlay suppression was due to the greater levels of suppression in the 

overlay condition. An additional set of measurements were therefore conducted for a subset of 5 

participants to test the effect of anodal tDCS on weaker levels of overlay suppression. For these 

participants an overlay mask orientation that gave the closest level of suppression to the surround 

mask orientation used in the main experiment was tested during anodal tDCS. Due to the rapid 
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change from facilitation to strong suppression with increasing mask orientation offset that 

characterised the overlay mask data (Figure 5.3C), the revised overlay mask orientations still 

generated larger suppression factors than the surround masks (mean difference 0.09, SEM = 0.05), 

however, this difference was no longer statistically significant (one tailed paired t-test, t4 = 1.350, p = 

0.124). In agreement with the main experiment, anodal tDCS did not induce a reliable change in 

overlay mask suppression which increased by an average of 4.2% (one tailed paired t-test, t4 = 0.639, 

p = 0.279) (Figure 5.5). To further investigate the potential effect of suppression strength on tDCS 

effects, we measured the relationship between the baseline surround suppression factor and the 

suppression factor obtained during anodal stimulation for the data from the main experiment. This 

correlation was not significant r = -0.102, p = 0.779, suggesting that the amount of surround 

suppression present prior to stimulation did not predict the response to tDCS. These findings are in 

agreement with previous reports that the ratio between excitation and inhibition does not predict 

the responsiveness of the motor cortex to anodal tDCS (Stagg, Bachtiar, et al., 2011). 

 

Figure 5.5 The Effect of Anodal tDCS on Weaker Overlay Masking for a Subset of 5 Subjects 

Data are shown for surround masking and the original overlay mask orientation as well as for the overlay orientation that 

generated the closest possible suppression factor to the surround suppression factor for a subset of 5 subjects. Dashed lines 

indicate no suppression. * p < 0.05, (one tailed paired t-test) Error bars represent ±1 SEM. 
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The average stimulation time across all sessions was 13.6 minutes (SEM = 0.59). Stimulation 

time was not correlated with the magnitude of the anodal tDCS-induced effects on surround 

suppression r = -0.18, p = 0.6 which suggests that the duration of stimulation did not predict the 

effect of tDCS on task performance. In addition, a one way ANOVA revealed that there was no 

sequence effect for any of the conditions (p > 0.05). 

It has been shown that the change in cortical excitability induced by transcranial stimulation of 

the primary visual cortex can temporarily modulate contrast sensitivity (Antal, et al., 2001; Kraft, et 

al., 2010; Thompson, et al., 2008, 2010). In order to ensure that the surround suppression effects 

could not be explained by a transient change in contrast sensitivity, the contrast threshold of the 

target alone (control condition) was compared across the behavioural and tDCS sessions (Figure 

5.4C). An ANOVA with a factor of stimulation (baseline, anodal and cathodal) indicated that tDCS did 

not reliably affect the target detection threshold for this particular stimulus (F2, 18 = 1.909, p = 0.177) 

which had a spatial frequency close to the peak of the human spatial contrast sensitivity function 

(Campbell & Robson, 1968), and may constitute a ceiling effect for sensitivity improvements (Antal, 

et al., 2001). An inspection of Figure 5.4C, however, does suggest that anodal stimulation may have 

slightly improved contrast sensitivity for the target alone, albeit non-significantly. To investigate 

whether this played a role in the tDCS induced change in suppression factor, an ANCOVA with a 

factor of stimulation (baseline, anodal stimulation, cathodal stimulation) and a covariate of anodal 

tDCS-induced change in target stimulus contrast threshold was conducted. The effect of stimulation 

on surround suppression was significant even after controlling for any anodal tDCS-induced effects 

on contrast sensitivity (F2, 16 = 5.623, p = 0.014). 

5.5 Discussion 

Anodal tDCS delivered over the occipital pole reduced surround suppression to the extent 

that, on average, the presence of a surround mask no longer had any measureable effect on contrast 

detection threshold (mean suppression factor of 1). This effect was highly specific as anodal tDCS 
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had no effect on overlay suppression and cathodal stimulation had no reliable effect on either 

overlay or surround suppression. It is our contention that a GABA-mediated effect is the most likely 

mechanism underlying these findings. Surround suppression has been shown to be significantly 

reduced in patients with schizophrenia (Yoon, et al., 2009) who are thought to have reduced levels 

of GABA (Wassef, Baker, & Kochan, 2003). Moreover, a strong positive correlation has been reported 

between the strength of surround suppression and GABA concentration within the visual cortex 

(Yoon, et al., 2010). Similar results have been found in animal models. Fu et al. (2010) compared the 

strength of surround suppression between old and young rhesus monkeys and found a significant 

reduction of surround suppression in older monkeys. Although GABA concentration was not directly 

assessed in these animals, it was proposed that the reduced strength of surround suppression could 

have resulted from an age-related decrease of GABA levels within the visual cortex (Leventhal, 

Wang, Pu, Zhou, & Ma, 2003). In agreement with the present results, the effect of modulating 

GABAergic inhibition in the visual cortex may be specific to surround suppression, as inactivation of 

GABAergic inhibitory mechanisms in the primary visual cortex of cats has no effect on overlay 

masking (Katzner, et al., 2011).  

These results are consistent with recent work demonstrating that anodal but not cathodal 

tDCS can reduce GABA mediated inhibition within the human motor cortex (Boros, et al., 2008; 

Nitsche, et al., 2004; Stagg, et al., 2009; Stagg & Nitsche, 2011) and are the first to demonstrate that 

this effect may also apply to the visual cortex. Based on the link between anodal tDCS induced 

reductions in GABA concentration in the motor cortex and learning of a motor task (Stagg & Nitsche, 

2011), these findings provide support for the potential use of tDCS to modulate plasticity within the 

visual cortex, both as an investigative tool and for purposes of rehabilitation (Halko et al., 2011).  

The data also provide insights into the functional organisation of the human visual system by 

supporting the notion that surround and overlay masking are driven by different neural mechanisms 

and rely on processes originating from distinct neural loci (Bonin, et al., 2005; Li, et al., 2006; Ohtani, 
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Okamura, Yoshida, Toyama, & Ejima, 2002; Priebe & Ferster, 2006). Early neurophysiological studies 

showed that the properties of overlay and surround suppression differ. While surround masking is 

strongly tuned for orientation and spatial frequency indicating a cortical origin, overlay suppression 

has little or no tuning in these domains (Deangelis, et al., 1994; Deangelis, et al., 1992). Consistent 

with these differences in tuning properties, later work with anesthetised cats indicated that overlay 

masking may be subcortical in origin, involving processing within the LGN as well as feed-forward 

inputs from the LGN to V1 (Bonin, et al., 2005; Freeman, et al., 2002; Li, et al., 2006; Priebe & 

Ferster, 2006).  

Studies in humans have supported these neurophysiological findings. For example, Petrov et 

al. (2005) provided psychophysical evidence that overlay masking precedes surround masking in 

visual processing in accordance with the available neurophysiological data (Smith, Bair, & Movshon, 

2006). In addition, evidence for surround suppression having a cortical origin in humans has been 

found using magnetoencephalography (Ohtani, et al., 2002). The presence of a surround mask 

resulted in a decrease in the amplitude of the visually evoked magnetic response but did not affect 

the latency of the signal. Ohtani et al. (2002) proposed that if surround suppression occurred within 

the retino-geniculate pathway it would have resulted in a retardation of the signal. Based on the 

absence of a delay in the cortical response to targets with a surround mask, Ohtani et al. concluded 

that surround suppression may take place in V1 and perhaps V2. 

Cathodal tDCS was used as an active control in this study, however, it is important to note that 

cathodal tDCS has been shown to exert an effect on visual brain areas. For example, cathodal tDCS 

of the primary visual cortex can increase phosphene thresholds (Antal, et al., 2003a) and increase 

(Accornero, et al., 2007) or decrease (Antal, Kincses, et al., 2004) specific components of the VEP. 

Cathodal tDCS of V1 has also been reported to reduce contrast sensitivity for sinusoidal gratings with 

a spatial frequency close to the peak of the human contrast sensitivity function (Antal, et al., 2001), 

but does not seem to influence contrast sensitivity measurements made using threshold perimetry 



 

81 

(Kraft, et al., 2010). In addition, cathodal tDCS of V5, a motion sensitive area of the extrastriate 

cortex, has been reported to improve visuomotor coordination and either improve or impair motion 

perception depending on the type of motion stimulus used (Antal, Nitsche, Kruse, et al., 2004). 

Based on the current literature, however, cathodal tDCS does not appear to reduce GABA-mediated 

inhibitory interactions within the cortex such as those putatively targeted by the psychophysical 

stimuli used in the current study. For example, the administration of the GABA A receptor agonist 

Lorazapam has no effect on the reduction of excitability within the motor cortex induced by cathodal 

tDCS (Nitsche, et al., 2004). In contrast, Lorazapam completely blocks the ability of anodal tDCS to 

reduce intracortical inhibition within the motor cortex and leads to a complex change in the after-

effects of anodal tDCS on neural excitability that appears to be independent of intracortical 

inhibition (Nitsche, et al., 2004). The present finding that cathodal tDCS did not influence surround 

suppression is in agreement with this earlier work. 

Within the baseline psychophysical data (Figure 5.3), surround suppression was orientation 

tuned with the strongest suppression occurring when the mask was at the same orientation as the 

target. This is in accordance with previous psychophysical results in humans (Petrov, et al., 2005; 

Petrov & Mckee, 2006) and animal neurophysiology (Deangelis, et al., 1994; Deangelis, et al., 1992). 

An unexpected finding was the facilitation found for surround mask orientations of 25° and 35°. 

Comparable psychophysical measurements of surround suppression have been made at 6° of 

eccentricity and in the fovea (where surround suppression was absent) (Petrov, et al., 2005; Petrov 

& Mckee, 2006). However, psychophysical data from (Yu, Klein, & Levi, 2002) demonstrate that the 

presence of a surround mask can significantly facilitate the detection of a target presented at the 

fovea if the surround differs in orientation by more than 20° from the target. Yu et al (Yu, et al., 

2002) suggest that the presence of the cross oriented surround acts to enhance the signal to noise 

ratio within the stimulus. It would appear, therefore, that both facilitatory and suppressive 

mechanisms are present at the eccentricity of 1.2° tested in the present study. Specifically, 

suppressive mechanisms similar to those found in the periphery are activated when the difference 
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between the surround mask and target orientation is small, whereas facilitatory mechanisms similar 

to those found at the fovea are activated when the mask and target orientations differ by more than 

20°.  

The results also show the presence of coarse orientation tuning for overlay masking. This 

finding does not agree with the neurophysiological data of DeAngelis (1994; 1992) but is relatively 

consistent with the psychophysical results of Petrov et al. (2005). Our findings do differ from 

previous reports in that overlay masks with the same or similar orientations to the target (0° and 5°) 

resulted in facilitation. This can be explained by the fact that in this study the mask and target had 

the same spatial frequency and phase. Therefore when mask and target were combined, the 

contrast of the two stimuli was summed to enable discrimination of the target and mask 

combination from the mask alone based on a just noticeable difference in suprathreshold contrast 

(Figure 5.1C). In other words, when the mask orientation was the same or very similar to the target 

orientation, participants were able to adopt a different strategy for task performance which relied 

on within channel contrast summation and therefore did not reflect overlay suppression. A clear 

facilitation of neural responses for overlay mask orientations similar to the target orientation has 

also been shown neurophysiologically (Bonds, 1989; Deangelis, et al., 1992; Morrone, et al., 1982). 

It has been demonstrated that GABAergic circuitry plays an important role in orientation 

tuning within the cat (Li, Yang, Liang, Xia, & Zhou, 2008) and human visual cortex (Rokem et al., 

2011). It would therefore be interesting to evaluate the effects of tDCS on the orientation functions 

of both types of suppression. 

To the best of our knowledge, this study provides the first evidence to suggest that anodal 

tDCS can reduce intracortical inhibition in the visual cortex adding to the growing body of evidence 

that anodal tDCS can reduce GABAergic inhibition within the human neocortex. This has important 

implications for the future therapeutic use of tDCS. For example, GABAergic inhibitory interactions 

have been implicated in the visual loss that occurs in amblyopia (Duffy, et al., 1985; Maya-
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Vetencourt, et al., 2008; Sale, et al., 2010; Sale, et al., 2007; Sengpiel, et al., 2006) which suggests 

that anodal tDCS may represent a potential tool in the treatment of amblyopia. 

 

 



 

84 

Table 5.1 Individual Mask Orientations and Baseline Suppression Factors for both Masking Conditions 

Subject no. Surround Mask Offset 
[deg] 

Surround Mask 
Suppression Factor 

Overlay Mask Offset 
[deg] 

Overlay Mask 
Suppression Factor 

1 5 1.13 15 1.59 

2 10 1.19 10 1.62 

3 0 1.22 15 1.72 

4 10 1.12 10 1.67 

5 0 1.16 15 1.43 

6 15 1.09* 15 1.33 

7 10 1.28 10 1.42 

8 0 1.22 10 1.51 

9 10 1.18 10 1.78 

10 10 1.11 10 1.44 

Mean 7 1.17 12 1.55 

SEM 1.70 0.02 0.82 0.05 

* indicates maximum surround suppression factor of a subject 6 who did not show a suppression factor of 1.1 at any orientation. 
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CHAPTER 6 Anodal Transcranial Direct Current Stimulation Improves 
Contrast Sensitivity and Normalises Visual Cortex Activation 
in Individuals with Amblyopia 

This chapter has been accepted for publication in Neurorehabilitation and Neural Repair (23 

February 2013); Spiegel DP, Byblow WD, Hess, RF, Thompson B. Anodal transcranial direct current 

stimulation reduces psychophysically measured surround suppression in the human visual cortex. 

6.1 Abstract 

Background 

Amblyopia is a neurodevelopmental disorder of vision that is associated with abnormal 

patterns of neural inhibition within the visual cortex. This disorder is often considered to be 

untreatable in adulthood due to insufficient visual cortex plasticity. There is increasing evidence that 

interventions which target inhibitory interactions within the visual cortex, including certain types of 

non-invasive brain stimulation, can improve visual function in adults with amblyopia. 

Objective 

We tested the hypothesis that anodal transcranial direct current stimulation (a-tDCS) would 

improve visual function in adults with amblyopia by enhancing the neural response to inputs from 

the amblyopic eye. 

Methods 

Thirteen adults with amblyopia participated and contrast sensitivity in the amblyopic and 

fellow fixing eye was assessed before, during and after a-tDCS or cathodal tDCS (c-tDCS). Five 

participants also completed an fMRI study designed to investigate the effect of a-tDCS on the BOLD 

response within the visual cortex to inputs from the amblyopic vs. the fellow fixing eye. 
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Results 

A subgroup of 8/13 participants showed a transient improvement in amblyopic eye contrast 

sensitivity for at least 30 minutes after a-tDCS. fMRI measurements indicated that the characteristic 

cortical response asymmetry in amblyopes which favours the fellow eye was reduced by a-tDCS. 

Conclusions 

These preliminary results suggest that a-tDCS deserves further investigation as a potential 

tool to enhance amblyopia treatment outcomes in adults. 

6.2 Introduction 

Amblyopia is a neurodevelopmental disorder of vision that occurs when the visual cortex 

receives decorrelated inputs from each eye during infancy. It typically affects one eye and is 

associated with a range of visual deficits including poor visual acuity (Robaei, et al., 2006), reduced 

contrast sensitivity (Hess & Howell, 1977) and impaired binocular functions (Li et al., 2012). 

Traditionally, amblyopia has been considered to be untreatable in adulthood but current 

understanding of neural plasticity in the adult visual cortex challenges this idea (Astle, Webb, & 

Mcgraw, 2011). 

There is increasing evidence that the monocular and binocular deficits in amblyopia are 

associated with an active suppression of inputs from the amblyopic eye within the visual cortex 

(Jampolsky, 1955; Li, Thompson, et al., 2011; Sengpiel, et al., 1994; Thompson, et al., 2010). For 

example, a number of neurophysiological (Moschos et al., 2010) and neuroimaging studies (Barnes, 

Hess, Dumoulin, Achtman, & Pike, 2001; Conner, et al., 2007; Hess, Li, et al., 2010) have 

demonstrated that amblyopic eye viewing generates significantly less cortical activation in the visual 

cortex than fellow eye viewing. This is consistent with active suppression or inhibition of neural 

function (Farivar, et al., 2011) which has been linked to GABAergic neural circuitry (Mower, Christen, 
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Burchfiel, & Duffy, 1984; Sengpiel, et al., 2006). Therefore GABA-mediated inhibition may represent 

a viable target for interventions aiming to improve vision in patients with amblyopia. 

In this study, we aimed to assess whether transcranial direct current stimulation (tDCS), could 

modulate visual function in adults with amblyopia. tDCS involves the delivery of a weak direct 

electrical current to a targeted cortical region using sponge-coated electrodes placed on the head. 

The effects of tDCS are polarity dependant, whereby anodal tDCS (a-tDCS) tends to increase and 

cathodal tDCS (c-tDCS) tends to decrease neural excitability (Antal, Kincses, et al., 2004; Antal, et al., 

2003a; Antal, et al., 2001, 2006; Nitsche, et al., 2008; Nitsche & Paulus, 2000). In addition, a-tDCS 

reduces GABA and increases glutamate concentration in the human motor cortex (Stagg, et al., 

2009) and greater reductions in GABA correlate with enhanced learning of motor tasks (Stagg, 

Bachtiar, et al., 2011). In contrast, c-tDCS reduces both GABA and glutamate (Stagg, et al., 2009) and 

these changes are not linked to enhanced learning (Stagg et al., 2011). In the visual cortex, a-tDCS, 

but not c-tDCS, can reduce psychophysically measured surround suppression which is thought to be 

mediated by GABA (Spiegel, Hansen, et al., 2012). On balance, a-tDCS appears to reduce the 

functional effects of GABA-mediated inhibition in the human brain whereas c-tDCS does not. We 

therefore hypothesised that a-tDCS would improve visual function in adults with amblyopia by 

reducing suppression of cortical inputs from the amblyopic eye.  

To test this hypothesis we measured monocular contrast sensitivity in each eye before, during 

and after either a-tDCS or c-tDCS in a group of adult patients with amblyopia. We also used fMRI to 

measure the effects of a-tDCS on the activation of the visual cortex in a subset of patients. We 

reasoned that if a-tDCS reduced cortical inhibition associated with the amblyopic eye, then the 

stimulation would reduce the cortical response asymmetry in favour of the fellow eye that is 

characteristic of amblyopia (Conner, et al., 2007; Hess, Li, et al., 2010). 



 

88 

6.3 Methods 

6.3.1 Participants 

Thirteen adult participants with amblyopia (interocular acuity difference of at least 0.2 LogMar 

with no organic cause) and no contraindications for fMRI or tDCS took part in the behavioural study 

(Table 6.1). One participant withdrew due to discomfort from the electrodes. Five available 

participants also completed a series of fMRI scans. Best refractive correction was worn throughout 

the study. The study was approved by the regional ethics committee and all study protocols were in 

accordance with the Declaration of Helsinki. 

6.3.2 Procedure 

6.3.2.1 Contrast sensitivity Measurements 

Contrast sensitivity was assessed using a Gabor patch (radius = 1.3°, sigma 1.0°), presented on 

a uniform grey background (47 cd/m2) for 500 ms within a Gaussian temporal envelope (100 ms 

ramp up and 100ms ramp down). Stimuli were generated using Psykinematix software (Beaudot, 

2009) and presented on a Trinitron G520 CRT monitor. The viewing distance was 310 cm and a tight 

fitting opaque patch was worn over one eye. 

The experimental design is outlined in Figure 6.1. A two-alternative forced choice (2AFC) 

paradigm (orientation discrimination: vertical vs. horizontal) and a standard 1-up-2-down adaptive 

staircase procedure (step size = 25% before the first reversal, 7.5% increments and 15% decrements 

after the first reversal) (Leek, 2001) was employed (Thompson, et al., 2008). Contrast thresholds 

were calculated as the mean of the last four reversals out of a total of six reversals. In the first 

session contrast was fixed at 40% and each participant’s amblyopic eye cutoff spatial frequency (SF) 

was measured. SF was then fixed and contrast sensitivity measured. The SF used for all subsequent 

sessions was within 1.5 octaves of the cutoff and allowed for stable contrast thresholds. Participants 

completed at least 2 hours of task familiarisation prior to the tDCS measurement sessions. During 
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tDCS sessions, which were separated by at least 3 days, contrast sensitivity for each eye was 

measured directly before, during, after and 30 minutes after stimulation. A-tDCS and c-tDCS testing 

sessions were counterbalanced across participants.  

 

Figure 6.1 Experimental Design 

Panel A represents the behavioural experiment. Before commencing the tDCS sessions each participant completed two practise 

sessions. During these sessions participants’ grating acuity was also measured. In the tDCS sessions, contrast sensitivity (CS) of 

the amblyopic and fellow eye was measured before (Pre), during (Dur), directly after (Post) and 30 minutes after (Post30) a-

tDCS and c-tDCS. The order of eyes (amblyopic first vs. fellow first) and tDCS conditions (a-tDCS first vs. c-tDCS first) was 

counterbalanced across participants. Panel B represents the fMRI experiment. In the first fMRI session, each participant was 

retinotopically mapped. In the second and third fMRI session, a-tDCS or sham tDCS (s-tDCS) was administered directly before 

fMRI. Counterphasing checkerboard stimuli were presented monocularly during these scanning sessions at two contrast levels. 

 

6.3.2.2 fMRI 

Five participants completed three fMRI scanning sessions. The first session consisted of 

retinotopic mapping using standard wedge and ring protocols (Li, Dumoulin, Mansouri, & Hess, 

2007). Stimuli were presented monocularly and each eye was mapped separately. Borders of 

retinotopic areas and corresponding regions of interest were defined using an averaged map (left 
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and right eye) in each individual participant. There was good agreement between the maps 

generated by each eye as has previously been reported (Li, Dumoulin, et al., 2007).  

The second and third scanning sessions assessed the effect of a-tDCS vs. sham tDCS (s-tDCS) 

on the response of the visual cortex to inputs from the amblyopic vs. fellow fixing eye. S-tDCS was 

used as a control as our contrast sensitivity data indicated that c-tDCS may have also altered the 

ratio of activation between the two eyes by reducing contrast sensitivity in the fellow eye. During 

fMRI, participants performed a reaction time task where they detected a change in the fixation point 

(“X” or “O”). This task was unrelated to the stimuli used to evoke BOLD responses in the visual 

cortex. Task performance was constant across scans for all participants. One eye was occluded with 

a tight fitting eye patch during scanning and the viewing eye was alternated from scan to scan. tDCS 

was administered in a room next to the scanner and functional MRI data acquisition began within 4 

minutes of tDCS. 

During the post tDCS scans, participant’s viewed a temporally modulated (8Hz) broad band 

checkerboard stimulus (spatial frequency 0.25 cpd, 18° x 16°) at 5% or 50% contrast. A block design 

was employed whereby each checkerboard was displayed for 10 TRs (20 seconds) separated by 10 

TRs of mean luminance blank fixation. Each contrast was shown twice within each scan and there 

were four scans per session per eye.  

Stimuli were presented on a MRI-compatible TFT-LCD screen viewed through a coil-mounted 

mirror. Scanning was performed on a 3.0 T Philips Achieva scanner equipped with an 8-channel head 

coil. Functional data were acquired using a T2*-weighted gradient echo EPI sequence (retinotopic 

mapping: TR = 1200ms, TE = 30ms, flip angle = 65°, voxel resolution 2.5 x 2.5 x 2.5mm, post tDCS 

scans: TR = 2000ms, TE = 30ms, flip angle = 90°, voxel resolution = 3.0x3.0x3.0mm). A T1 weighted 

anatomical image was also acquired in each session (TR = 5.8ms, TE = 2.7ms, flip angle = 8°, voxel 

resolution = 1x1x1mm). 
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6.3.2.3 Transcranial Direct Current Stimulation 

tDCS was delivered using a portable stimulator (Chattanooga Ionto, USA) via a pair of sponge-

covered rubber electrodes (Speds Medica S.r.l., Italy, stimulating electrode 72 x 60 mm, reference 

electrode 115 x 95 mm). A large reference electrode was used to reduce the current density and 

render the electrode inert (Nitsche, et al., 2007). The stimulating electrode was placed over Oz and 

the reference over Cz. The size and position of the electrodes were adopted from previous visual 

cortex tDCS studies (Antal, Kincses, et al., 2004; Kraft, et al., 2010; Spiegel, Hansen, et al., 2012).  

tDCS was ramped up over 31 seconds to an intensity of 2 mA and then kept constant for 15 

minutes. In the sham condition used for the fMRI measurements, the current was ramped up and 

then turned off (Gandiga, Hummel, & Cohen, 2006). Sham stimulation was always anodal. 

Participants were masked as to whether tDCS was anodal, cathodal or sham. The experimenter was 

not masked. Patients were not able to discriminate a-tDCS from c-tDCS but some patients were able 

to discriminate real tDCS from sham. 

6.3.3 Data Analysis 

6.3.3.1 Contrast Sensitivity 

Contrast detection thresholds were converted to log contrast sensitivity and measurements 

made during, after and 30 minutes after tDCS were normalised to the within-session baseline (the 

pre-tDCS measurement) by subtraction. A repeated measures ANOVA with a factor of stimulation 

(anodal vs. cathodal), eye (amblyopic vs. fellow fixing) and time (during vs. post vs. post 30 minutes) 

was conducted on the normalised data. Post hoc one-sample and two-sample paired t-tests were 

then conducted on the normalised data to detect any significant changes from baseline or between 

stimulation conditions. A Bonferroni corrected critical p-value of 0.017 was adopted for the t-tests. 

Therapeutic effects of tDCS can vary significantly between individuals (Bradnam, Stinear, 

Barber, & Byblow, 2011; Vanneste, Focquaert, Van De Heyning, & De Ridder, 2011; Vanneste et al., 
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2010). We therefore conducted a secondary analysis to assess whether our dataset contained two 

distinct groups of patients; “responders” whose amblyopic eye contrast sensitivity improved and 

“non-responders” who experienced no change or a reduction in amblyopic eye contrast sensitivity. 

To this end, we conducted a k-means cluster analysis (k = 2) on the normalised contrast sensitivity 

data for the amblyopic eye, a-tDCS condition collapsed across time. ANOVAs were then conducted 

separately for the two clusters of participants identified by the k-means analysis. 

6.3.3.2 fMRI Data 

MRI data analysis was conducted using BrainVoyager (Brain Innovation B.V., Maastricht, 

Netherlands). Functional data were highpass filtered, motion corrected and aligned to the 

anatomical data in Talairach space (Talairach & Tournoux, 1987) using subroutines within 

BrainVoyager. Visual area boundaries were identified from the retinotopic mapping data following 

established methodology (Wandell, Dumoulin, & Brewer, 2007). Regions of interest were generated 

for each visual area (V1, V2, V3, V3a and V4) for each hemisphere, for each participant and were 

restricted to voxels that were responsive to the checkerboard stimuli (GLM analysis, FDR corrected 

q-value of 0.05) presented during both post-tDCS scans. Event related averaging was then used to 

extract the mean time series in units of %BOLD (normalised to the preceding 2 TRs of blank fixation) 

for each ROI (collapsed across hemisphere) for each checkerboard contrast for each scan. The mean 

%BOLD change was calculated by averaging within a window beginning 2 TRs after stimulus onset 

and ending 2 TRs after stimulus offset to account for the hemodynamic delay (Hess, et al., 2009). 

This procedure provided estimates of %BOLD change for each ROI, eye, stimulus contrast and 

scanning condition (a-tDCS or s-tDCS) for each participant. 

In order to evaluate the effects of a-tDCS, we calculated the interocular BOLD ratio expressed 

as 
𝐴𝑚𝑏𝑙𝑦𝑜𝑝𝑖𝑐 𝑒𝑦𝑒 𝐵𝑂𝐿𝐷

𝐹𝑒𝑙𝑙𝑜𝑤 𝑓𝑖𝑥𝑖𝑛𝑔 𝑒𝑦𝑒 𝐵𝑂𝐿𝐷
 for each contrast for each ROI for each scanning condition. Values lower 

than 1 result from stronger functional activation for fellow fixing eye viewing. Conversely, values 

higher than 1 result from stronger functional activation for amblyopic eye viewing. The BOLD ratios 
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were then compared between the a-tDCS and s-tDCS scanning sessions using a repeated measures 

ANOVA with factors of stimulation (anodal vs. sham) and contrast (5% and 50%), conducted 

separately for each visual area (V1, V2, V3, V3a and V4). 

6.4 Results 

There were no adverse effects during or following tDCS.  

6.4.1 The Effects of tDCS on Contrast Sensitivity 

There was a main effect of tDCS polarity on contrast sensitivity (F1, 12 = 10.325, p = 0.007, ɳ2 = 

0.462; Figure 6.2). A-tDCS tended to increase contrast sensitivity for both eyes whereas c-tDCS 

tended to decrease contrast sensitivity only for the fellow eye. This effect was not due to differences 

in baseline performance between the two sessions which was stable for both the amblyopic (t12 = 

0.378, p = 0.712) and fellow fixing eyes (t12 = 0.719, p = 0.486). No other main effects or interactions 

were significant. 

 At a whole group level, a-tDCS did not induce reliable changes from baseline for either eye. On the 

other hand, c-tDCS decreased fellow fixing eye contrast sensitivity relative to baseline immediately 

after tDCS (t12 = -2.944, p = 0.012). There were no other changes from baseline that reached 

significance after Bonferroni correction, although the effect of c-tDCS on contrast sensitivity in the 

fellow fixing eye was different from a-tDCS during (t12 = 2.240, p = 0.045), and 30 minutes after 

stimulation (t12 = 2.522, p = 0.027). 
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Figure 6.2 The Effects of a-tDCS and c-tDCS on Contrast Sensitivity across the whole 
Dataset (N = 13) 

Contrast sensitivity data normalised to baseline for the amblyopic and fellow fixing eye. * p<0.017 (one sample t-test). Error 

bars represent ± SEM. Note that error bars represent between subject error, whereas p-values represent within-subject 

differences. 

 

A k-means cluster analysis conducted on the normalised amblyopic eye contrast sensitivity 

data collapsed across all time-points identified a cluster of eight participants who exhibited a mean 

improvement in contrast sensitivity in response to a-tDCS and a cluster of 5 participants who 

showed a decrement in sensitivity (Figure 6.3). The two clusters of patients did not differ in terms of 

visual acuity, stereopsis or age (p > 0.05) and there were no differences in response between males 

and females or anisometropic and strabismic amblyopes (p > 0.05). In addition there were no 

reliable correlations between acuity, stereopsis or age and the effect of a-tDCS (p > 0.05). This 

suggests that the variability in response to a-tDCS was influenced by other factors (see discussion 

section).  
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Figure 6.3 The Results of a K-means Cluster Analysis Conducted on the Amblyopic Eye, a-
tDCS Contrast Sensitivity Data 

Solid symbols represent cluster 1 (responders) and open symbols represent cluster 2 (non-responders) identified by a k-means 

cluster analysis (k = 2) conducted on the post a-tDCS data for the amblyopic eye collapsed across time (during, post and post 

30). Error bars represent within subject SEM. 

 

An ANOVA conducted on the data for cluster 1 which represented “responders” showed a 

significant main effect of stimulation (F1, 7 = 16.524, p = 0.005, ɳ2 = 0.702, Figure 6.4). Subsequent 

one-sample t-tests revealed a significant improvement in amblyopic eye contrast sensitivity relative 

to baseline directly after (t7 = 5.213, p =0.001) and 30 minutes after a-tDCS (t7 = 4.763, p = 0.002) 

(Figure 6.4). This effect was not present after c-tDCS and a close inspection of the baseline 

thresholds in each session did not reveal a systematic increase in sensitivity from one threshold to 

the next that would be indicative of within-session perceptual learning. In fact average slopes of a 

linear fit to the sequential baseline threshold measurements were negative for both the anodal (-

0.05, SEM = 0.02) and cathodal sessions (-0.01, SEM = 0.02). 
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Figure 6.4 The Effects of a-tDCS and c-tDCS on Contrast Sensitivity for "Responders" (N = 8) 

Contrast sensitivity data normalised to baseline for the amblyopic and fellow fixing eye. * p<0.017 (one sample t-test). Error 

bars represent ± SEM. Note that error bars represent between subject error, whereas p-values represent within-subject 

differences. 

 

An ANOVA conducted on the data from “non-responders” in cluster 2, revealed a significant 

interaction between eye and stimulation (F1, 4 = 12.122, p = 0.025, ɳ2 = 0.752). This interaction was 

driven by c-tDCS reducing fellow eye contrast sensitivity during stimulation (t4 = -4.448, p = 0.011). 

There were no reliable effects for the amblyopic eye. 

6.4.2 The Effects of a-tDCS on Visual Cortex Activation 

Five participants whose contrast sensitivity improved following a-tDCS completed fMRI 

measurements of visual cortex activation after both a-tDCS and s-tDCS (see Table 6.1 for participant 

details). 

After s-tDCS, viewing through the fellow fixing eye resulted in significantly higher activation 

within both striate and extrastriate visual cortex than viewing through the amblyopic eye in 

agreement with previous studies (Conner, et al., 2007; Hess, Li, et al., 2010) (Figure 6.5). This bias 
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towards stronger activation for fellow eye viewing was reduced by a-tDCS indicating that a-tDCS 

selectively influenced the cortical response to amblyopic eye inputs. Group data are shown in Figure 

6.5 projected onto flattened representations of the occipital lobes to illustrate this effect. Regions 

that showed a significantly greater functional response to fellow eye viewing (collapsed across 

stimulus contrast) are shown orange/yellow. There are large regions within striate and extrastriate 

visual cortex that show a significantly stronger response to fellow eye viewing after s-tDCS (top row). 

This bias in activation in favour of the fellow eye is clearly reduced after a-tDCS. The ratios of BOLD 

activation between the fellow and amblyopic eyes for individual participants using participant-

specific ROIs are shown in Figure 6.5. A repeated measures ANOVA conducted on the BOLD ratios 

revealed a significant effect of stimulation in visual areas V2 (F1, 4 = 13.075, p = 0.022, ɳ2 = 0.766) and 

V3 (F1, 4 = 28.035, p = 0.006, ɳ2 = 0.875) whereby a-tDCS significantly reduced the difference in 

activation for fellow eye viewing vs. amblyopic eye viewing. Similar trends were observed in V1, V3a 

and V4 but these did not reach significance. There were no main effects or interactions relating to 

the contrast of the stimuli for any visual area. 
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Figure 6.5 The Effect of a-tDCS on Cortical Activation for Fellow Eye vs. Amblyopic Eye 
Viewing 

Panels A and B represent a flattened visual cortex with boundaries of individual retinotopic areas for one representative 

participant (P2) marked on the left (LH) and right hemispheres (RH) for illustrative purposes only. The results of a group general 

linear model analysis comparing activation in response to fellow vs. amblyopic eye viewing have been projected onto the 

cortical surface. “Hot” colours indicate a greater cortical response to the fellow eye than the amblyopic eye. The top panel 

represents fMRI data following s-DCS and the lower panel following a-tDCS. The bias in cortical activation for fellow eye viewing 
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is clearly reduced by a-tDCS. Panel C shows the interocular BOLD ratios for individual subjects and the average BOLD ratio (solid 

symbols) for each visual area following sham and a-tDCS. A BOLD ratio < 1 implies stronger activation for the fellow eye and a 

ratio > 1 implies stronger activation for the amblyopic eye. * p<0.05 effect of stimulation revealed by ANOVA and a two-sample 

paired t-test. Error bars represent ± SEM. In V2 and V3 every subject showed the same trend whereby the BOLD ratio was 

higher following a-tDCS. Note that data are collapsed across stimulus contrast. 

 

6.5 Discussion 

The aim of this study was to test the hypothesis that a-tDCS of the visual cortex would 

improve contrast sensitivity in adult patients with amblyopia by enhancing the cortical response to 

inputs from the amblyopic eye. We did not find a reliable effect of a-tDCS on contrast sensitivity for 

either the amblyopic or fellow fixing eye across all 13 participants. However, there was an effect of 

c-tDCS whereby contrast sensitivity in the fellow eye was reduced relative to baseline directly after 

tDCS. There were no measureable effects of c-tDCS on amblyopic eye contrast sensitivity. 

Subsequent analyses identified groups of responders and non-responders to a-tDCS whereby 

responders showed a significant improvement in amblyopic eye contrast sensitivity following a-tDCS 

whereas non-responders did not. fMRI measurements made on a group of five responders indicated 

that, in these participants, a-tDCS acted to equalise the response of the visual cortex to inputs from 

each eye. 

6.5.1 Responders and Non-responders to a-tDCS 

Our results are in line with previous reports indicating that the therapeutic outcomes of 

noninvasive brain stimulation techniques differ across individual patients (Bradnam, et al., 2011; 

Thompson, et al., 2008; Vanneste, et al., 2010). In some studies these differences are related to 

particular clinical characteristics such as the depth of amblyopia (Thompson, et al., 2008) or the 

severity of functional impairment after stroke (Bradnam, et al., 2011). However, in the present study 

we did not find any systematic differences in the clinical characteristics of responders and non-

responders. 
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There are, however, factors that were not assessed in the present study that may influence 

the effect of tDCS. It has been reported that BDNF polymorphisms may alter the response to tDCS 

whereby Met carriers may be less responsive to a-tDCS than Val/Val carriers (Fritsch, et al., 2010). In 

addition, individual skull and brain anatomy can affect the distribution of the electric current 

generated by tDCS (Datta et al., 2009; Wagner et al., 2007) which may influence the effect of tDCS 

on cortical activation (Halko, et al., 2011). Other factors such as variations in neural connectivity 

(Vanneste, et al., 2011) may also influence an individual’s response to tDCS. 

6.5.2 Contrast Sensitivity Improvements in Responders 

We found that a-tDCS could improve amblyopic eye contrast sensitivity in a subset of patients. 

It has been suggested that the visual deficits associated with amblyopia are the result of chronic 

suppression of inputs from the amblyopic eye to the visual cortex and that this suppression can be 

reduced by inhibiting GABA (Mower, et al., 1984; Sengpiel, et al., 2006). As a-tDCS may act to reduce 

GABA mediated suppression (Spiegel, Hansen, et al., 2012; Stagg, Bachtiar, et al., 2011; Stagg, et al., 

2009), the improved contrast sensitivity we observed in some patients could be a behavioural 

signature of reduced suppression within the amblyopic visual cortex.  

fMRI data collected from five responders provide partial support for this interpretation of our 

results as a-tDCS acted to reduce the well-established bias of cortical activation in favour of inputs 

from the fellow eye (Conner, et al., 2007; Hess, Li, et al., 2010). This is consistent with reduced 

inhibition of amblyopic inputs to the cortex. 

Interestingly, the “balancing” of cortical activation between the eyes induced by a-tDCS was 

most pronounced for extrastriate areas V2 and V3. There is evidence that the effects of suppressive 

cortical interactions within the amblyopic visual cortex become amplified in extrastriate areas (Levi, 

2006). For example, Bi et al. (2011) found that interocular suppression was more pronounced in V2 

than V1 of amblyopic monkeys. Furthermore, suppression within V2 was the strongest neural 
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correlate of the visual deficits experienced by these animals. Similarly, extrastriate areas have been 

found to show greater deficits in cortical activation for amblyopic eye viewing in humans (Muckli et 

al., 2006). Therefore, the more pronounced effects of a-tDCS we found in V2 and V3 may reflect the 

presence of more extensive suppressive interactions in these areas. 

The finding that c-tDCS did not induce improvements in amblyopic eye function within the 

group of “responders” is in agreement with previous work demonstrating that c-tDCS does not 

induce behavioural effects that are consistent with reduced GABA-mediated inhibition (Spiegel, 

Hansen, et al., 2012; Stagg, Jayaram, et al., 2011). The available data suggest that while c-tDCS does 

reduce GABA concentration, glutamate concentration is also reduced (Stagg, et al., 2009). This may 

induce a reduction in excitation that moderates any effects of reduced inhibition.  

C-tDCS and fellow eye contrast sensitivity 

C-tDCS resulted in a reliable decrease in contrast sensitivity for fellow eye viewing. This finding 

is in agreement with previous studies showing reduced visuocortical excitability following c-tDCS 

(Antal, Kincses, et al., 2004; Antal, et al., 2003a; Antal, et al., 2001). However, not all studies report 

reduced excitability or behavioural performance following c-tDCS of the visual cortex (Accornero, et 

al., 2007; Antal et al., 2012; Antal, et al., 2011; Kraft, et al., 2010; Spiegel, Hansen, et al., 2012). 

In the present study, c-tDCS did not affect contrast sensitivity of the amblyopic eye. A possible 

explanation is that neural inputs from the amblyopic eye are already suppressed (Mower, et al., 

1984; Sengpiel, et al., 2006) and therefore there is no scope for a further decrease in activity. This is 

in agreement with the current consensus that the effects of brain stimulation are strongly affected 

by the state of the stimulated neuronal population whereby neurons with recent history of 

suppression preferentially respond to excitatory stimulation (Iyer, et al., 2003; Ridding & Rothwell, 

2007; Silvanto & Pascual-Leone, 2008). 
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6.5.3 Brain Stimulation and Amblyopia 

It has previously been shown that both 1Hz and 10Hz repetitive transcranial magnetic 

stimulation (rTMS) of the primary visual cortex can improve contrast sensitivity in adult amblyopic 

eyes (Thompson, et al., 2008, 2010). rTMS may also act to balance the response of the visual cortex 

to inputs from the amblyopic and fellow eye (Thompson, et al., 2008, 2010), however, it is difficult to 

directly compare the effects of rTMS and tDCS as there are a number of fundamental differences 

between the techniques. These include distinct mechanisms of action (Thickbroom, 2007) and the 

focality of the stimulation effects. What is common to both the tDCS results reported here and the 

previous rTMS results is that improvements in amblyopic function are observed after short periods 

of stimulation. This suggests that both techniques act to unmask a latent capacity for improved 

neural processing of information from the amblyopic eye which, presumably, is suppressed under 

normal viewing conditions. 

6.6 General Conclusion 

A-tDCS transiently improved contrast sensitivity in a subset of adults with amblyopia and 

equated the cortical response to inputs from the amblyopic and fellow eyes. It is our contention that 

this effect is mediated by a decrease in GABAergic inhibition of inputs from the amblyopic eye within 

the visual cortex (Sengpiel & Blakemore, 1996; Spiegel, Hansen, et al., 2012). These results suggest 

that a-tDCS may be of use in the treatment in amblyopia in a subset of adult patients either alone or 

in combination with other interventions, as has recently been demonstrated for patients with 

hemianopia following stroke (Plow, Obretenova, Fregni, et al., 2012). However, the fact that some 

participants showed an improvement in amblyopic eye contrast sensitivity following a-tDCS whereas 

others did not demonstrates that noninvasive brain stimulation may not be a “one-size-fits-all” 

solution (Bradnam, et al., 2011). To optimise the potential clinical use of tDCS in the treatment of 

amblyopia we propose that the effect of tDCS on contrast sensitivity could be used to identify 

“responders” prior to commencing treatment (Vanneste, et al., 2011; Vanneste, et al., 2010).  
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Table 6.1 Participants 

ID Age/Sex Responder/fMRI Amblyopic eye and type 
VA 

[LogMAR] 
Refraction SF [cpd] 

P1 32/M N/N 
RE-S 0.3 -0.25 -0.5 x90 

15 
LE 0 -0.25 -0.25 x90 

P2 53/F Y/Y 
RE 0 +3.25 -0.5 x60 

15 
LE-S 0.4 +4.0 -0.25 x120 

P3 47/M Y/Y 
RE-S 0.2 +2.5 -0.25 x180 

15 
LE -0.1 +1.0 -0.5 x22 

P4 35/F N/N 
RE 0 +1.0 -0.5 x145 

20 
LE-S 0.3 +1.5 -0.75 x10 

P5 67/M Y/Y 
RE 0 +0.25 

5 
LE-A 0.3 +1.5 -2.25 x55 

P6 41/M N/N 
RE 0 +0.25 -0.25 x180 

2.5 
LE-S 1 +5.0 -1.5 x35 

P7 59/F N/N 
RE 0 +1.5 -0.5 x67 

15 
LE-S 0.6 +1.5 

P8 69/M N/N 
RE 0 plano 

5 
LE-S 0.6 +2.0 -0.5 95 

P9 19/M Y/N 
RE 0 1.50 

10 
LE-A 0.3 +1.50 

P10 47/F Y/Y 
RE-A 0.8 -2.25 

2.5 
LE 0 +6.0 

P11 32/M Y/Y 
RE-S 0.5 +0.5 

10 
LE 0 +0.25 

P12 48/F Y/N 
RE 0 0 -0.25 x160 

15 
LE-S 0.7 +1.75 

P13 26/M Y/N 
RE 0 -6.00 -1.00 x170 

15 
LE-S 0.2 -5.25 -1.50 x 30 

M = male, F = female, N = no, Y = yes, VA = visual acuity, RE = right eye, S = strabismic amblyopia, A = anisometropic amblyopia, VA = visual acuity, SF = spatial frequency, cpd = cycles per degree
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CHAPTER 7 Transcranial Direct Current Stimulation Enhances Recovery of 
Stereopsis in Adults with Amblyopia 

This chapter has been submitted to Brain; Spiegel DP, Li J, Hess RF, Byblow WD, Deng D, Yu 

M, Thompson B. Transcranial direct current stimulation enhances recovery of stereopsis in adults 

with amblyopia 

7.1 Abstract 

Amblyopia is a neurodevelopmental disorder of vision that is caused by abnormal visual 

experience during early childhood. The disorder is associated with chronic suppression of inputs 

from the amblyopic eye to the primary visual cortex. Current treatments for amblyopia are delivered 

during childhood when the visual cortex is still developing and emphasise forced use of the 

amblyopic eye. Adult patients with amblyopia are typically left untreated. Recently it has been 

shown that a novel dichoptic videogame-based treatment for amblyopia can improve visual function 

in adult patients, at least in part, by reducing inhibition of cortical inputs from the amblyopic eye. 

Noninvasive anodal transcranial direct current stimulation has been shown to reduce the activity of 

inhibitory cortical interneurons when applied to the primary motor or visual cortex. In this double-

blind, sham-controlled cross-over study we tested the hypothesis that anodal transcranial direct 

current stimulation of the visual cortex would enhance the therapeutic effects of dichoptic 

videogame-based treatment. A homogeneous group of 16 young adults (mean 22.1 ± 1.1 years) with 

amblyopia were studied to compare the effect of dichoptic treatment alone and dichoptic treatment 

combined with visual cortex direct current stimulation on measures of binocular (stereopsis) and 

monocular (visual acuity) visual function. The combined treatment led to greater improvements in 

stereoacuity than dichoptic treatment alone indicating that direct current stimulation of the visual 

cortex boosts the efficacy of dichoptic videogame-based treatment. This intervention warrants 

further evaluation as a novel therapeutic approach for adults with amblyopia. 
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7.2 Introduction 

Amblyopia, sometimes referred to as “lazy eye”, is a neurodevelopmental disorder of vision 

arising from decorrelated binocular input during early visual development (prevalence, 

approximately 3%) (Vinding, Gregersen, Jensen, & Rindziunski, 1991). Amblyopia results in 

decreased visual acuity in an otherwise healthy eye and is often associated with suppression of 

inputs from the amblyopic eye to the visual cortex (Holmes & Clarke, 2006; Sengpiel, et al., 2006). 

This causes an impairment of binocular visual functions such as stereoscopic depth perception. 

Conventional amblyopia treatment emphasises patching or penalisation of the fellow fixing (non-

amblyopic) eye to force the use of the amblyopic eye (Pediatric Eye Disease Investigator Group, 

2002, 2003b, 2004). While effective at improving visual acuity (Pediatric Eye Disease Investigator 

Group, 2003b, 2003c), current treatment is often associated with residual monocular (Pediatric Eye 

Disease Investigator Group, 2008) and binocular (Wallace, et al., 2011) deficits and a high rate of 

recurrence (Bhola, et al., 2006). It has been argued that the monocular treatment approach may not 

be maximally effective as it does not directly address suppression (Birch, 2013; Hess, et al., 2011). In 

fact participants with deeper suppression may have less successful monocular treatment outcomes 

(Narasimhan, et al., 2012). Moreover the standard monocular approach to amblyopia treatment is 

often considered to be ineffective for adult patients who are past the critical period of visual cortex 

development (Epelbaum, et al., 1993). 

Recent evidence from animal models has shown that reduced cortical inhibition allows for 

recovery of vision in adult amblyopic eyes (Harauzov, et al., 2010; He, et al., 2006; Maya-Vetencourt, 

et al., 2012; Sale, et al., 2010; Sale, et al., 2007). This has led to the development of amblyopia 

treatment interventions designed to reduce suppressive mechanisms within the human visual cortex 

(Black, Hess, Cooperstock, To, & Thompson, 2012; Hess, Mansouri, et al., 2010b; Hess, et al., 2011; 

Hess et al., 2012; Knox, et al., 2012; Spiegel, Hess, Byblow, & Thompson, 2012; Thompson, et al., 

2008; To, et al., 2011). One approach, based on psychophysical models of binocular vision and 



 

106 

supported by initial clinical studies in adults (Hess, Mansouri, et al., 2010a; Hess, et al., 2011; To, et 

al., 2011) and children (Knox, et al., 2012) involves dichoptic (separate images to each eye) 

presentation of high contrast images to the amblyopic eye and lower contrast images to the fellow 

eye. This dichoptic treatment approach has recently been implemented in the form of a videogame 

that can be played using video goggles (Knox, et al., 2012) or on an iPod touch equipped with a 

lenticular overlay screen (To, et al., 2011 ).The contrast imbalance overcomes suppression and 

allows for patients to see with both eyes simultaneously. Repeated exposure to such stimuli results 

in a lasting reduction in suppression and improvements in both binocular and monocular visual 

function (Hess, Mansouri, et al., 2010a; Hess, et al., 2011; Knox, et al., 2012; To, et al., 2011).  

In addition to behavioural interventions, non-invasive brain stimulation techniques such as 

repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) 

are capable of modulating inhibitory networks within cortical areas of the human brain (Spiegel, 

Hansen, et al., 2012; Stagg, Bachtiar, et al., 2011; Stagg, et al., 2009; Thompson, et al., 2008, 2010). 

The use of noninvasive brain stimulation techniques for the treatment of amblyopia is developing 

rapidly (Clavagnier, Thompson, & Hess, 2010; Spiegel, Hess, et al., 2012; Thompson, et al., 2008) and 

tDCS is particularly attractive due to its low cost and the possibility that it can be used in the 

patient’s own home (Benninger et al., 2011). Anodal tDCS (a-tDCS) tends to increase and cathodal 

tDCS (c-tDCS) tends to decrease excitability in the stimulated region. Several mechanisms have been 

proposed for these effects including alteration of the resting membrane potential (Purpura & 

Mcmurtry, 1965) and NMDA receptor-dependent LTP or LTD like mechanisms (Liebetanz, et al., 

2002). Of particular relevance for amblyopia, a-tDCS has been associated with a reduction in GABA-

mediated inhibition. These effects have been observed when a-tDCS is applied to either the motor 

(Stagg, Bachtiar, et al., 2011; Stagg, et al., 2009) or visual (Spiegel, Hansen, et al., 2012) cortices. 

Furthermore, there is evidence that a-tDCS of the visual cortex can enhance the effects of visual 

rehabilitation for visual field loss following stroke (Plow, Obretenova, Fregni, et al., 2012; Plow, 

Obretenova, Jackson, et al., 2012). This is consistent with studies reporting that a-tDCS can augment 
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physiotherapeutic interventions for motor impairments following stroke (Boggio, et al., 2007; Butler 

et al., 2012) and enhance learning/skill acquisition (Stagg, Bachtiar, et al., 2011). 

The aim of this study was to determine whether a-tDCS can enhance the effects of dichoptic 

treatment in adults with amblyopia. A pilot study (see supplementary materials) indicated that four 

adult patients with moderate/severe amblyopia who had not responded to a short period of 

dichoptic treatment alone, experienced improved visual acuity when dichoptic treatment was 

combined with a-tDCS for 2 weeks. Furthermore, two of these patients gained measurable 

stereopsis. To explore the potential of this multi-modal treatment approach we designed a double-

blind sham-controlled cross-over study in which adults with amblyopia received daily sessions of 

dichoptic treatment combined with a-tDCS of the visual cortex. Our hypothesis was that dichoptic 

treatment and a-tDCS would result in greater improvements in visual function than dichoptic 

treatment alone. 

7.3 Methods 

7.3.1 Participants 

Sixteen adults with amblyopia (mean age 22.07 ± 1.1 SEM) with at least 0.2 LogMar 

difference in visual acuity between their eyes and no contraindications for tDCS were recruited from 

the ophthalmology clinics at Zhongshan Ophthalmic Center, Guangzhou, China. Five participants had 

previously undergone patching therapy and 11 patents had received no previous treatment. Clinical 

details of all participants are summarised in Table 7.1. Best refractive correction was worn during all 

testing sessions and prismatic correction was provided when necessary. The study protocols were 

approved by the Ethics Committee of Zhongshan Ophthalmic Center and complied with the 

Declaration of Helsinki. All participants provided informed consent. 
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7.3.2 Study Design 

A sham-controlled, cross-over, double-blind study design was adopted (Figure 7.1). 

Participants were randomised into two groups. Both groups received an identical dichoptic 

treatment regimen of 10 sessions lasting 65 minutes. Both groups also received tDCS during the first 

15 minutes of each treatment session, however, group 1 received a-tDCS of the visual cortex during 

the first five training sessions and motor cortex tDCS (sham -tDCS; s-tDCS) during the second five 

sessions. In group 2, the order of tDCS conditions was reversed. 

Measurements of best corrected visual acuity and stereopsis were made prior to the first 

training session (Pre), after five days of treatment (Post 5D) and after ten days of treatment (Post 

10D). In eight available patients, visual acuity and stereopsis were also measured at two weeks (Post 

2W) and three months (Post 3M) after the final treatment session. 

7.3.3 Clinical Assessment 

Visual acuity was measured using a tumbling E chart with decimal progression presented 

using a Topcon ACP-8 projector and viewed from a distance of 3 m. Stereopsis was assessed using 

Randot Stereo Test at 40 cm viewing distance. Clinical data were collected by an investigator masked 

to the grouping of the participants. 

7.3.4 Dichoptic Treatment 

Dichoptic treatment was administered in a clinical assessment room using an iPod touch 

device equipped with a lenticular overlay screen. The videogame-based treatment is described in 

detail elsewhere (To, et al., 2011). In brief, it consists of a modified version of Tetris which requires 

the player to tessellate falling blocks together (To, et al., 2011). Some blocks are presented to the 

amblyopic eye at high contrast, some to the fellow eye at low contrast and some to both eyes to aid 

fusion. Successful game play can only occur if suppression of the amblyopic eye is overcome, thereby 

allowing all bocks to be perceived simultaneously. 
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Participants were seated in a chair with their head placed in a chinrest to ensure exact 

alignment of the lenticular screen. The iPod was controlled using a Bluetooth keyboard. Interocular 

suppression was assessed at the start of each treatment session using an established psychophysical 

technique which provides a measurement of the interocular contrast difference required to 

overcome suppression of the amblyopic eye (Black, et al., 2011; Mansouri, et al., 2008; Narasimhan, 

et al., 2012). This technique has recently been modified to allow for measurements to be made in 

the context of high anisometropia (Li, et al., 2013) (supplementary materials). The suppression 

measurement was used to set the contrast of the Tetris blocks presented to the fellow eye 

(supplementary methods); amblyopic eye blocks were always presented at 100% contrast.  

Each treatment session was divided into three blocks of Tetris play. The first block lasted 15 

minutes and the second two blocks lasted 25 minutes. Each block was separated by a 5 minute break 

(Figure 7.1). tDCS was delivered during the first block. 
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Figure 7.1 Experimental Design 

A sham-controlled, cross-over, double-blind study design was adopted. Group 1 (solid line) received a-tDCS of the visual cortex 

during the first five training sessions and s-tDCS during the second five sessions. The order of tDCS conditions was reversed for 

group 2 (dashed line). Visual functions were assessed before treatment (baseline), after five treatment sessions and after ten 

treatment sessions. tDCS was administered during the first 15 minutes of dichoptic training. This was followed by two 25 

minute training blocks. A five minute break was provided between each bock.  

 

7.3.5 Transcranial Direct Current Stimulation 

tDCS was administered using a direct current stimulator (Chattanooga Ionto) via two rubber 

electrodes housed in saline-soaked sponge pockets (Chattanooga Intelect). The sizes of the 

stimulating and reference electrode were 4 x 6 cm and 8 x 12 cm, respectively. The large size of the 

reference electrode was chosen to render the electrode inert due to a low current density (Nitsche, 

et al., 2007). 

For the a-tDCS condition the stimulating and reference electrode were positioned over Oz 

and Cz, respectively (Antal, Kincses, et al., 2004; Antal, et al., 2003a, 2003b; Antal, et al., 2001, 2006; 
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Antal & Paulus, 2008; Spiegel, Hansen, et al., 2012), as defined by the 10-20 EEG coordinate system 

(Chatrian, et al., 1985).The direct current was ramped up to 2 mA, kept constant for 15 minutes, and 

then ramped down. 

Sham stimulation involved placement of the tDCS electrodes over the motor cortex as the 

short periods of tDCS that are typically used for sham stimulation may still influence cortical function 

and we wanted to rule out any effects of sham tDCS on visual function. The stimulating electrode 

was placed over the non-dominant primary motor cortex and the reference electrode was placed 

over the dominant primary motor cortex (corresponding to 10-20 EEG positions C3 and C4). For 

sham stimulation tDCS was ramped up to 2 mA and then turned off out of view of the patient 

(Gandiga, et al., 2006). 

7.3.6 Statistical Analysis 

Prior to statistical analysis, visual acuity measurements were converted to LogMAR units and 

stereoacuity values were converted to stereo sensitivity [stereo sensitivity = stereoacuity-1] as many 

patients had no measureable stereopsis prior to treatment (sensitivity of 0). Visual acuity and stereo 

sensitivity measures made after 5 treatment sessions were normalised to baseline measurements 

(pre-treatment) by subtraction. Measurements made after 10 treatment sessions were normalised 

to the measurements made after 5 treatment sessions by subtraction. In order to assess any a-tDCS-

specific effects on the results of dichoptic treatment, mixed analyses of variance (ANOVA) were 

conducted on normalised data with a between-subject factor Group (Group 1 vs. Group 2) and 

within-subject factor Time (Post 5D and Post 10D). Post hoc analyses were conducted using paired 

sample t-tests. Means and standard error are reported in the text. 
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7.4 Results 

No participants reported any adverse effects apart from a slight tingling sensation under the 

electrodes. 

In agreement with previous studies (Hess, Mansouri, et al., 2010b; Hess, et al., 2011; To, et 

al., 2011) dichoptic training resulted in improved visual acuity and stereopsis. After all 10 treatment 

sessions 14 of the 16 participants (78.8%) exhibited improved stereopsis, including 12 participants 

who had no measurable stereopsis prior to treatment. The mean improvement was 0.003 ± 0.0004 

arc s-1 (t15 = -3.382, p = 0.004) (Figure 7.2A). The improvement in amblyopic eye visual acuity 

ranged from 0.16 to 0.53 LogMAR and the mean improvement was 0.34 LogMAR ± 0.04 SEM (t15 = 

8.725, t<0.0001) (Figure 7.2B). There was a strong positive correlation (Pearson’s r = 0.955, p < 

0.0001) between each patient’s baseline visual acuity (Pre) and their visual acuity improvement 

indicating that patients with deeper amblyopia exhibited greater acuity improvements (Figure 7.2C). 

This correlation remained significant when each patient’s average acuity before and after treatment 

(mean of Pre and Post 10D measurements) was compared to their improvement in visual acuity (r = 

0.866, p < 0.0001). 
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Figure 7.2 Overall Improvements in Visual Function 

Panels A and B represent stereopsis and amblyopic eye visual acuity measurements averaged across all 16 participants at 

baseline (Pre) and after five (Post 5D) and ten (Post 10D) treatment sessions. * change from baseline (p < 0.05, two sample 

paired t-test). Error bars represent ± within-subject SEM. Panel C shows a correlation between baseline visual acuity and 

change in visual acuity after ten sessions. Each data point represents an individual participant. The positive correlation indicates 

that the treatment effect was smallest for participants with mild amblyopia and largest for those with more severe amblyopia. 

 

An ANOVA conducted on the normalised stereopsis data revealed an interaction between 

Time and Group (F1, 14 = 10.5, p = 0.006). As shown in Figure 7.3A, a-tDCS enhanced the 

improvement in stereoacuity (group 1 pre to post 5D t7 = -2.553, p = 0.038; group 2 post 5D to post 

10D t7 = -3.55, p = 0.009) whereas s-tDCS did not (Group 1 post 5D to post 10D t7 = -1.256, p = 

0.250; Group 2 pre to post 5D t7 = -1.323, p = 0.227). 



 

114 

There was no interaction between time and group for the amblyopic eye visual acuity data 

(Figure 7.3B). 

Clinical measurements made at two weeks and three months post treatment in a subset of 

eight available patients indicated that the treatment effects remained stable for both stereopsis and 

visual acuity (Table 7.2). 

 

Figure 7.3 Mean stereosensitivity and Visual Acuity 

Mean stereosensitivity (panel A) and visual acuity (panel B) for group 1 (open circles; a-tDCS followed by s-tDCS) and group 2 

(filled circles; s-tDCS followed by a-tDCS) at baseline (pre) and after 5 (post 5D) and 10 (post 10D) days of dichoptic treatment. 

Dashed lines represent dichoptic treatment combined with a-tDCS and solid lines represent dichoptic treatment combined with 

s-tDCS. * improvement in visual acuity from baseline (p<0.05, two sample paired t-test). # improvement in stereopsis from Pre 

to Post 5D in group 1 and Post 5D to Post 10D in group 2 (p < 0.05). Error bars represent ± within-subject SEM. 

 

7.5 Discussion 

This study has produced confirmatory and novel results. First, in agreement with previous 

work (Hess, Mansouri, et al., 2010b; Hess, et al., 2011; Knox, et al., 2012; To, et al., 2011), we found 

that a short period of dichoptic treatment resulted in pronounced and lasting gains in visual acuity 

and stereopsis in adult patients with amblyopia. Second, the novel finding that a-tDCS enhances the 

effect of dichoptic treatment on stereopsis. These results are consistent with the idea that the adult 

visual cortex has sufficient plasticity to recover function in adulthood (Li, Klein, et al., 2008; Li, 



 

115 

Provost, et al., 2007; Polat, et al., 2004) and provide the first evidence that brain stimulation 

techniques can augment treatment interventions for amblyopia. 

The dichoptic treatment approach used in this study is based on psychophysical studies 

demonstrating that information from the amblyopic eye is subject to a strong inhibitory drive from 

the fellow eye prior to binocular combination (Baker, et al., 2007). The treatment is designed to 

reduce suppression of the amblyopic eye and therefore improve binocular functions such as 

stereopsis (Hess, et al., 2011; To, et al., 2011). The fact the monocular function also improves, even 

though the fellow eye is never occluded during treatment, emphasises the importance of the 

binocular dysfunction in the visual deficits associated with amblyopia (Bi, et al., 2011; Li, Thompson, 

et al., 2011; Mower & Christen, 1989).  

Significant gains in visual function achieved by both groups of patients in this study further 

support the argument that dichoptic treatment is an effective approach to amblyopia therapy (Hess, 

Mansouri, et al., 2010b; Hess, et al., 2011; To, et al., 2011). The magnitude of the stereopsis 

improvements we report are consistent with previous studies using the dichoptic treatment 

technique in adult patients (Black, et al., 2012; Hess, et al., 2012; To, et al., 2011). Interestingly, the 

improvements in visual acuity were 0.15 log units larger than those reported in previous studies 

using dichoptic treatment and those using patching of the fellow combined with extended periods 

(40 hours) of video game play (Li, Ngo, et al., 2011). The protocol in the current study allowed for 

training sessions to be precisely timed and closely monitored. In addition, the interocular contrast 

offset used within the video game was calibrated at the start of every session. These factors may 

have optimised the treatment effects on visual acuity. The fact the 11/16 (69%) of the patients in the 

current study had not previously received treatment may also have resulted in large acuity gains as 

greater improvements may occur in older patients who have not previously been treated (Pediatric 

Eye Disease Investigator Group, 2005). 
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A novel finding of this study was that a-tDCS enhanced the effects of dichoptic treatment for 

stereopsis. The rationale for the application of a-tDCS to amblyopia is based on previous work 

showing that a-tDCS reduces GABA-mediated inhibition (Spiegel, Hansen, et al., 2012; Stagg, 

Bachtiar, et al., 2011; Stagg, et al., 2009), a key mechanism underlying suppression of the amblyopic 

eye (Mower & Christen, 1989; Sengpiel, et al., 2006). A reduction in inhibition may also enhance the 

potential for experience dependant plasticity (Baroncelli, et al., 2011; Maya-Vetencourt, et al., 2012; 

Scali, et al., 2012; Stagg, Bachtiar, et al., 2011). It is possible that a-tDCS further reduced suppression 

of the amblyopic eye, therefore enhancing the effects of dichoptic treatment on stereopsis which 

requires precise binocular integration. Based on pilot data, we anticipated that a-tDCS would also 

enhance the effect of dichoptic treatment on amblyopic eye visual acuity. Participants in the pilot 

study had not shown improvement in visual acuity prior to a-tDCS, however, visual acuity improved 

after a-tDCS was combined with dichoptic treatment. In the present study it is likely that any effect 

of a-tDCS was masked by the pronounced improvements in visual acuity that occurred with dichoptic 

treatment alone. 

A-tDCS has been reported to enhance the effect of treatments applied during rehabilitation 

for visual field deficits following stroke (Plow, Obretenova, Fregni, et al., 2012; Plow, Obretenova, 

Jackson, et al., 2012). Here we have shown for the first time that a-tDCS can enhance treatment 

effects in adults with amblyopia raising the possibility that a-tDCS can improve outcomes for adult 

patients with amblyopia who are typically left untreated. 
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Table 7.1 Participants’ Details 

ID/Group Age/Sex 
History and previous 

treatment 
Type of 

Amblyopia 
Visual Acuity 

[LogMAR] 
Current refraction 

AS1 18/M Not known, patching 
RE 0.0 Plano 

LE Aniso 0.73 +5.75 -1.25 x5 

AS2 20/F Not known, none 
RE 0.0 +0.25 

LE Strab 1.03 Plano 

AS3 19/F Detected age 8y, patching 
RE 0.0 -1.25 

LE Aniso 0.22 -0.25 -0.5 x145 

AS4 22/F Not known, patching 
RE 0.0 -1.5 

LE Aniso 0.4 +3.0 

AS5 22/M Not known, none 
RE Aniso 0.16 +5 -0.5 x35 

LE 0.0 +2.5 -0.5 x155 

AS6 25/F Detected age 7y, surgery 
RE Strab 0.75 -1.25 

LE 0.0 -0.75 

AS7 31/F Not known, none 
RE 0.0 -3.25 

LE Strab 0.42 -2.25 

AS8 20/M Detected 5, patching 
RE 0.0 +1.25 -0.75 x15 

LE Aniso 1.0 +6.5 -1.0 x95 

SA1 21/F Not known, none 
RE 0.0 -0.5 

LE Aniso 0.15 +3.25 -1.0 x80 

SA2 23/F Not known, patching 
RE -0.8 +4.75 -1.0 x10 

LE Strab 1.03 +4.5 -1.25 x5 

SA3 17/M Not know, none 
RE Mixed 1.05 +4.25 -0.5 x50 

LE 0.0 -0.25 

SA4 31/M Not known, none 
RE Aniso 0.58 +5.0 -2.0 x120 

LE 0.0 +7.75 -1.0 x30 

SA5 19/M Detected age 6y, surgery 
RE 0.0 0 -0.5 165 

LE Strab 0.55 -1.0 -0.75 15 

SA6 24/F Not known, none 
RE Strab 0.7 -5.0 -0.75 x180 

LE 0.0 -4.5 -1.25 x170 

SA7 19/F Not known, none 
RE Aniso 0.38 +8.0 -2.0 x175 

LE 0.0 +3.25 -1.5 x165 

SA8 29/F Detected age 8y, none 
RE Aniso 1.0 -1.25 -1.0 85 

LE 0.0 +3.75 -0.75 x165 

AS refers to participants who received a-tDCS first and SA refers to patients who received s-tDCS first. M = male, F = female, RE 

= right eye, LE = left eye, Aniso = anisometropic amblyopia, Strab = strabismic amblyopia.



 

118 

Table 7.2 Clinical Measures 

 
Amblyopic Visual Acuity [LogMAR] Stereo Sensitivity RDK Suppression 

ID Pre Post 5D Post 10D Post 2W Post 3M Pre Post 5D Post 10D Post 2W Post 3M Pre Post 5D Post 10D 

AS1 0.7 0.48 0.48 0.45 0.40 0 0.00125 0.00125 0.00125 0.00125 0.00 0.28 0.22 

AS2 1.0 0.57 0.55 0.55 0.52 0 0 0 0 0 0.10 0.29 0.38 

AS3 0.22 0.15 0.10 0.10 0.08 0.00125 0.005 0.01 0.005 0.0025 0.34 0.50 0.78 

AS4 0.40 0.21 0.21 0.22 0.22 0 0 0 0 0 0.02 0.15 0.20 

AS5 0.16 0.12 0.08 - - 0.00125 0.005 0.005 - - 0.32 0.65 0.77 

AS6 0.73 0.57 0.30 - - 0 0.00125 0.00125 - - 0.28 0.36 0.40 

AS7 0.42 0.33 0.18 - - 0 0.00125 0.0025 - - 0.45 1.00 1.00 

AS8 1.00 0.7 0.42 - - 0 0 0 - - 0.00 0.13 0.14 

SA1 0.15 0.05 0.03 0.00 -0.05 0.00125 0.005 0.01 0.01 0.01 0.02 0.33 0.41 

SA2 1.0 0.57 0.55 0.45 0.42 0 0 0.00125 0.00125 0.0025 0.19 1.00 1.00 

SA3 1.0 0.60 0.55 0.52 0.60 0 0 0.00125 0.0025 0.0025 0.02 0.15 0.20 

SA4 0.57 0.35 0.27 0.30 0.38 0 0 0.00125 0.00125 0.00125 0.26 0.37 0.69 

SA5 0.55 0.33 0.17 - - 0 0 0.0025 - - 0.25 0.37 0.54 

SA6 0.38 0.25 0.15 - - 0.00125 0.0025 0.005 - - 0.35 0.48 0.51 

SA7 0.70 0.42 0.25 - - 0 0 0.00125 - - 0.24 0.29 0.40 

SA8 1.00 0.7 0.48 - - 0 0 0 - - 0.00 0.16 0.19 

Measurements of visual acuity, stereo sensitivity (sec arc-1) and suppression for individual participants. Suppression was measured as the contrast that could be tolerated in the fellow eye when the 

amblyopic eye was presented with a stimulus at 100% contrast and larger values indicate weaker suppression (less contrast difference between the eyes was required). Measurements are provided prior 

to treatment (Pre) after 5 days (Post 5D), after 10 days (Post10D), two weeks after the final treatment session (post 2W) and three months after the final treatment session (post 3M).
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7.6 Supplementary Materials 

7.6.1 Measurement of Interocular Suppression 

Suppression was measured using an established technique that relies on dichoptic 

presentation of random dot kinematograms (RDKs). These stimuli are made up of two populations of 

moving dots, a signal population which move coherently in a common direction and a noise 

population which move randomly (Newsome & Pare, 1988). The observer’s task is to identify the 

direction of the signal dots and the ratio of signal to noise in the stimulus can be varied to 

manipulate task performance. The ratio of signal to noise required for a particular level of task 

performance is known as the motion coherence threshold (Newsome & Pare, 1988). During the 

suppression measurement signal dots are presented to one eye and noise dots to the other. The 

dots presented to the amblyopic eye have a high, fixed contrast and the dots presented to the fellow 

eye have a variable contrast. A psychophysical staircase technique is used to vary the contrast of the 

dots presented to the fellow eye until the signal and noise dot populations interact normally, as 

evidenced by the motion coherence threshold (Mansouri, et al., 2008). The contrast offset between 

the eyes required for normal binocular combination of the signal and noise dots is an objective 

measure of suppression with larger contrast offsets indicating stronger suppression. We used the 

rapid version of this technique described by Black et al (2011) that has recently been modified to 

allow for measurements to be made in patients with high anisometropia (Li, et al., 2013). This is 

achieved by randomising the size of the dots in the stimulus, thereby removing any cues for 

signal/noise segregation provided by aniseikonia (image size differences between the two eyes). 

Firstly, a motion coherence threshold was measured under binocular conditions in every participant 

(both eyes see both signal and noise with no contrast offset). This threshold was used to fix the 

number of signal dots presented to the amblyopic eye at high contrast and the number of noise dots 

presented to the fellow eye with a variable contrast. A staircase was used to vary the contrast of the 

noise dots in the fellow eye until the motion coherence threshold was the same as that measured 

under binocular conditions (Black, et al., 2011; Li, et al., 2013).  
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The measurements were conducted using a Z800 Dual Pro head-mounted display (eMagin, 

Bellevue, WA), driven by a MacBook Pro laptop. RDK stimuli were presented using the Psychophysics 

Toolbox, version 3 for MatLab (Brainard, 1997) (The MathWorks, Natick, MA). 

7.6.2 Dichoptic Treatment 

Dichoptic treatment was delivered using a modified Tetris game whereby some elements 

were presented to the amblyopic eye at high contrast and others to the fellow eye at a low contrast 

(Figure 7.4, modified from To et al. (2011), page 285. The contrast of the blocks seen by the fellow 

fixing eye was determined before each treatment session using the suppression measurement 

technique described above. 

 

Figure 7.4 Schematic Representation of the Dichoptic Tetris Game used for Amblyopia 
Treatment 

The whole game field is presented dichoptically and the player is required to tessellate the falling blocks with the blocks at the 

bottom of the screen. Falling blocks are presented at 100% contrast to the amblyopic eye; the upper two layers of the 

stationary ground blocks are presented at low contrast to the fellow eye; and the remaining ground blocks are presented to 

both eyes. Successful game play requires information from both eyes to be combined. Figure modified from To et al. (2011), 

page 285. 
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7.6.3 Pilot Study 

7.6.3.1 Procedure 

Four young adults (mean age 23.4 ± 1.96 SEM) with amblyopia (Table 7.3) took part in a pilot 

study to assess whether a-tDCS could enhance the effect of amblyopia treatment.  

The pilot study design is outlined in Figure 7.5. Three of the four patients completed five 

sessions of dichoptic treatment, five sessions of monocular treatment (playing Tetris with the 

amblyopic eye only at 100% contrast) and ten sessions of dichoptic training combined with a-tDCS. 

The order of monocular and dichoptic treatment was reversed for the fourth participant. These 

participants were chosen for the pilot study as they had not shown any measureable improvements 

in visual acuity or stereopsis after the dichoptic and/or monocular treatment in the absence of a-

tDCS. Visual acuity and stereo acuity were assessed at baseline and after each block of five 

treatment sessions (Figure 7.5). Visual acuity was measured using a tumbling E LogMAR chart, 

viewed from a distance of 4 meters for the pre-treatment baseline and after each of the first two 

treatment blocks. The chart was changed to a projected tumbling E chart (Topcon ACP-8 projector) 

for measurements made directly before the combination of a-tDCS and dichoptic treatment and all 

measurements thereafter. This was due to changes in the availability of clinical testing suites and 

may account for differences in VA measures made after treatment session 10 and measures made 

before the first a-tDCS session in some patients (Figure 7.6). Stereopsis was assessed using the 

Randot Stereo Test viewed from 40 cm. 

Each treatment session consisted of 60 minutes of treatment divided into two 30 minutes 

blocks separated by a 15 minute break. In the combined sessions, visual cortex a-tDCS (2 mA) was 

administered during the first 15 minutes of treatment. The Tetris game was presented using 

headmounted video goggles and an opaque patch was worn over the fellow eye during the 

monocular treatment sessions.  
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Figure 7.5 Pilot Study Design 

Three patients underwent a block of five sessions of dichoptic Tetris, followed by a block of five sessions of monocular Tetris. In 

one patient the order of dichoptic and monocular conditions was reversed. After these two treatment blocks all patients 

commenced two blocks of five dichoptic treatment sessions combined with a-tDCS. Visual function was assessed at baseline 

(Pre) and after each block of training. Note that a different chart was used to measure visual acuity after session 10 due to 

technical issues. 

 

7.6.3.2 Results 

The four pilot participants were selected for this study as they had not experienced 

improvements in visual function after five sessions of dichoptic treatment or five sessions of 

monocular treatment. However, all four participants responded to the dichoptic therapy combined 

with a-tDCS. All participants showed improvements in amblyopic eye visual acuity with a mean 

improvement from the pre-tDCS baseline of 0.29 LogMAR ± 0.04 SEM after five tDCS sessions and 

0.3 LogMAR ± 0.044 SEM after ten sessions (Figure 7.6) of the combined therapy. Stereopsis was also 

established in two participants who had no measurable stereopsis prior to treatment. These results 
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suggested that a-tDCS may enhance the effects of dichoptic treatment in adults with amblyopia, a 

hypothesis that was supported by our main study. 

 

Figure 7.6 Pilot Study Results 

Panel A shows individual visual acuity data for our four pilot patients. The dashed line indicates the point at which the visual 

acuity chart was changed (see text for details). No visual acuity improvement occurred after monocular or dichoptic training 

alone, however, all patients experienced visual acuity improvement after dichoptic training combined with a-tDCS. Panel B 

shows stereopsis data for two patients who experienced improved stereopsis following dichoptic training combined with a-

tDCS. The two remaining patients did not have measureable stereopsis at any point in the pilot study. 
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Table 7.3 Pilot Participants’ Details 

 

 

 

 

 

Individual columns summarise age, sex, previous treatment, type of amblyopia, visual acuity in LogMar, and current refraction 

of the pilot participants. 

 

Table 7.4 Pilot Clinical Measures 

 Amblyopic Visual Acuity [LogMAR] Stereo Sensitivity 

ID Pre 

Post 

Train1 

Post 

Train2 

Pre 

tDCS Post 5D 

Post 

10D Pre 

Post 

Train1 

Post 

Train2 Post 5D Post 10D 

P1 0.72 0.7 0.7 0.765 0.563 0.563 0 0 0 0 0 

P2 0.72 0.74 0.7 0.732 0.458 0.438 0 0 0 0 0.00125 

P3 0.74 0.7 0.72 1 0.7 0.7 0 0 0 0 0 

P4 0.82 0.86 0.86 1 0.603 0.583 0 0 0 0.00125 0.00125 

The left side of Table 7.4 summarises clinical measures for the four participants before monocular or dichoptic training (Pre), 

after the first and second block of monocular or binocular training (Post Train1 and Post Train 2), before the first block of 

dichoptic training combined with a-tDCS and after first and second block of dichoptic training combined with a-tDCS (Post 5D 

and Post 10D). Data in the left part of the table represent amblyopic eye visual acuity in LogMar and data in the right part 

represent stereosensitivity (arc sec-1). 

  

ID Age/Sex Previous treatment 
Type of 

Amblyopia 
Visual Acuity 

[LogMAR] 
Current refraction 

P1 19/F None 
RE 0.0 Plano 

LE Aniso 0.77 +6.25 -1.75 x 90 

P2 19/M None 
RE 0.0 +1.0 

LE Aniso 0.75 +7.25 -1.5 x 10 

P3 26/F None 
RE 0.0 -0.25 

LE Strab 1.03 -1.0 -1.0 x90 

P4 24/M None 
RE 0.0 +6.75 -0.5 90 

LE Aniso 1.03 0 -1.0 x180 
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CHAPTER 8 Overview and Future Directions 

8.1 Current Perspectives on Amblyopia 

Amblyopia is a unique visual impairment. An intact retinal image originating in a healthy, 

fully corrected eye is transmitted normally to the brain but is perceived abnormally. This cortically 

based disorder has been a challenge for generations of eye specialists. Current treatment regimens 

relying on patching or penalising of the fellow fixing eye have several limitations including poor 

compliance (Loudon, et al., 2002; Stewart, et al., 2005), residual visual deficits (Pediatric Eye Disease 

Investigator Group, 2008; Wallace, et al., 2011) and considerable recurrence rates (Bhola, et al., 

2006) resulting in a relatively high prevalence of amblyopia in the adult population (Attebo, et al., 

1998). Furthermore, the efficacy of treatment is often thought to be limited after the critical period 

(Epelbaum, et al., 1993) due to the traditional view that amblyopia is untreatable in adults. 

8.2 Can tDCS be used in the Treatment of Adults with Amblyopia? 

In the four studies presented in this dissertation, we evaluated the potential use of anodal 

tDCS as a tool in the treatment of adults with amblyopia. This work was motivated by three main 

arguments stemming from the results of previous research. Firstly, chronic GABAergic inhibition of 

inputs from the amblyopic eye is believed to be the key factor in the pathophysiology of amblyopia. 

Secondly, a decrease in the tone of GABAergic circuitry is thought to be an important precondition 

for reopening of the critical period in the visual cortex (Table 3.1). Finally, anodal tDCS has been 

associated with a reduction of GABA levels within the stimulated cortical region. 

In the first study discussed in CHAPTER 5, we aimed to investigate whether anodal tDCS 

could decrease the tone of GABAergic inhibition within the visual cortex of participants with normal 

vision. In this study inhibition was quantified behaviourally via surround suppression. To the best of 

our knowledge, we were first to report that anodal tDCS can reduce behavioural correlates of 

GABAergic inhibition within the visual cortex and this finding provided a foundation for the use of 

tDCS with amblyopic patients. 



 

126 

The second study described in CHAPTER 6 aimed to evaluate the effects of a single dose (15 

min, 2 mA) of anodal tDCS delivered to the visual cortex of adults with amblyopia. We found that in 

6/13 (63%) participants, anodal tDCS temporarily improved threshold contrast sensitivity of the 

amblyopic eye.  

The effects of a single dose of anodal tDCS on the amblyopic visual cortex were also assessed 

in the third study using fMRI also described in CHAPTER 6. Following sham stimulation, a 

monocularly presented broadband suprathreshold visual stimulus elicited a weaker BOLD signal in 

the visual cortex when viewed by the amblyopic eye relative to when the stimuli were viewed with 

the fellow eye. This was consistent with previous studies. However, anodal tDCS significantly 

reduced this interocular difference in cortical activation. The results of the two studies presented in 

the CHAPTER 6 are consistent with the idea that anodal tDCS reduces GABAergic inhibition within 

the visual cortex. This may reduce suppression and increase the excitability of the neuronal 

population subserved by the amblyopic eye resulting in improved contrast sensitivity and a 

rebalancing of cortical activation. Importantly, these results supported further investigation into the 

use of anodal tDCS in the treatment of amblyopia. 

Finally, we translated the basic science findings from the previous three studies to a clinical 

study. Anodal tDCS was administered to adults with amblyopia in combination with a dichoptic 

treatment regimen (CHAPTER 7). In line with previous studies, binocular training resulted in a 

significant improvement in both monocular and binocular function manifested as an improvement in 

amblyopic eye visual acuity and stereopsis. Our data also indicated that anodal stimulation 

enhanced the improvement in stereoacuity induced by dichoptic treatment. Furthermore, in pilot 

observations, anodal tDCS appeared to allow for an improvement in amblyopic eye visual acuity in 

patients who had not responded to dichoptic treatment alone. These results imply that anodal tDCS 

is a clinically applicable adjunct therapy for adult patients with amblyopia. 
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8.3 Can our Findings Be Applied to Different Cortical Areas? 

Amblyopia is an accepted model of overall cortical plasticity and interventions that allow for 

recovery in amblyopia may also be applicable to non-visual brain areas. There is evidence suggesting 

that factors such as the development and tone of GABAergic circuitry (Baroncelli, et al., 2011; 

Hensch, 2004), determine the time course of neuroplasticity not only in visual brain areas but in all 

sensory brain areas. 

For example GABA-mediated inhibition plays a crucial role in the development and plasticity 

of whisker barrels, well-defined columns of cells that process somatosensory information from 

animals’ whiskers (Jiao, et al., 2011; Micheva & Beaulieu, 1995, 1996). These are considered to be a 

somatosensory parallel to ocular dominance columns (Adams & Horton, 2009). Furthermore, Fuchs 

et al. (1998) showed that whisker trimming, a form of deprivation for this sensory system, 

downregulated GABAergic inhibition within the somatosensory cortex in both young and adult rats, 

an effect that is reminiscent of the reduced GABA levels in the visual cortex that occur after dark 

exposure (He, et al., 2006; Morales, et al., 2002). 

Similarly, GABAergic circuitry has also recently been recognised as a fundamental factor in 

the development of the auditory system (Gao, Newman, Wormington, & Pallas, 1999; Gao, 

Wormington, Newman, & Pallas, 2000). For example, Zhou et al. (2011) showed that chronic 

exposure to a moderate-level of acoustic noise can reopen the critical period in the auditory cortex. 

Moreover, this critical period reopening was associated with a significant reduction in intracortical 

GABA concentration. Zhou et al. directly associated these findings with the effects of dark exposure 

on visual cortex plasticity shown by He et al. (2006) and concluded that rather than a complete 

absence of stimulus, the absence of a patterned stimulus is crucial for critical period reopening 

(Zhou, et al., 2011). 
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Finally, GABAergic inhibition also plays a crucial role in a model of multisensory integration 

that involves a visuo-spatial localisation task in barn owls. These birds need to have perfectly aligned 

visual and auditory maps within their optic tectum (known as superior colliculus in mammals) in 

order to correctly orient towards an auditory stimulus (Knudsen, Zheng, & Debello, 2000). The ability 

to adapt to a prismatic displacement of the visual field can be used to quantify their multisensory 

neural plasticity. Interestingly, these animals are able to acquire multiple prism-shifted visuo-

auditory maps during the sensitive period. Each of these maps remain imprinted on the system 

(Knudsen, 1998) with all but one being inactivated by strong GABAergic inhibition (Zheng & Knudsen, 

1999). This represents a remarkable parallel to the binocular connections within the amblyopic 

visual cortex that appear to be preserved but actively suppressed (Baker, et al., 2007; Li, Thompson, 

et al., 2011; Sengpiel, et al., 2006). 

Bringing together the evidence for the role of GABA in neural plasticity across various 

cortical regions, and the results of the studies reported in this thesis, one could speculate that 

anodal tDCS might have therapeutic potential for a variety of cortically based disorders. Indeed, 

results of several recent studies into disorders such as stroke (Kim, et al., 2009), chronic pain (Fregni, 

Boggio, Lima, et al., 2006), major depression (Fregni, Boggio, Nitsche, et al., 2006), or tinnitus (Song, 

Vanneste, Van De Heyning, & De Ridder, 2012) support this suggestion. 

8.4 Limitations of the Thesis 

Although the studies presented in this dissertation were carefully prepared, there are 

certain limitations. First of all, the research was conducted using relatively small samples; 10 control 

participants with normal vision in study 1 (CHAPTER 5) and 13, 5, and 20 amblyopic participants in 

study 2 – 4 (CHAPTER 6 and 7). A study conducted on a larger sample of the population will be 

necessary in order to strengthen the conclusions. 
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Second, in some experiments in this dissertation (CHAPTER 5 and 6) sham tDCS was not 

used. It is important, however, to stress that two modes of tDCS (anodal and cathodal) were used in 

these experiments. There is a strong evidence that anodal and cathodal tDCS induce different effects 

on the stimulated cortical region (Nitsche, et al., 2008) and are often used as controls for one 

another (Antal, et al., 2003a, 2003b; Antal, Nitsche, Kincses, et al., 2004). In addition, overlay 

suppression was measured as a secondary control in the study 1 (CHAPTER 5) and the behavioural 

data from study 2 (CHAPTER 6) were followed up using fMRI. 

Lastly, there are many other outcome measures that could have been employed. The studies 

presented in this dissertation are, however, the first to investigate the effects of tDCS on the 

amblyopic visual cortex. The aim was, therefore, to use well established and replicable measures. 

8.5 Future Directions and Conclusion 

The studies presented in this dissertation have raised several questions that will need to be 

addressed in future work. For example, some participants did not improve in contrast sensitivity 

following anodal tDCS. Therefore, studies designed to investigate individual differences in the 

response to tDCS are warranted. It would also be interesting to assess whether longer periods of 

combined anodal tDCS and dichoptic treatment would lead to greater improvements in visual 

function. A trial on a larger clinical sample will be needed in order to fully explore the therapeutic 

potential of this approach. 

Nonetheless, this thesis certainly supports the potential of anodal tDCS in the treatment of 

amblyopia in adults. Moreover, the findings also contribute to our understanding of human brain 

plasticity in general, suggesting that anodal tDCS might be applicable to other cortically based 

disorders. 
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