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ABSTRACT 
 

Exposure to electromagnetic fields (EMF) can produce illusory perceptions of light referred to 

as phosphenes. Various exposure guidelines around the world use phosphene perception as 

an indicator that environmental EMF may be affecting the central nervous system, however 

many of them are based on low quality legacy literature. While exposure guidelines should 

consider all commonly encountered ambient lighting conditions, there are no studies 

examining electrophosphenes in commonly encountered mesopic (i.e., dim) lighting 

conditions. As a result, conclusions drawn from these guidelines may not be reliable or 

encompass all plausible EMF exposure conditions. Additionally, the roles of the retina and 

visual cortex in electrophosphene generation have not yet been adequately separated. Given 

the importance of understanding the effects of EMF exposure on human health, it is crucial 

to investigate the factors that affect sensitivity to phosphenes in a rigorous and systematic 

manner. This thesis examined the effects of transcranial electrical stimulation (tES) using 

different electrode placements, stimulation parameters, and ambient lighting conditions on 

phosphene detection thresholds using a large sample size, as well as robust experimental and 

analytical techniques. Detection thresholds across the three experiments (presented in 

Chapters 2 – 4) showed that up to 74% less current had to be applied to induce phosphenes 

in mesopic conditions compared to well-lit and dark conditions, indicating that existing 

guidelines have used relatively insensitive scenarios to determine safe levels of EMF 

exposure. Lower phosphene detection thresholds in frontal montages suggested that the 

retina was the most likely source of tES-induced phosphenes. However, the double 

dissociation analysis in Chapter 3 showed that additional stimulation over the visual cortex 

lowered the current strength required to induce phosphenes by stimulation near the retina 

(from 130.7 µA to 87.5 µA). It appears then that electrical stimulation over the cortex can 

facilitate phosphene detection. Chapter 4 showed that phosphenes were more readily 

perceived when stimulation was set to specific frequencies in each of the dark (10 Hz), 

mesopic (16 Hz) and well-lit (20 Hz) conditions. Frequency dependence in these well-lit and 

dark conditions was in-line with: 1) previously reported dominant electroencephalograph 

(EEG) frequency bands in the cortex; and 2) sensitivity to stimulation found in rod and cone 



iii 
 

photoreceptors in the retina. All three experiments found that stimulation at 16 Hz produced 

the strongest electrophosphenes in mesopic conditions. While this does not align with any 

known EEG frequency response in the visual cortex, it closely aligns with the rod-cone phase 

delay mechanism found in the retina at 15 Hz, suggesting that the frequency component of 

tES-induced phosphenes may be driven by the frequency dynamics of retinal photoreceptors. 

Overall, the findings of this thesis indicate that exposure guidelines for EMF need to consider 

mesopic lighting if they intend to encompass all plausible exposure scenarios. Additionally, 

tES over the visual cortex can influence phosphene perception. Finally, ambient lighting 

conditions strongly affect the frequency dynamics and current strength required for tES to 

produce phosphenes. 
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OVERVIEW 
Exposure to electromagnetic fields (EMF) can produce illusory perceptions of light referred to 

as phosphenes. Various exposure guidelines worldwide use phosphene perception as a sign 

that environmental exposure to EMF may be affecting the central nervous system (CNS). 

When considering phosphenes induced by electrical fields, it is important to consider that 

much of our knowledge of electrophosphenes is based on legacy literature with small sample 

sizes, using inconsistent experimental and analytical techniques. Exposure guidelines also 

need to consider all commonly encountered ambient lighting conditions, no studies to date 

have examined electrophosphenes in dim (a.k.a., mesopic) lighting. It is also commonly 

assumed that electrophosphenes are the result of stimulating the retina rather than the brain, 

however this assumption is based on interpretations and/or simulations of other published 

findings rather than arising from a hypothesis being tested by experiments. 

This thesis will attempt to address some of these gaps in knowledge by examining multiple 

factors that affect sensitivity to phosphenes induced by transcranial electrical stimulation. 

The primary aims of this thesis were to: 

• Confirm the findings of commonly cited but low-quality studies relating to transcranial 

electrical stimulation frequency and phosphene detection thresholds in photopic (i.e., 

well-lit) and dark lighting conditions, 

• Address the unsettled issue of where phosphenes are generated by separating the 

contributions of potential cortical and retinal phosphene sources, 

• Determine the effects of mesopic lighting on phosphene perception and any related 

frequency-dependent effects. 

 

Structure 

This thesis is separated into five chapters: an introductory chapter, three experimental 

chapters, and an overall discussion chapter. All three experimental chapters have been 

published as peer reviewed journal articles (see Publications From Thesis, p. vi). 
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Chapter 1 comprises an introduction to the aims listed above and the concepts relevant to 

them. This chapter provides a general overview of electromagnetic fields, transcranial 

electrical stimulation and the factors that change its outcomes, phosphenes and how the 

visual system produces them, how ambient lighting changes visual processing and phosphene 

perception, and the psychophysical methods used to measure phosphene perception. The 

relevant literature is reviewed (and critiqued) within each section. 

Chapter 2 is a published study that examines the relationship between transcranial electrical 

current stimulation frequency and electrode location on phosphene detection thresholds in 

dim lighting conditions. A fully repeated-measures design with a large sample size was used 

to examine fifteen stimulation frequencies in both retinally- and cortically-targeted electrode 

montages. 

Chapter 3 is a second published study that expands on the findings of Chapter 2. It examines 

the relationship between transcranial electrical stimulation and phosphene detection 

thresholds in mesopic conditions using four different montages and seven frequencies. As in 

Chapter 2, a fully repeated-measures design with a large sample size was used. This 

combination of montages provided the opportunity for a double dissociation between 

montages preferentially targeting either the retina or the visual cortex. The narrower range 

of frequencies also allowed sufficient testing time to avoid fatigue effects, while still providing 

opportunities to assess whether the findings outlined in Chapter 2 could be replicated. 

Chapter 4 is a third published study that investigates detection thresholds for retinally-

targeted electrophosphenes across multiple ambient lighting conditions (photopic, mesopic, 

and dark) and across five stimulation frequencies. As in previous chapters, a fully repeated-

measures design with a large sample size was used, while testing in every combination of 

conditions was performed twice on separate days to measure test-retest reliability. 

Chapter 5 is a general discussion section that summarises and synthesizes the key findings of 

the three experimental chapters, discussing their implications and limitations, and providing 

an overall conclusion to the thesis. 
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1 – GENERAL INTRODUCTION 
AND LITERATURE REVIEW 

1.1: Effects of Electromagnetic Fields in Humans 

1.1.1: What is EMF? 

Electromagnetic fields (EMF) include all types of electromagnetic radiation, such as radio 

waves, microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays, and gamma 

rays. At its’ core, radiation involves the emission and propagation of energy through any given 

space in the form of either waves or particles. This ability to redistribute energy is 

fundamental to the universe in a vast number of ways – for example, infrared EMF is 

necessary to redistribute heat, sunlight is necessary for much of nature to survive, and 

technological advances have allowed the use of microwaves and radio waves in everyday life. 

While there are various types of EMF, each is defined by either its wavelength or frequency, 

which are related by the equation: 

𝑓𝑓 =
𝑣𝑣
𝜆𝜆

 

where 𝑓𝑓  = frequency in Hz, 𝑣𝑣  = speed of the photon through the medium/environment 

(usually the speed of light or close to it) in metres per second1, and 𝜆𝜆 = wavelength in metres. 

While for all functional purposes wavelength and frequency are interchangeable, individual 

fields of study tend to discuss EMF in terms of either wavelength or frequency based on 

whichever measure offers the shortest scale, typically for ease of presentation, measurement 

and calculation (National Aeronautics and Space Administration, 2013). For example, the 

infrared spectrum is defined by wavelengths of 10 µm – 1 mm which equate to frequencies 

of approximately 300 GHz – 30 THz; as a result, infrared astronomers typically report EMF in 

terms of wavelength (NASA, 2013). Similarly, electrical engineers tend to report EMF in terms 

of 0 – 60 Hz frequencies rather than the equivalent wavelengths of approximately 5000 

kilometres with no upper limit. 

 
1 Since the photon is a mediator of the electromagnetic force. 
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As well as differences in frequency and wavelengths, each type of radiation also has its own 

functions and applications which have proven immensely beneficial to society. However there 

remain concerns in the general, medical, occupational health, and radiation safety 

communities regarding their effects on living tissue. Higher frequency ranges of EMF are 

categorized as ionizing radiation. They are capable of separating electrons from atoms, which 

releases ions whilst breaking the atomic structure (Slovic et al., 1981). This can rapidly damage 

a broad range of materials such as silicon components in electrical circuitry, and lead to cancer 

and other detrimental conditions in living beings (Alexander, 2003; Li et al., 2001; Ma & 

Dressendorfer, 1989; Ward, 1988). 

Lower frequencies of EMF (approx. 940 THz and below) are described as non-ionizing 

radiation, as they do not have enough energy to ionize atoms (Wood & Karipidis, 2017). While 

there are justifiable concerns regarding the increased risk of various cancers or diseases due 

to ionizing EMF, no biological mechanism for non-ionizing EMF to cause such maladies has 

been found. However, with sufficient exposure to non-ionizing EMF, it can be dangerous to 

living beings in other ways. 

 

1.1.2: Effects of Non-ionizing EMF on the Body 

Non-ionizing radiation can affect the body in various ways, such as photochemical damage, 

thermal injury, or electromagnetic interference. The parts of the body that are most sensitive 

to non-ionizing radiation (and how they are affected) depend on the type of radiation 

(Kanagasabay, 1982; Omer, 2021). In the high frequency range of non-ionizing radiation, 

ultraviolet radiation can cause photochemical damage to DNA molecules in skin cells 

(Narayanan et al., 2010; Panich et al., 2016), while high levels of microwave radiation can 

cause burns and necrosis of the epidermis and underlying tissues. 

At very low frequencies, EMF can also cause electromagnetic interference with tissues that 

rely on electrochemical operations to function (Miklavčič et al., 2006; Walz, 1995). This can 

cause muscle tissues to remain contracted, which can be uncomfortable in skeletal muscle 

tissue, dangerous when affecting the smooth muscle tissues surrounding many internal 

organs such as the lungs, and potentially fatal in cardiac muscle tissue (Dalziel & Lagen, 1941; 



5 
 

Silversides, 1964). However, with the exception of lightning strikes, natural sources of non-

ionizing EMF do not produce sufficient energy to cause these effects. This degree of exposure 

requires direct stimulation from an EMF source such as direct contact with live electrical 

wiring or an electrical stimulator set to unnecessarily high amperage. Whilst the 

consequences for such injuries can be severe, they are relatively straightforward to avoid 

using appropriate electrical insulation. 

Nerve and brain tissues are much more sensitive to low frequency electromagnetic 

interference than muscle tissues (Adey, 1981; Johnson & Guy, 1972; Saunders & Jefferys, 

2007). Their functions can be altered by exposure to EMF of much lower magnitude (Miklavčič 

et al., 2006). For example, devices such as MRI scanners and power transformers produce 

stray low frequency EMF outside the device which cannot always be shielded against, 

particularly in the case of magnetic fields. In practice, simply moving while in proximity to the 

device during normal operations can produce unwanted sensory effects and vestibular 

dysfunction (Andreuccetti et al., 2013; Crozier et al., 2007; ICNIRP, 2014; Karpowicz & Gryz, 

2013). This sensitivity in nerve fibres creates the risk of low frequency EMF interfering with 

the central nervous system (CNS; Adey, 1981; Johnson & Guy, 1972; Saunders & Jefferys, 

2007).  

 

1.1.3: Determining Safe Exposure Levels 

Given the role of electrical activity in neural processing, any outside source of interference 

resulting in changes to the CNS is best avoided where possible. That said, there are many 

circumstances (particularly occupational) where exposure to EMF is unavoidable. Given the 

range of potential dangers, it is important to determine what levels of exposure to various 

types of EMF are acceptable. Determining the safe levels of non-ionizing EMF exposure is not 

straightforward, as the effects of EMF on human health can vary depending on the frequency 

and intensity of the EMF at the tissues potentially affected. Guidelines for EMF exposure are 

set by various national and international health agencies, such as the Institute for Electrical 

and Electronic Engineers (IEEE) and the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP). These guidelines are based on a thorough review of the scientific 

literature on the effects of EMF on human health, and they are updated as new research 
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becomes available. In general, most experts agree that exposure to EMF at levels below the 

guidelines set by international health agencies is unlikely to cause adverse health effects 

(ICNIRP, 2010; IEEE, 2019; Reilly & Hirata, 2016). However, this assumes that available 

research adequately describes any plausible EMF exposure scenario. 

Rather than assess how non-ionizing EMF affects each part of the brain and/or the CNS, some 

aspects of exposure guidelines use the retina as a model for the CNS (ICNIRP, 2010). The 

presence of time-varying EMF in the retina can produce illusory perceptions of light referred 

to as phosphenes, even in complete darkness (including with eyes closed; de Graaf et al., 

2017). These phosphenes, referred to as electrophosphenes or magnetophosphenes 

(depending on how the phosphene was induced; see 1.2.1 – Electrophosphenes and 

Magnetophosphenes below) serve as a relatively conservative estimate for demonstrable 

effects of non-ionizing EMF on the CNS and is considered a valid sign of potential risk of EMF-

based interference in the CNS (ICNIRP, 2010). 

 

1.2: Phosphenes 

This thesis is focused on understanding the relationship between EMF and phosphenes. 

Specifically, it examines how electrophosphenes can be induced, the regions of the brain that 

are involved, how varying the degree of electrical stimulation can affect phosphene 

perception, and how ambient lighting changes these dynamics. The section below therefore 

discusses different types of phosphenes, as well as the early research on EMF-phosphene 

induction and detection. It concludes by outlining reasons for modern interest in EMF-

induced phosphenes. 

 

1.2.1: Electrophosphenes and Magnetophosphenes 

Phosphenes are perceptions of light caused by mechanical or electromagnetic changes in the 

visual system, as distinct from perceiving actual light. Mechanically induced phosphenes are 

witnessed when pressure is applied to the eyeballs (ideally with closed eyelids) and have been 

reported since approximately 500 BC (Grüsser & Hagner, 1990). Electrophosphenes were first 
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clinically reported by Charles Le Roy in 1755, a physicist who was experimenting with 

electricity as a cure for a variety of medical conditions. While attempting to cure a patient of 

blindness by discharging a Leyden jar into their head, one of the patient’s responses was 

seeing bright flashes of light during the discharge (Le Roy, 1755). Although Le Roy’s 

experiments were the first ever recorded example of the electrical excitability of the visual 

system, this was not well understood at the time. 

Soon after James Clerk Maxwell’s discovery that electricity and magnetism were not separate 

forces (Maxwell, 1873), the existence of magnetophosphenes was also established when 

Arsonne d’Arsonval (1896) reported symptoms of vertigo, phosphenes, and syncope when 

patients moved their heads inside an induction coil. Similar findings were made using a variety 

of coil materials and dimensions, with some variation in the colour of phosphenes and where 

they appeared in the person’s visual field (Dunlap, 1911; Magnusson & Stevens, 1911; 1914). 

Thompson (1910) reported that simply varying the amount of current in the coil over time 

also produced magnetophosphenes without requiring the subject to move their head. Barlow 

and colleagues (1947) reported a similar effect, but with one end of the induction coil near 

the eyes rather than having the entire head within the coil. They found that phosphenes were 

perceived if the strength of the magnetic field (and, by extension, the induced current within 

the head) changed over time. As a result, it was concluded that magnetophosphenes are not 

induced by the magnetic field itself, but by electrical current generated by changes in the 

magnetic field (Knighton, 1975a, 1975b; Lӧvsund et al., 1980). Therefore, while 

magnetophosphenes and electrophosphenes can be differentiated by what type of EMF is 

applied, the ultimate cause of phosphene perception is exposure to electric fields. 

 

 1.2.2: Initial Electrophosphene Research 

Many experiments have focused on studying the causes and properties of electrically-induced 

phosphenes. After Le Roy (1755) first published his report on electrophosphenes, the initial 

focus of research was on the perceptual qualities of phosphenes, such as the circumstances 

under which they were experienced to have colour (Fick, 1892; Motokawa & Ebe, 1952; 

Neftel, 1878; Pflüger, 1865), whether coloured light affected the perception of phosphenes 

(Abe, 1951; Kohata et al., 1956; Tukahara & Abe, 1951), and other aspects of the phosphene’s 
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perceptual characteristics (Angelucci, 1890; Du Bois-Raymond, 1848; Fehr, 1911; Mann, 1911; 

von Helmholtz & Southall, 1924). Over time, inconsistencies in findings emerged due to 

variations in (or the failure to report) electrode placements and sizes, types of electrical or 

magnetic fields used, psychophysical methods for determining phosphene detection 

thresholds, and sample sizes (e.g., some studies might test only a single subject, or did not 

report the number of subjects tested). Few studies used the same methods, which made 

direct comparisons across the literature difficult to evaluate (“Survey of the Phosphene 

Literature”, 1956). While more modern research has improved our understanding on some of 

these matters, many questions regarding the parameters that affect phosphene detection 

and perception still remain unresolved. With a more systematic approach to studying 

phosphene perception using consistent methodology and adequate sample sizes, many 

questions relating to phosphenes could be answered with greater confidence. 

 

 1.2.3: Modern Interest in Phosphenes 

Exposure guidelines set by both ICNIRP (2010) and IEEE (2019) use data from 

magnetophosphene research to estimate the induced electrical field produced by time-

varying magnetic fields at the retina, as it is generally considered that keeping exposure levels 

below those that induce phosphenes should also prevent any other EMF-based interference 

in the brain, and that magnetophosphene experiments typically apply less overall EMF in 

order to induce phosphenes. IEEE (2019)2 uses two studies by Lӧvsund and colleagues (1979; 

1980) to estimate the minimum magnetic flux density required to induce phosphenes, while 

a broad range of modelling papers have used these values and/or developed head models to 

estimate the resulting induced electrical field strength at the retina to induce phosphenes, 

with estimates typically ranging between 50-100 mV/m at a minimum (e.g., Attwell, 2003; 

Dimblylow, 2005, 2006; Laakso & Hirata, 2012; Saunders & Jefferys, 2007; Taki et al., 2003; 

Wood, 2008). The IEEE guidelines note that electrical stimulation of the occipital lobe can also 

induce phosphenes (Brindley & Lewin, 1968; Brindley & Rushton, 1977; Ronner, 1990); 

however, this requires much stronger electrical fields than those about the retina (for more 

 
2 At the time of writing, ICNIRP’s most recent low frequency exposure guidelines (2010, p. 820) report the 
minimum flux density required to induce phosphenes is 5 mT. This value is much lower than the 12 mT minimum 
reported by Lӧvsund et al. (1979), however ICNIRP’s guidelines do not provide a source for their claim. 
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information, see 1.4.2: Source Separation in tES, p. 32). Whether considering electro- or 

magnetophosphenes generated by stimulating either the retina or the grey matter, the 

consistent causal factor is considered to be the electric field altering synaptic polarization at 

the stimulation site3 (Knighton, 1975a, 1975b; Lӧvsund et al., 1980). 

Electrically induced phosphenes are of interest for two primary reasons. First, the appearance 

of unintended sensory effects is typically not desired during the application of EMF (e.g., when 

it is being used as a treatment; see 1.3.2: tES Applications, p. 11), therefore experimental 

designs involving EMF exposure will generally try to minimise the likelihood of phosphenes as 

they are likely to distract from or even interfere with the preferred outcome (e.g., Herring et 

al., 2019; Strüber et al., 2014; Vossen et al., 2015). Second, it is widely believed that 

electrically induced phosphenes are the result of stimulation of the retina (Laakso & Hirata, 

2013; Schwiedrzik, 2009) which is part of the central nervous system. Thus, the perception of 

phosphenes is considered the first sign that EMF may be affecting the circuitry of the central 

nervous system. This possibility is considered when setting guidelines on safe levels of EMF 

exposure (ICNIRP, 2010; IEEE, 2019), however the biological mechanisms related to 

electrically induced phosphenes remain disputed as cortical exposure to electrical fields has 

been reported to result in phosphenes (e.g., Kanai et al., 2008; see 1.4.1: Potential Sources, 

p. 25). If safety standards for exposure to EMF are influenced by the phosphene literature, 

then it is important to have a broad understanding of how phosphenes are generated and 

what influences their detection and perception. 

 

1.3: Transcranial Electrical Stimulation (tES) 

As the thesis is focused on electrophosphenes induced by transcranial electrical stimulation 

(tES), this section discusses the differences between tES and other non-invasive 

neurostimulation techniques (section 1.3.1), and reviews some of the different clinical and 

scientific applications of tES (section 1.3.2). This section will also review the methodologies 

 
3 The retina includes differing types of synapses compared to the grey matter which may be comparatively more 
sensitive to electromagnetic fields, however the wide range of cell types across both structures combined with 
the multiplicity of interactions between them makes it difficult to attribute sensitivity to EMF to any particular 
cell type in either structure. 
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commonly used in tES, as well as the limitations found in past studies of tES-induced 

phosphenes (sections 1.3.3 and 1.3.4). 

 

1.3.1: tES, TMS and Galvanic Stimulation 

A common approach to exploring neural mechanisms is to examine patients with brain 

damage in specific areas and observe the resulting changes in their neural function. Well-

known examples of this include the linguistic changes found in Patient Tan after a stroke 

(Broca, 1861), and the dramatic shift in personality found in Phineas Gage after a railway spike 

accident removed a significant proportion of his brain (Harlow, 1848). While these studies can 

be revealing, researchers often prefer to explore the mechanisms of neural functionality 

without requiring any damage to the brain (or body). This can be achieved with the 

appropriate use of non-invasive brain stimulation methods (Paulus, 2011). The most common 

of these methods are transcranial electrical stimulation (tES), transcranial magnetic 

stimulation (TMS), and galvanic stimulation. Each technique can modulate neural functions 

by applying EMF to excite or inhibit any tissues and interconnected neural circuitry where 

these fields are applied. However, each stimulation method can also be used to deliberately 

or incidentally induce phosphenes. 

Early TMS involved generating a magnetic field using an induction coil, which was placed near 

or around the preferred target area for stimulation (d’Arsonval, 1896). While this system 

produced a broad magnetic field around and within the coil, it did not allow for any degree of 

precision regarding what tissues were stimulated. In the case of phosphene research, this 

made it difficult to distinguish which part of the head was involved in phosphene perception. 

Modern TMS systems use multiple coils, which allow more precise targeting of specific neural 

regions; however, TMS is generally not used to stimulate other relevant anatomy such as the 

retina due to the risk of it causing retinal tears and/or vitreous detachment in the eyes, even 

when the eyes are not the target for stimulation (Kung et al., 2011). As a result, while 

magnetophosphenes induced by focused TMS can be used to assess certain specific sources 

of phosphene perception (see 1.4.1.3: The Visual Cortex, p. 28), the technique is not 

applicable for exploring all potential phosphene sources. Although it is possible to induce 
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phosphenes via magnetic field exposure to the whole or broad regions of the head using an 

appropriate-sized coil (e.g., Lӧvsund et al., 1979; Souques et al., 2014), this could create 

multiple confounding effects such as vestibular interference (Casselman et al., 1993; 

Lenggenhager et al., 2006), unwanted changes in motor function (Chieffo et al., 2014), intense 

and lingering headaches (particularly when phosphenes are induced; IEEE, 2019; Lӧvsund et 

al., 1979, 1980), and the coil itself would limit the range of potential ambient lighting 

conditions tested (see 1.5: Ambient Lighting and Phosphenes, p. 33). The use of magnetic coils 

also shortens potential testing times, as the coils need to be actively cooled and swapped 

after repeated firings (Epstein, 1998; Hallett, 2007). 

EMF exposure can also be produced in a controlled fashion using galvanic stimulation, which 

involves a chemical action that produces a unidirectional electric current from one electrode 

to another (Miller-Keane, 2005). This is frequently used when probing the vestibular system 

(Dlugaiczyk et al., 2019; Fitzpatrick & Day, 2004), particularly the interactions between nerve 

activation and the resulting head, eye, and body movements (Suzuki & Cohen, 1964; 1966). 

However, galvanic stimulation also requires the use of low voltage, low amperage, and a very 

small range of frequencies (Blake et al., 2008; Stagg, 2014). This narrow range of stimulation 

parameters makes galvanic stimulation a highly inflexible tool to explore phosphene 

perception compared to electrical stimulation (see 1.3.3: tES Methodology Issues below). As 

such, this thesis will focus on tES-induced phosphenes and the methodological choices that 

affect its outcome. 

 

1.3.2: tES Applications 

tES systems are widely available, inexpensive, simpler to operate compared to other invasive 

or non-invasive neurostimulation techniques (like TMS or galvanic stimulation), and safe to 

use when simple protocols are followed (Antal & Paulus, 2013). Once the stimulator is 

appropriately set up (see 1.3.3 – tES Methodology Issues for an in-depth discussion on these 

details), electrodes are positioned onto the scalp and held in position using rubber straps or 

other form of binding apparatus (see Figure 1.1). The most common applications for tES are 

therapeutic; when tES is used to target various specific areas of the brain, the reported 

cognitive benefits include improvements in learning rates (Clark et al., 2012; Coffman et al., 
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2012), motor sequence learning (Hashemirad et al., 2016; Nitsche et al., 2003), memory 

(Kadosh et al., 2010; Polanía et al., 2012; Violante et al., 2017), as well as reductions in the 

symptoms of depression (Bennabi et al., 2020; Loo et al., 2012) and ADHD (Bandeira et al., 

2016; Breitling et al., 2016). The reported somatic benefits when applying tES include 

improvement in sleep quality (Acler et al., 2013; Saebipour et al., 2015), more effective stroke 

recovery (Baker et al., 2010; Schlaug et al., 2008), reduced symptoms of fibromyalgia 

(Fagerlund et al., 2015; Valle et al., 2009), and other chronic pain conditions (Fenton et al., 

2009; Fregni et al., 2006). tES can also be used to explore/enhance sensory modalities, with 

recent findings indicating that it can improve hearing and speech perception (Riecke et al., 

2015; Rufener et al., 2016) and visual perception (Laczó et al., 2012; Strüber et al., 2014). The 

amount of current required to induce these effects varies both across and within each study, 

as each individual’s head will vary in terms of size and how various tissues are distributed, 

which changes how current is distributed about the body (see 1.3.3.4 – Volume Conduction 

and Current Density, p. 18).  

 

Figure 1.1 
Example of a tES setup 

 
Image adapted from BNN (https://bipolarnews.org/?p=4892), use by permission under Creative Commons Attribution-
NonCommercial-ShareAlike license 4.0. 

 

https://bipolarnews.org/?p=4892
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1.3.3: tES Methodology Issues 

tES involves attaching electrodes to the scalp and attempting to stimulate the brain by 

applying electric current, which is the movement of electrons from areas with greater 

(positive) charge to areas with lesser (negative) charge to balance the electrical potential 

throughout the environment (in this case, the human head). This change in charge varies the 

activation state of ion channels and the current gradients between neurons in the grey matter 

adjacent to the electrodes, resulting in modulations of membrane potential in the brain 

(Fregni & Pascual-Leone, 2007). By using appropriate stimulation parameters, this means that 

tES can modulate the neural oscillations of parts of the brain in a controlled and non-invasive 

fashion (Woods et al., 2016). 

It is important to consider this movement of electrons, as the overall effects of tES depend 

not only on what current is applied but also on how it is distributed about the body (Laakso 

& Hirata, 2013; Woods et al., 2016). While the intention may be to modulate electrical activity 

at specific parts of the brain, the electrical current is applied at the scalp (hence transcranial), 

and any current applied will spread throughout the body until the overall environment is 

electrically neutral (Woods et al., 2016). Therefore, it is essential to determine whether 1) the 

targeted area is being stimulated to a relevant degree; and 2) any other tissues may be 

stimulated to the point of activation. This requires careful consideration of the overall 

distribution of current density, a measure of changes in electrical flux across a given area 

(Paulus, 2011). Typically measured in milliamps per square meter (mA/m2), current density (J) 

is directly proportional to the magnitude of the electric field (E) and the electrical conductivity 

of the environment (𝜎𝜎), as expressed in the equation: 

𝐽𝐽 = 𝜎𝜎𝜎𝜎 

While it is straightforward to measure and report the electric field strength at the electrode 

locations, the current at the actual target of stimulation will vary depending on the 

conductivity properties of the intervening tissues, and these quantities should be considered 

in order to determine 1) whether the targeted area is being stimulated to any relevant degree, 

and 2) if any other tissues may be stimulated to the point of activation (Laakso & Hirata, 2013). 
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Current density can be controlled by changing four stimulation parameters: the amount of 

current applied, the location of the stimulation (a.k.a., “montage”), the polarity of the 

stimulation, the frequency of the stimulation, and the size of the electrodes (Antal & Paulus, 

2013; Woods et al., 2016). While varying the amount of current applied will determine the 

net quantity of current density in the body, other parameters will combine to vary how that 

current is distributed, as well as its effect. 

Each of these parameters (montage, polarity, frequency, and electrode size) will be discussed 

both in terms of general tES applications, and how they can affect phosphene perception. 

 

1.3.3.1: Montage 

To stimulate specific regions of the head, an appropriate arrangement of electrodes must be 

selected. Since current will flow from the positive electrode (anode) to the negative electrode 

(cathode) through any electroconductive medium connecting them (in this case, the body), 

the choice of electrode locations will determine what areas will be maximally stimulated 

(Neuling et al., 2012). As a general rule, it is best practice to place the anode as close to the 

target of stimulation as possible. For example, in a past paradigm exploring the recovery of 

motor function where the region of interest was the precentral gyrus (Schlaug et al., 2008; 

see Figure 1.2a, p. 21), the anode was positioned on the scalp over that area of the cortex 

while the cathode was positioned over an area not related to motor function (in this case the 

supraorbital region). The cathode is typically placed at a location either near a site where 

stimulation is desired or over a region where activation will not affect the experiment (Antal 

& Paulus, 2013). 

A montage does not necessarily use only one cathode or only one anode. Depending on where 

stimulation is intended to be delivered, any number of either cathodes or anodes can be used 

(e.g., Datta et al., 2009). Additionally (despite the term transcranial), the electrodes do not all 

need to be placed near the cranium; extracranial electrodes can be used to avoid 

unnecessarily changing the neuronal oscillations at multiple regions of the brain. Common 

alternatives used include the shoulder (e.g., Mehta et al., 2015) and the forearm (e.g., 

Schwarz, 1947). 
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In past research, subjects have reported seeing phosphenes when the montage selected 

involves electrodes placed close to the eyes, including the temples and any location anterior 

to the central vertex of the scalp (Rohracher, 1935; Schutter & Hortensius, 2010). In these 

studies, phosphene intensity increased as electrodes were moved closer to the eyes even 

while current applied was constant. This phenomenon is encountered regardless of whether 

the experiment is intended to produce phosphenes or not. Since the target of stimulation is 

usually fixed, studies wishing to avoid phosphenes will typically monitor subjects, asking them 

to report any perceived phosphenes and lowering the current applied until they are no longer 

visible (Paulus, 2010). Phosphenes have also been reported as a result of applying tES over 

the occipital lobe (Oz), which plays a major role in visual processing (Kanai et al., 2008). While 

this finding is disputed, it has not yet been clearly contradicted by experimental evidence; for 

more information, see 1.4.1: Potential Sources (p. 25). 

In order to examine how montage affects phosphene perception, this thesis used a range of 

montages that preferentially targeted either the retina (FPz-Cz), locations further away from 

the retina (T3-T4), the visual cortex (Oz-Cz), or both the retina and visual cortex 

simultaneously (FPz-Oz). 

 

1.3.3.2: Stimulation Polarity 

Electrical current comes in two basic forms: 1) alternating current (AC), where the polarity of 

the current periodically alternates between positive and negative at each end of the circuit, 

causing the direction of electron flow to also alternate; and 2) direct current (DC), where the 

polarity does not change and thus the direction of electron flow is constant. These types of 

current make up the two fundamental forms of tES: transcranial alternating current 

stimulation (tACS; Antal & Paulus, 2013), and transcranial direct current stimulation (tDCS; 

Woods et al., 2016). 

At times, it may be ideal to have constant polarity effects, where it is preferred to keep specific 

brain regions in a constant state of hyper- or depolarisation. By using tDCS (which does not 

change polarity during stimulation) and placing the appropriate electrode over that part of 

the cortex, such polarity-specific effects can be induced (e.g., Antal et al., 2003; Jacobson et 
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al., 2011). Nitsche and Paulus (2000) demonstrated this may be a factor to consider by 

showing that anodal stimulation of the motor cortex enhanced excitability which provoked 

physical motion, whereas cathodal stimulation diminished the effect and increased the 

perceived resistance to movement. Similar findings regarding anodal and cathodal effects on 

motor function have replicated this effect (e.g., Fregni et al. 2006; Stagg et al. 2009). It should 

therefore be ascertained whether polarity-specific effects affect the outcome or outcomes of 

the stimulation. 

Both tACS and tDCS may produce different results when attempting to induce 

electrophosphenes, and consideration of these effects should be taken into account when 

considering phosphene perception. This thesis used both tACS and tDCS to determine if there 

are any differences in phosphene detection thresholds resulting from manipulating polarity. 

 

1.3.3.3: Stimulation Frequency 

Electrical stimulation can vary in current strength across time, the rate of which is known as 

the frequency. While the EMF spectrum is theoretically limitless in terms of frequency, 

current applied in tES will rarely exceed 100 Hz except in specific circumstances such as 

experiments targeting hippocampal oscillations (Paulus, 2011). The effects of tES are often 

dependent on applying stimulation around specific frequencies, without which either no 

discernible effect is observed, or a larger quantity of current is required to produce an effect. 

For example, Hoy and colleagues (2015) report that tACS applied at 40 Hz significantly 

improved working memory performance, but no effect was found when stimulation at the 

same strength was delivered at zero Hz. 

A common goal in neuroscience studies is to induce neural entrainment in the brain, where 

cortical neurons are synchronized via an externally applied stimulus, typically a rhythmic one 

such as a flashing light (Kim, 2004) or a repetitive sound (Tierney & Kraus, 2014). The brain 

has functional rhythms of electrical activity associated with specific cognitive processes 

(Berger, 1929), and by applying tES at the desired frequency the resulting electric field can 

induce similar rhythmic hyper- and depolarization of neurons. For example, stimulation can 

be delivered at frequencies matching the alpha band (typically defined as 8 – 12 Hz) when 
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exploring its role in visual perception (Helfrich et al., 2014). Alternately, rhythmic stimulation 

can be used to suppress specific neural rhythms associated with conditions such as 

Parkinson’s Disease (Del Felice et al., 2019). By matching the stimulation frequency to the 

desired neural frequency, tES can induce, enhance, or suppress specific neural effects 

(Schmidt et al., 2014). While tES is typically applied using sinusoidal waveforms, various 

studies have also used square-wave or sawtooth waveforms to rhythmically apply stimulation 

(e.g., Dowsett & Hermann, 2016; Jaberzadeh et al., 2014; Marshall et al., 2006). These forms 

of stimulation are better suited towards applications that require a more rapid increase or 

decrease in voltage applied, as this can either negatively or positively affect the likelihood of 

neural firing in specific entrainment paradigms (e.g., Frӧlich & McCormick, 2010; Reato et al., 

2013). However, these waveforms are also associated with greater reports of discomfort or 

electrical pain due to the comparatively more rapid changes in voltage (Dowsett & Hermann, 

2016), and as such are generally restricted to applications that require relatively low levels of 

current to be applied. 

Stimulation frequency options are not limited to a single frequency; multiple frequencies can 

be applied simultaneously, or stimulation can have no frequency at all. Stimulation can be 

provided across a wide band of frequencies to enhance multiple weak signals in the brain (van 

der Groen & Wenderoth, 2016). Alternately, a zero Hz signal is more effective in activating 

some neural functions, such as those of the motor cortex (Schlaug et al., 2008), or those in 

certain cognitive domains where no frequency component is required (Jacobson et al., 2011). 

While any zero Hz stimulations will be DC, there is a common misconception that tDCS cannot 

have a frequency component. This is not always the case. In AC, the electrodes alternate 

between cathode and anode, while in DC the cathode and anode do not alternate. So long as 

the current continues to flow in the same direction, the current strength itself can vary in any 

way the experimenter wishes (Paulus, 2011). 

Electrophosphenes are more easily perceived at specific stimulation frequencies; however, 

the optimal frequencies for phosphene detection also appear to be determined by the lighting 

conditions in which tES is applied. While phosphenes appear to be more readily detectable 

under well-lit conditions with 20 Hz tES (Kanai et al., 2008; Lövsund et al., 1980, Schutter & 

Hortensius, 2010; Schwarz, 1947), they appear more detectable in dark conditions with 10 Hz 

tES (Kanai et al., 2008; Schwarz, 1947). Electrophosphene detection thresholds under dim 
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(a.k.a., mesopic) lighting conditions have not been reported. However, Lövsund and 

colleagues (1979) report that magnetophosphenes appear to be more readily detectable at 

20 Hz in lighting levels of 1.2 candela per square meter. These lighting conditions could be 

considered mesopic; however, no statistical comparisons were reported in this study. For 

more on the interaction between stimulation frequency and lighting conditions, see 1.5: 

Ambient Lighting and Phosphenes (p. 33). 

This thesis used a broad range of stimulation frequencies to attempt to replicate the findings 

of previous research on phosphene detection in well-lit and dark conditions and explore the 

frequency dynamics involved in phosphene detection under mesopic lighting conditions. 

 

1.3.3.4: Volume Conduction and Current Density 

For any of the above methodology choices to have the desired effect, it is necessary for the 

targeted area to be sufficiently stimulated. As the purpose of tES is to change current density 

in specific parts of the brain, the simplest approach to ensure that sufficient current density 

is reaching the intended target would be to increase the current applied. However, this is not 

always practical for two reasons. 

Firstly, even low levels of current density can cause sensory side effects, such as unpleasant 

or painful crawling/tickling sensations in the skin (Fish & Geddes, 2009). Dalziel (1961) reports 

that the median perceivable electrical current is as low as 700 µA, with subjects reporting 

feeling an electrical shock at 1200 µA. Increasing the current above these levels can lead to 

loss of motor control, paralysis of respiratory muscles, and ventricular fibrillation (Ahlbom et 

al., 2001). 

Secondly, increasing overall current density makes it more likely that a broader region of 

tissues will be activated. Merely ensuring that there is no sign of discomfort is not sufficient, 

as the absence of sensory side effects does not guarantee that there are no other effects (cf. 

Popper, 1963; Sagan, 1986; Wright et al., 1887). 

Any current that is applied via tES will be distributed via volume conduction, a phenomenon 

where EMF is transmitted from a source and distributed through biological tissue to nearby 
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regions with negative charge (Schutter & Hortensius, 2010; Wagner et al., 2012). As electric 

current will typically follow the path of least resistance, the distribution of current density 

through tES is largely determined by the geometry of tissues in the head and their relative 

electroconductivity properties. In order for tES to stimulate the brain, current must pass 

through the skin on the scalp, the skull, and the cerebrospinal fluid (CSF) before reaching grey 

matter. Compared to saline (1 Siemen/meter), skin is a poor conductor of electricity (0.47 

S/m; Wagner et al., 2004). However, since the skull has relatively poor levels of electrical 

conductivity (0.01 S/m; Wagner et al., 2004) much of the current will spread through the skin. 

What current does penetrate the skull will readily spread through the highly conductive CSF 

(1.65 S/m; Wagner et al., 2004) until reaching the grey matter. As a result, the distribution of 

current density will be much broader than a relatively straight line between the cathode and 

anode. It is therefore necessary to strike a balance between applying sufficient current to 

maximally stimulate the targeted area, but not so much as to stimulate too much of the brain 

or cause unwanted side effects. 

Whether deliberate or otherwise, volume conduction can also result in the retina being 

activated. Electrodes placed on the frontal half of the scalp are particularly likely to cause this, 

as the path of least resistance between cathode/anode can bypass the skull and instead flow 

via the skin through the eyes (Laakso & Hirata, 2013; Schwiedrzik, 2009), which have similar 

conductive properties to the skin (0.5 S/m vs. 0.46 S/m; Opitz et al, 2015). 

One way to control the current density around each electrode during tES is by selecting 

different electrode sizes. Varying the size of each electrode can induce greater current density 

around one electrode compared to others in the montage, as the absolute current strength 

must be equal across the surface area of the cathode and anode for the electrical circuit to 

remain electrically neutral (i.e., positive charge must equal negative charge; Moliadze et al., 

2010). As a result, using a smaller electrode produces greater current density around the 

targeted area, while using a larger return electrode can spread the same current density 

across a wider area, avoiding unnecessary stimulation of surrounding tissues (Moliadze et al., 

2010). This helps improve the specificity and effectiveness of tES, helping to achieve more 

reliable outcomes. 
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This can be seen in the modelled estimates of current density derived from SimNIBS 3.1 

(Thielscher et al., 2015) in Figure 1.2 (p. 21), which shows the tDCS-induced current density 

across the grey matter based on four different sets of electrode sizes. All simulations have the 

same 500 µA current applied and the same FPz-Cz montage, with the centre of the anode 

placed on the scalp at FPz (left column of Figure 1.2) and the center of the cathode on the 

scalp at Cz (right column of Figure 1.2). The electrode sizes are based on studies using tES: 30 

x 40 mm (A; Evans et al., 2021; see Chapter 3), 30 x 40 mm anode and 90 x 60 mm cathode 

(B; Kanai et al., 2008), 17.5 mm diameter circle (C; Adrian, 1977), and 76.2 mm diameter circle 

(D; Kar & Krekelberg, 2012). While only the grey matter is displayed here, the models also 

consider electroconductive differences in the scalp, skull, and CSF when calculating the 

distribution of current density. Since the purpose of tES is (usually) to stimulate the brain 

itself, the current density in the grey matter of the brain is presented. 

Each example in Figure 1.2 shows varying distributions of current density with the same 

strength of current being used. In all montages, current density is increased across much of 

the dorsal frontal lobe between the two electrodes; however, each montage shows a degree 

of variance in how current density is spread throughout the brain, including at the electrode 

sites. As any current applied is (ideally) distributed across the entire surface area of the 

electrode, larger electrodes result in the same amount of current being spread across a wider 

area. This is seen in Figure 1.2d, where very little current density is found at the actual site of 

each electrode; it is instead distributed more broadly throughout the grey matter (even as far 

from the electrodes as the brainstem). The smaller electrodes (as used in Figure 1.2a and 

1.2c) will result in the greatest current density in the targeted grey matter at both FPz and Cz. 

Using different sized electrodes can be advantageous in effectively distributing current 

density. By using a larger cathode placed in a relatively neutral location (such as that used in 

Figure 1.2b), stimulation may not generate sufficient current density in any tissues that would 

affect the experiment. It is clear in this montage that comparatively little current density is 

present about Cz, whereas the targeted area at FPz receives relatively high amounts of 

current density. 
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Figure 1.2 
 
SimNIBS-derived estimates of the normal component current density in the grey matter with an FPz-
Cz montage using four different sets of electrode sizes. Black outline is the outline of the electrode 
as positioned on the scalp. Electrode size is to scale with the brain. 

 
 

That said, there are limits to how effective varying electrode sizes can be. Each montage in 

Figure 1.2 also shows greater current density in both hemispheres of the inferior frontal 

gyrus, located at the lower front of the brain. These areas of increased current density are a 

result of current flowing through the eyes (which are just in front of the inferior frontal gyrus) 

and into the brain. The minimal differences in current density here across each montage show 

that regardless of electrode size, any montage using electrodes sufficiently close to the eyes 

will result in retinal stimulation. 

Any arrangement of electrodes must also consider the balance between current density at 

the target region, and the current density distributed elsewhere. This balance between 

stimulation at targeted areas versus stimulation at non-targeted areas is an important 

consideration for tES paradigms, not only due to the possibility of unwittingly activating 
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unintended regions of the brain, but also the likelihood of delivering current to the eyes which 

can induce phosphenes. 

Depending on the preferred outcome, phosphenes can be made more or less likely by 

choosing a montage that distributes current density to preferred tissues. This thesis examined 

the effects of volume conduction on electrophosphene induction and detection by estimating 

current density in the brain and the retina across multiple montages (FPz-Cz, T3-T4, Oz-Cz, 

and FPz-Oz). The experiment in Chapter 2 preferentially targeted either the retina (FPz) or the 

cortex (Oz) in each montage, and therefore used a larger electrode at the anode over Cz to 

minimise distribution of current density to where it is not intended (similar to Figure 1.2b). 

As the experiment in Chapter 3 examined the effects of applying similar levels of current 

nearby both the retina and the visual cortex, identical sized electrodes were used in each 

montage. The current density modelling in Chapter 3 examined how current density is 

distributed in each montage and whether volume conduction in these montages could result 

in retinal and/or cortical activation, which could in turn generate phosphenes (for more 

information, see 1.4.2: Source Separation in tES, p. 32). 

 

1.3.4: tES Methodology – Limitations of the Literature on Phosphenes 

A survey of the electrophosphene literature (1956) pointed out the difficulty in reaching a 

firm conclusion on the electrical dynamics of phosphenes due to the use of inconsistent 

methodology and low sample sizes, resulting in a lack of repeatable findings to base any 

conclusions upon. These issues remain in electrophosphene research 60 years later; Table 1.1 

(p. 24) provides a summary of relevant methodological choices used in recent or widely cited 

tES studies that focused on measuring the minimum amount of current necessary to produce 

phosphenes (i.e., the phosphene detection threshold). These include sample size, electrode 

size and montage, stimulation frequency, ambient lighting, and a summary of the study’s 

results. Sample sizes are consistently low, which may explain why many of the studies listed 

do not report statistical analyses. Electrode sizes are inconsistent, therefore the variance in 

thresholds cannot be easily compared across studies as the actual current density at the 

retina or cortex will vary (see 1.3.3.4: Volume Conduction and Current Density, p. 18). Lighting 

conditions vary broadly (if they are reported at all), while luminance is often inconsistent 
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across the subject’s field of view. The frequencies examined in these studies also vary 

between a broad/narrow range and a high/low number of frequencies tested. 

These methodological inconsistencies have likely contributed to the broad range of 

phosphene detection thresholds reported. For example, montages targeting the occipital lobe 

report phosphene thresholds between approximately 100 µA (Kar & Krekelberg, 2012) and 

900 µA (Rohracher, 1935). Schutter & Hortensius (2010) only applied two levels of current 

strength in their study (250/1000 µA) making the actual threshold value for occipital 

stimulation indeterminable, while Lӧvsund et al. (1980) report all thresholds as “normalised 

with regard to strength of current at 20 Hz”, with no indication as to what this value is. The 

frequency sensitivity in all lighting conditions is reported to be between 8-20 Hz, but these 

values are not consistent across studies. This may be a result of inconsistent and non-uniform 

lighting conditions, where mesopic lighting can be anything from a partially lit computer 

monitor (Kar & Krekelberg, 2012; Schutter & Hortensius, 2010) to having subjects “look at 

your own shadow on the wall” (Schwarz, 1947). 

All of these inconsistencies and areas of doubt can be resolved by conducting well-powered 

studies with appropriate methodology in consistent lighting conditions. This thesis will 

address these issues in the past research on phosphenes by using adequate sample sizes in 

each experiment, with appropriate electrode sizes for each montage. Stimulation frequencies 

were be selected to examine beliefs about the association between lighting levels and 

frequency-based phosphene detection thresholds, while a variety of lighting conditions were 

used to confirm these associations. 
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Table 1.1 – Commonly cited tES-induced phosphene papers and details on their methodologies 
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Frequencies column shows the number of frequencies tested, with the range of frequencies in parentheses. 
*: No statistical comparison made. 
**: Partial statistical comparison made – frequencies below 20 Hz were not compared to the peak frequency 
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1.4: Biological Sources of tES-induced Phosphenes 

While guidelines for non-ionizing EMF exposure are typically based on the assumption that 

the retina is the source of phosphenes (ICNIRP, 2010; IEEE, 2019), phosphenes can also be 

induced by applying EMF to parts of the brain involved in visual perception (Kammer et al., 

2001; Kanai et al., 2010; Salminen-Vaparanta et al., 2014). It is known that phosphenes can 

be induced by applying TMS to parts of the brain (for more information, see 1.4.1.5 – EMF 

and the Visual Cortex, p. 30), however the question remains unresolved as to what parts of 

the visual system are involved in phosphene perception when tES is applied. 

 

1.4.1: Potential Sources 

Since phosphenes are a visual phenomenon, it can be assumed that the anatomical 

mechanisms involved in tES-induced phosphenes are parts of the visual processing stream 

that are particularly sensitive to electrical stimulation. The normal visual perception process 

begins with light entering the eye through the cornea (the transparent dome that covers the 

exposed section of the eyeball). This projection of light then passes through the vitreous 

humour in the eyeball and strikes the retina, which engages in phototransduction to convert 

light into low-frequency electrical signals. These signals are sent through the optic nerves to 

the primary visual cortex, which interacts with other regions of the brain to produce the visual 

perception of our surrounding environment (Goldstein, 2002). From these possibilities, the 

anatomical bodies that display sensitivity to electrical stimulation include the retina, the optic 

nerve, and the visual cortex of the brain. Their potential roles in tES-induced phosphenes are 

discussed below. 

 

1.4.1.1: The Retina 

The retina is a complex array of cells at the back of the eye, with multiple inputs and feedback 

mechanisms that together make the complexities of visual perception possible (see Figure 

1.3, p. 26). Retinal processing begins with light hitting the photoreceptor cells, which is the 

first step of the phototransduction process that converts light into electrical energy. Most 
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photoreceptors are rod cells, which are more sensitive to light at the level of individual 

photons and allow vision to be possible in low-lighting conditions (Goldstein, 2002). Cones 

(the other type of photoreceptor) are less sensitive to light but are crucial for our chromatic 

(i.e., colour sensitive) and fine detail vision (Goldstein, 2002). Signals from these 

photoreceptors are transmitted (via the bipolar, horizontal, and amacrine cells) onto the 

retinal ganglion cells (which act as primitive edge detectors). These retinal ganglion cells (RGC) 

project a retinotopic map of the visual field to the visual cortex via the lateral geniculate 

nucleus in the thalamus (thus adjacent areas receiving input in the RGC will also be associated 

with the activation of adjacent neurons in the visual cortex; Goldstein, 2002). 

 

Figure 1.3 
Anatomical structure of the eye and retina 

 
Image adapted from OpenStax CNX General Biology (Chapter 36.5) 
(https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/General_Biology_1e_(OpenStax)), use by 
permission under Creative Commons license 4.0. 

 

 

The electrical dynamics of the retina are complex at each stage of the retinal processing chain 

(see Figure 1.3). At rest, photoreceptor cells are more depolarized than typical neurons (-40 

mV compared to the more common -60 mV; Attwell, 1990), and will respond to changes in 

light with graded changes in membrane potential. A photoreceptor will hyperpolarize when 

https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/General_Biology_1e_(OpenStax)
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excited by light, which will then depolarize a bipolar cell known as an ON-center cell, triggering 

an electrical response that activates any ganglion cells that it is synapsed onto. There are also 

OFF-center cells which are hyperpolarized by the photoreceptor and remain silent when lit. 

Multiple photoreceptors can be synapsed to a single bipolar cell, and horizontal cells 

connected to multiple networks of photoreceptors and bipolar cells can use feedback 

mechanisms to depolarize specific photoreceptors where those inputs are antagonistic, 

allowing more specific information to be passed on to the surrounding bipolar cells 

(Famiglietti Jr & Kolb, 1976). 

Once the bipolar cells have received input (either directly from the photoreceptor or 

mediated via horizontal cells), the electrical response is passed on to the retinal ganglion cells 

(RGCs), either directly from the bipolar cells or mediated via amacrine cells. Like bipolar cells, 

RGCs can also be separated into ON-center and OFF-center activation types, based on 

whether they receive input from ON- or OFF-bipolar cells. Amacrine cells perform a similar 

function to horizontal cells where they mediate multiple inputs from bipolar cells. Amacrine 

cells will depolarize when input from one type of bipolar cell (ON/OFF) does not correspond 

with the neighbouring bipolar ON/OFF cell type that the amacrine cell is also synapsed onto, 

inhibiting the RGC (Solomon et al., 1993). Once this process is complete, the RGC itself does 

not depolarize or hyperpolarize, but instead changes the rate of action-potentials discharged 

through the optic nerve into the brain based on the input received from all cell types 

upstream (Goldstein, 2002). 

This complex system of interdependent polarisation and depolarisation relationships makes 

the retina highly sensitive to changes in electrical current. The location of the eyes relative to 

the scalp also means that they are vulnerable to the spread of current across the scalp, as the 

current can flow through the skin and reach the eyes. 

When simulating a range of tES montages, Laakso and Hirata (2013) reported that the eyes 

were readily stimulated by current that would flow through the relatively low resistance soft 

tissues of the face or the CFS surrounding the frontal lobe. As a result, regardless of the 

montage used, the common view of tES-induced phosphenes is that they are primarily the 

result of retinal stimulation (Schutter & Hortensius, 2010; Schwiedrzick, 2009). 
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1.4.1.2: The Optic Nerve 

Bogoslovski and Ségal (1947) argued that electrically-induced phosphenes are the product of 

stimulating optic nerve fibres regardless of electrode placement, while acknowledging that 

phosphenes could also be produced by stimulating the surface of the retina in certain 

electrode arrangements. Countering this, Brindley (1955) observed that applying mechanical 

pressure to the eye increased the current required to produce phosphenes by two orders of 

magnitude, indicating that a structure somewhere in the eye was responsible for triggering 

phosphene induction. Given that manipulating the shape of the eye would not change the 

current density reaching the optic nerve due to tES, this conclusion appears plausible. While 

experiments directly stimulating the optic nerve demonstrate that phosphenes can still be 

produced by bypassing the eye, and that the intensity of the phosphene luminance can vary 

as a function of the frequency when stimulating the optic nerve (Delbeke et al., 2003; Meier-

Koll, 1973), the current density required to induce phosphenes via direct optic nerve 

stimulation far exceeds that found in other studies where current was applied near the retina. 

As a result, it is generally considered that the optic nerve is not the primary anatomical 

mechanism driving phosphene perception from stray EMF exposure. 

 

1.4.1.3 The Visual Cortex 

Using tES with sufficient current to stimulate the retina should eventually result in phosphene 

perception. However, activity in the eye alone is insufficient, as it would not be possible to 

perceive phosphenes (or anything else) without some change in downstream visual pathways. 

In fact, the eye is not necessary to perceive phosphenes at all, as they can also be produced 

by directly stimulating the brain. Phosphenes are perceived when TMS is applied to the visual 

cortex (Salminen-Vaparanta et al., 2014) ‒ with their appearance varying depending on which 

part of the visual cortex is stimulated (see below). Since TMS allows phosphenes to be 

perceived as a result of applying EMF to the cortex, it follows that EMF produced by tES might 

also be able to produce phosphenes by activating the grey matter of the visual cortex4. 

 
4 While the white matter pathways of the brain also have a vital role in processing visual stimuli, given that grey 
matter tissue has relatively poor electrical conductance compared to other tissues in the brain (Wagner et al., 
2004), it is unlikely that sufficient current would reach the white matter tracts in any practical tES situation 
before the eyes or grey matter of the visual cortex were activated first. 
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1.4.1.4: Functional Brain Regions 

As mentioned above, each retina forms a retinotopic map of the visual field that is projected 

to the thalamus which synapses onto the lateral geniculate nucleus (LGN). The LGN combines 

input from both eyes into a single retinotopic map, modulated by complex inputs from the 

brainstem to adapt for states of consciousness (e.g., sleep) and multiple cortical regions such 

as the striate cortex to allow for attentional processing (Squire et al., 2012). Once these 

modulations are complete, the LGN projects the retinotopic map onto the visual cortex 

(Goldstein, 2002). The occipital lobe of the cortex is made up of several areas known to be 

critical for vision, referred to as visual areas 1-5 (V1-5; see Figure 1.4, below). These five areas 

(which will be collectively referred to here as the visual cortex5) have different roles to play 

in visual perception, and each hemisphere of the brain has its own set of visual areas due to 

the contralateral nature of vision, where the right hemisphere of the brain processes 

information from the left hemi-fields of each eye and vice-versa. 

 

Figure 1.4 
Regions of cortical grey matter and their role in the visual system 

 
Image adapted from Vision by Simona Buetti and Alejandro Lleras (https://nobaproject.com/modules/vision), use by 
permission under Creative Commons Attribution-NonCommercial-ShareAlike license 4.0. 

 

 
5 There are other important cortical areas implicated in visual perception – regions of interest (ROIs) for vision 
have also been located in the frontal, parietal and temporal areas such as the inferior temporal cortex at 
Brodmann Area 20/21 which is important for feature binding and object recognition. 

https://nobaproject.com/modules/vision
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Initial cortical processing takes place in the primary visual cortex (V1) at the calcarine sulcus 

of the occipital lobe. The retinotopic mapping of the visual cortex means that the neurons 

across V1 are precisely arranged so that an object perceived at one position of the retina is 

similarly mapped across the cortex, with different cell types at various depths of the cortex 

responding to various features of what is perceived in that region; this can include shape, 

orientation, contrast, and where that object is in relation to the rest of the visual field. While 

V1 processes many types of visual information, further processing is required in more 

specialised regions of the visual cortex to allow more complex visual scenes to be perceived 

(Goodale, 2011). The secondary visual cortex (a.k.a. prestriate cortex; V2) integrates 

information from V1 and responds to differences in colour, basic pattern recognition, and 

how an object is oriented within the visual field (Anzai et al., 2007). For further processing of 

visual perception, V2 has feedforward connections with V3-5 which include cortical regions 

with more specialised functions such as object recognition, colour, texture, spatial relations, 

motion, and visual-motor feedback mechanisms (Fournier et al., 2018). 

 

1.4.1.5: EMF and the Visual Cortex 

Applying TMS with sufficient strength at each region of the visual cortex (V1-V5) can induce 

phosphenes (e.g., Salminen-Vaparanta et al., 2014). These phosphenes change the visual field 

in a state-dependent manner, where the appearance of the phosphene will vary depending 

on the prior state of the stimulated region (Bohotin et al., 2003; Najib et al., 2016). As a result, 

the phosphene perceived will depend upon what is already in that area of the visual field, and 

the function of the section of the visual cortex being stimulated. Targeting V1 is the most 

reliable way to produce TMS-induced phosphenes, with increased TMS intensity producing 

brighter phosphenes (Kammer et al., 2005); however, reports of their perceived shape vary 

between subjects (Marg & Rudiak, 1994). When TMS is targeted at V1, the location of the 

phosphene in the field of view varies in accordance with the retinotopic organization of the 

cortex (Dobelle & Mladejovsky, 1974; Salminen-Vaparanta et al., 2014). 

Phosphenes can also be produced by stimulating other areas of the visual cortex with TMS. 

Phosphenes resulting from targeting of V2 and V3 tend to be indistinguishable from those 

seen when stimulating V1, apart from a small drop in brightness perceived (Cowey & Walsh, 
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2000; Kammer et al., 2001; Salminen-Vaparanta et al., 2014). Stimulating V4 will produce a 

change in colour (Cowey & Walsh, 2000), while stimulating V5 will produce the perception of 

motion in the visual field (Guzman-Lopez et al., 2011; Hotson et al., 1994). 

 

1.4.1.6: Cortical tES 

While inducing phosphenes using TMS at the visual cortex is well established, there is less 

agreement about whether similar phosphenes can be produced by using tES. In an attempt 

to demonstrate transcranial alternating current stimulation (tACS) can induce neural 

entrainment, Kanai and colleagues (2008) applied tES over the occipital lobe (Oz-Cz montage) 

at a broad range of frequencies (4 - 40 Hz) in both well-lit and dark conditions. During visual 

perception, electroencephalography (EEG) over area V1 tends to measure greater spectral 

power in the beta frequency range (approx. 13 - 30 Hz). By contrast, in dark conditions (or 

with closed eyes), EEG at V1 tends to show stronger alpha band activation (approx. 8 - 12 Hz; 

Adrian & Matthews, 1934; Palva & Palva, 2007). In Kanai et al.’s study, not only did tACS over 

V1 result in phosphenes being perceived, but they were brighter and more vivid when 

stimulation was delivered in the frequency bands known to be dominant in V1 under each 

lighting condition in physiological neural processing. This alignment between the tACS 

frequency sensitivity and the natural rhythms of the brain under each lighting condition was 

interpreted as evidence that tACS was generating neural entrainment in the cortex to produce 

a visual phenomenon (Kanai et al., 2008). 

This interpretation is widely disputed, with some researchers questioning whether direct 

cortical stimulation with tES can induce phosphenes. As stated above, phosphene induction 

with TMS is well established. However, since the focal area of stimulation in TMS is relatively 

small (depending on the magnetic coil used), the distribution of EMF can be directed with 

much greater precision than tES (Roth et al., 2007) while also requiring the application of 

weaker induced electric fields compared to tES, since TMS does not need to overcome the 

issue of volume conduction (see 1.3.3.4 – Volume Conduction and Current Density, p. 18). 

Because the volume conduction effects inherent in tES result in a broader distribution of 

current density (see 1.3.3.4: Volume Conduction and Current Density, p. 18), it is instead 

generally considered that tES-induced phosphenes are the result of retinal stimulation 
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regardless of the montage used, since the retina is expected to be stimulated to the point of 

phosphene perception before the cortex is exposed to sufficient current density to do the 

same (Laakso & Hirata, 2013; Schutter & Hortensius, 2010). 

A common argument used to justify this position is that as the electrodes in the montage are 

moved closer to the retina, the current required to produce phosphenes falls (Kar & 

Krekelberg, 2012; Schutter & Hortensius, 2010). However, this argument only demonstrates 

the likelihood of retinal activation and does not exclude the possibility of cortical activation. 

Similarly, while the frequency-specific results of Kanai et al. (2008) correspond well with the 

normal frequency-based rhythms of the visual cortex, similar frequency-based findings under 

each lighting condition have also been found using tES montages designed to stimulate the 

retina but not the cortex (e.g., Brindley, 1955; Rohracher, 1935; Schwarz, 1947). Without 

experimental evidence that explicitly addresses cortical activation independently from retinal 

activation (rather than simply varying distance between the retina and the nearest electrode), 

we cannot rule out the possibility of phosphenes caused by tES-based cortical activation. 

 

1.4.2: Source Separation in tES 

The effects of volume conduction can make it difficult to determine whether the cortex or the 

retina is responsible for generating a particular phosphene. Distinguishing between these two 

potential sources of phosphenes is necessary if we wish to determine whether retinal 

phosphenes alone are the first sign of neural interference from EMF. This problem is known 

as source separation. 

One potential way to determine which location is the source of tES-induced phosphenes 

involves measuring the current density at both the retina and V1 for any given montage. This 

has obvious complications: even if it were practical/permissible to insert probes into the 

retina and/or cortex in vivo to accurately measure current density during tES, the probes 

themselves would alter the electrodynamics of the tissues and (by extension) the overall 

distribution of current density. The closest viable alternative is modelling the spread of 

current from tES throughout a human skull to gather estimates of the current density at any 

given point. Using the DUKE head model (Christ et al., 2010), Laakso and Hirata (2013) 
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modelled the effect of 11 montages and showed how each montage could generate sufficient 

current density at the retina to produce phosphenes when sufficient and realistic levels of 

current were applied. One drawback of this conclusion is – much like the arguments levelled 

at Kanai et al. (2008) above – this only adds to the likelihood that retinal stimulation is 

plausible and does not directly relate to tES-induced cortical phosphenes (as no estimates of 

current density anywhere in the cortex were reported). Without modelled estimates of 

current density at the visual cortex as well as the retina, the cortical phosphene hypothesis 

cannot be disproven. 

Previous studies attempting to determine which of these potential sources was responsible 

for phosphenes have compared the minimum amount of current applied near the retina to 

the current applied over the visual cortex when phosphenes were induced (Kar & Krekelberg, 

2012; Schutter & Hortensius, 2010). However, these studies did not provide true source 

separation, as any montage chosen would have resulted in some change in current density at 

the sites being compared due to volume conduction (Laakso & Hirata, 2013). 

This thesis therefore used a double dissociation technique to provide a more thorough 

examination of phosphene detection thresholds in relation to estimated current density at 

both potential source sites. Using montages that preferentially targeted the retina (FPz-Cz), 

the visual cortex (Oz-Cz) and both simultaneously (FPz-Oz), this thesis compared the 

estimated current density at these sites when phosphenes were perceived. This resulted in a 

more comprehensive assessment of how the retina and the visual cortex contribute to 

phosphene perception. 

 

1.5: Ambient Lighting and Phosphenes 

While there is debate about whether the phosphenes in the Kanai et al. (2008) study were 

the product of retinal or cortical activation, it is generally agreed that their detection 

thresholds depended on both the stimulation frequency and the ambient lighting conditions. 

Just as some of the effects of tES can be enhanced by stimulation at certain frequencies, 

varying ambient lighting conditions can affect sensitivity to tES-induced phosphenes at 

specific stimulation frequencies. That said, it is not the case that all lighting conditions have 
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been accounted for in phosphene research. There are two primary factors to consider when 

examining phosphenes in various lighting conditions: luminance and adaptation. 

 

1.5.1: Environmental Background Luminance and Phosphenes 

Luminance, typically measured in candelas per square meter (cd/m2), refers to the amount of 

light that is emitted or reflected by a surface and then enters the eye (Lennie et al., 1993). 

This is distinct from illumination, which refers to the amount of light received by a surface 

(Shlaer, 1937). The luminance of a surface depends on the intensity of the light source and 

the reflectance of the surface; e.g., a surface that is highly reflective will have a higher 

luminance than a surface that is less reflective, when both are illuminated by the same light 

source (Shlaer, 1937). 

Background lighting can have a significant effect on visual perception, influencing how we 

perceive both the colour and contrast of objects and scenes (Haldane, 1933; Jameson & 

Hurvich, 1964). Colour is difficult to perceive in darker conditions as the cone photoreceptors 

that provide chromatic information to the retinotopic map require more light to be activated 

compared to rods (Goldstein, 2002). Conversely, intense lighting or sudden large jumps in 

luminance can overexcite cone photoreceptors causing “bleaching”, which narrows the 

spectral sensitivity of the receptor, resulting in a shorter range of colour wavelengths that the 

photoreceptor responds to (Goldstein, 2002; Rushton, 1972). This effect is usually temporary, 

but sufficiently intense light can damage the photoreceptor permanently (Rushton & Henry, 

1968). 

Contrast refers to the difference in colour or luminance between an object and its background 

(Goldstein, 2002). This is an essential element in visual perception as it allows us to distinguish 

and differentiate objects and details in our visual environment (Kelly, 1977). Colour contrast 

is easier to identify in well-lit conditions due to the greater activation of cone photoreceptors 

(Cao et al., 2008; Paramei & van Leeuwen, 2016), while luminance contrast is more 

perceptible in low light conditions as the pupil will dilate, allowing more light to enter the eye, 

which increases sensitivity to differences in luminance (Beck, 1966). 
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Background lighting conditions affect not only the perception/detection of real objects and 

scenes but also the perception/detection of illusory objects (such as phosphenes). As 

previously mentioned, there are consistent findings showing that tES-induced phosphenes in 

well-lit conditions are more readily perceived with 20 Hz tES (Kanai et al., 2008; Lövsund et 

al., 1980; Schutter & Hortensius, 2010; Schwarz, 1947), while phosphenes in dark conditions 

are more readily perceived with 10 Hz tES (Kanai et al., 2008; Schwarz, 1947). However, since 

these studies had various methodological issues (including inconsistent ambient lighting; see 

1.5.3: Ambient Lighting - Limitations of the Literature, p. 37), these findings are in need of 

replication with a suitably powered and better controlled study. Additionally, there are 

currently no studies examining the effects of mesopic lighting on electrophosphene 

detection. Since EMF exposure guidelines can only consider the evidence available, it is 

important that this gap in the literature be filled if all common environmental conditions are 

to be accounted for. This thesis will comprehensively examine the effect of mesopic lighting 

on phosphene detection across a range of stimulation frequencies and seek to replicate the 

frequency-dependent effects of ambient lighting listed above. 

 

1.5.2: Adaptation and Phosphenes 

It is also important to consider how the visual system responds to changes in lighting 

conditions, a process known as luminance adaptation (Kalloniatus & Luu, 2007). Luminance 

adaptation is typically referred to as light or dark adaptation (depending on the specific 

lighting conditions that are being adapted to). Light adaptation is a defensive mechanism 

which protects the highly sensitive visual system from damage when exposed to excessive 

light (Goldstein, 2002). Dark adaptation occurs when the visual system returns to a state of 

high sensitivity, allowing visual perception to be enhanced in low light conditions (Dowling, 

1960; Lamb & Pugh Jr, 2004). These processes occur primarily in the eye, however both the 

retina and the cortex respond differently to changes in light. During luminance adaptation, 

the size of the pupil is varied to control the amount of light entering the eye (more light is 

allowed in for dark adaptation, and less for light adaptation), whereupon the photoreceptors 

in the retina receive feedback from horizontal cells to control the responsiveness of each 

photoreceptor type in order to adapt to the lighting conditions. The overall effect of this is to 
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make the retina more sensitive at low lighting levels (in order to maximise visual perception 

under those conditions) and desensitize the retina in well-lit conditions (in order to avoid 

bleaching of the photoreceptors; Goldstein, 2002). 

It is assumed that most luminance adaptation effects on phosphene detection originate in the 

retina. Applying TMS to the visual cortex, Kammer and Beck (2002) reported no differences 

in the minimum magnetic field strength required to induce phosphenes during four different 

durations of light and dark adaptation. This was presumably because adaptation occurred in 

the retina. As a result, cortical excitability to TMS was unchanged across all adaptation 

conditions (Rauschecker et al., 2004). Contrary to this, Lövsund and colleagues (1979) 

reported increases in the minimum magnetic flux density required to induce phosphenes as 

dark adaptation time increased when an electromagnet was activated over the temples. 

Lövsund et al. (1979) did not report the orientation of the electromagnet, meaning the 

distribution of the resulting magnetic field could not be precisely ascertained. However, it is 

widely accepted that these results were due to electrical field changes at the retina (Laakso 

& Hirata, 2012; IEEE, 2019). 

When considering adaptation effects on tES-induced phosphenes, it was initially expected 

that detection thresholds would be similar when the eye was adapted to either light or dark 

(Müller, 1897; Nagel, 1904). However, it is now generally agreed that phosphene detection 

thresholds are higher when the eyes are dark-adapted (as opposed to light-adapted; Abe, 

1951; Barlow et al., 1947; Bogolovski, 1935; Bogolovski et al., 1935; Bouman, 1935; Schick, 

1935; Schwarz, 1940), although findings can still vary depending on the experimental 

methodology. Some earlier studies, which relied on condenser discharges that resulted in no 

frequency element to the stimulation, made the same finding of greater sensitivity to 

phosphenes in well-lit conditions (Bouman et al., 1951). However, by using AC stimulation, 

Schwarz (1947) found the reverse to be true. He found that after adaptation to well-lit 

conditions phosphenes were perceptible at 20 µA, but two minutes of dark adaptation 

increased the threshold to 110 µA, with the threshold increasing as dark adaptation time 

increased. Experiments using a crossover effect (where one eye was dark-adapted and the 

other eye was light-adapted) found similar results, with the dark-adapted eye requiring 

greater current to be applied in order to see phosphenes compared to the light-adapted eye 

(Achelis & Merkulow, 1930; Bartley, 1937; Motokawa, 1949). 
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As alternating current grew more widely available in the 20th century and transformers 

became more affordable, the ability to easily manipulate stimulation frequency opened a new 

line of inquiry for phosphene research. This yielded many insights into the relationship 

between tES-induced phosphenes and ambient lighting. Schwarz (1940; 1947) found a 

frequency-dependent relationship between thresholds and light adaptation, where tACS at 8 

- 50 Hz increased detection thresholds as light adaptation increased, while tACS at 65 - 110 

Hz decreased these thresholds as light adaptation increased. Similar AC-based findings were 

found during adaptation to a wide array of lighting conditions (3 - 10,000 lux; Clausen et al., 

1954; Gebhard, 1952; Motokawa & Iwama, 1950); however, all the studies listed here 

(including Schwarz)– used low sample sizes (typically only one observer) to reach their 

conclusions. 

Typical practice for phosphene research in well-lit conditions is to allow for at least two 

minutes of adaptation time, as this is usually enough time to adapt to at least 90% of the 

changes in contrast sensitivity (Hood & Finkelstein, 1986). Even so, the possibility that 

phosphene thresholds can change over time when the eyes are light-adapted may still be a 

factor; therefore, experiments examining the effects of different levels of ambient lighting 

should take this into account. When considering dark adaptation, it is generally accepted that 

phosphene thresholds will increase with the dark adaptation time, until the threshold 

stabilizes after around 15 - 40 minutes of adaptation time (depending on the intensity of light 

immediately prior to darkness; Abe, 1951; Barlow et al., 1947; Bogolovski, 1935; Gersuni et 

al., 1935; Iwama, 1949; Motokawa et al., 1948; Schwarz, 1940). Schwarz (1947) reported that 

phosphene detection thresholds increase with the dark adaptation period (from 2 - 500 

minutes) across all frequencies tested (10 - 93 Hz). As a result, studies that wish to examine 

tES phosphene thresholds in dark conditions should ensure that any adaptation time is as 

close to zero as possible (e.g., Kanai et al., 2008). In the current study examining phosphenes 

in dark conditions (see Chapter 4), dark adaptation effects will be minimised by relighting the 

testing environment at 1.1 cd/m2 when stimulation is not active. 

 

1.5.3: Ambient Lighting – Limitations of the Literature 
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While most studies on tES phosphenes tend to be consistent regarding lighting exposure 

times to keep adaptation effects to a minimum, there remain inconsistencies and gaps in how 

luminance is accounted for (see Table 1.1). Ideally, the subject’s field of view should remain 

homogenous with no changes in luminance in order to avoid changes in contrast, but this is 

not always the case. Schwarz (1947) used a variety of views for his test subject in order to 

produce varying degrees of luminance, one of which was “look at a cloud in the sky” to assess 

phosphenes at 9550 cd/m2. More recent studies are not immune to such inconsistencies; 

some studies use a powered on (but mostly dark) computer monitor in a darkened room to 

give instructions to the subject (e.g., Kar & Krekelberg, 2012; Schutter & Hortensius, 2010). 

Others are vague in their overall descriptions of the lighting conditions. Some provide no 

quantification of luminance, e.g., “office lighting” (Kanai et al., 2008) or “moderate 

illumination” (Adrian, 1977). Others do not report the lighting conditions at all (e.g., 

Rohracher, 1935). 

Similarly, the points between “well-lit” and “dark” lighting conditions are separated by a 

neglected area of luminance known as mesopic lighting. Typically defined as any luminance 

level up to 3 cd/m2 (Stockman & Sharpe, 2006), these conditions are quite dim but commonly 

encountered in daily life. It is not unreasonable to assume that such lighting would be 

encountered by those exposed to stray EMF in their occupation, but given the dearth of 

evidence on the subject there is no consideration of mesopic lighting in current safety 

guidelines. 

As mentioned above, this thesis addressed these issues by examining phosphene detection 

across a range of different lighting conditions with quantified luminance values and 

comparing the current required to induce phosphenes across each of them using a repeated 

measures design in a sufficiently large sample. Dark adaptation effects were minimised by 

keeping the subject’s time in absolute darkness to a minimum and frequently re-exposing 

them to light. These brief exposures should have been sufficient to avoid dark adaptation, but 

not long or intense enough to threaten bleaching of the photoreceptors. Testing in mesopic 

conditions also employed stimulation at multiple frequencies to determine any frequency-

dependent effects under those lighting conditions, as this combination remains largely 

unexplored in the literature. 
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1.6: Psychophysics 

The study of relationships between physical stimuli and the sensory experiences that they 

produce is known as psychophysics. Psychophysics aims to measure and understand the 

psychological processes that underlie the perception of sensory information, and how their 

physical properties relate to subjective experience (Johnson et al., 2002; Snyder et al., 2006). 

In this section, we discuss how psychophysics has been used to study phosphenes in the past, 

and briefly review the strengths and weaknesses of different psychophysical techniques and 

methods. 

 

1.6.1: How Phosphenes Are Measured 

When studying electrophosphenes, psychophysics can be used to determine their perceptual 

detection thresholds. A threshold is the minimum amount of physical stimulation required to 

detect a sensory stimulus (Gescheider, 2013). In the case of tES, this corresponds to the 

minimum strength of electrical current applied that is necessary to induce the perception of 

a phosphene. Threshold estimation normally involves a binary response measure that 

indicates the presence/absence of the percept in question (Goldstein, 2002). In this specific 

case, that might be a ‘yes’ or ‘no’ response to the question “Did you see a phosphene?”. 

“Reversal points” – e.g., where the subject’s response changes from “no” to “yes” or “yes” to 

“no” after an increase or decrease in current strength – are therefore important in 

determining phosphene detection thresholds. 

Psychophysics offers multiple methods for determining threshold estimates, and choosing the 

most appropriate one for the particular situation is important. It is common for tES studies to 

have small sample sizes and a limited number of testing conditions (whether frequencies or 

lighting conditions), and at times a combination of both (see Table 1.1, p. 24). This is not 

necessarily due to poor experimental design but is a result of the time required to estimate a 

reliable threshold in each testing condition. Traditional psychophysical methods often require 

a large number of trials (e.g., to obtain multiple “reversal points”) before settling on a final 
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threshold estimate. Thus, using a more efficient method to estimate the threshold creates 

the opportunity for more stimulus conditions to be tested in the same amount of time. This 

should not come at the cost of unreliable data. However, it is also important to keep testing 

times short to minimise issues with subjects’ attention, motivation, and fatigue (as well as 

sensitisation, adaptation, and habituation). The most appropriate psychophysical method 

therefore has several requirements: it must 1) require a comparatively low number of trials 

to determine a threshold, 2) be robust against errors in reporting, and 3) provide consistent 

and reliable thresholds (test-retest reliability). 

 

 1.6.2: Three Traditional Psychophysical Methods 

The method of adjustment is a subject-directed technique for determining the threshold for 

detecting a stimulus. Typically used in light and sound detection paradigms (when can you 

see the light/hear the sound?), this technique allows the test subject to directly adjust the 

intensity of the stimulus until they find the point where it is just perceivable (Fechner, 1860). 

As the subject plays an active role in the experiment, they tend to remain attentive and 

motivated. Whilst this method provides threshold estimates comparatively quickly, it tends 

to be unreliable in most sensory testing paradigms (Ehrenstein & Ehrenstein, 1999; 

Gescheider, 2013; Han et al., 2016) and is considered the least accurate of the traditional 

psychophysical methods (Goldstein, 2002). It is unsuitable for investigating tES-induced 

phosphenes, as the test subject would have to operate the tES device themselves. This would 

be unacceptably dangerous if the subject were not trained to use it. Even if they were 

professionally trained in the application of tES, they would still have to move their heads 

repeatedly (in order to alternate between observing the phosphenes and adjusting the 

current strength), causing trial-to-trial inconsistencies in their field of view. 

The method of limits is another commonly used psychophysical technique, where the 

intensity of the stimulation presented to the passive subject is either increased until a 

stimulus becomes perceptible (ascending staircase) or decreased until the stimulus is no 

longer perceived (descending staircase). The complete set of stimuli and the fixed step size 

between them are selected by the experimenter before the study. Both ascending and 

descending staircases are then presented to the subject in alternating order to ensure 
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reliability (Herrick, 1973). In the method of limits, reversals occur when an increase or 

decrease in stimulus intensity results in a change from a "yes" response to a "no" response or 

vice versa. While this technique can produce reliable results, there is the risk of practice, 

response bias, and habituation effects (as a result of the subject repeatedly making yes/no 

responses to the same stimuli; Gescheider, 2013). It can also take a long time to determine 

the final threshold using this method (especially when there are a large number of potential 

points to test in each staircase), as many staircases are usually required to obtain reliable 

estimates. 

Another technique related to the method of limits is the method of constant stimuli. Like the 

method of limits, the stimulus set and step-size between them are again picked by the 

experimenter before the study. However, instead of these stimuli being presented to the 

subject in either an ascending or a descending order, they are presented in a random order 

(i.e., the stimulus intensity on each subsequent trial varies randomly rather than gradually 

climbing or falling). In order to detect thresholds using the method of constant stimuli, the 

researcher plots the function of physical stimulus intensity against the percentage of “yes” 

(or detect) responses directly after the experiment. The threshold corresponds to the physical 

stimulus intensity at which the observer detects the stimulus (e.g., the phosphene) at a rate 

predetermined by the experimental procedure; a 50% detection rate is common, but as this 

corresponds to a random guessing rate, some paradigms prefer to use higher detection rates 

such as 66% or 75% (Gescheider, 2013; Goldstein, 2002). While the method of constant 

stimuli lessens the risk of response bias and habituation effects (as each stimulus has a 

random current strength rather than marginally increasing or decreasing current strength), a 

large number of trials is required to estimate a threshold (typically more than the other two 

traditional psychophysical methods; Gescheider, 2013). 

 

 1.6.3: Modified Binary Search 

A more recent addition to the range of psychophysical techniques is the modified binary 

search method (MBS; Tyrrell & Owens, 1988), which uses the subject’s responses to 

repeatedly narrow down the range of possible thresholds until the reversal point is found. 

Starting at the midpoint of a predetermined range of stimulation intensities, the subject’s first 
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response is used to reject stimulation intensities above that if they report “yes” (i.e., detect), 

or below that if they report “no” (i.e., do not detect). This narrowed range is then bisected, 

and the process is repeated until the range is limited to two points where the stimulus is 

perceived at one point but not at the point below it. While this method can provide a 

threshold estimate in relatively few trials, it works on the assumption that perception is error-

free (even at the points very close to the threshold, where just noticeable differences are 

infinitesimally small). If the subject gives an erroneous response to a trial (e.g., because they 

are not sure if they perceived something; a common experience when the stimulation 

intensity is close to the actual threshold), this will cause their true threshold to fall into the 

rejected range of values, which will force the experimenter to restart the algorithm or employ 

an additional heuristic such as an ascending/descending staircase once the subject’s error has 

been discovered (Mazzi et al., 2017; Treutwin, 1995). 

 

1.6.4: Rapid Estimation of Phosphene Thresholds 

This thesis used a psychophysical method known as the Rapid Estimation of Phosphene 

Thresholds (REPT; Abrahamyan et al., 2011), which uses a Bayesian adaptive staircase system 

to determine the detection threshold. Bayes’ rule and information theory are used to 

maximize the information gained from each trial, while minimizing uncertainty in the 

probability distribution (Kontsevich & Tyler, 1999). The result of each trial is used to update 

the probability distribution function (PDF) and thus narrow the range of possible thresholds. 

Based on this function, REPT calculates the intensity for the next stimulation that will add the 

most information to the distribution based on all previous stimulation intensities and their 

responses (this intensity is the most probable Bayesian estimate of the threshold at that 

particular time). It should be noted that REPT is initially sensitive to errors made in 

responding, as the PDF is largely undeveloped in the early stages of the procedure. However, 

even in such situations, REPT’s continuous updating of the PDF means that it can still identify 

the true threshold (Mazzi et al., 2017). Such errors in REPT only delay the overall algorithm as 

opposed to requiring an entirely new one to be run (Abrahamyan et al., 2011). While untested 

in tES based phosphene research, the REPT algorithm has been tested in TMS research and 

was found to provide reliable thresholds quickly (with a relatively low number of test points 
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required compared to the methods listed above, while also being resistant to habituation 

effects; Abrahamyan et al., 2011; Mazzi et al., 2017). 

For this series of experiments, the Quest algorithm (Watson & Pelli, 1983) was employed to 

execute REPT using Psychtoolbox in MATLAB (Kleiner et al., 2007). It uses the Weibull 

psychometric function: 

𝑝𝑝 = 𝛿𝛿𝛿𝛿 + (1 − 𝛿𝛿) ∗ (1 − (1 − 𝛿𝛿) ∗ e�−10𝛽𝛽∗(𝑥𝑥−𝑥𝑥𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜)�) 

Where 𝑝𝑝  is the probability that a given threshold will yield a positive response, 𝛿𝛿  is the 

likelihood that a response is random, 𝛿𝛿 is the predicted false positive response rate, 𝛽𝛽 is the 

slope of the psychometric function, and 𝑥𝑥  represents the log10 contrast relative to the 

thresholds (and their responses) recorded in the associated PDF (Watson & Pelli, 1983). By 

continuously updating the PDF with new data, REPT can typically narrow down the range of 

possible thresholds with relatively few responses. It is also generally less susceptible to 

response errors than other recently developed adaptive psychophysical methods. 

 

1.7: Summary 

The current view of electrophosphenes is that they are the product of retinal rather than 

cortical activation, with stimulation frequency-dependent characteristics dictated by ambient 

lighting levels. The difficulty is that this view has been formed from literature with very small 

sample sizes, irregular methodologies, and often no statistical analysis (see Table 1.1, p. 24). 

For example, the view that tES at 10 Hz will result in stronger phosphenes in dark conditions 

is attributed to Friedrich Schwarz’s study from 1947 with a single subject. Despite this, 

Schwarz is still being cited as the primary source for this claim; recent examples of this include: 

1) the 2013 review of tACS mechanisms by Hermann and colleagues (cited by 653), 2) Lövsund 

and colleagues (1980, cited by 221) study of magnetophosphene thresholds, 3) Schwiedrzik’s 

(2009) discussion paper on retinal ganglion cells being the source of tACS-induced 

phosphenes (cited by 99), 4) Paulus’ (2010) discussion paper on separating retinal and cortical 

origins of phosphenes (cited by 70), 5) Kanai and colleagues’ (2010, cited by 163) study on the 
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modulation of the cortex via tACS, and 6) Laakso and Hirata’s (2013) computational analysis 

of how tACS stimulates the retina (cited by 105)6. 

The view that electrophosphenes are more intense at 20 Hz stimulation in well-lit conditions 

is also founded on poor quality legacy literature. Much like the dark condition above, this is 

based on a low number of studies with single digit sample sizes, often with no statistical 

analysis reported, questionable experimental design, and important methodological details 

missing (see Table 1.1, p. 24). As noted previously, the discussion of electrophosphenes in 

mesopic conditions is entirely neglected. 

Similarly, the issue of whether tES phosphenes are sourced from the retina (instead of the 

visual cortex) has not been established. The evidence against tES-induced cortical phosphenes 

relies on modelled estimates (e.g., Laakso & Hirata, 2013) or varying the distance between 

electrodes and the retina (e.g., Rohracher, 1935), neither of which addresses the visual cortex 

itself. While some studies do compare montages targeting the retina or the visual cortex (e.g., 

Schutter & Hortensius, 2010), this is not sufficient to separate the two potential sources 

(because the retina and the visual cortex are not independent from each other in the visual 

system). An effective double dissociation analysis is required to make this source separation 

possible, and to date this has not been provided. 

If EMF exposure guidelines are to rely (even in part) on the results of tES research, then the 

beliefs listed above should be confirmed using robust testing methodologies. This thesis will 

do so. All studies used larger sample sizes than historically found in the electrophosphene 

literature and employ a within-subjects design, meaning each subject was tested for every 

possible combination of variables. This applied to all ambient lighting conditions, all relevant 

frequencies in each lighting condition, and all necessary montages (in order to provide a more 

effective double dissociation between potential biological sources of phosphenes). 

The study in Chapter 2 focused on electrophosphenes in mesopic conditions. Since little has 

been established regarding sensitivity to any particular frequency in mesopic conditions, 

phosphene detection thresholds were tested for a broad range of frequencies (fifteen 

frequencies between 2-30 Hz). These thresholds were determined for two montages: one 

 
6 Citation counts according to Google Scholar as of January 9th, 2023 
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preferentially targeting the retina (FPz-Cz) and another preferentially targeting the visual 

cortex (Oz-Cz). 

The study in Chapter 3 compared the thresholds for electrophosphenes in mesopic conditions 

in a more narrow frequency range (seven frequencies between 6 – 32 Hz). This study tested 

phosphene detection using four montages rather than two (FPz-Cz, Oz-Cz, FPz-Oz, T3-T4), 

making a true double dissociation between retinal and cortical phosphenes possible. This 

investigation also compared: 1) modelled estimates of the current density at V1 and the retina 

for all montages; as well as 2) the relationships between those modelled current density 

estimates and the empirically obtained phosphene thresholds. In addition, this study 

examined whether stimulation polarity affects any aspect of tES phosphenes in either the 

retina or the cortex. In order to assess this, the polarity of stimulation was counterbalanced 

across the sample in all combinations of conditions to assess if polarity has an effect. 

The study in Chapter 4 compared thresholds and frequency sensitivity for electrophosphenes 

in well-lit, mesopic, and dark conditions in the 10 – 20 Hz frequency range (already believed 

to be associated with phosphenes in well-lit and dark conditions). In order to determine the 

reliability of the REPT algorithm, thresholds for all conditions were tested twice, on two 

separate days, to determine test-retest reliability. 
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2 – EXPERIMENT ONE 
 

Adapted from: Evans, I. D., Palmisano, S., Loughran, S. P., Legros, A. & Croft, R. J. (2019). 

Frequency-dependent and montage-based differences in phosphene perception thresholds 

via transcranial alternating current stimulation. Bioelectromagnetics, 40, 365-374 (2019). 

doi:10.1002/bem.22209 

 

Summary: This study investigates how the location and frequency of transcranial alternating 

current stimulation (tACS) affects phosphene detection thresholds in mesopic conditions. We 

tested 24 subjects by stimulating different scalp locations (FPz-Cz vs. Oz-Cz) at different 

frequencies (2 – 30 Hz in 2 Hz increments) to measure their thresholds for perceiving 

phosphenes. Of interest, phosphene detection thresholds were substantially lower when 

tACS was applied over the frontal rather than occipital area of the scalp. In both cases, the 

lowest phosphene detection thresholds were found with a frequency of 16 Hz, which appears 

quite different to the minima frequencies reported in past studies using well-lit (20 Hz; Adrian, 

1977; Kanai et al., 2008; Lövsund et al., 1980) and dark (10 Hz; Kanai et al., 2008; Schwarz, 

1947) environmental conditions. Subsequent experiments will attempt to verify this 16 Hz 

frequency dependence finding under the same lighting levels (in different samples using 

transcranial direct current stimulation). 
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2.1: Introduction 

Transcranial electrical stimulation (tES) is a non-invasive brain stimulation technique that 

allows researchers and therapists to induce localised and controlled interference in the brain 

by generating electrical fields at the scalp (Antal et al., 2008; Kanai et al., 2008; 2010). Its 

principal mechanism is the modulation of neuronal membrane potentials, which alters 

cortical excitability and activity depending on the current flow through the target neurons 

(Purpura & McMurtry, 1965). The neuromodulatory intent is to entrain brain oscillations 

(Antal et al., 2008) so that we may both measure the brain–function relationship in a direct 

manner (Hallett, 2007) and develop therapeutic techniques to manage or reverse a broad 

range of neural pathologies (Brittain et al., 2003; Nitsche et al., 2003). As well as altering 

cortical function, tES has long been found to also induce phosphenes, which are visual 

perceptions of flashing or shimmering light in the absence of accompanying visual input. 

Thresholds for phosphene generation have been used by international standards bodies to 

limit exposure of the head to low frequency electric and magnetic fields, with the logic being 

that they represent a conservative estimate of the field strength required to interfere with 

central nervous system function more generally (International Commission on Non-Ionizing 

Radiation Protection, 2010). tES has been used to study phosphene perception thresholds 

(Antal et al., 2003; Schwiedrzik, 2009), and from this much can be learned about the factors 

that affect phosphene perception. Manipulation of magnetic fields about the eye, which 

generates electric current as a function of the rate of change of the magnetic field, has also 

been used to study phosphenes (Legros et al., 2015; Lövsund et al., 1980; Souques et al., 

2014). However, there is still substantial uncertainty regarding the relationship between 

electric current and phosphene perception thresholds, particularly in terms of stimulation 

location and frequency. Addressing some of this uncertainty would therefore be useful not 

only for phosphene-based exposure guidelines, but also for sensory neuroscience more 

generally. 

Observational phosphene research dates back to 1755, when a boy already blinded by 

cataracts reported seeing a bright flash of light in the bottom half of his field of view when a 

Leyden jar was discharged across the orbits of his eyes (LeRoy, 1755), which would have 

resulted in an electric current about the eyes. Eventually, it became clear that the intensity of 
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these electrically-induced phosphenes was changed not only by the strength of the electrical 

field, but also by its frequency. The first attempts to quantify the frequency-dependent nature 

of phosphenes have been largely credited to Rohracher (1935). When using multiple 

arrangements of electrodes (known as montages) around the head, he found that 

phosphenes generated at 15 or 20 Hz (selected from 13 frequencies ranging between 5 – 80 

Hz) consistently required the least electrical energy. Adrian (1977), testing on himself and 

using two orbitocontralateral ear montages, found an optimal range of 18-22 Hz (selected 

from 25 frequencies ranging between 0.01-75 Hz). Lövsund et al., (1980), using five subjects 

and testing 35 frequencies between 10-45 Hz, reported a specific threshold minimum at 20 

Hz, although, as with Rohracher (1935), Schwarz (1947), and Adrian (1977), this was not 

statistically compared to any other frequency. 

Phosphene detection thresholds have also been reported to depend on ambient lighting 

conditions. Schwarz (1947) tested 12 frequencies between 10 – 93 Hz with an upper 

jaw/forearm montage (also with a single test subject) and reported that phosphenes were 

most readily induced at 20 Hz in each of the lighting conditions that he tested (approx. 2.4 – 

9550 cd/m2), which is consistent with Lövsund (1980), Kanai et al. (2008) and Schutter & 

Hortensius (2010). By contrast, Schwarz (1947) and subsequently Kanai et al. (2008) reported 

that phosphenes were induced more readily at 10 Hz in the dark, suggesting that the light 

adaptation mechanisms of the eye might interact with phosphene perception. However, 

when coupled with predictions based on cellular studies of the retina and visual cortex, this 

luminosity function raises some questions. For example, primate retinal ganglion cell 

activation is most sensitive in the 14 - 18 Hz stimulation range regardless of lighting conditions 

(Benardete & Kaplan, 1999), whereas the visual cortex of the cat is sensitive across the 7 - 20 

Hz range regardless of lighting conditions (Bringuier et al., 1997). 

Given that the phosphene-frequency function would appear to better match the visual cortex 

rather than ganglion cell neurons, the available human data appears to be more consistent 

with the assumption that phosphenes are generated in the visual cortex than the retina. This 

is supported by results from Kanai et al. (2008) who reported that tES over occipital scalp sites 

resulted in phosphenes, which the authors interpreted as being due to cortical stimulation. 

However, there is not currently sufficient evidence to conclude on this issue, as the resultant 

current would also have reached the retina via volume conduction in this study (Laakso and 
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Hirata, 2013), and it is possible that electrophosphenes are generated at even earlier levels 

of retinal processing; i.e., triggered by the electrical stimulation of the horizontal, amacrine, 

and bipolar cells or even the photoreceptors (Attwell, 2003). 

A key limitation in our understanding of tES phosphene generation is that the research 

underpinning this knowledge is far from complete. A combination of low sample sizes (n < 

10), irregular frequencies selected for testing (and a lack of consistency in the frequencies 

examined across studies), irregular lighting conditions (and reporting thereof), the use of 

subjective measures such as “brightness ratings” to measure phosphene intensity, and the 

lack of within-subject experimental manipulations, all make firm conclusions difficult to draw. 

Given that international guidelines use phosphenes as the basis for some of their exposure 

limits (e.g., International Commission on Non-Ionizing Radiation Protection (ICNIRP; 2010), it 

is important that we develop a more complete picture of the relationship between electric 

current and phosphene perception. 

The aim of this study was therefore to systematically examine the relationship between 

phosphene perception and tES-induced stimulation, while overcoming some of the limitations 

of the previous research. To this end, phosphene detection thresholds were obtained using 

transcranial alternating current stimulation (tACS) to frontal and occipital scalp sites, across a 

wide range of frequencies (2 - 30 Hz, in 2 Hz steps), within a relatively large sample (n = 24) 

and using a fully within-subjects counterbalanced design. 

 

2.2: Method 

Twenty-four healthy subjects (even gender split, aged 19-39, mean 27.9 years) completed this 

study after passing a modified safety screening checklist (Keel et al., 2000; for details see 

Appendix A, p. 157). Subjects were excluded if they reported any form of neural injury or 

illness, metal implant in the head or a medical implant elsewhere in the body, or non-

corrected visual impairment. This research was approved by the Human Research Ethics 

Committee of the University of Wollongong (Approval #HE2017/454). 

tES was administered using a Magstim NeuroConn Stimulator Plus MOP15-EN-01 (Magstim, 

Carmarthenshire, UK) operating in sinusoidal AC mode through conductive-rubber electrodes 
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(dimensions: 30 x 40 mm cathode, 56 mm diameter circular anode) placed on sponges 

saturated with a saline solution mixed with a hypoallergenic amphoteric surfactant and held 

in place at the appropriate montage with rubber straps. All stimulations were sinusoidal with 

no DC offset and no ramp-up. 

The basic workflow of the experiment is provided in Figure 2.1a below. The experiment 

involved two testing sessions in which stimulation was delivered via either a frontal montage 

(cathode centred at FPz, anode at Cz) or an occipital montage (cathode centred at Oz, anode 

at Cz; see Figure 2.1b). The two sessions were conducted at similar times on separate days, 

usually within a week of each other. Session order (frontal/occipital) was counterbalanced 

across subjects, with each session taking approximately 90 minutes to complete. Subjects 

were seated on a chair in a dimly lit room with black curtains covering any walls that would 

appear in their field of view (including peripheral vision) to keep the field of view consistent 

and were asked to keep their eyes open during stimulations. Illumination at the black curtain 

was measured at 6 ± 0.05 cd/m2, while luminance levels at the subjects’ eyes were measured 

to be 0.6 ± 0.05 cd/m2, using a J6523 Tektronix luminance probe (Tektronix, London, Canada). 

 

Figure 2.1 
A) Basic workflow for the experimental procedure. Timeframes for each phase varied, however in 
general the combined Setup and Familiarization phases took 20 - 30 minutes which served as the 
dark adaptation period. 
B) Electrode locations on the scalp (using the International 10-20 system). The rectangular 
electrodes (arranged lengthwise along the centre line of the scalp) were 30*40 mm, whilst the 
circular reference electrode at the vertex (Cz) was 56 mm in diameter. 
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Once the electrodes were in position, subjects were verbally informed of the nature of 

phosphenes and what they might perceive, whilst their skin and hair were saturated from the 

saline in the sponges. Subjects were given 20 – 30 minutes to adapt to the lighting conditions 

prior to the commencement of data collection. This period included the initial experimental 

setup, time taken for impedance levels to fall to acceptable levels, and time necessary for the 

familiarization stage where subjects were first introduced to phosphenes. Once impedance 

between the electrodes was at 15 kΩ or below (as indicated by the stimulator), subjects were 

familiarized with the appearance of phosphenes using 10 seconds of transcranial alternating 

current stimulation (tACS) at 1000 μA, firstly at 12 Hz and then at 22 Hz, to demonstrate both 

the visual appearance of phosphenes and how they could change by varying only the 

frequency of the stimulation. Once subjects were familiarized with phosphenes, the fifteen 

different frequencies were tested (2 – 30 Hz) in a predetermined random order. 

Thresholds for phosphene perception (in μA) were determined for each frequency by varying 

the tACS current using a QUEST-based Bayesian adaptive staircasing procedure (Watson & 

Pelli, 1983) in MATLAB’s PsychToolbox (Kleiner et al., 2007), starting at 700 μA and bound 

between 25 μA and 1500 μA, with a step-size of 25 μA between stimulation levels. Based on 

the Rapid Estimation of Phosphene Threshold system validated by Mazzi et al. (2017), this 

adaptive threshold measurement method determined the lowest stimulation intensity that 

was significantly more likely than chance to evoke phosphene perceptions. When subjects did 

not report any phosphenes at the maximum stimulation intensity (1500 μA), a value of 1500 

μA was used for the statistical analyses. 

All stimulations lasted for 5 seconds, and subjects were informed when stimulation began and 

when it ceased. To detect false positive responses at lower stimulation levels, four sham 

stimulations were given at random times during each session, where the subject was given all 

of the audible signs of a stimulation (the usual button presses on the stimulator as well as 

verbal indications that the stimulation had started and finished) without actually generating 

an electric current. One subject was excluded from the analysis after repeated reports of 

phosphene perception during these sham trials. None of the 24 remaining subjects reported 

seeing phosphenes during any of the sham trials. 
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2.3: Statistical Analysis 

Statistical analyses were performed using SPSS Statistics v23 (IBM, Chicago, IL). The 

phosphene detection thresholds obtained from our 24 subjects were examined using a two-

way repeated measures ANOVA, as a function of montage (factor = montage; levels = frontal 

versus occipital) and the 15 different frequencies of stimulation (factor = stimulation 

frequency; levels = 2 – 30 Hz in steps of 2 Hz). Mean phosphene detection thresholds were 

calculated for each montage and for each of the 15 frequencies tested, and the stimulation 

frequency for each montage that required the lowest mean current for phosphenes to be 

perceived (i.e., the minima frequency) was identified. The phosphene thresholds for these 

minima frequencies were then compared to the mean phosphene thresholds at 10 Hz and 20 

Hz (identified as the minima frequencies for dark and lit conditions in previous studies (Adrian, 

1977; Kanai et al., 2008; Lövsund et al., 1980; Rohracher, 1935; Schwarz 1947) using planned 

contrasts (10 Hz versus frequency with minima, and 20 Hz versus frequency with minima) for 

each montage separately. 

To estimate the actual frequency minima for phosphene perception (rather than restricting 

estimates to the 2 Hz step-size), group data regression-based curve estimates were then 

calculated using the Curve Fitting tool in MATLAB 2016b (Mathworks, Natick, MA). These 

regressions of the group data were restricted to quadratic and cubic functions to avoid 

overfitting, and the function with the highest R2 value with all coefficients significant was 

selected as the most appropriate fit. Based on this preferred function order, fits of the same 

order were calculated separately for both montages. In order to test whether the two 

montages had different regression curves, the beta coefficients were compared using t-tests 

(excluding the constant). 

Individual regression curves were next calculated for each of our 24 subjects separately. For 

these fits, the best group fit for each montage was selected based on the equation that 

yielded the highest adjusted R2 value with all coefficients significant, and then regression 

curves were calculated for each individual subject using the same order function as selected 

for the montage. Because these regressions were designed to determine the most accurate 

estimate for an individual and not for predictions on populations, the requirement for a lower 

order fit was removed. This resulted in two separate regression curves for each montage per 
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subject. Frequencies with the minima threshold values were estimated for each subject and 

montage using these regression curves (as we were also interested in how minima 

frequencies and thresholds varied across our sample). These estimated minima frequencies 

were then also compared to the minima frequencies previously identified by the literature for 

dark and lit conditions (i.e., 10 Hz and 20 Hz respectively) using planned contrasts (10 Hz 

versus frequency with minima, and 20 Hz versus frequency with minima) for each montage. 

 

2.4: Results 

2.4.1: Differences in Detection Thresholds 

Thresholds for all individuals in every montage and frequency can be read in Appendix B (p. 

160). The Montage by Frequency repeated measures analysis of variance (ANOVA) for the 

phosphene detection thresholds obtained from our 24 subjects (see Figure 2.2, p. 54) found: 

A significant main effect of Montage (F(1,23) = 271.67, p < 0.001, η𝑝𝑝2  = 0.922), with the 

thresholds lower for the FPz-Cz montage (M = 412.36 µA; SD = 397.33; SE = 21.48) than the 

Oz-Cz montage (M = 944.10 µA; SD = 466.27; SE = 32.45); a main effect of Frequency (F(14,10) 

= 173.40, p < 0.001, η𝑝𝑝2  = 0.996); and an interaction between Montage and Frequency 

(F(14,10) = 13.80, p < 0.001, η𝑝𝑝2  = 0.951). This latter result suggests that the psychophysical 

functions relating the frequency to phosphene detection thresholds were different for the 

FPz-Cz (Figure 2.2a) and Oz-Cz (Figure 2.2b) stimulations. 

Of the 15 stimulation frequencies examined, the lowest thresholds for phosphene detection 

occurred for 16 Hz stimulation in both the FPz-Cz and Oz-Cz montages (see Figure 2.3, p. 55). 

For 16 Hz stimulation, thresholds were significantly lower than those obtained for the 10 Hz 

stimulations for both the FPz-Cz montage (F(1,23) = 45.69, p < 0.001, η𝑝𝑝2  = 0.665) and the Oz-

Cz montage (F(1,23) = 98.61, p < 0.001, η𝑝𝑝2  = 0.811). The 16 Hz stimulation thresholds were 

also significantly lower than those obtained in the 20 Hz stimulations for the FPz-Cz montage 

(F(1,23) = 11.52, p = 0.002, η𝑝𝑝2  = 0.334) and the Oz-Cz montage (F(1,23) = 29.99, p < 0.001, η𝑝𝑝2  

= 0.566). 
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Figure 2.2 
Individual detection thresholds for tACS induced-phosphenes for our 24 subjects using either an FPz-
Cz (top) or an Oz-Cz (bottom) montage, as a function of stimulation frequency. The mean thresholds 
across subjects for each montage lie on the solid blue line in each case. Examining the differences in 
variation between montages indicates that the FPz-Cz montage results in more consistent threshold 
values. 
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Figure 2.3 
Mean phosphene detection thresholds for each frequency tested lie on the orange (FPz-Cz montage) 
and blue (Oz-Cz) lines respectively; standard deviation bars are shown. 

 
 

2.4.2: Group Data Regressions 

Of the two types of function examined for the overall group data (both montages combined), 

the best fits were found to be a cubic function (F(3,716) = 224.99, p < .001, adjusted R2 = .487, 

predicted R2 = 0.479). Cubic fits were then calculated for each separate montage, where 𝑦𝑦 is 

the phosphene detection threshold and 𝑥𝑥 is the stimulation frequency in Hz (reported to two 

decimal places; see Figure 2.4, p. 56): 

𝑦𝑦(𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐹𝐹) = −0.16𝑥𝑥3 + 11.90𝑥𝑥2 − 260.28𝑥𝑥 + 1874.59 

𝑦𝑦(𝑂𝑂𝐹𝐹 − 𝐶𝐶𝐹𝐹) = 0.03𝑥𝑥3 + 4.29𝑥𝑥2 − 169.61𝑥𝑥 + 2036.44 

All beta coefficients were significantly different between montages; the cubic order 

coefficient for the Oz-Cz montage was significantly higher (t(1,719) = 5.32, p < .001), the 

quadratic order coefficient for the FPz-Cz montage was significantly higher (t(1,719) = 4.46, p 

< .001), and the linear order coefficient for the Oz-Cz montage was significantly higher 

(t(1,719) = 3.79, p < .001). 
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Figure 2.4 
Cubic regression estimates for each montage. The vertical black bar on each curve shows the minima 
frequency. 

 
 

2.4.3: Individual Data Regressions 

We then determined the best group fit for each montage. The best group fit for the FPz-Cz 

montage was a cubic function (F(3,356) = 498.14, p < 0.001, adjusted R2 = 0.806, predicted R2 

= 0.803): 

𝑦𝑦(𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐹𝐹) = −0.16𝑥𝑥3 + 11.90𝑥𝑥2 − 260.28𝑥𝑥 + 1874.59 

The best group fit for the Oz-Cz montage was a quartic function (F(4,355) = 244.94, p < 0.001, 

adjusted R2 = 0.731, predicted R2 = 0.727): 

𝑦𝑦(𝑂𝑂𝐹𝐹 − 𝐶𝐶𝐹𝐹)  = −0.038𝑥𝑥4 + 2.46𝑥𝑥3 − 46.82𝑥𝑥2 + 222.47𝑥𝑥 + 1229.51 

Best fit regression curves were next calculated for each subject and montage using the same 

order equations as determined by these group fits. That is, cubic fits were always applied for 

the FPz-Cz montage, and quartic fits were always applied for the Oz-Cz montage (see Figure 

2.5, p. 58). From these fits, the minima frequencies (and their respective threshold levels) 

were then estimated for each subject and for each montage. 
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As with the recorded data, the estimated minima frequencies for both montages were 

compared to the previously reported minima frequencies of 10 Hz and 20 Hz for dark and lit 

conditions respectively. The mean of the individually estimated frequency minima for the FPz-

Cz montage (M = 16.30 Hz; SD = 1.54 Hz; SE = 0.31 Hz) and the Oz-Cz montage (M = 16.50 Hz; 

SD = 1.30 Hz; SE = 0.27 Hz) were both found to be significantly higher than 10 Hz (FPz-Cz: 

F(1,23) = 385.94, p < 0.001, ηp2  = 0.944; Oz-Cz: F(1,23) = 574.38, p < 0.001, ηp2  = 0.961). The 

frequency minima for the FPz-Cz and the Oz-Cz montages were also both significantly lower 

than 20 Hz (FPz-Cz: F(1,23) = 133.03, p < 0.001, ηp2  = 0.853; Oz-Cz: F(1,23) = 166.72, p < 0.001, 

ηp2  = 0.879). However, the estimated frequency minima for the two montages (16.30 Hz and 

16.50 Hz) did not differ significantly from each other; F(1,23) = 0.36, p = 0.554, ηp2  = 0.015. 

The mean of the individually estimated current thresholds for the FPz-Cz montage (M = 87.89 

µA; SD = 50.44 µA; SE = 10.30 µA) and for the Oz-Cz montage (M = 347.64 µA; SD = 161.67 µA; 

SE = 33.00 µA) were both significantly lower than at 10 Hz (FPz-Cz: F(1,23) = 104.87, p < 0.001, 

ηp2  = 0.820; Oz-Cz: F(1,23) = 233.89, p < 0.001, ηp2  = 0.910). This was also the case for the FPz-

Cz montage at 20 Hz (F(1,23) = 45.00, p < 0.001, ηp2  = 0.662) and the Oz-Cz montage at 20 Hz 

(F(1,23) = 56.244, p < 0.001, ηp2  = 0.710). The estimated thresholds at the frequency minima 

for the FPz-Cz montage (87.89 µA) was significantly lower than for the Oz-Cz montage (347.64 

µA); F(1,23) = 72.44, p < 0.001, ηp2  = 0.759. 

 

2.4: Discussion 

Our knowledge concerning the role of tACS frequency and electrode location on phosphene 

thresholds has been obtained largely through extrapolation from between-subject designs 

using small sample sizes (n < 10) and limited frequency manipulations. The present study 

aimed to test the veracity of this knowledge by examining multiple tACS frequencies, and both 

frontal and occipital electrode montages using a fully repeated-measures design with a large 

sample size (n = 24). This resulted in relatively small error variance and, as a result, 

unambiguous relations between phosphene detection thresholds and both tACS frequency 

and stimulation location. Results were consistent with the existing literature in terms of the 



58 
 

effect of stimulation location on phosphene detection threshold, whereas some differences 

were found in terms of the frequency-threshold relation. 

 

Figure 2.5 
Individual regression curve estimates of phosphene detection thresholds as a function of frequency 
for each of the 24 subjects. The curves for the FPz-Cz montage are in the top plot and those for the 
Oz-Cz montage are in the bottom plot. The solid line in each plot shows the group regression curve 
estimate for each montage. Vertical black bar on each distribution shows the minima frequency. 
Similarly to the recorded data presented in Figure 2.2 (p. 54), there is comparatively lower variance 
in thresholds in the FPz-Cz results (≥ 10 Hz) compared to the Oz-Cz results. 
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Qualitatively, phosphene appearance was reported to change consistently with stimulation 

intensity, regardless of montage. When stimulations were well above threshold, phosphenes 

typically filled the subject’s entire field of view. As the amperage was reduced towards the 

threshold, the locations of the phosphenes became more localised; usually either at the 

centre of their field of view, at the periphery (or parts of the periphery), or at other locations. 

When stimulations were just above threshold, phosphenes were reported as indistinct; often 

no firm position could be identified, but the perception of flickering or a change in brightness 

was reported. The location of the phosphenes would (in some cases) change across 

frequencies, but no consistent observations were reported across the sample. Regardless of 

montage, and despite being blind to the stimulation frequency, subjects spontaneously 

reported changes in the flashing speed of the phosphenes as the frequency of stimulation 

changed, similar to reports in previous phosphene perception research (Turi et al., 2013). 

Lower frequencies (2 – 8 Hz) were typically reported as slow “pulses” of light, mid-range 

frequencies (10 – 24 Hz) were reported as more rapid “flashes” or “flickering” with a rate in 

line with the frequency, while the fastest frequencies (26 – 30 Hz) were so fast that subjects 

tended to report the phosphenes as a blur rather than distinct flashes of light. 

Phosphene detection thresholds were substantially lower when tACS was applied over the 

frontal rather than occipital area of the scalp, with the current required to elicit a phosphene 

using the Oz-Cz montage being more than double that required for the FPz-Cz montage. This 

is consistent with previous reports (Kar & Krekelberg, 2012; Schutter & Hortensius, 2010). It 

also appears consistent with the view that phosphenes can be generated at the retina, as the 

current density reaching the retina is substantially higher when stimulation occurs over the 

frontal rather than the occipital scalp (Laakso & Hirata, 2013). However, the relationship 

between phosphene threshold and stimulation frequency differed between the occipital and 

frontal montages, with stronger frequency dependence for the occipital montage above 

approximately 16 Hz; this would not be expected if the occipital stimulation results in 

phosphenes via retinal activation. The variation in beta coefficients indicates that the 

stimulation of two differing sites may not necessarily result in the same activation 

characteristics. These differences in the threshold distributions may indicate the presence of 

a second (potentially occipital-based) mechanism in addition to retinal activation. However, 



60 
 

determining the source(s) of the phosphenes is a difficult task, and the present study was not 

designed to determine this. 

It should be noted that the maximum stimulation used in the study was 1500 μA. This was 

used as the minimum estimate of the actual threshold when no phosphene was seen (as the 

actual phosphene threshold would necessarily have been higher than 1500 µA in this 

situation). However, if we had obtained the actual thresholds for these frequency conditions, 

the differences between the two montages would have been even larger than those shown 

in Figures 2.3 (p. 55) and 2.5 (p. 58). Thus, our use of a 1500 µA ceiling cannot explain the 

different frequency responses that we observed for the FPz-Cz and Oz-Cz montages. Applying 

a different approach and removing the ceiling cap data from the analyses was not 

appropriate, as this resulted in: 1) lower estimates of the phosphene thresholds (when we 

know that the actual thresholds would be higher), 2) poorer curve fits (i.e., less variance was 

explained by the models), and 3) decreasing thresholds for Oz-Cz with increasing frequency 

(which is not consistent with what has been shown in the literature; (Adrian, 1977; Kanai et 

al., 2008; Lövsund et al., 1980; Rohracher, 1935; Schwarz, 1947). 

Another potential explanation for the differential frequency response could be that the 

volume conduction of the current is frequency dependent (as a function of tissue type), with 

different tissues being encountered on the paths during occipital and frontal stimulation. 

However, as current propagation is thought to be frequency independent above 10 Hz in the 

cortex (Logothetis, Kayser & Oeltermann, 2007), the different frequency functions for FPz-Cz 

and Oz-Cz (which are primarily related to frequencies above 16 Hz) do not appear to be 

explicable exclusively in terms of differential volume conduction as a function of frequency 

from the back (versus front) of the head to the retina. There is thus no clear explanation for 

the different frequency-phosphene threshold relations for frontal and occipital stimulation 

conditions, and again the possibility of a role for the occipital cortex in phosphene perception 

cannot be excluded. This is consistent with Kanai et al. (2008), who argued that phosphenes 

can be generated at the occipital cortex. 

The present study found that phosphene thresholds were lowest at approximately 16 Hz (the 

minima frequency), for tACS over both the frontal and occipital scalps. This differs significantly 

from the minima frequencies reported previously for phosphenes under both lit (20 Hz; 
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Adrian, 1977; Kanai et al., 2008; Lövsund et al., 1980) and dark (10 Hz; Kanai et al., 2008; 

Schwarz, 1947) environmental conditions. One potential explanation for this may be that the 

lighting conditions in the present study were in the intermediate “mesopic” range of lighting 

conditions between the above-mentioned lit and dark conditions. This possibility is difficult 

to address quantitatively given that most research has not reported the ambient lighting 

conditions, and there is no generally agreed definition for what luminance levels constitute 

mesopic lighting (Stockman & Sharpe, 2006). Of those studies that did report lighting 

conditions similar to the present study, Lövsund (1980) reported their minima to be at 20 Hz 

(with 1.2 cd/m2 background lighting), while Kar and Krekelberg (2012) reported the lowest 

thresholds in the alpha range (8-15 Hz; using 0.4 cd/m2 background lighting). A useful guide 

to interpreting the literature is that approximately 500 cd/m2 is suitable lighting for typical 

office work, whereas 10 and 100 cd/m2 are equivalent to twilight and low-level office lighting 

respectively. Thus, ‘lit’ conditions would be expected to be at least 100 cd/m2, and ‘dark’ 

conditions to be below approximately 10 cd/m2. The ambient light levels in the present study 

(0.6 cd/m2) would therefore be described as dark. Thus, the present results should be 

compared with those of the dark conditions currently available in the literature, which 

primarily reported thresholds at 10 Hz. Clearly, the observed 16 Hz minima in our study do 

not support the previous reports of minima at 10 Hz, suggesting either: 1) a failure to replicate 

previous reported findings relating to dark conditions, or 2) mesopic lighting conditions cause 

an entirely different set of frequency-dependent effects on tACS phosphene detection 

compared to other lighting conditions. 

Any discussion of lighting effects on phosphene induction could usefully acknowledge the 

issue of differential rod and cone receptor activation. Under mesopic lighting conditions, rod 

receptors are typically sensitive to flickering lights up to 15 Hz, whereas cone receptors are 

not (Conner & MacLeod, 1977; Sharpe et al., 1989). This could potentially explain the 

observed 16 Hz frequency minima found in the present study. However, if rod sensitivity was 

responsible for the frequency-dependent aspect of our findings, then phosphene perception 

thresholds should have been even smaller for lower frequencies, which was not the case in 

this study nor in any other electromagnetic-induced phosphene perception study. Further, 

given that testing in the present study began at least 10 minutes after entering the darkened 

testing area, neither light adaptation effects nor rod/cone frequency dependent interactions 
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are likely to have played a major role in the present study. Therefore, there is no indication 

that the different minima frequency for the current (16 Hz) and previous studies were due to 

effects of lighting. 

Our findings of a 16 Hz minima frequency for phosphene perception are consistent with one 

of the earliest studies in this area (Rohracher, 1935), which reported the phosphene minima 

to be within the 15 - 20 Hz range (but lacked the frequency resolution to determine where 

within this range it occurred). It is also within the 14 - 18 Hz peak frequency-dependent 

response rate of retinal ganglion cells observed in non-human primates (Benardete & Kaplan, 

1999) and within the 7 - 20 Hz expectation for the visual cortex of the cat (Bringuier et al., 

1997). If indeed the cell firing rates of the cat and monkey are appropriate models for human 

tACS phosphene generation, this would suggest that studies reporting threshold minima at 

either 10 or 20 Hz (Adrian, 1977; Kanai et al., 2008; Lövsund et al., 1980; Rohracher, 1935; 

Schwarz, 1947) are consistent with the view that phosphenes are generated in visual cortex 

(given that firing rates are greater in the visual cortex at these frequencies) but are not 

consistent with the view that they are generated in the retina (in the sense that retinal 

ganglion cell firing rates are more sensitive at 14 – 18 Hz). Conversely, studies such as the 

present one, which reported frequency minima within the 14 – 18 Hz range, are consistent 

with the view that phosphenes could be generated in either the visual cortex or retina. 

Whether this frequency-dependent response is mediated by other retinal cells (e.g., 

photoreceptors, bipolar cells, amacrine cells) as well as the ganglion cells is beyond the scope 

of the present study. 

In conclusion, the larger sample size, fully repeated-measures design, and systematic 

frequency sampling used in this study allowed a more thorough examination of the 

relationship between phosphenes generated by tACS than previous research. This resulted in 

relatively small error variance, enabling greater confidence in the results reported above. Of 

particular note, while lower phosphene perception thresholds for tACS over frontal than 

occipital scalp sites were replicated, the reported threshold minima at 10 Hz for dark and dim 

lighting conditions was not (whereas the 16 Hz minima obtained here fits more neatly with 

predictions based on non-human primate retinal ganglion cell firing). We also report evidence 

here, for the first time, that the threshold-frequency functions are different for tACS applied 

over the frontal and occipital regions.  
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3 – EXPERIMENT TWO 
 

Adapted from: Evans, I. D., Palmisano, S., & Croft, R. J. (2021). Retinal and cortical 

contributions to phosphenes during transcranial electrical current stimulation. 

Bioelectromagnetics, 42(2), 146-158. doi:10.1002/bem.22317 

 

Summary: The previous study found that phosphenes in mesopic conditions were strongest 

when stimulation was set to 16 Hz. This result had never been seen before, and as a result it 

was considered important to replicate the finding in a different sample. The results of study 

1 also raised the possibility of a second (potentially occipital-based) mechanism for 

phosphene generation (in addition to retinal activation). Thus, this second study was designed 

to examine the two most likely sources of electrophosphene generation (the retina and the 

visual cortex) by comparing thresholds and estimated current density using a double 

dissociation. In order to do so, this study compared phosphene detection thresholds using 

four different electrode placements: 1) an FPz-Oz montage to investigate whether prefrontal 

regions such as the retina contribute to phosphenes, 2) an Oz-Cz montage to investigate 

whether the visual cortex in the occipital lobe contributes to phosphenes, 3) an FPz-Oz 

montage to allow a double dissociation between the retina and visual cortex to be made 

possible, and 4) a T3-T4 montage for exploratory purposes. By using sinusoidal direct current 

with appropriate counterbalancing, each montage was also tested for any potential effect of 

polarity on phosphene perception. Twenty-two subjects were recruited, receiving tDCS (as 

distinct from tACS in Chapter 2) using each montage at frequencies ranging from 6 to 32 Hz. 

To estimate the differences in current density at the retina and occipital lobe across 

montages, we measured the current density at phosphene thresholds across twenty head 

models using modelling techniques. The lowest thresholds were found when both the retina 

and the visual cortex were stimulated rather than when either one of them was stimulated 

separately, strongly suggesting that tES over the visual cortex can facilitate phosphenes. No 

evidence of polarity affecting thresholds was found, while thresholds using tDCS were similar 

to those found using tACS in Chapter 2.  
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3.1: Introduction 

Phosphenes are visual perceptions of light that are not the product of external visual stimuli. 

When an individual is exposed to low frequency electromagnetic fields (EMFs), phosphenes 

are thought to be the first observable sign of electromagnetic interference with cortical 

processing. Safety agencies, such as the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP; 2010), therefore use phosphene perception thresholds to set their 

exposure limits. For this reason, it is important to understand the mechanisms behind EMF-

induced phosphenes and determine exactly how they relate to sensory and brain function. 

There have been two proposed biological sources of phosphenes that are activated by electric 

fields, which this study will focus on: the retina, and the visual cortex in the occipital lobe. 

While stimulation of the retina is generally considered to be the most likely cause of EMF-

based phosphene perceptions (Paulus, 2010; Schwiedrzik, 2009), there is also evidence that 

electrical cortical stimulation: 1) can enhance phosphene perceptions; and 2) may be 

responsible for inducing some phosphenes (Kanai et al., 2008). The present study was 

designed to determine what role (if any) direct cortical activation plays in electrophosphene 

perception. 

Phosphenes can be induced by applying transcranial magnetic stimulation (TMS) to a number 

of cortical sites associated with visual processing, including V1 (the primary visual cortex) 

(Pascual-Leone et al., 2001; Salminen-Vaparanta et al., 2014; Silvanto et al., 2005), V2 

(Kammer et al., 2001; Salminen-Vaparanta et al., 2014), V3 (Kammer, 1999; Kammer et al., 

2001) and V5 (O’Shea & Walsh, 2007; Silvanto et al., 2005). Phosphenes can also be induced 

by transcranial electrical stimulation (tES). These tES-induced phosphenes have typically been 

attributed to electrical stimulation of the retina (Rohracher, 1935; Schwiedrzik, 2009; 

Schutter & Hortensius, 2010; Kar & Krekelberg, 2012). Detailed modelling of the current flow 

through the head from a range of tES studies suggests that current density at the retina could 

explain the phosphenes produced by several different electrode montages (Laakso & Hirata, 

2013). For example, the current generated by tES over the occipital cortex will spread to other 

areas of the head, including the retina (Paulus, 2011), which is particularly sensitive to EMF 

(Bogoslowski & Ségal, 1947). The findings of several empirical studies also appear to support 

a retinal activation mechanism for tES-induced phosphenes (Rohracher, 1935; Adrian, 1977; 
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Lövsund et al., 1980; Kar & Krekelberg, 2012). However, Kanai et al. (2008) reported that 

phosphenes could be induced by tES applied over the occipital lobe at specific functional 

electroencephalogram (EEG) frequency bands known to be dominant in the visual cortex 

under specific lighting conditions (Palva & Palva, 2007). They argued that these phosphenes 

were due to cortical changes resulting from oscillatory synchrony with the external tES 

source. Specifically, based on the reported phosphene locations in their study, they argued 

that tES directly activated “the anterior visual cortex along the medial wall” (Kanai et al., 2008, 

p. 1841). 

When assessing the possible role of the retina or the occipital cortex in phosphene 

perception, the usual practice is to treat each site as an independent “generator” of 

phosphenes (Schwiedrzik, 2009; Schutter & Hortensius, 2010; Paulus et al., 2011). These 

“generators” have previously been studied by comparing phosphene thresholds resulting 

from FPz-Cz (frontalis–vertex) and Oz-Cz (occipital–vertex) electrode montages (Schutter & 

Hortensius, 2010; Kar & Krekelberg, 2012), with the aim being to preferentially stimulate 

either the retina or the occipital cortex. One limitation with this approach is that, although it 

can be used to maximise current densities at the target region (e.g., the retina, using an FPz-

Cz montage), it does not control for current densities at non-target regions. Since current will 

spread across the scalp in any montage, resulting in nonzero current density changes 

throughout the head (Laakso & Hirata, 2013), it follows that the phosphene induction 

thresholds obtained may be due to confounding electrical activity at non-target regions. This 

phenomenon is the basis for the view that retinal activation is the likely cause of all tES 

phosphenes (i.e., even when the electrodes are placed over the occipital cortex). However, 

since tES may result in varying levels of current density at both the retina and the occipital 

cortex and because there are interactions between these sites, it is plausible that the 

combined current density at each “generator” may contribute to phosphene perception, 

rather than this being due to the current density at only one generator. 

The present study investigated the latter possibility by using additional stimulation conditions 

that provide an (approximate) double dissociation with respect to current density at the 

retina and occipital cortex, in order to assess the contributions of each site to phosphene 

perception. It included FPz-Oz (frontal midline–occipital midline), as well as FPz-Cz and Oz-Cz, 

electrode montages. Based on the modelling of Laakso and Hirata (2013), this should allow: 
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1) retinal contributions to be assessed by comparing the phosphene detection thresholds for 

the FPz-Oz and Oz-Cz montages (where the former results in higher current density at the 

retina, but similar current density at the occipital cortex to Oz-Cz); and 2) occipital 

contributions to be assessed by comparing phosphene detection thresholds for the FPz-Oz 

and FPz-Cz montages (where the former results in higher current density at the occipital 

cortex, but similar current density at the retina to FPz-Cz). These contributions are typically 

estimated by comparing the minimum current applied to each montage for phosphenes to be 

first perceived (Kanai et al., 2008; Schutter & Hortensius, 2010; Kar & Krekelberg, 2012). While 

indicative, these phosphene thresholds are not informative about the actual current densities 

produced by each montage at the retina or in the parts of the visual cortex known to be 

sensitive to electromagnetically induced phosphenes. However, estimates of the current 

density values at the retina and the occipital cortex can be obtained by using electromagnetic 

stimulation modelling software such as SimNIBS (Saturnino et al., 2019). This modelling can 

also be used to estimate the likely magnitude of deviations from our planned double 

dissociation, and how such deviations might affect the interpretation of our results. 

If tES can produce phosphenes from direct occipital cortex activation, then it is plausible that 

tES-induced phosphene perceptions might also result from stimulating cortical areas 

associated with visual processing that lie outside the occipital lobe, as has been found in 

multiple TMS studies (Kammer, 1999; Kammer et al., 2001; O’Shea & Walsh, 2007; Salminen-

Vaparanta et al., 2014; Silvanto et al., 2005). If, as Kanai et al. (2008) argued, the primary 

visual cortex can be directly activated when tES is delivered at Oz, then stimulating the 

inferotemporal cortex (known to be involved in visual processing) using a T3-T4 montage may 

also induce phosphenes. The present study also explored this possibility. 

In addition to montage-based differences, the current density required to produce 

phosphenes has also been found to vary as a function of the frequency of the stimulation 

(e.g., Chapter 2; Kanai et al., 2008; Lövsund et al., 1980; Schwarz, 1947). The frequency 

associated with the lowest tES-induction thresholds appears to be 20 Hz in bright light 

(Lövsund et al., 1980, Kanai et al., 2008; Schutter & Hortensius, 2010; Schwarz, 1947). A 

similar finding was reported for 20 Hz using an electromagnet powered by alternating current 

(Lövsund et al., 1980). However, sensitivity to tES appears to vary across lighting levels, with 

the lowest phosphene induction thresholds being found for 10 Hz in the dark (Kanai et al., 
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2008; Schwarz, 1947) and 16 Hz in dim lighting conditions (see Chapter 2). These lighting 

effects have been reported with montages targeting the face (Schwarz, 1947) and over the 

visual cortex at Oz-Cz (Kanai et al., 2008). However, the nature of the relationship between 

stimulation frequency and phosphene-induction thresholds may also depend on the tissues 

being stimulated. Visual stimulation results predominantly in 7 - 20 Hz activity in the primary 

visual cortex (Bringuier et al., 1997), which implies that electrical stimulation at these 

frequencies should more readily produce phosphenes (assuming tES-based entrainment is 

effective). However, the retina is most sensitive to electrical stimulation between 14 - 18 Hz 

(Bernardete & Kaplan, 1999). This implies that if phosphenes can be generated by both retinal 

and cortical stimulation, then such “generators” should have different frequency 

dependencies (in terms of the retinal or cortical stimulation frequencies that produce the 

lowest phosphene thresholds, or the phosphene threshold-frequency relationship more 

generally). As nonlinear relationships between stimulation frequency and phosphene 

threshold were found in the previous chapter, we also used nonlinear curve estimation to 

determine if the relationships between stimulation frequency and phosphene thresholds 

differ when the retina and cortex are differentially stimulated by tES. 

The present study was designed to further clarify the mechanisms responsible for tES-induced 

phosphenes. It attempted to separate retinal and potential occipital cortex contributions to 

tES phosphenes using a double dissociation across three montages: FPz-Cz, Oz-Cz and FPz-Oz. 

If the retinal generator hypothesis is correct, the thresholds for phosphene perception in the 

FPz-Oz montage should be lower than those for the Oz-Cz montage. If the occipital cortex 

generator hypothesis is correct, the thresholds for phosphene perception in the FPz-Oz 

montage should be lower than those for the Oz-Cz montage. A T3-T4 montage was also used 

to explore the possibility of temporal cortex-based contributions. The frequency-dependent 

characteristics of these four montages were examined to determine if there might be 

different relations between tES frequency and phosphene induction thresholds for each of 

them (as would be expected if different tissues were involved in tES-based phosphene 

induction or modification). 

Additionally, as it has not yet been established whether or not the polarity of stimulation has 

an effect on electrophosphene generation, this study will use sinusoidal transcranial direct 

current stimulation (tDCS) rather than the transcranial alternating current stimulation (tACS) 



68 
 

used in the previous chapter. In sinusoidal tDCS, the amplitude of the stimulation varies as a 

sine wave from zero to the current set by the stimulator, then back to zero and uses direct 

current (DC). Since the polarity of the circuit is constant and does not alternate, therefore the 

polarity remains positive at the anode (see Figure 3.1b below). By comparing the results of 

this study to those from Chapter 2, it can be determined whether polarity has an effect on 

either phosphene thresholds or the frequency dynamics of tES-induced phosphenes. 

 

Figure 3.1 
A) Basic workflow for the experimental procedure. 
B) Example of a sinusoidal DC waveform as used in this study, and how it differs from other 
waveform types used in tES. 
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3.2: Method 

Twenty-two healthy subjects (even gender split, aged 19 – 39, M = 27.4 years) completed this 

study after passing a modified safety screening checklist (Keel et al., 2000; for details see 

Appendix A, p. 157). Subjects were excluded if they reported any form of neural injury or 

illness, metal implant in the head or a medical implant elsewhere in the body, or non-

corrected visual impairment. This research was approved by the Human Research Ethics 

Committee of the University of Wollongong (Approval #HE2017/454). 

Subjects were seated on a chair in a dimly lit room with a black curtain covering any walls that 

would otherwise appear in their field of view (including peripheral vision) to keep the field of 

view consistent. Illumination at the black curtain was measured at 6 ± 0.05 cd/m2, while 

luminance levels at the subjects’ eyes were measured to be 0.6 ± 0.05 cd/m2, using a J6523 

Tektronix luminance probe (Tektronix, London, Canada). 

tDCS was administered using a Magstim NeuroConn Stimulator Plus MOP15-EN-01 (Magstim, 

Carmarthenshire, UK) operating in sinusoidal DC mode through conductive-rubber electrodes 

(dimensions: 30 x 40 x 1mm) placed on sponges (30 x 40 x 4mm) saturated with a saline 

solution mixed with a hypoallergenic amphoteric surfactant and held in place at the 

appropriate location with rubber straps. All stimulations were sinusoidal direct current with 

no ramp-up. 

The experiment involved two testing sessions, each of which involved stimulation using two 

different montages in a block design (see Figure 3.1a, p. 68). One session involved stimulation 

with FPz-Cz and Oz-Cz montages, and the other session involved stimulation with FPz-Oz and 

T3-T4 montages. The order of these sessions, the montages within these sessions, and which 

electrode was the cathode or anode within each montage, were counterbalanced across the 

sample. Each session took approximately 90 minutes to complete. The two sessions were 

conducted at similar times on separate days, usually within one week of each other. 

Once the electrodes were in position, subjects were informed about phosphenes (their nature 

and what the subject might perceive), while their skin and hair were saturated from the saline 

in the sponges. They were given 20 – 30 minutes prior to the commencement of data 

collection to adapt to the lighting conditions. This period included the initial experimental 
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setup, the time taken for impedance levels to fall to 15 kΩ or below (as indicated by the 

stimulator), and the time necessary for the familiarization stage (where subjects were first 

introduced to phosphenes). Once the impedance between the electrodes was acceptable, 

subjects were familiarized with the appearance of phosphenes using 10 seconds of tDCS at 

1000 μA, first at 16 Hz and then at 22 Hz, to demonstrate: 1) the visual appearance of 

phosphenes; and 2) how they could change by varying only the frequency of the stimulation. 

Once subjects were familiarized with phosphenes, their phosphene detection thresholds 

were determined at seven different frequencies (6, 10, 16, 20, 24, 28, and 32 Hz) in a 

predetermined random order that varied across both individual subjects and within each 

montage; i.e., no individual received the same order of frequencies as any other subject in 

any other condition. Note that to reduce any effects of the familiarization phase on the 

experimental phase, different frequencies were used for the different phases. 

Subjects were informed when each stimulation began and when it ceased, but they were not 

informed of the frequency or current intensity of the stimulation. Stimulations lasted for a 

maximum of 5 seconds7. Shorter exposures were used to minimise any potential confounding 

effects that might occur due to their repeated exposure to these electrical currents. Subjects 

were instructed to keep their eyes open throughout the entire stimulation, and to verbally 

indicate when a phosphene was perceived, at which point stimulation ended. If the subject 

did not respond, stimulation continued for 5 seconds, at which point the subject was told that 

stimulation had ended and asked if any phosphenes were perceived. The inter-stimulus 

interval was 30 seconds. To detect false positive responses at lower current intensity levels, 

four sham stimulations were given at random points during each session, where the subject 

was given all the audible signs of a stimulation (the usual button presses on the stimulator as 

well as verbal indications that the stimulation had started and finished) without actually 

generating an electric current. None of the subjects reported seeing phosphenes during any 

of the sham trials. 

Thresholds for phosphene induction (in μA) were determined for each frequency by varying 

the current intensity using a QUEST-based Bayesian adaptive staircasing procedure (Watson 

and Pelli, 1983) in MATLAB’s PsychToolbox (Kleiner et al., 2007). Transcranial direct current 

 
7 As phosphenes tend to be immediately perceptible upon stimulation onset, the full five seconds was not always 
necessary. 
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stimulation, which started at an intensity of 700 μA, was bound between 25 μA and 1500 μA. 

The step-size between possible stimulation levels was 25 μA. Based on the Rapid Estimation 

of Phosphene Threshold system validated by Mazzi et al. (2017), this adaptive threshold 

measurement method determined the lowest current intensity that was significantly more 

likely than chance to evoke phosphene perceptions. Similar to the experiment in Chapter 2, 

when subjects did not report any phosphenes at the maximum stimulation intensity (1500 

μA), a value of 1500 μA was used for the statistical analyses. 

 

3.3: Statistical Analysis and Modelling 

All statistical analyses were performed using SPSS Statistics v23 (IBM, Chicago, IL). As the 

assumption of normality was violated across several threshold values (11 out of 28), 

nonparametric Mann-Whitney tests were used to determine whether the position of the 

cathode and anode affected phosphene induction thresholds and thus whether it needed to 

be accounted for in subsequent statistical analyses. Tests were conducted separately for each 

frequency and montage, where polarity (anode, cathode) was the between-subjects factor 

and the phosphene induction threshold was the dependent measure. As a conservative 

strategy (i.e., to increase the chance of detecting a difference), no adjustment for multiple 

comparisons was made. 

 

3.3.1: Retinal vs. Occipital Cortex Generator/Modifier Hypotheses 

To test the hypotheses associated with the montage manipulations, data from the stimulation 

frequency with the lowest mean phosphene threshold was used. As the assumption of 

normality was violated across several of these threshold values, nonparametric statistical 

tests were again used. To determine whether the retina was involved in phosphene 

generation (or modification), a Wilcoxon signed rank test was conducted, testing for a 

difference in thresholds between the FPz-Oz and Oz-Cz montages, where the threshold was 

the dependent variable and the montage was the independent variable. Lower thresholds for 

the FPz-Oz condition would support retinal involvement because this montage results in 
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higher current densities about the retina, but similar current densities about the occipital 

cortex. 

To determine whether the occipital cortex was involved in phosphene generation (or 

modification), a Wilcoxon signed rank test was conducted, testing for a threshold difference 

between the FPz-Oz and FPz-Cz montages, where threshold was the dependent variable and 

montage was the independent variable. Lower thresholds for the FPz-Oz condition would 

support the involvement of the occipital cortex because this montage results in higher current 

densities about the occipital cortex, but similar current densities about the retina. 

These tests are contingent on the assumption that these combinations of montages are 

producing the same current density in either the retina or the occipital cortex when the same 

current is applied to all electrodes. To verify this, estimates of the current density were taken 

at both the eyes and the grey matter about Oz to determine whether any correction factor 

was appropriate (see 3.3.3: Modelling, p. 73). 

 

3.3.2: Exploratory Analyses 

Analyses of the relations between phosphene thresholds and tES frequency were also 

conducted. The experiment in Chapter 2 found different frequency-dependent functions for 

the FPz-Cz and Oz-Cz montages. Thus, additional analyses were performed in this study using 

the Curve Fitting tool in MATLAB 2016b (Mathworks, Natick, MA) to: 1) check whether this 

particular difference for the FPz-Cz and Oz-Cz montage functions replicated; and 2) examine 

the relation between thresholds and stimulation frequency for the two other montages (i.e., 

FPz-Oz and T3-T4). In order to account for differences across montages that might be the 

result of scale differences, the initial regression curve fits (of phosphene thresholds as a 

function of frequency) used each subject’s thresholds, which had been Z-score normalized 

within montages across all frequencies. We restricted these fits to quadratic and cubic 

functions to avoid overfitting, and the function with the lowest p-value was selected as the 

most appropriate fit. The terms from this fit were then used to estimate the threshold-

frequency curves separately for each of the four montages. In order to test whether the FPz-

Cz and Oz-Cz montages had different regression curves (replication) and whether any other 
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montage-pairs had different regression curves, the beta coefficients (excluding the constant) 

were compared using t-tests. 

To explore potential temporal cortex involvement in phosphene generation or modification, 

we also conducted two Wilcoxon signed rank tests, which compared the thresholds for the 

FPz-Oz and T3-T4 montages, and the Oz-Cz and T3-T4 montages respectively, where threshold 

was the dependent variable and montage was the independent variable. 

 

3.3.3: Modelling: Confirming Adequacy of Double Dissociation 

In order to check whether the magnitude of the current density differences resulting from the 

double dissociation was adequate, estimates of the normal component of current density in 

the eyes and the cortex near Oz were made using SimNIBS 3.1 (Saturino et al., 2019) on the 

ERNIE head model (Saturino et al., 2018) and nineteen head models from Boayue et al. (2017): 

11 females; mean age 28.79, SD = 10.86, range 18-59. All head models included MRI-based 

measurements of the skin, skull, cerebrospinal fluid (CSF), grey matter, white matter, and the 

eyes. Tissue conductivity values were taken from Wagner et al. (2004) and Opitz et al. (2015) 

based on SimNIBS default settings; see Table 3.1 (p. 74) for further details. To maximise the 

likelihood of measuring the activation of pyramidal neurons in the cortex, the normal 

component of the current density vector was used (Day et al., 1989). Using identically sized 

electrodes as the experiment (30 x 40 mm) at both placement sites for all montages, tDCS 

was simulated at the mean phosphene threshold for each montage. Phosphene studies 

employing TMS at the occipital cortex show that although the location of cortically-sourced 

phosphenes varies from person to person, they can be reliably generated by applying EM 

stimulation to V1 and V2 (Salminen-Vaparanta et al., 2014) or V3d and V3a close to the 

interhemispheric cleft (Schaeffner & Welchman, 2017). Given that sensitivity to occipital 

phosphenes is greatest at 40 mm below the surface of the skin but can still be produced by 

stimulating cortical tissue closer to the scalp (Marg and Rudiak, 1994), current density at the 

visual cortex was estimated by averaging current density values in the grey matter tissue 

within 40 mm of Oz. This would encompass any regions of the primary visual cortex previously 

associated with the highest sensitivity to TMS-induced phosphenes (Kanai et al., 2010; 

Salminen-Vaparanta et al., 2014; Schaeffner & Welchman, 2017). As the position of the retina 
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cannot be determined with sufficient precision within the simulated eyeball, the mean 

current density of the entire eyeball was used to measure retinal current density. Once these 

estimates had been determined, the mean current density in the eyes was compared across 

the FPz-Cz and FPz-Oz montages. MATLAB code for each step of this process can be found in 

Appendix D (p. 162). 

To determine whether a correction factor was required for the retinal/occipital cortex 

generator analyses (see above), tDCS was simulated at the same current intensity for each 

montage across all 20 head models. The mean difference between current intensity in the 

eyes in the FPz-Oz and FPz-Cz montages was applied as a correction factor for the occipital 

cortex hypothesis. In a similar fashion, the mean difference between field strengths in the 

FPz-Oz and Oz-Cz montages was applied as a correction factor for the retinal hypothesis. 

Further statistical tests were conducted using these corrected values. 

 

Table 3.1 – Tissues included in head models used in SimNIBS 
modelling, with their respective conductivity values (Siemens/m) 
 
Tissue Value (S/m) 
White matter 0.1261 

Grey matter 0.2751 

Cerebrospinal fluid 1.6541 

Bone 0.011 

Scalp 0.4651 

Eyes 0.52 

1: from Wagner et al., 2004 
2: from Opitz et al., 2015 

 

3.4: Results 

3.4.1: Polarity Differences 

For all montages and all frequencies, no significant differences in phosphene thresholds were 

found based on which electrode was the cathode or the anode (p ≥ .193). Since no 
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cathode/anode-based differences in phosphene thresholds were found, both arrangements 

were subsumed into a single dataset for the remaining analyses. 

3.4.2: Retinal vs. Occipital Generator/Modifier Hypotheses  

Thresholds for all individuals in every montage and frequency can be read in Appendix C (p. 

161). For each montage the 16 Hz frequency produced the lowest mean phosphene threshold 

(see Table 3.2 below and Figure 3.2, p. 76). 16 Hz thresholds were thus used to test the two 

hypotheses. In support of the retinal generation hypothesis, the FPz-Oz montage produced 

significantly lower thresholds than the Oz-Cz montage (Z = 4.11, p < .001, r = 0.88). However, 

in support of occipital cortical involvement, the FPz-Oz montage was found to produce 

significantly lower thresholds than the FPz-Cz montage (Z = 2.96, p < .001, r = 0.63). However, 

these statistical tests assume that both montages being compared produced the same current 

density in the potential generator being examined (either the retina or the occipital cortex) 

when the same current was applied. Thus, the correction factors for any differences were 

estimated using SimNIBS (see above) and then these tests were re-examined. For the retinal 

hypothesis, equivalent current strength from the FPz-Oz montage produced a significant 3.3% 

greater mean current density in the grey matter under Oz (t(19) = 3.22, p = .005, Cohen’s d = 

0.23) compared to the Oz-Cz montage. After applying this correction factor, the result 

remained significant: Z = 4.11, p < .001, r = 0.88. 

 

Table 3.2 – Descriptive statistics for phosphene thresholds 
 
Frequency FPz-Oz FPz-Cz T3-T4 Oz-Cz 

6 Hz 500 (450-625) 587.5 (500-875) 1275 (1150-1475) 1500 (x) 

10 Hz 175 (125-225) 250 (225-300) 475 (325-525) 800 (700-925) 

16 Hz 75 (50-100) 125 (100-175) 200 (150-250) 362.5 (275-500) 

20 Hz 112.5 (100-150) 175 (125-200) 287.5 (175-325) 637.5 (475-750) 

24 Hz 162.5 (125-250) 250 (200-275) 350 (275-500) 1100 (725-1325) 

28 Hz 300 (250-425) 412.5 (350-575) 612.5 (525-1000) 1500 (1400-1500) 

32 Hz 412.5 (275-550) 575 (425-700) 962.5 (450-1325) 1500 (x) 

Medians and 1st-3rd interquartile ranges are shown for each montage and frequency. (x) indicates a 
value that is artificially constrained due to thresholds being higher than the maximum current 
density employed in this study (1500 µA), therefore no interquartile range is provided. 
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For the occipital cortex hypothesis, equivalent current strength in the FPz-Oz montage 

produced a significant 8.0% greater mean current density at the eye (t(19) = 14.3, p < .001, 

Cohen’s d = 0.47) compared to the FPz-Cz montage. After applying this correction factor, the 

result remained significant: Z = 2.88, p = .004, r = 0.61. 

 

Figure 3.2 

Median threshold at each montage and stimulation frequency. Boxplots mark the median, 1st-3rd 

interquartile range, and full range of thresholds. 

 
 

3.4.3: Exploratory Analyses 

The hypothesis that the temporal lobe might be involved in phosphene perception was tested 

by comparing the 16 Hz threshold firstly for the T3-T4 and Oz-Cz montages, which showed 

that the T3-T4 montage produced significantly lower thresholds than Oz-Cz (Z = 3.74, p < .001, 

r = 0.80). A second comparison between T3-T4 and FPz-Cz also showed that the FPz-Cz 

montage produced significantly lower thresholds than T3-T4 (Z = 3.48, p = .001, r = 0.74). 
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Figure 3.3 
Regression curves for each montage. 
A) Raw threshold scores 
B) Z-score normalized values 
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When the four montages were combined to assess the relation between stimulation 

frequency and phosphene threshold, the best fit was found to be a cubic function (F(3,612) = 

118.18, p < .001, adjusted R2 = .364). Cubic fits were accordingly calculated for each separate 

montage (see Figure 3.3a, p. 77), where 𝑦𝑦 was the phosphene perception threshold and 𝑥𝑥 

was the stimulation frequency in Hz (raw, non-normalized regression fits): 

𝑦𝑦(𝐹𝐹𝐹𝐹𝐹𝐹 − 𝑂𝑂𝐹𝐹) = −0.120𝑥𝑥3 + 9.14𝑥𝑥2 − 200.42𝑥𝑥 + 1427.75,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .542 

𝑦𝑦(𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐹𝐹) = −0.136𝑥𝑥3 + 10.72𝑥𝑥2 − 241.40𝑥𝑥 + 1787.41, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .558 

𝑦𝑦(𝑇𝑇3 − 𝑇𝑇4) = −0.256𝑥𝑥3 + 20.15𝑥𝑥2 − 453.24𝑥𝑥 + 3294.00,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .709 

𝑦𝑦(𝑂𝑂𝐹𝐹 − 𝐶𝐶𝐹𝐹) = −0.374𝑥𝑥3 + 26.92𝑥𝑥2 − 553.76𝑥𝑥 + 3946.01,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .779 

After Z-score normalization (see Figure 3.3b), all coefficients were compared across montages 

and only one significant result was found: the quadratic coefficient for the FPz-Cz montage 

was significantly lower than the equivalent Oz-Cz coefficient; t(41) = 2.09, p = .043, Cohen’s d 

= 0.62. The minima frequencies, i.e. the estimated frequency for each montage that produced 

the lowest estimated phosphene threshold, were 16.37 Hz for the FPz-Cz montage, 16.06 Hz 

for the FPz-Oz montage, 14.95 Hz for the Oz-Cz montage, and 16.33 Hz for the T3-T4 montage.  

 

Table 3.3 – Mean and standard deviations (n = 20) for the estimated current density 
values (mA/m2) and estimated electrical field strength (mV/m) within the eyes (Retina) 
and the grey matter 40mm around Oz when phosphene threshold current is simulated at 
each montage. 
 

Montage Threshold Retina Oz 
 (µA) mA/m2 mV/m mA/m2 mV/m 

FPz-Cz 130.7 18.7 (2.69) 75.3 (10.6) 2.06 (0.273) 6.34 (0.61) 

FPz-Oz 87.5 13.6 (1.95) 54.4 (7.74) 3.54 (0.517) 15.9 (2.23) 

Oz-Cz 380.7 4.59 (1.12) 17.9 (4.01) 19.3 (2.47) 67.1 (9.16) 

T3-T4 205.7 9.34 (1.01) 37.5 (3.98) 2.13 (0.338) 14.4 (1.55) 
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3.4.4: Modelling: Confirming Adequacy of Double Dissociation 

Current density was modelled for the eyeball (“Ret”) and the occipital grey matter near Oz 

(“Oz”), for each montage separately, using the phosphene thresholds obtained in the study 

as inputs (see Table 3.3, p. 78). Modelled current density estimates for each modelled head 

across each montage can be found in Appendix E (p. 167). This provided the best estimate of 

the actual current density at the retina and occipital cortex at the phosphene threshold (note 

that the absolute current density required at “Ret” for a phosphene decreases as the absolute 

current density at “Oz” increases). Current distribution about the eyes and grey matter can 

be seen in Figure 3.4 (p. 80). The relative current densities for “Ret” and “Oz” can be seen to 

vary for FPz-Cz (Figure 3.4a), FPz-Oz (Figure 3.4b), and Oz-Cz (Figure 3.4c) in the manner 

predicted by the planned double dissociation. The statistical analysis showed no signs of non-

normality in the mean current density values, therefore t-tests were appropriate for the 

comparison. Mean current density in the eyes at phosphene threshold was greater from the 

FPz-Cz montage (M = 18.7 mA/m2, SEM = 0.601) than from the FPz-Oz montage (M = 13.6 

mA/m2, SEM = 0.436; t(19) = 28.4, p < .001, Cohen’s d = 2.2) 

 

3.5: Discussion 

Consistent with the findings in Chapter 2, tES phosphene induction thresholds were found to 

be significantly lower for the FPz-Cz montage than the Oz-Cz montage, with the greatest 

difference found at 16 Hz. While this finding was not unexpected as it is widely assumed that 

tES-induced phosphenes are induced by retinal activation, this study extends on Chapter 2’s 

findings by introducing the FPz-Oz montage, which allows a more thorough dissociation 

between retinal and occipital stimulation and added simulations of the current density 

differences in the relevant tissues across all montages. The FPz-Oz montage, which increased 

current source density at Oz while keeping it approximately constant at FPz, resulted in lower 

phosphene thresholds than the FPz-Cz montage (even after corrections were applied). If the 

retina alone was responsible for phosphene perception in both the FPz-Cz and FPz-Oz 

montages, then we would expect to see similar threshold levels for each montage, whereas 

the FPz-Oz montage required lower electrical current at the eyes to produce phosphenes 
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compared to the FPz-Cz montage. Thus, applying tES at scalp locations near to both the 

occipital cortex and the retina was found to facilitate phosphene perception in the FPz-Oz 

montage. Exchanging the cathode and anode electrodes had no effect on phosphene 

thresholds, indicating that stimulation polarity has no effect on electrophosphene perception. 

 

Figure 3.4 
SimNIBS-sourced normal component of current density distribution in the grey matter and eyes for 
each montage at their individual phosphene thresholds; FPz-Cz at row A, FPz-Oz at row B, Oz-Cz at 
row C. 

 
Electrode locations are displayed for each montage. ERNIE head model used. Scales are based on 
the maximum current density found at any individual voxel within the grey matter or eyes (mA/m2). 
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Average current density within the eyes “Ret” and Oz-related grey matter (“Oz”) are marked on the 
scale for each montage. 

 

As noted previously, the use of the FPz-Cz, Oz-Cz, and FPz-Oz montages enables a systematic 

manipulation of the current source densities at the retina and the visual cortex (confirmed by 

our extensive modelling with SimNIBS). Several studies examining tES have proposed that 

regardless of the montage used, electrical activity in the retina will generate phosphenes well 

before the current density reaches the point where cortical activation is plausible (Laakso and 

Hirata, 2013; Schwiedrzik, 2009). This view is partially borne out in the current results, since 

the thresholds for phosphene perception were lower for the montages that included FPz (i.e., 

FPz-Cz and FPz-Oz) compared to those that did not (i.e., Oz-Cz and T3-T4). However, if the tES 

induced phosphenes in our study were solely the product of retinal stimulation, then the 

thresholds for the FPz-Oz montage should not have differed significantly from those for the 

FPz-Cz montage. However, this was not the case; the phosphenes produced by the FPz-Oz 

montage required even less current than those produced by the FPz-Cz montage across all of 

the stimulation frequencies tested, and required less current density at the eyes. It is 

therefore unlikely that tES produced phosphenes by directly activating only the visual cortical 

neurons in the FPz-Oz montage. This is because Oz-Cz resulted in higher current density in the 

occipital cortex than FPz-Oz, and so if only occipital cortex stimulation was relevant to the 

phosphenes, Oz-Cz would have produced the lowest thresholds, which it did not. Similar 

effects on visual perception have been reported in the TMS literature, where the combination 

of TMS and tES resulted in less current density being required to produce phosphenes than 

TMS alone (Antal et al., 2003; Antal et al., 2004; Kanai et al., 2010). Together, these findings 

suggest that tES applied to the visual cortex may act as a facilitator for phosphene perception 

rather than a direct generator of phosphenes. 

In principle, it should be possible to induce phosphenes by targeting a variety of regions in 

the visual processing stream (ranging from specific retinal neurons/photoreceptors in the eye 

to the cortical areas V1, V2, V3, V5 and beyond those that have been targeted by TMS studies); 

however, since tES is relatively imprecise compared to other stimulation techniques like TMS, 

it would be highly speculative to interpret these results with sufficient precision. If one 

assumes that phosphenes cannot be consciously perceived until activity changes in the 

primary visual cortex, then cortical contributions to phosphene perception must be 
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considered. In the case of the FPz-Oz montage, retinal signals triggered by tES might have 

been facilitated by direct tES effects on neuronal activity/connectivity in the visual cortex (due 

to the proximity of these neurons to the Oz electrode), the result being that conscious 

perceptions of phosphenes were possible at lower current levels than were required for the 

FPz-Cz montage. Given the low estimated current density values in both the eyes and near 

the occipital cortex for the T3-T4 montage compared to other montages (see Table 3.3, p. 

78), it is plausible that cortical regions outside the occipital visual cortex could also play a role 

in phosphene perception, and therefore the role of more anterior cortical structures in the 

visual system should be considered in the future. While some suggest that tES may stimulate 

peripheral/cranial nerves (such as the optic nerves in the cerebrum) which could indirectly 

affect cortical excitability, this seems unlikely given the lack of changes in current density 

found in the cerebrum and brainstem (see Figure 3.4). Given that studies attempting to alter 

the function of cranial nerves consistently need to apply at least double the current strengths 

compared to the thresholds reported here, even when the electrode montage is as close to 

the cerebrum or brainstem as possible (for a review, see Adair et al., 2020), it is highly unlikely 

that sufficient current density to affect visual perception in the cerebrum in any montage 

used here. If the application of tES using these montages were able to affect the function of 

the optic nerve found in the cerebrum, it follows that there would also be changes in function 

involving other cranial nerves found in the cerebrum and brainstem such as the vagus nerve 

(which regulates heart rate), the olfactory nerve (sense of smell), the facial nerve (facial 

expressions and sense of taste), the auditory nerve (hearing), and the vestibular nerve 

(balance) amongst others (Laine & Smoker, 1998; Monkhouse, 2005; Rea, 2014). Since there 

were zero reports of change or discomfort related to any of these functions, combined with 

the absence of estimated current density changes in these anatomical regions, there is little 

evidence to suggest that indirect stimulation of cranial nerves facilitates the perception of 

electrophosphenes. 

The results suggest that some direct tES-induced change in the visual cortex contributes to 

the perception of phosphenes from the FPz-Oz montage. When the tES-induced retinal 

stimulation is eventually processed by the visual cortex, it makes sense that there would be 

an interaction in the activity produced by direct tES stimulation of these two regions. In this 

case, the tES induced phosphenes might also have been a product of retinal activation 
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modulated by cortical priming (i.e., priming by external tES based cortical stimulation). The 

mechanism for this interaction could possibly have involved the magnocellular parts of the 

lateral geniculate nucleus (LGN), since these cells display frequency-dependent responses to 

visual stimulation as opposed to parvocellular neurons (Benardete & Kaplan, 1999). 

Results from animal in vivo studies might also be important in shedding light on the role that 

cortical stimulation plays in phosphene induction or modification. Specifically, it has been 

shown that retinal and visual cortical tissues have different frequency-dependent responses 

to electrical stimulation: retinal ganglion cells appear most sensitive to 14 – 18 Hz stimulation 

(Benardete and Kaplan, 1999), while cortical neurons in the visual cortex appear to be 

sensitive to stimulation across the 7 – 20 Hz range (Bringuier et al., 1997). Based on these 

findings, one might expect retinally and cortically induced phosphenes to display quite 

different frequency-dependent relationships, however we did not find this in our results. The 

regression curves showed only one difference in coefficients between montages, and all 

curves indicated peak sensitivity at around 16 Hz, which fits neatly into both the predicted 

retinal ganglion range of 14-18 Hz and the 7-20 Hz range of the cortex. This indicates that the 

attempt to dissociate retinal and cortical phosphenes by frequency dependence did not 

succeed. Although difficult to examine statistically, the trend in the minima frequency (the 

estimated frequency for each montage that produced the lowest estimated phosphene 

threshold) showed signs of falling as cortical targeting was introduced, with the FPz-Cz 

montage producing the highest minima frequency (16.33 Hz) and the Oz-Cz montage 

producing the lowest (14.95 Hz). The drop to 16.06 Hz in the FPz-Oz montage may reflect the 

theoretically lower cortical component of the frequency dependent relationship changing the 

minima frequency; however, this possibility remains speculative. If this argument has validity, 

it would mean that phosphenes from the T3-T4 montage are more likely to be stimulating the 

retina, given the similar minima frequency (16.33 Hz) to FPz-Cz. It is plausible that frequency–

dependent cells within both the retina and visual cortex play a role in the phosphene 

perception process, but such specific interactions are beyond the scope of this paper. 

The typical mechanistic studies of phosphene perception are focused on retinal activation via 

magnetophosphenes (ICNIRP, 2020; IEEE, 2019), while this study shows a cortical influence in 

electrophosphene perception. Taking a univariate approach which only considers either the 

retinal substrate or the occipital lobe may limit our ability to understand the phosphene 
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perception process. Further, if there is occipital involvement in phosphenes, then this may be 

relevant for exposure guidelines. For example, if there is no cortical role in phosphene 

perception, then exposure guidelines could potentially recommend higher current densities 

at the back of the head, relative to the front, whereas if phosphenes are affected by currents 

in the occipital cortex, at levels similar to those known to stimulate the retina, then magnetic 

fields at the back of the head would also be important. The results of this study suggest the 

latter situation. If we expand our examination to include electrical fields (V/m) as well as 

current density (A/m2), our results are generally consistent with both ICNIRP 

recommendations from 2010 and IEEE recommendations from 2019, which advise that 

exposure should be limited to fields that induce electrical field strengths in CNS tissue (i.e., 

retina and the brain) of less than approximately 50 mV/m (ICNIRP, 2010; IEEE, 2019). The FPz-

Cz threshold generated 75.3 mV/m at the retina (see Table 3.3, p. 78), while the FPz-Oz 

montage generated 54.4 mV/m at the retina. Turning to the cortex, the Oz-Cz montage 

generated 67.1 mV/m in the grey matter adjacent to the Oz electrode. While the T3-T4 

montage did not meet the 50 mV/m threshold at either the retina or the occipital cortex, it is 

certain to have resulted in some parts of the brain being exposed to electrical fields exceeding 

the recommended exposure limits. Given that the electrical field strength values for each 

montage listed above are based on simulations applying the average current thresholds 

across the sample, this suggests that almost half the subjects were perceiving phosphenes 

with electrical field strengths of less than 50 mV/m somewhere within the head using the FPz-

Oz montage. Thus, while the recommended exposure limits at present may be appropriate 

for an “average” member of the community, they would not necessarily be appropriate for 

all members of the broader population. 

 

Figure 3.5 
Left hemisphere sagittal view of SimNIBS-sourced current density distribution in the full ERNIE head 
model for FPz-Cz, FPz-Oz and Oz-Cz montages at their respective thresholds, with additional 
transverse view of T3-T4. 
 



85 
 

 
Current density was modelled at each montage’s own phosphene threshold for 16 Hz. All available 
tissues included: skin, skull, CSF, grey matter, white matter, and eyes. Scale is in mA/m2 

 

 

The modelling of tES provided some insights into how current reaches the regions likely to 

produce phosphenes. As Figure 3.5 above shows, the modelled tES has varying distributions 

of current density across montages while also showing some commonalities. Across all 

montages, current appears to flow between electrodes either via the skin or by penetrating 

the skull and forming a circuit via the CSF. Figure 3.5 also shows that the vast majority of 

highlighted areas of current density in the modelling within the skull was in the CSF, with only 

the Oz-Cz montage producing broad changes in current density in the grey matter. The skull 

primarily acts as a resistor between the skin and the CSF, and very little change in current 

density is found in the grey or white matter outside the Oz-Cz montage. Even so, some 

changes in current density were seen in the grey matter about Oz in the FPz-Oz montage (see 

Table 3.3, p. 78), and this stimulation of the cortex combined with the retinal activation from 

the FPz electrode appear to have combined to produce phosphenes, given the drop in current 

density at the eyes compared to FPz-Cz. 

It is noteworthy that this study found that cathode/anode selection did not affect phosphene 

thresholds across any montage or stimulation frequency. The tDCS used in the current study 

was found to produce similar phosphene thresholds to the tACS used in Chapter 2, which 

tested FPz-Cz and Oz-Cz montages under comparable conditions. This study also observed 

very similar frequency-dependent relations to those in the previous chapter, with 16 Hz tES 

producing the lowest phosphene induction thresholds for all montages in both studies. Both 

tDCS and tACS produce cyclic polarization/depolarizations of the tissues stimulated (whether 

this be retinal or otherwise). While a constant 0 Hz signal can affect changes in the body over 
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extended periods (Antal et al., 2003), the instantaneous change caused by a modulated signal 

is clear, whether it is AC or DC. As a result, the use of tDCS in the treatment or exploration of 

electrophysiological responses to frequency dependent stimuli (or frequency-sensitive tissue) 

can be considered a viable alternative for those who only have access to DC stimulators. 

 

3.6: Conclusion 

This study found that applying tES over the occipital cortex can influence phosphene 

perception, independent of retinal activation. While it is unlikely that these phosphenes were 

the product of direct (or primarily the result of) cortical stimulation alone, it does show that 

stimulation targeting the visual cortex contributes to phosphene perception. 
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4 – EXPERIMENT THREE 
 

Adapted from: Evans, I. D., Palmisano, S., & Croft, R. J. (2022). Effect of ambient lighting on 

frequency dependence in transcranial electrical stimulation-induced phosphenes. Scientific 

Reports, 12(1), 7775. doi:10.1038/s41598-022-11755-y 

Summary: The previous two experiments were focused on mesopic lighting conditions and 

the contributions of the retina and the visual cortex to electrophosphene perception. This 

study focuses on the relationship between ambient lighting conditions and frequency-

dependence in transcranial electric stimulation (tES) induced phosphenes to determine 

whether ambient lighting is an important factor in the detection of tES-induced phosphenes. 

Using a within-subjects design across each lighting condition (dark, mesopic, and photopic) 

and tACS stimulation frequency (10, 13, 16, 18, and 20 Hz), this study determined phosphene 

detection thresholds in 24 subjects receiving tES using an FPz-Cz montage. Phosphenes in 

photopic conditions were strongest at 20 Hz stimulation, while dark conditions resulted in the 

strongest phosphenes being detected at 10 Hz. Consistent with the previous two 

experiments, phosphenes in mesopic conditions were strongest at 16 Hz, with thresholds 

significantly lower compared to photopic or dark conditions All thresholds were tested twice 

(on separate days) to measure the test-retest reliability of the REPT psychophysics algorithm, 

which showed strong test-retest reliability across all conditions tested.  
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4.1: Introduction 

Many aspects of neural processing rely on frequency-specific oscillations in the cortex 

(Buzsáki & Draguhn, 1929). As a result, the possibility of exploring and/or manipulating these 

frequency-based neural functions using a non-invasive technique such as transcranial electric 

stimulation (tES) has proven popular. Applying electric current to the brain using tES has been 

demonstrated to be successful in modulating cognitive, sensory, and motor functions in a 

frequency-dependent manner across the surface of the cortex (for reviews, see Bosman et 

al., 2014; Herrmann et al., 2010). Although tES can modulate cortical activity, it can also 

induce phosphenes; i.e., perceptions of light that are not the product of external visual stimuli 

(Kar & Krekelberg, 2012; Schutter & Hortensius, 2010; Schwiedrzik, 2009). These phosphenes 

are generally considered to be a product of electrical stimulation of the retina (Brindley, 1955; 

Kar & Krekelberg, 2012; Meier-Koll, 1973; Rohracher, 1935; Adrian, 1977; Lövsund et al., 

1980; Attwell, 2003). 

It is important to understand both the biological mechanisms responsible for inducing 

phosphenes and any environmental factors that influence their appearance, as these can 

confound tES studies, interventions, and interpretations (Schutter, 2016). For example, the 

threshold for inducing phosphenes is currently used by the International Commission on Non-

Ionizing Radiation Protection (ICNIRP) for deriving exposure restrictions (ICNIRP, 2010), and 

that information can only be obtained if the effect of stimulation frequency and ambient 

lighting conditions are also known. Without that knowledge, experimentally derived 

threshold estimates may merely represent the lowest stimulation levels required to induce 

phosphenes in a particular insensitive scenario, which would limit the ability of exposure 

restrictions based on them to protect against phosphenes in other situations. Indeed, recent 

research suggests that our understanding of phosphenes may be particularly limited in terms 

of their relationship with stimulation frequency and ambient lighting conditions. 

It has commonly been held that thresholds for phosphenes induced by transcranial 

alternating current stimulation (tACS) are lowest when stimulation is applied at 20 Hz in 

photopic (i.e., intense) lighting conditions, and at 10 Hz in complete darkness (Kanai et al., 

2008). These sensitivities closely match the dominant frequencies of the visual cortex 

oscillations observed under these respective lighting conditions (e.g., Jasper, 1936; Palva & 
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Palva, 2007). These findings have been taken as evidence that tES, tuned to the dominant 

cortical oscillation frequency, can be used to maximally modify cortical activity at similar 

rhythms. 

However, the studies in Chapters 2 and 3 indicate that tES-induced phosphenes are induced 

with a considerably lower current using 16 than 20 Hz under mesopic (dim) lighting conditions 

(found in different groups of subjects both when tACS or tDCS were applied). This opens the 

possibility that 20 Hz may not necessarily provide the lowest stimulation level required to 

induce phosphenes. The only research available for comparison explicitly testing phosphene 

threshold levels in mesopic conditions is the Schwarz (1947) study. Schwarz reported lower 

phosphene detection thresholds for 20 Hz stimulation in both photopic (i.e., 8 – 9550 candela 

per square meter; cd/m2) and mesopic (i.e., 2.4 cd/m2) conditions. However, those findings 

were based on only a single subject and used poorly controlled lighting conditions; e.g. the 

2.4 cd/m2 condition was produced by having the subject look at “her own shadow on the 

wall”, and the 9550 cd/m2 condition was produced by having the subject look at “a white 

cloud in the sky”. This makes it difficult to draw conclusions from such a comparison. In 

contrast to Schwarz’s (1947) research, the experiments in Chapters 2 and 3 used considerably 

larger samples (either 24 or 22 subjects) with tightly controlled lighting (consistent 0.6 cd/m2 

lighting across the entire field of view). Furthermore, the consistent findings of these 

experiments suggest that their results are indeed reliable. This conclusion, however, would 

appear (at face value) to contradict the view that the greatest sensitivity to tES occurs at the 

stimulation frequency that matches the dominant cortical oscillation frequency. That is, 

whereas the dominant cortical oscillation frequencies for dark and photopic conditions are 

approximately 10 and 20 Hz respectively, and the lowest current required to induce 

phosphenes is also at 10 and 20 Hz respectively, there is no corresponding dominant 

frequency for mesopic conditions established outside of the studies in this thesis. 

One potential explanation for lower thresholds at 16 Hz stimulation is that this represents an 

overlap point between the threshold-stimulation frequency relations for photopic and dark 

conditions. That is, as a dim lighting condition represents a degree of photic energy that is 

greater than in the dark but less than in a photopic scenario, it may be relevant to the 

threshold-stimulation frequency of both the dark and photopic conditions. To test this 
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possibility, threshold-stimulation frequency relations need to be assessed under each of the 

dark, mesopic, and photopic conditions. 

Differences in frequency dependence found in tES-induced phosphenes across lighting 

conditions may be explained by differences in temporal contrast sensitivity functions, i.e., the 

visual system’s sensitivity to changes in luminance over time (de Lange Dzn, 1958; Goldstein, 

2002). Temporal contrast sensitivity is typically measured using a homogenous visual stimulus 

that changes sinusoidally in luminance (from a minimum to a maximum value) as a function 

of time. While this stimulus should be perceived to flicker with higher levels of luminance 

contrast, it will become progressively more difficult to see this flicker as the luminance 

contrast decreases. However, the threshold level of luminance contrast at which this flicker 

is just noticeable also depends critically on the temporal frequency of the stimulus. Research 

has shown that rod and cone photoreceptors each have their own temporal contrast 

sensitivity functions, which may relate to differences in tES-related frequency dependence 

found in different lighting conditions. 

Rod photoreceptors are more sensitive to stimulation (and thus more likely to be activated) 

in darker conditions, where there is insufficient input to activate cones (Barlow, 1972). In dark 

and mesopic conditions, temporal contrast sensitivities are largely driven by inputs from rod 

photoreceptors (Umino et al., 2019) particularly when exposed to stimuli flickering at 5 – 15 

Hz while showing little to no activation at 19 – 23 Hz (Dai et al., 2015; Kelly, 1961). On the 

other hand, cone photoreceptors are more sensitive to stimulation in brighter conditions, 

where rod cells are saturated and do not contribute significantly to visual perception 

(Adelson, 1982). Temporal contrast sensitivity in these photopic conditions trends towards 

higher frequencies, with greatest sensitivity found at around 15 – 25 Hz and no ability to 

discern stimuli flickering at or above approximately 80 Hz (Dai et al., 2015; Kelly, 1961; 

Stockman & Sharpe, 2006). If the perception of tES-induced phosphenes is similar to, or 

functionally equivalent to, external flickering visual stimuli (Kar & Krekelberg, 2012), it would 

follow that darker conditions would result in greater sensitivity to low-frequency stimulation, 

and brighter conditions would result in greater sensitivity to higher frequencies. 

The present study was designed to determine the following: 1) By testing the threshold-

frequency stimulation relation in each of the dark, mesopic, and photopic conditions, it 
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examined whether the overall lowest phosphene detection threshold occurs at 16 Hz 

stimulation, rather than 20 Hz; 2) it compared thresholds across all lighting conditions to 

determine whether ambient lighting can facilitate stronger phosphene perception; and 3) it 

determined whether the phosphene threshold-stimulation frequency relation under mesopic 

conditions could be explained by the overlap of that relation across dark and photopic 

conditions. 

 

4.2: Method 

Twenty-four healthy subjects (even gender split, age range 20 – 40 years, M = 25.2 years, SD 

= 5.4) completed this study after passing a modified safety screening checklist (Keel et al., 

2000; for details see Appendix A, p. 157). Subjects were excluded if they reported any form 

of neural injury or illness, metal implants in the head or medical implants elsewhere in the 

body, or non-corrected visual impairment. No subjects reported using contact lenses, while 

three subjects typically wore glasses but removed them during the testing phase to ensure 

the frames did not alter the periphery of their field of view. After being informed about the 

experimental procedure as well as the potential adverse effects of tES, subjects gave written 

and informed consent prior to any participation. This research was conducted in accordance 

with the guidelines of the Declaration of Helsinki and approved by the Human Research Ethics 

Committee of the University of Wollongong (approval #HE2017/454). 

Phosphene thresholds were obtained as a function of stimulation frequency (“Frequency”: 

10, 13, 16, 18, and 20 Hz) and lighting condition (“Lighting Condition”: dark, mesopic, 

photopic), using a repeated measures design. Testing was conducted over two, 70-minute 

sessions (on separate days) at similar times of day, usually within one week of each other. The 

order of these sessions, the order of the tES frequencies within these sessions, and which 

electrode was the cathode or anode, were counterbalanced across sessions for all subjects 

(see Figure 4.1b, p. 92). The choice of which electrode was the cathode or anode alternated 

across sessions for each subject. The order of the lighting conditions was randomised for each 

subject using a Latin square system, as was the order of stimulation frequency within each 

lighting condition. 
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Figure 4.1 
A) Positioning of lighting and test subject. The test subject was seated so that the front wall filled 
their entire field of view (no parts of either side wall were visible). The light stand was positioned so 
that no shadows were visible in the subject’s field of view. The photopic lighting condition was 
achieved by activating the fixed fluorescent ceiling light with no light stand used, while all other 
lighting conditions (the mesopic condition and the brief periods requiring light in the dark condition) 
were achieved using the light stand only. 

B) Example sequence of the block design across both sessions. For the first session, each lighting 
condition block was presented in a random order, as were the frequencies within it. In order to 
account for potential within-subject order effects due to possible light adaptation, the order of the 
lighting blocks was reversed in the second session and the frequencies within those blocks were 
reversed. 

 
 

tES was administered using a Magstim NeuroConn Stimulator Plus MOP15-EN-01 (Magstim, 

Carmarthenshire, UK) which applied sinusoidal DC with no ramp-up, meaning that the 

amplitude of the stimulation varied as a sine wave from zero to the current set by the 

stimulator then back to zero. As such, the polarity of the electrodes did not alternate. Current 

was delivered to the scalp through conductive-rubber electrodes (dimensions: 30 x 40 mm) 

placed on sponges saturated with a saline solution mixed with a hypoallergenic amphoteric 

surfactant and held in place at FPz and Cz with rubber straps. This electrode montage was 

chosen as it is effective at stimulating the retinas (Laakso & Hirata, 2013) while also ensuring 
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the subjects’ entire field of view was not occluded by any of the apparatus. Both previous 

studies in this thesis consistently found greatest sensitivity at 16 Hz using a wide range of 

montages (FPz-Cz, Oz-Cz, FPz-Oz, T3-T4), suggesting that the choice of montage does not 

appreciably affect the frequency-dependent nature of tES-induced phosphenes, provided 

that the retina is adequately stimulated. 

The photopic lighting condition was generated by using typical ceiling-mounted fluorescent 

lights, positioned outside the subjects’ direct line of sight. Under these lighting conditions, 

luminance at the eye was measured at 77.1 ± 0.05 cd/m2 using a J6523 Tektronix luminance 

probe (Tektronix, London, Canada). This lighting level was chosen due to its applicability to 

everyday experience, as it represents the luminance typically found in office environments. 

The mesopic lighting condition was created using the Neewer T120 dimmable LED panel, 

which illuminated the areas in front of the subject (see Figure 4.1a, p. 92), resulting in 

luminance at the eye measured at 0.6 ± 0.05 cd/m2. This lighting level was chosen in order to 

match the studies in Chapters 2 and 3, thus enabling a possible replication of their results. No 

light entered the testing room during the dark condition, resulting in zero cd/m2. In order to 

prevent dark adaptation effects during the trials in the dark condition, lighting was set to 1.1 

cd/m2 while the stimulator was not active; lighting was turned off 2 seconds prior to 

stimulation onset and turned on immediately after the stimulation had ended. 

Subjects were seated on a chair facing a 1.8 meter wide by 2.62 meter high white wall, in a 

position that ensured that the wall in front of them filled their entire field of view, and lighting 

was arranged so that no shadows were visible to the subject (see Figure 4.1a). When subjects 

were comfortable and the electrodes were put in position, they were informed about 

phosphenes (their nature and what they might perceive) while their skin and hair were 

saturated from the saline in the sponges. Once the impedance between the electrodes was 

at 15 kΩ or below (as indicated by the stimulator), lighting was set to 2 ± 0.05 cd/m2 and 

subjects were familiarized with the appearance of phosphenes using 10 s of sinusoidal tDCS 

at 1000 μA, firstly at 11 Hz and then at 22 Hz, to demonstrate both the visual appearance of 

phosphenes and how their appearance changes by simply varying the stimulation frequency. 

These frequencies were chosen to avoid using the same stimulation frequencies as in the 

experiment itself. 
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Once subjects were familiarized with phosphenes, their phosphene detection thresholds 

were determined at each stimulation frequency in each lighting condition. They were 

informed when each stimulation began and when it ceased, but they were not informed of 

the frequency or current intensity of the stimulation. Stimulations lasted for 5 seconds, and 

subjects were instructed to keep their eyes open throughout the entire stimulation. 

Throughout the experiment, subjects were asked how bright the phosphenes appeared to be 

compared to the background lighting, and where the phosphenes appeared in their field of 

view. Many subjects also spontaneously volunteered information concerning their experience 

during the interval between trials. To detect false positive responses at lower current 

intensity levels, six sham stimulations (one in each lighting condition for each session) were 

given at a frequency determined in advance using a MATLAB-based random number 

generator. In these sham trials, the subject was given all the audible signs of stimulation (the 

usual button presses on the stimulator as well as verbal indications that the stimulation had 

started and finished) without actually generating an electric current. None of the subjects 

reported seeing phosphenes during any of the sham trials. 

Thresholds for phosphene induction (in μA) were determined for each frequency by varying 

the current intensity using a QUEST-based Bayesian adaptive staircasing procedure (Watson 

& Pelli, 1983) in MATLAB’s PsychToolbox (Kleiner et al., 2007). The tDCS, which started at 700 

μA, was bound between 25 μA and 1500 μA. The step-size between possible stimulation levels 

was 25 μA. Based on the Rapid Estimation of Phosphene Threshold system validated by Mazzi 

et al. (2017), this adaptive threshold measurement method determined the lowest current 

intensity that was significantly more likely than chance to evoke phosphene perceptions. Each 

of the two sessions provided a threshold for each lighting and frequency condition, and for 

each combination of lighting condition and stimulation frequency, the average threshold 

across both sessions was taken as the final threshold. 

 

4.3: Statistical Analysis 

As significant levels of skewness, kurtosis, or heterogeneity of variance were not found, 

parametric analyses were conducted. Huynh-Feldt adjustments were used to account for 
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violations of sphericity (Frequency; Frequency by Lighting Condition), with the adjusted 

degrees of freedom shown. 

To assess threshold reliability across the two testing sessions, for each of the Lighting 

Condition (photopic, mesopic, and dark) by Frequency (10, 13, 16, 18, and 20 Hz) 

combinations, Pearson’s r was determined. To determine if order effects were distorting the 

results, thresholds were arranged in chronological order and repeated measures ANOVA was 

used where threshold was the dependent variable and testing order within each lighting 

condition (separately for each session) and across each entire session were the independent 

variables. 

To describe the relations between phosphene thresholds, lighting conditions, and stimulation 

frequency, a repeated measures ANOVA was used, where threshold was the dependent 

variable and Lighting Condition and Frequency the independent variables. Where significant, 

data were further explored using repeated measures t-tests with Bonferroni comparison-wise 

adjustments (Lighting Condition: each level was compared to each other level; Frequency: 

each level was compared to each other level; Interaction: for each frequency, each level of 

Lighting Condition was compared to each other level). Adjusted p-values are shown. 

To determine the lowest absolute phosphene thresholds across the lighting conditions, a 

repeated measures ANOVA was used where Lighting Condition was the independent variable 

and the dependent variable was the lowest algebraic threshold across the frequencies, for 

each lighting condition separately. Where the main effect was significant, t-tests with 

Bonferroni comparison-wise adjustments (Lighting Condition: each level was compared to 

each other level) were conducted. Adjusted p-values are shown. 

To determine whether the phosphene threshold-stimulation frequency relation in the 

mesopic condition could be adequately explained by the summation of the relations in the 

dark and photopic conditions, regression equations were calculated as follows: To provide an 

estimate of the phosphene threshold-stimulation frequency relation for each of the lighting 

conditions separately, regression analyses were conducted for each lighting condition 

separately, where threshold was the dependent variable (normalized across all tested 

frequencies, within each subject and lighting condition separately), and Frequency the 

independent variable. Corrected Akaike’s Information Criteria (AICc; Akaike, 1973) were used 
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to determine whether a linear or quadratic fit was the best model for each lighting condition. 

Data for each subject was used for all frequencies and lighting conditions, resulting in 72 data 

points per frequency. 

 

4.4: Results 

Thresholds at each Frequency/Lighting Condition combination can be seen in Figure 4.2a (p. 

98). The interpolated regression functions relating threshold to Frequency, for each lighting 

condition separately, can be seen in Figure 4.2b. Corresponding means and standard errors 

are given in Table 4.1 (p. 99). Thresholds for all individuals in every lighting condition and 

frequency for both testing sessions can be read in Appendix F (p. 169). 

Phosphene detection thresholds were highly reliable across the two testing sessions, with 

Pearson’s r coefficient values ranging from .91 to .99 (all p < .001) across the 15 

Frequency/Lighting Condition combinations. No signs of learning or fatigue effects were 

found within either session (p between .707 - .883) or within each lighting condition (p 

between .472 - .940). Mean thresholds for all (30) testing points ranged between 313.5 – 

407.3 µA, with standard deviations between 166.3 – 246.4 µA. 

Phosphene detection thresholds were affected by lighting condition (main effect: 

F(1.96,45.16) = 59.15, p < .001, 𝜂𝜂𝑝𝑝2 = .720), with post hoc analyses showing that this was due 

to lower thresholds in the dim lighting condition relative to both the photopic (F(1, 23) = 

116.4, p < .001, 𝜂𝜂𝑝𝑝2  = .835) and dark (F(1, 23) = 93.93 p < .001, 𝜂𝜂𝑝𝑝2  = .803) conditions; no 

difference was observed between the photopic and dark conditions (p > .999). Phosphene 

thresholds (for the combined lighting conditions) were also affected by Frequency (main 

effect: F(1.69,38.91) = 26.46, p < .001, 𝜂𝜂𝑝𝑝2 = .535). The frequency with the lowest threshold 

(16 Hz) was lower than each other frequency (all p < .049), and the frequency with the highest 

threshold (10 Hz) was higher than each other frequency (p < .004). Of the remaining 

comparisons, thresholds for 13 Hz were higher than 18 Hz (F(1, 23) = 10.34, p = 0.038, 𝜂𝜂𝑝𝑝2 = 

.310) but did not differ from 20 Hz (p = .795), and 18 Hz was lower than 20 Hz (F(1, 23) = 17.75, 

p = 0.003, 𝜂𝜂𝑝𝑝2 = .436). 
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The interaction between Frequency and Lighting Condition was also significant F(4.63,106.50) 

= 117.60, p < .001). Follow-up analyses for the significant interaction demonstrated the 

following: 

10 Hz Stimulation. Thresholds were lower for both the mesopic (t(23) = 13.77, p < .001, 

Cohen’s d = 2.81) and dark (t(23) = 8.85, p < .001, d = 1.81) conditions than photopic 

conditions, whereas mesopic and dark conditions did not differ (t(23) = 2.25, p = .102, d = 

0.46). 

13 Hz Stimulation. Thresholds were lower for mesopic than both dark (t(23) = 7.58, p < .001, 

d = 1.55) and photopic (t(23) = 12.31, p < .001, d = 2.51) conditions, and lower for dark 

compared to photopic conditions (t(23) = 4.73, p < .001, d = 0.97). 

16 Hz Stimulation. Thresholds were lower for mesopic than both the photopic (t(23) = 9.64, p 

< .001, d = 1.97) and dark (t(23) = 10.27, p < .001, d = 2.10) conditions, whereas dark and 

photopic conditions did not differ (t(23) = 2.54, p = .055, d = 0.52). 

18 Hz Stimulation. Thresholds were lower for the mesopic than both photopic (t(23) = 7.98, p 

< .001, d = 1.63) and dark (t(23) = 11.65, p < .001, d = 2.38) conditions, and photopic less than 

the dark condition (t(23) = 4.12 p = .001, d = 0.84). 

20 Hz Stimulation. Thresholds were lower for the mesopic than both photopic (t(23) = 3.25, p 

= .009, d = 0.67) and dark (t(23) = 10.71, p < .001, d = 2.19) conditions, and photopic less than 

dark condition (t(23) = 7.29, p < .001, d = 1.49).  

The lowest thresholds within each lighting condition (across all frequencies) differed as a 

function of Lighting Condition (main effect: F(2,46) = 34.84, p < .001, 𝜂𝜂𝑝𝑝2 = .602), with lower 

thresholds found in the mesopic condition (at 16 Hz) relative to each of the dark (at 10 Hz; 

F(1, 23) = 54.88, p < .001, 𝜂𝜂𝑝𝑝2 = .705) and light (at 20 Hz; F(1, 23) = 66.42, p < .001, 𝜂𝜂𝑝𝑝2 = .743) 

conditions. No difference was found between the lowest light and dark condition thresholds 

(p = .772). 
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Figure 4.2 
A) Phosphene thresholds and standard errors for each ambient lighting condition at each frequency 
tested (10, 13, 16, 18 and 20 Hz). 
B) Regression-based estimates of normalised phosphene thresholds, as a function of stimulation 
frequency, for each ambient lighting condition. 
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Table 4.1 – Means (and standard errors) of phosphene thresholds 
for each frequency and lighting condition tested (n = 24) 
 
Frequency (Hz) Photopic Mesopic Dark 

10 655.2 (39.2) 270.8 (19.2) 328.1 (26.9) 
13 516.1 (32.7) 203.6 (16.0) 394.3 (30.6) 
16 366.1 (31.0) 130.2 (10.2) 449.0 (34.5) 
18 347.4 (28.3) 163.0 (12.5) 490.1 (33.8) 
20 294.3 (28.6) 206.3 (14.9) 553.6 (37.5) 

 

For the dark condition, a linear model (AICc = 193.02) produced a better fit than the quadratic 

model (AICc = 194.34). For the mesopic condition, a quadratic model (AICc = 199.46) produced 

a better fit than the linear model (AICc = 289.71). For the photopic condition, a quadratic 

model (AICc = 37.02) produced a better fit than the linear model (AICc = 64.34). 

The regression analyses (predicting threshold as a function of frequency) resulted in the 

following equations where 𝑦𝑦  was the phosphene perception threshold and 𝑥𝑥  was the 

stimulation frequency in Hz (normalized regression fits; see Figure 4.2b, p. 98): 

𝑦𝑦(𝐷𝐷𝑎𝑎𝐷𝐷𝐷𝐷) = 0.203𝑥𝑥 − 3.130,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .650,𝑝𝑝 < .001 

𝑦𝑦(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝𝑀𝑀𝑀𝑀) = 0.056𝑥𝑥2 − 1.800𝑥𝑥 + 13.682,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .634, 𝑝𝑝 < .001 

𝑦𝑦(𝐹𝐹ℎ𝑀𝑀𝑜𝑜𝑀𝑀𝑝𝑝𝑀𝑀𝑀𝑀) = 0.014𝑥𝑥2 − 0.655𝑥𝑥 + 6.587,𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅2 = .905,𝑝𝑝 < .001 
 

Subjects consistently reported that phosphenes in mesopic and dark conditions increased in 

luminosity (compared to their backgrounds) as the stimulation intensity increased. Under 

photopic conditions, subjects consistently reported that the flashing of the phosphene 

appeared to make their field of view seem darker compared to pre-stimulation perceived 

luminance levels, where the flashing alternated between a visible flash and the previous level 

of general luminosity. This distinction became stronger as stimulation intensity increased. 

Four subjects reported seeing coloured phosphenes; however, these reports were not 

consistent across those individuals or within individuals across sessions. 
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4.5: Discussion 

The aim of the study was to determine the relationships between phosphene detection 

thresholds and both ambient lighting and tES stimulation frequency. Those relations enabled 

us to test whether: 1) the findings from Chapters 2 and 3 of greater sensitivity to tES-induced 

phosphenes at 16 Hz were valid (as opposed to the standard view that sensitivity is greatest 

at 20 Hz; Lövsund et al., 1980; Rohracher, 1935; Schutter & Hortensius, 2010; Schwarz, 1947); 

and 2) this apparent contradiction in the literature was due to ambient lighting. 

As can be seen in Figure 4.2 (p. 98), each of the ambient lighting conditions had a unique 

phosphene threshold relation with stimulation-frequency, whereby thresholds increased 

with frequency in the dark condition, decreased with frequency in the photopic condition, 

and reduced with frequency from 10 Hz to 16 Hz and increased from 16 Hz to 20 Hz in the 

mesopic condition. Corresponding to this, threshold minima under dark, mesopic, and 

photopic conditions were found at 10 Hz, 16 Hz and 20 Hz respectively. This demonstrates 

that both ambient lighting conditions and stimulation frequency are important for 

determining the minimum current required to induce phosphenes. Correlation analyses 

showed consistent phosphene thresholds across sessions, indicating that order effects and 

the choice of which electrode was the cathode or anode had no significant effect on the 

results. 

The lowest thresholds overall were found under mesopic conditions (at 16 Hz), with 

thresholds significantly higher under both dark (at 10 Hz) and photopic (at 20 Hz) conditions 

across all frequencies tested. This means that threshold estimates obtained using the 

standard photopic or dark conditions, regardless of frequency, will overestimate the current 

required to induce phosphenes. It follows that guidelines using phosphene detection to set 

exposure restrictions based on data obtained in dark or photopic conditions (e.g., ICNIRP, 

2010), may underestimate the effect of electric current on neural processes (by 56 – 60%). It 

is important to note that even though such exposure guidelines typically rely on research 

using magnetic fields (rather than tES) to induce phosphenes, in both cases the cause of the 

phosphene is the current flowing through neural tissue (Lövsund et al., 1980), which 

stimulates the same physiological processes. It follows that the present results are also 
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applicable to research using magnetic fields to induce phosphenes and thus to low frequency 

electromagnetic field exposure guidelines. 

The present data also resolve the apparent discrepancy between the 16 Hz sensitivity found 

recently in Thiele et al. (2021) following the studies in Chapters 2 and 3, and also in studies 

reporting thresholds at either 10 or 20 Hz (e.g. Kanai et al., 2008; Schwarz, 1947). That is, the 

present findings confirm that mesopic conditions result in the greatest sensitivity at 16 Hz, 

whereas dark and photopic conditions (similar to those in past studies) result in the greatest 

sensitivity at 10 and 20 Hz tES respectively. There is thus no inconsistency, only predictable 

differences due to the differing ambient lighting conditions used. Overall, the results of this 

study relating to ambient lighting and frequency dependence are consistent across multiple 

forms of tES, whether using tACS as shown in Chapter 2 or sinusoidal tDCS as shown in Chapter 

3. While there are differences in the levels of current required to induce phosphenes across 

studies (e.g., Kanai et al., 2008; Thiele et al., 2021), this is likely a product of different 

methodological choices, as there are a multitude of variables that can change this threshold. 

As shown in Figure 1.2 (p. 21), even when using the same montage on the same sample, the 

current density in the eyes and brain can vary based on the size, shape, and surface area of 

the electrodes, the material from which the electrode is made, and the conductivity medium 

selected (e.g., conductive gel, electrolyte-soaked sponges). Changing any of these variables 

will change the volume conduction characteristics of the overall circuit, resulting in different 

levels of current density at the retina (Laakso & Hirata, 2013). As a result, while the 

comparison of thresholds across studies is of little value, the findings relating to frequency 

and lighting remain consistent despite any variations in stimulation methodology. 

Although it is tempting to suggest that different physiological processes are being engaged 

during tES in the mesopic relative to dark and photopic conditions, a simpler explanation may 

be sufficient to explain these results. As can be seen in Figure 4.2 (p. 98), the shape of the 

estimated distribution of thresholds in the mesopic condition matched that of the dark 

condition at frequencies below the approximate crossover point at 16 Hz, and also matched 

that of the photopic condition at frequencies above the 16 Hz crossover point. Taken 

together, it would thus appear that the mesopic condition may simply represent the 

combination of physiological processes normally engaged in each of the dark and photopic 

conditions. 
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Consistent with this hypothesis, there is evidence that the observed frequency dependence 

in tES-induced phosphene research can be explained by differences in the relative activity of 

rod-based and cone-based vision (Motokawa & Iwama, 1950; Neftel, 1878). Cells related to 

rod vision, which are primed to respond in dark conditions, are maximally sensitive to 

stimulation at circa 10 Hz (Benardete et al., 1992; Kaplan & Benardete, 2001; Lee et al., 1994), 

whereas cells related to cone vision, which are primed to respond in photopic conditions, are 

maximally sensitive to stimulation at circa 20 Hz (Adelson, 1982; Motokawa & Iwama, 1950). 

In itself, this would not explain the magnitude of threshold reduction in the mesopic condition 

(60% and 56%, relative to the dark and photopic conditions respectively), particularly given 

that 16 Hz is far from the ideal stimulation frequency for either rod- or cone-related cells. 

However, when coupled with what is known about the rod-cone processing delay, this would 

appear a viable hypothesis. That is, there is a delay between rod- and cone-related cell 

processing under mesopic conditions (MacLeod, 1972), but as the stimulation frequency 

reaches approximately 15 Hz, rods and cones start to fire in phase, which increases the signal 

at both rods and cones and enhances the perceptibility of the stimulation (Sharpe et al., 

1989). This critical 15 Hz frequency also approximates the crossover point of the dark and 

photopic regression estimates (see Figure 4.2b, p. 98), indicating that the rod-cone phase 

delay mechanism may be behind the lower overall thresholds at the nearby 16 Hz frequency 

in mesopic conditions. Further research would be required to test this hypothesis. 

While high levels of current can result in discomfort or pain at the site of stimulation (World 

Health Organization, 2007), these effects are typically found at stimulation strengths 

exceeding the maximum used in this study. The maximum strength of stimulation (1500 μA) 

in the present study was selected in order to avoid such side effects. One subject reported an 

unpleasant itching-like sensation at stimulation levels above 900 μA; however, the sensation 

immediately ceased upon termination of the stimulation. Despite multiple inquiries during 

each testing session, no other subject reported any negative side effects, either during or 

after stimulation. Indeed, as the study deliberately kept current levels low to identify 

thresholds, this reduced the opportunity to obtain meaningful information about the 

phosphene experience more generally, which may otherwise have helped shed light on the 

underlying physiology responsible for phosphene induction. Of particular relevance is the 

degree to which phosphenes were perceived in chromatic (as opposed to achromatic) colour, 
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as that could provide evidence for the relative mechanistic roles of rods and cones, as a 

function of frequency and lighting condition. However, given the low current strengths used 

in the study, only four subjects reported seeing chromatic colour, and reports were not 

consistent across those individuals or within each individual across sessions. We thus do not 

believe that these anecdotal reports are sufficient to enable interpretation. 

 

4.6: Conclusion 

The present study has shown that the apparent contradiction in the literature, in terms of tES 

stimulation frequency and phosphene detection threshold, was due to the different ambient 

lighting conditions used across past studies. That is, whereas thresholds under dark and 

photopic conditions are lowest for 10 and 20 Hz stimulation respectively, they do not 

represent overall thresholds, which occur at 16 Hz in mesopic conditions. The magnitude of 

threshold overestimation was very large (60 and 56% for dark and photopic conditions 

respectively), and thus important for the application of tES research. Physiological 

considerations suggest that the lower thresholds in mesopic conditions, and particularly at 16 

Hz stimulation, may be due to the involvement of both rod and cone photoreceptors, but 

further research is required to determine this. Importantly, our research also shows (for the 

first time) that dark, mesopic, and photopic lighting conditions each have their own unique 

phosphene threshold relationship with stimulation-frequency. 
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5 – GENERAL DISCUSSION 
 

The overarching purpose of this thesis was to shed light on long-held assumptions and fill 

various gaps in our understanding of tES-phosphenes, in order that there can be a better 

understanding of the effects of EMF on the body. As improvements in technology result in 

the expanded use of non-ionizing radiation in the environment, exposure guidelines should 

take any plausible exposure situation into account. To that end, this thesis had three primary 

aims: 

1) To confirm previous findings on the frequency-dependence of tES-induced 

phosphenes in multiple ambient lighting conditions; 

2) To determine the effect of mesopic lighting on tES-induced phosphenes; and 

3) To separate two possible biological sources of tES-induced phosphenes. 

Overall, these experiments show that ambient lighting has a strong effect on the current 

strength required to induce electrophosphenes, and on which stimulation frequencies make 

phosphenes easier to detect. Each lighting condition tested had its’ own frequency 

dependence characteristics regarding how much current was required to induce phosphenes, 

most of which were consistent with previous research findings. That said, these results show 

that mesopic lighting caused a sharp decrease in the current strength required to induce 

phosphenes compared to other lighting conditions, with different stimulation frequency-

dependent effects compared to other lighting conditions. The double dissociation analysis 

contradicted previously held views by showing that increasing current density in the visual 

cortex causes an increase in sensitivity to phosphenes generated at the retina compared to 

retinal stimulation alone. 

This chapter is separated into four sections: 1) a summary of the findings of each experiment; 

2) a discussion section where all experimental findings are synthesized into their key points 

with the existing literature; 3) the limitations of these experiments and how future 

experiments could address these issues; and 4) some concluding remarks. 
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5.1: Summary of Findings 

This section provides an overall summary of each individual experiment. This will include a 

description of the purpose and methodology of the experiment, any explicit hypotheses 

and/or expected outcomes that influenced the experimental design, and a summary of the 

experiment’s findings. This will be followed by a synthesis of the findings across all 

experiments and how they relate to the primary aims of the thesis listed above. 

 

5.1.1: Experiment One 

Description: The experiment in Chapter 2 explored two aspects of electrophosphene 

detection that had not yet been examined in the literature: 1) the effect of stimulation 

frequency on phosphene detection under mesopic lighting conditions, and 2) differences in 

frequency sensitivity and phosphene thresholds between retinal (FPz-Cz) and cortically-

targeting (Oz-Cz) montages. tACS-induced phosphene detection thresholds were compared 

across fifteen frequencies (2, 4, 6, …28, and 30 Hz) with consistent 0.6 cd/m2 luminance in the 

subject’s entire field of view, using two montages that preferentially targeted the retina (FPz-

Cz) and the visual cortex (Oz-Cz) respectively. 

Expectations and Hypotheses: Outcomes for this study were difficult to predict as there are 

only two previous studies that examined phosphenes in mesopic conditions using both 

montages, and they offer limited insights into mesopic phosphene perception (Kar & 

Krekelberg, 2012; Schutter & Hortensius, 2010). Both studies used inconsistent lighting across 

the subject’s field of view (a partially lit computer monitor in a darkened room), and neither 

provided (or was intended to provide) an adequate analysis of phosphene thresholds or 

frequencies to reach a conclusion with any confidence. Kar and Krekelberg (2012) tested 

phosphene thresholds at seven frequencies but reported only four (8, 10, 15, and 20 Hz), 

while the phosphene thresholds were only presented on five individual line charts (one for 

each subject). No numerical threshold values were reported for individual subjects or 

averaged across the sample, and no statistical analysis examining differences in thresholds 

between conditions or montages was reported. Schutter and Hortensius (2010) compared 

subjective phosphene intensity at three frequencies (2, 10, and 20 Hz) using two fixed degrees 
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of current strength (250 and 1000 µA), reporting more intense phosphenes at 1000 µA in the 

FPz-Cz montage at 10 and 20 Hz. Both of these studies reported greater intensity of 

phosphenes in the FPz-Cz montage, which was also expected to be the case in the current 

study. 

Experimental Findings: Consistently lower thresholds were found in the FPz-Cz montage 

compared to Oz-Cz across all frequencies; these thresholds were lowest at 16 Hz in both the 

FPz-Cz and Oz-Cz montages. Regression analyses showed differences in the shapes of the 

frequency distribution between montages, but no significant difference in the frequency 

producing minimum thresholds between montages. Recorded thresholds at 16 Hz were 

significantly lower in both montages compared to frequencies commonly reported as 

sensitive to phosphene perception in lit (20 Hz) and dark environmental conditions (10 Hz). 

This suggests that the frequency dynamics of tES phosphene thresholds in mesopic conditions 

are unlike those of any other ambient lighting condition previously reported. 

 

5.1.2: Experiment Two 

Description: The second study was designed to address three issues that need to be resolved 

for a greater understanding of electrophosphenes: 1) the source separation issue between 

retinal and cortical electrophosphenes; 2) to determine if the 16 Hz sensitivity found in the 

previous study can be replicated in a different sample; and 3) whether stimulation polarity 

has any effect on electrophosphene detection. Electrophosphene thresholds were compared 

across seven frequencies of tDCS (6, 10, 16, 20, 24, 28, and 32 Hz) with consistent 0.6 cd/m2 

luminance in the subject’s entire field of view, using four montages that preferentially 

targeted the temporal lobe (T3-T4), the retina (FPz-Cz), the visual cortex (Oz-Cz), and both the 

retina and visual cortex simultaneously (FPz-Oz). A double dissociation employing both 

phosphene thresholds and modelled estimates of current density in MRI images of twenty 

real head models was used to consider the effects of stimulating the cortex and/or stimulating 

the retina. Polarity effects were assessed by counterbalancing which electrode was the 

cathode across the entire sample for each montage. 
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Expectations and Hypotheses: The previous study found that tACS at 16 Hz was most likely 

to produce the lowest thresholds in mesopic conditions, and it was expected that this finding 

would be replicated. That said, little confidence could be held in that expectation until this 

unprecedented result could be replicated in a different sample. Similar to previous studies 

using multiple montages, it was hypothesized that thresholds would fall as electrodes were 

arranged closer to the retina. There was no expectation that polarity would have a significant 

effect on phosphene thresholds, however, this potential confound should be tested by using 

tDCS since 1) this allows polarity to be consistent and controllable; and 2) any potential effect 

of polarity on phosphene thresholds (null or otherwise) has not been established in the 

literature. The only previous study that examined current density modelling in these 

montages (Laakso & Hirata, 2013) used different sized electrodes for each montage their 

modelling was based on, which would cause differences in how current density is distributed 

throughout the head (see 1.3.3.4: Volume Conduction and Current Density, p. 18) making it 

difficult to predict any likely outcome regarding current density modelling. 

Experimental Findings: Consistent with the findings of the tACS study in Chapter 2, tDCS at 

16 Hz produced the lowest thresholds across all montages. Changing stimulation polarity had 

no effect on phosphene thresholds in any condition or combination of conditions. Thresholds 

fell as electrodes were arranged closer to the retina as expected, with the exception of the 

FPz-Oz montage, which produced the lowest thresholds in all frequencies compared to any 

other montage. Current density modelling showed that stimulation at the phosphene 

threshold in the FPz-Oz montage produced less current density in the eyes compared to 

stimulation at the phosphene threshold in the FPz-Cz montage, showing that tACS delivered 

over the visual cortex can facilitate phosphene perception. 

 

5.1.3: Experiment Three 

Description: While the previous two studies have established the frequency dynamics of tES-

induced phosphenes in mesopic conditions, it is important to see how they compare to other 

lighting conditions. The third study compared phosphene thresholds across five frequencies 

(10, 13, 16, 18, and 20 Hz) of tDCS using an FPz-Cz montage in three separate lighting 

conditions: photopic (77.1 cd/m2), mesopic (0.6 cd/m2) and dark (0 cd/m2). All possible 
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combinations of conditions were tested twice on separate days to assess the test-retest 

reliability of the REPT algorithm. Polarity effects were again assessed by counterbalancing 

which electrode was the cathode across the entire sample for each condition. 

Expectations and Hypotheses: As seen in Table 1.1 (p. 24), past estimates of the stimulation 

frequencies that produce the lowest phosphene thresholds appear to be inconsistent for both 

photopic lighting and dark conditions. However, it was considered most likely that the 

commonly reported sensitivities (20 Hz in photopic conditions and 10 Hz in dark conditions 

with minimal dark adaptation time) would produce the lowest thresholds. As in the previous 

two studies, 16 Hz was predicted to produce the lowest thresholds in the mesopic condition. 

Previous studies on how phosphene thresholds compare across lighting conditions report that 

phosphene thresholds are higher in dark conditions compared to lit conditions (Schwarz, 

1947; Kanai et al., 2008). There was little reason to expect a different finding in Experiment 

3. However, as these two past studies did not form a strong evidence base, it was important 

to confirm that these reported differences between lighting conditions could be replicated. 

The dearth of studies in mesopic conditions made it difficult to estimate how thresholds in 

mesopic conditions would compare to other lighting conditions; the only study employing all 

three lighting conditions is Schwarz’ (1947) single person case study that used inconsistent 

fields of view for each lighting condition (see 1.5.3: Ambient Lighting – Limitations of the 

Literature, p. 37), which does not provide sufficient predictive value to form a plausible 

hypothesis. 

Experimental Findings: REPT showed strong test-retest reliability across all combinations of 

conditions tested. Like the previous study, changing stimulation polarity had no effect on 

phosphene thresholds. Both photopic and dark conditions resulted in the lowest phosphene 

thresholds at the expected 20/10 Hz stimulation frequencies, while mesopic conditions again 

resulted in the lowest phosphene thresholds at 16 Hz. Mesopic conditions resulted in the 

lowest phosphene thresholds across all frequencies tested compared to photopic or dark 

conditions, indicating that mesopic conditions (which are not presently considered in 

exposure guidelines) provide the worst-case scenario for electrophosphene detection. 
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5.2: Synthesis of Findings 

5.2.1: Phosphene Thresholds Are Affected by the Interaction Between 

Ambient Lighting and Stimulation Frequency 

Guidelines on EMF exposure use experimental thresholds for phosphene perception as a 

conservative estimate for the potential of EMF to interfere with the central nervous system 

(CNS; ICNIRP, 2010; IEEE, 2019). The electric field strength required to induce 

electrophosphenes can be estimated by determining the minimum phosphene threshold 

across a variety of plausible conditions and using these values to generate modelled estimates 

of the electric field strength throughout the head. When comparing all three lighting 

conditions in Chapter 4, phosphene thresholds were lowest across all frequencies tested (10 

- 20 Hz) in the mesopic condition, with the lowest mesopic threshold measured at 56 - 60% 

lower than any threshold found in photopic or dark conditions. Even this comparison may be 

underestimating the differences in thresholds when the visual cortex is stimulated as well as 

the retina: the FPz-Oz montage used in Chapter 3 produced mean thresholds of 87.5 µA, 70 - 

74% lower than those found in any other lighting condition in Chapter 4 using the FPz-Cz 

montage (294.3 µA in photopic conditions, 328.1 µA in dark conditions). 

The modelling estimates of mean phosphene thresholds in Chapter 3 showed electric field 

strength was higher than the 50 mV/m exposure limit recommended by ICNIRP (2010) at 

some point within the head across all montages. While the mean electric field strength may 

have been consistently above the 50 mV/m recommendation, it remains the case that a 

considerable proportion of the sample tested were detecting phosphenes with lower electric 

field strength than current guidelines recommend. As research into EMF-induced phosphenes 

in mesopic conditions is relatively new and thus unavailable for consideration, this indicates 

that current exposure guidelines are using particularly insensitive scenarios to inform 

estimates for EMF exposure restrictions. 

Previously reported sensitivities to phosphenes at 20 Hz in photopic conditions and 10 Hz in 

dark conditions were confirmed in Chapter 4, while the sensitivity to phosphenes at 16 Hz in 

mesopic conditions was consistent across all three studies. It remains unclear why these 

specific frequencies caused such effects, but adding the mesopic lighting evidence provides 
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further insights into the potential mechanisms behind phosphene perception. When 

considering cortically-induced electrophosphenes, it is frequently reported that EEG 

recordings of the visual cortex in normal operation show greater spectral band power in the 

alpha band (typically 8 – 12 Hz) in dark conditions, a range that includes the 10 Hz sensitivity 

to phosphenes in dark conditions (Palva & Palva, 2007). Similarly, EEG in the visual cortex 

shows greater spectral band power in the beta band (typically 12 – 30 Hz) in lit conditions, 

again including the 20 Hz sensitivity to phosphenes in photopic conditions (Gale et al., 1971). 

No such association between EEG in the visual cortex and spectral power in mesopic 

conditions at 16 Hz has been reported, although this may be a consequence of using 

frequency bands to describe cortical activation differences rather than specific frequencies. 

Considering retinally-induced electrophosphenes, the sensitivity to stimulation at 10 Hz fits 

well with previous findings that rod photoreceptors are maximally sensitive to activation both 

in dark conditions and when stimulated at around 10 Hz (Benardete et al., 1992; Kaplan & 

Benardete, 2001; Lee et al., 1994), while cone photoreceptors are maximally sensitive to 

activation both in well-lit conditions and when stimulated at around 20 Hz (Adelson, 1982; 

Motokawa & Iwama, 1950). The mesopic sensitivity at 16 Hz fits well with the rod-cone phase 

delay mechanisms under mesopic conditions, where both photoreceptor types will fire in 

phase at 15 Hz and strengthen visual perception in that region (Stockman & Sharpe, 2006). 

 

5.2.2: tES Over the Occipital Lobe Can Enhance Phosphene Perception 

Examining the differences in thresholds across the range of montages used (and the modelled 

estimates of current density for each montage) makes it clear that the retina is the structure 

most sensitive to electrophosphenes. That said, there is now evidence that cortical 

stimulation can contribute to phosphene detection even when comparatively low levels of 

current density are applied. The claim by Kanai and colleagues (2008) that tES over the visual 

cortex could induce cortical phosphenes has met with consistent pushback (e.g., Laakso & 

Hirata, 2013; Schutter & Hortensius, 2010; Schwiedrzik, 2009). These researchers have argued 

that Kanai’s results were more likely to be caused by retinal activation via volume conduction. 

While this was likely the case in Kanai et al. (2008), a follow-up study by Kanai and colleagues 

in 2010 reported that thresholds for retinal phosphenes were lowered when TMS was applied 
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to the visual cortex. This demonstrated the possibility that the visual cortex could play a role 

in phosphene perception; however, the question remained whether tES applied to the visual 

cortex could produce the same result. The double dissociation in Chapter 3 showed that a 

small amount of current delivered over the visual cortex lowered the current required at FPz 

to produce phosphenes in a similar fashion to Kanai and colleagues 2010 study using TMS. In 

addition, current density analysis confirmed that the same phosphene phenomenon was 

produced in the FPz-Oz montage by generating less current density in the eyes compared to 

the FPz-Cz montage. If retinal stimulation alone was sufficient to produce phosphenes, then 

based on the estimated current density in the eyes, the FPz-Cz montage results should have 

been indistinguishable from those of the FPz-Oz montage, but this was not the case. 

Contradicting the commonly held view that “the closer electrodes get to the retina, the 

stronger the phosphenes are”, moving one electrode from the vertex of the scalp (Cz) to the 

very back of the head (Oz) actually decreased the current required to produce phosphenes. 

It should be made clear that this finding does not mean that tES can produce phosphenes 

solely by stimulating the cortex; rather, tES applied to the visual cortex can facilitate 

phosphene perception. While the Oz-Cz montage used in Chapter 3 resulted in comparably 

low current density in the eye compared to other montages (see Table 3.3, p. 78), this result 

cannot be said to demonstrate phosphenes can be induced solely from direct cortical 

stimulation. Even so, it should be acknowledged that comparatively little current needs to 

reach the occipital lobe in the FPz-Oz montage to enable this facilitation to occur. At the 

average phosphene threshold for the FPz-Oz montage, the mean electrical field strength 

(based on the modelled estimates shown in Chapter 3) in the grey matter within 40mm of Oz 

(15.9 mV/m), compared to 67.1 mV/m in the Oz-Cz montage at its’ own phosphene threshold. 

For reference, it is estimated that moving into a 4T MRI at 0.5 m/second can generate peak 

electrical field changes in the body of approximately 1800 mV/m (Liu et al., 2003). 

The 15.9 mV/m electric field strength for phosphene detection in the Oz-Cz montage is 

comparable to the electrical field strength in the same region created by the T3-T4 montage 

at its’ own phosphene threshold (14.4 mV/m). Interestingly, the T3-T4 montage produced 

phosphenes at lower levels of estimated electric field strength in the eyes (37.5 mV/m) 

compared to FPz-Cz (75.3 mV/m) or FPz-Oz (54.4 mV/m). It may be the case that current being 

spread to the occipital cortex via volume conduction may be facilitating phosphene 
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perception, in the same way that phosphenes can be generated via volume conduction to the 

retina. This tentative hypothesis would require further validation. 

This finding demonstrates that discussions on the effects of tES should consider the univariate 

fallacy. Multiple studies and commentaries treat the retinal/cortical phosphene source 

discussion as an either/or matter regarding the retinal and cortical phosphenes (e.g., Kar & 

Krekelberg, 2012; Schutter & Hortensius, 2010; Schwiedrzik, 2009), overlooking that the brain 

is an interactive set of networks and modules where no two functions are completely 

independent. The visual system is no exception; the effects of bottom-up mechanisms from 

the eyes will interact with the top-down processes of the visual cortex and later functional 

areas like the inferior temporal cortex (Mechelli et al., 2004; McMains & Kastner, 2011; Zeki, 

2015), often making the eyes and the cortex inseparable. Examining the effects of tES should 

always consider interaction effects across the relevant functional network being manipulated, 

not just individual nodes within that network. 

The counterbalancing of which electrode was the cathode/anode in Chapters 3 and 4 showed 

stimulation polarity had no effect on phosphene thresholds, nor did the use of either tACS 

(Chapter 2) or tDCS (Chapters 3 and 4) measurably affect thresholds. This means that the 

effect of tES was the same whether stimulated cells were subject to relative changes in 

polarity (i.e., becoming increasingly hyperpolarized or depolarized) or if polarity was reversed 

(from negative to positive). Neither the retina nor the grey matter of the visual cortex requires 

a complete reversal of polarity to change activation state; photoreceptors in the retina have 

a resting potential of -40 mV which hyperpolarizes to -80 mV when activated (Attwell, 1990), 

while neuronal cell bodies in the occipital grey matter only require a shift from approximately 

-70 mV to approximately -55 mV to trigger an action potential (Squire et al., 2012). As such, 

the findings on polarity do not rule out either the retina or the cortex as potential phosphene 

sources, however, they do indicate that the use of both tACS and tDCS can be effective in 

producing phosphenes. 

 

5.2.3: REPT Is Effective in Assessing Phosphene Thresholds 



113 
 

Chapter 4 examined the test-retest reliability of REPT and found it to be a reliable algorithm 

for phosphene perception, with r values ranging between .91 and .99 across the 15 

combinations of five frequencies and three lighting conditions tested (Frequency * Lighting) 

using the FPz-Cz montage. Given that significant differences in thresholds were at times less 

than 50 µA, these r values could be improved by using a stimulator with a smaller step-size in 

current than the 25 µA allowed by the stimulator used in this thesis, allowing greater precision 

in identifying the approximate threshold. 

This finding is of particular value for researchers using tES, TMS or galvanic stimulation to 

examine sensory thresholds in many fields of study. Most stimulators are not designed to 

change stimulation parameters quickly or during stimulation, as sudden changes in current 

density in the body can result in harm. As a result of this, testing times for sensory thresholds 

using EMF can take a lot longer than other forms of sensory stimulation such as light or sound, 

as those forms of sensation are generally safer to manipulate quickly even during stimulation. 

The REPT testing algorithm has demonstrated that it can provide reliable thresholds using a 

comparatively low number of trials, allowing for a broader range of conditions to be tested 

on the same sample. 

 

5.3: Limitations and Future Research 

The initial study in Chapter 2 used a broad range of frequencies (2 – 30 Hz) that were 

considered likely to produce phosphenes in mesopic conditions based on the limited 

literature available; however, given the time required to collect tES phosphene thresholds 

(even using REPT), only fifteen specific frequencies could be used. The resulting frequency 

dependent effects in mesopic conditions (including finding the lowest threshold at 16 Hz) had 

never been reported before, therefore it was important to ensure the finding could be 

replicated in following studies. After producing the same 16 Hz result under mesopic lighting 

in three studies, it can now be said with more confidence (and precision) that tES-induced 

phosphenes in such conditions are more likely to be perceived when stimulation is delivered 

at around 16 Hz. We cannot be certain about the exact frequency value, as frequencies such 

as 15 Hz or 17 Hz were not tested. If the rod-cone phase delay mechanism is driving this 
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sensitivity to phosphenes in mesopic conditions, this can be established by testing at a 

narrower set of frequencies in this range. One option would involve keeping the current 

applied constant, while using frequency as an independent variable. A drawback to this is that 

it would require using a subjective measure such as phosphene intensity as a dependent 

variable, which may prove unreliable when comparing the intensity of phosphenes being 

delivered anything up to 30 seconds apart. Alternately, the rod-cone phase delay mechanism 

could also be examined by using mesopic ambient lighting at specific wavelengths of light that 

only activate rods or cones (e.g., Benimoff et al., 1982; Frumkes et al., 1972) as well as both. 

Time limitations for each study meant only three specific levels of luminance could be tested: 

dark (0 cd/m2), mesopic (0.6 cd/m2) and photopic (77.1 cd/m2). The division between each 

category is arbitrary; there is no specific value that separates scotopic (dark) from mesopic or 

a value that separates mesopic from photopic. Nor is there any estimate of how the 

phosphene frequency sensitivity shifts between these lighting conditions; in other words, it is 

not known how frequency sensitivity changes as a function of luminance. This could be 

measured by using luminance as the dependent variable, keeping current applied constant, 

and using frequency as an independent variable. 

Advocates for tES phosphenes induced via occipital lobe stimulation (e.g., Kanai et al., 2008) 

note that stimulation matching alpha- and beta-bands, already linked with dominant EEG 

frequencies at the occipital lobe during light and dark conditions, produces stronger 

phosphenes. This observation cannot be extended to phosphenes in mesopic conditions, 

since there have been no EEG studies that examine how EEG spectral band power changes as 

ambient lighting gradually shifts between light and dark (and vice-versa). Measuring these 

luminance-based EEG frequency dynamics and comparing them to phosphene thresholds at 

those specific frequencies would provide further insight into the nature of cortex-based 

phosphenes. Similarly, comparing the frequency-luminance interaction of occipital EEG to the 

results of the frequency-luminance interaction of retinal phosphene perception experiment 

described in the previous paragraph would provide further insight into the relationship 

between retinally- and occipitally-induced electrophosphenes. 

A recurring issue with EMF research is determining how changes in current density affect the 

brain and the CNS. This is complicated by the difficulties inherent in measuring changes in a 
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living, dynamic system; inserting a probe that measures changes in EMF itself causes changes 

in the electrodynamics of the body, therefore creating a confound that makes obtaining 

actual changes in current density difficult. Modelling estimates of current density provide a 

healthy alternative, however, error variance will inevitably increase when 1) there is subject-

wise variability in phosphene thresholds across the sample, and 2) the estimation procedure 

uses different head models compared to the sample. When determining phosphene 

thresholds in an actual population, the distribution of tissue types throughout the head (and 

the resulting electroconductivity properties) varies between individuals, resulting in varying 

distributions of current density from subject to subject. As this distribution will determine the 

current density at the retina and visual cortex, the distribution of tissues will influence the 

phosphene thresholds subjects report. If modelling estimates of current density are to 

accurately reflect the sample, it is ideal that the head models used match the sample as 

closely as possible. The optimal approach would be to record a T2-weighted MRI image of the 

test subject’s head (ideally without fat suppression; Nielsen et al., 2018), so that the current 

density resulting from the phosphene thresholds of that individual subject can be modelled 

on the subject’s actual head. An alternative is to use TMS to induce phosphenes where the 

current density at a particular site can be more accurately calculated, however TMS applied 

to the retina carries a risk of causing retinal tears and/or vitreous detachment in the eyes 

(Kung et al., 2011), and the considerably longer testing times required (Epstein, 1998; Hallett, 

2007) means that less data can be recorded in a given timeframe (for more information, see 

1.3.1: tES, TMS and Galvanic Stimulation, p. 10).  

 

 

5.4: Conclusion 

Overall, this thesis demonstrated that tES-induced phosphenes in mesopic conditions 

required considerably less current to be applied for phosphenes to be perceived. Phosphenes 

in mesopic conditions were most perceivable at 16 Hz, closely aligning with the rod-cone 

phase delay mechanism in the retina. This frequency sensitivity differed from the previously 

reported frequency dynamics found in dark and photopic lighting conditions, and each of 



116 
 

these findings was observed regardless of stimulation polarity. While most tES phosphenes 

appear to have a retinal origin, differences in current applied and modelled current density 

estimates indicate that tES applied over the visual cortex can make phosphenes more 

perceptible, contradicting the commonly reported view that cortical tES does not influence 

phosphene perception. REPT was demonstrated to be a reliable and efficient algorithm for 

estimating phosphene thresholds, with high test-retest reliability across a wide range of 

conditions. 
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APPENDIX A 
 

Adaptation of tES safety protocol from Keel et al. (2008) conducted via phone interview. 

 

Hello, this is Ian Evans from the University of Wollongong returning your call about the 
transcranial stimulation study. Is this a good time for you to discuss it? (If Yes, then proceed. 
If No, then schedule another time to call.) 

Good, well I’ll start by giving you some details about the study. If you have any questions, feel 
free to ask them at any time. First, a little background: You may have noticed sometimes when 
you close your eyes you can still see some blobs of light, especially after you’ve been looking 
at a light. These are called phosphenes, and they can also be induced by very mild 
electromagnetic fields. This study is trying to determine the smallest strength of 
electromagnetic field required to generate a phosphene. 

To do this, we use a technique known as transcranial alternating current stimulation. This 
involves attaching a sponge to either the forehead or the back of the scalp over the visual 
processing area of the brain, and applying a brief, mild electrical current at varying strengths 
until you see a phosphene. We will do this for five different frequencies of stimulation to test 
whether the threshold is affected by the frequency of stimulation. The entire study is 
expected to take two hours split into sessions of a little under one hour each, with a break in 
between. We can do this on separate days if it fits in with your schedule. To compensate for 
your time, you will receive either two credit points for the SONA program or a $30 gift 
voucher. All data collected will be anonymised, so there will be no way to identify you from 
the results. Do you wish to participate in the study?  

(If Yes, then proceed. If No, “That’s fine, thanks for your interest. Goodbye.” and terminate the 
call.) 

Very good. Now before enrolling you in this study, I need to determine if you are eligible to 
participate. I’m just going to ask a few questions in order to make sure there are no safety 
concerns. The questions focus on your vision and any history of head injury. If you do not wish 
to disclose any information, feel free to decline to answer the question. Are you happy to 
proceed? 

(If Yes, then proceed. If No, “That’s fine, thanks for your interest. Goodbye.” and terminate the 
call.) 
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Okay then. First of all, have you ever had an adverse reaction to any type of brain scan or 
stimulation? (If Yes, the subject is ineligible. Continue with the questions.) 

Do you have normal or corrected vision? (such as glasses or contact lenses)? (If No, the subject 
is ineligible. Continue with the questions.) 

Have you ever had a seizure? (If Yes, inquire about the nature of the seizure. If the condition 
is serious, recurring or recent (i.e. within the previous year), the subject is ineligible. If the 
subject does not wish to discuss it, proceed to the next question and the subject is ineligible.) 

Have you ever had a stroke? (If Yes, the subject is ineligible. Continue with the questions.) 

Have you ever had a head injury (include neurosurgery)? (If Yes, continue. This question is 
here to prompt any memory of metal or other medical implants relating to the next question) 

Do you have any metal in your head (outside of the mouth), such as shrapnel, surgical clips, 
or fragments from welding or metalwork? (If Yes, the subject is ineligible. Continue with the 
questions.) 

Do you have any implanted devices such as cardiac pacemakers, medical pumps, or 
intracardiac lines? (If Yes, the subject is ineligible. Continue with the questions.) 

Do you suffer from frequent or severe headaches? (If Yes, inquire about the nature of the 
headaches. If the condition is serious, recurring or recent (i.e. within the previous year), the 
subject is ineligible. If the subject does not wish to discuss it, proceed to the next question and 
the subject is ineligible.) 

Have you ever had any other brain-related condition? (If Yes, inquire about the nature of the 
condition. If the condition is serious, recurring or recent (i.e. within the previous year), the 
subject is ineligible. If the subject does not wish to discuss it, proceed to the next question and 
the subject is ineligible.) 

Have you ever had any illness that caused brain injury? (If Yes, inquire about the nature of the 
condition. If the condition is serious, recurring or recent (i.e. within the previous year), the 
subject is ineligible. If the subject does not wish to discuss it, proceed to the next question and 
the subject is ineligible.) 

Are you taking any medications? (If Yes, ask if the medication is psychoactive and clearly say 
“Please just answer Yes or No”. If Yes, the subject is eligible to participate but this should be 
noted in the dataset as a possible confound).  

Do you need further explanation of transcranial alternating current stimulation? 

If the subject is eligible: 
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Right, well based on your answers, you are eligible to participate in the study. Would you like 
to take part? (If Yes, then proceed. If No, “That’s fine, thanks for your interest. Goodbye.” and 
terminate the call.) 

Would you like to schedule a time to take part in the experiment? (If Yes, schedule an 
appointment and make sure they know how to get to the laboratory. Give directions as 
necessary, and advise them about parking arrangements for subjects. If No, set up a time to 
call back and schedule an appointment). 

In addition, would you like me to send you information about the study? (If Yes, ask for their 
email address and send them the Subject Information Sheet.) 

Right, well thank you for your time, and I’ll see you on (day of experiment). Goodbye. 

If the subject is ineligible: 
Right, well based on your answers, I’m afraid you are not eligible to participate in the study. 
(Explain why the contraindications are an issue. Apologise for troubling them, and terminate 
the call). 
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APPENDIX B 
Table A.1: Individual subject thresholds (in µA) for each montage and frequency from 
Experiment One (Chapter 2) 
 

FPz-Cz Montage 
ID 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
1 1500 1325 1025 550 275 200 150 150 175 225 350 375 475 750 725 
2 650 575 225 200 125 75 100 50 125 75 75 175 175 225 275 
3 1125 575 375 175 125 150 75 75 75 100 175 200 250 525 575 
4 1500 475 375 375 250 150 125 175 125 200 150 150 300 225 300 
5 1500 725 575 425 250 225 175 150 150 150 175 250 325 450 550 
6 800 650 500 375 250 200 150 125 100 100 150 200 275 375 500 
7 1500 1275 675 375 200 200 225 150 175 150 200 200 300 275 425 
8 1500 850 375 225 150 150 75 100 75 100 150 125 150 225 225 
9 1500 1500 1100 500 500 275 175 125 100 200 250 300 475 575 700 
10 1200 850 525 300 200 175 100 100 125 100 150 200 225 400 400 
11 1500 1500 1500 750 500 475 200 200 125 300 350 400 475 700 700 
12 1500 1500 925 525 250 150 125 100 125 125 150 150 200 250 300 
13 1250 900 550 375 200 175 125 75 75 50 75 125 125 150 125 
14 1500 1500 1500 475 350 150 125 50 50 75 100 175 225 300 150 
15 1500 900 575 400 225 125 125 75 125 175 175 300 325 575 575 
16 1500 1500 700 625 225 200 150 125 175 100 100 225 275 325 400 
17 1500 1075 500 300 275 175 100 125 100 125 125 125 200 300 425 
18 1475 850 625 375 325 125 125 125 150 225 125 275 425 300 350 
19 1500 1000 650 275 200 200 175 225 250 275 300 325 425 525 475 
20 1500 1500 850 675 525 500 325 100 200 175 325 375 500 650 825 
21 1500 1175 750 450 325 200 200 150 100 125 200 200 325 375 350 
22 1500 900 375 375 300 175 200 150 225 250 250 300 400 450 575 
23 1500 1500 1500 425 300 325 150 100 100 125 200 225 275 375 575 
24 1500 600 300 300 175 150 125 125 100 125 150 175 350 425 450 

Oz-Cz Montage 
ID 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
1 1500 1500 1500 1025 800 825 600 450 600 1000 1200 1475 1500 1500 1500 
2 1500 1500 1500 950 850 575 400 325 425 525 725 750 1500 1500 1500 
3 1500 1500 1200 1000 475 400 225 175 150 575 775 1200 1350 1500 1500 
4 1500 1500 1500 1500 900 600 400 400 350 600 725 650 1175 1375 1350 
5 1500 1500 1500 1400 875 700 600 525 550 650 825 1150 1450 1500 1500 
6 1500 1500 1450 1125 775 600 475 375 400 700 900 1175 1475 1500 1500 
7 1500 1500 1500 1250 750 525 375 225 375 400 425 575 500 700 825 
8 1500 1500 1275 725 375 350 250 275 200 200 400 400 725 825 900 
9 1500 1500 1500 1500 1100 925 775 550 675 1075 1475 1400 1500 1500 1500 
10 1500 1500 1500 1125 1200 925 675 675 625 800 1025 1425 1500 1500 1500 
11 1500 1500 1500 1375 800 650 600 275 375 400 425 1050 1500 1500 1500 
12 1500 1500 1150 775 600 425 325 200 175 200 225 400 475 750 900 
13 1500 1500 1500 1025 450 400 400 250 250 200 375 425 675 900 900 
14 1500 1500 1500 1500 975 450 350 175 275 600 850 1300 1500 1500 1500 
15 1500 1500 1500 950 650 450 450 250 550 850 875 1175 1500 1500 1500 
16 1500 1500 1500 1200 1050 700 600 475 325 575 700 925 1500 1500 1500 
17 1500 1500 1500 1500 500 400 300 325 150 550 800 900 1225 1050 1450 
18 1500 1500 1500 1275 675 350 350 250 200 275 500 700 775 950 950 
19 1500 1500 925 700 675 625 650 750 750 1100 1275 1500 1500 1500 1500 
20 1500 1500 1500 1500 850 725 575 475 475 550 700 700 1100 1425 1500 
21 1500 1500 1500 1500 1075 650 425 250 250 550 675 1050 1325 1500 1500 
22 1500 1400 925 800 600 400 375 400 400 450 750 725 775 850 1000 
23 1500 1500 1500 1500 775 800 475 300 400 375 400 550 825 900 1500 
24 1500 1500 1500 950 575 575 425 200 375 400 525 650 850 1500 1500 
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APPENDIX C 
Table A.2: Individual subject thresholds (in µA) for each montage and frequency from 
Experiment Two (Chapter 3) 
 
 FPz-Cz Montage Oz-Cz Montage 
ID 6 10 16 20 24 28 32 6 10 16 20 24 28 32 
1 975 300 100 250 450 675 975 1500 700 525 925 1500 1500 1500 
2 225 100 75 125 250 300 475 1500 800 250 475 775 1400 1500 
3 550 250 150 175 250 425 625 1500 875 525 625 1175 1500 1500 
4 500 250 125 125 200 375 550 1500 775 400 700 1150 1500 1500 
5 650 200 175 200 250 375 900 1500 700 325 475 650 800 1500 
6 375 150 75 100 100 275 275 1250 475 275 300 525 950 1500 
7 1075 600 175 200 350 675 900 1500 1175 525 1125 1425 1500 1500 
8 575 200 150 175 250 500 600 1500 1100 600 750 1325 1500 1500 
9 1475 500 200 300 400 700 875 1500 800 275 400 1050 1500 1500 
10 900 225 100 75 150 200 300 1175 550 200 200 425 750 1500 
11 550 250 100 75 125 225 175 1500 550 325 325 550 1000 1500 
12 1500 275 100 175 200 400 350 1500 900 250 700 1350 1500 1500 
13 575 300 100 275 350 675 550 1500 725 250 825 1200 1500 1500 
14 675 225 75 100 125 275 200 1500 975 450 500 825 1500 1500 
15 600 225 100 125 275 400 650 1500 625 200 225 600 950 1500 
16 800 425 125 175 275 550 675 1500 925 450 550 800 1500 1500 
17 850 425 175 225 275 475 425 1500 1150 325 675 1175 1500 1500 
18 325 225 200 200 250 425 800 1500 550 275 500 725 1500 1500 
19 400 175 125 150 425 575 500 1500 1100 575 1150 1500 1500 1500 
20 875 525 200 175 275 700 700 1500 875 475 750 1400 1500 1500 
21 550 250 150 175 250 400 600 1500 850 500 650 1125 1500 1500 
22 500 225 100 125 200 350 525 1500 750 400 650 1075 1450 1500 

 FPz-Oz Montage T3-T4 Montage 
ID 6 10 16 20 24 28 32 6 10 16 20 24 28 32 
1 750 125 175 175 325 800 825 1475 375 200 350 1050 1375 1500 
2 200 125 25 25 100 150 325 1150 450 225 175 350 575 925 
3 500 200 100 125 175 350 575 1300 550 275 300 350 550 850 
4 450 175 75 100 150 275 425 1250 525 250 300 350 525 800 
5 200 125 75 125 125 200 300 1050 250 175 150 200 475 600 
6 550 175 50 75 125 200 250 1400 425 225 325 475 725 1250 
7 1100 300 100 150 250 650 700 1500 775 150 450 925 1450 1500 
8 600 325 225 275 575 750 775 1475 525 275 525 775 1475 1500 
9 425 100 50 100 125 250 400 1125 200 175 100 100 400 775 
10 750 225 50 50 75 75 125 1125 325 100 100 175 275 450 
11 500 125 75 100 125 150 150 900 425 125 100 200 425 1200 
12 825 325 75 100 200 300 250 1500 500 375 700 850 1300 1500 
13 625 250 100 175 275 500 375 1150 225 150 200 475 1000 900 
14 500 150 50 75 125 250 200 1325 500 150 200 275 575 875 
15 525 100 50 125 175 300 425 1150 200 175 100 100 400 775 
16 450 200 100 125 175 300 575 1425 550 200 200 350 650 1050 
17 825 225 75 75 150 275 275 1500 475 150 250 300 1000 1000 
18 275 150 125 175 275 500 550 900 475 325 400 575 900 1225 
19 275 175 50 175 300 425 525 1500 300 150 275 475 1125 1500 
20 550 300 125 100 125 350 475 1450 600 200 300 500 750 1325 
21 500 200 100 125 175 325 550 1250 550 250 300 350 550 825 
22 450 175 75 100 150 250 400 1200 525 225 300 350 525 775 
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APPENDIX D 
MATLAB code used to create current density modelling (see Chapter 3), then extract current 
density in the eyes and all grey matter within 40mm of that individual head model’s location 
on the scalp for Oz. 

% Preload Oz coordinates as matrix “OZ” from F:/Nibs/B_Oz.xlsx 
% Comment in/out ERNIE lines as necessary 
 
for subj = 1:19 % Remove leading zeros where needed 
   if subj < 10 
     sLead = ['0' num2str(subj)]; 
   else 
     sLead = num2str(subj); 
   end 
 
s = sim_struct('SESSION'); 
% Name of head mesh 
s.fnamehead = ['F:/Nibs/s' num2str(subj) '/sub-control' sLead '.msh']; 
s.pathfem = ['F:/Nibs/s' num2str(subj) '/0/']; % Output folder 
s.fields = 'eEjJ'; 
  
% FPz-Cz montage  
s.poslist{1} = sim_struct('TDCSLIST'); 
 
% Set current (mA) at [cathode, anode] – must sum to zero 
s.poslist{1}.currents = [-0.1307, 0.1307];  
% Cathode details 
s.poslist{1}.electrode(1).channelnr = 1; 
s.poslist{1}.electrode(1).dimensions = [40, 30]; % In mm 
% Electrode Shape 
s.poslist{1}.electrode(1).shape = 'rect'; 
% Thickness in mm; [depth of saline/sponge, rubber electrode] 
s.poslist{1}.electrode(1).thickness = [4, 1]; 
s.poslist{1}.electrode(1).centre = 'Fpz'; % Electrode position 
s.poslist{1}.electrode(1).pos_ydir = 'Cz'; % Electrode orientation 
% Anode details 
s.poslist{1}.electrode(2).channelnr = 2; 
s.poslist{1}.electrode(2).dimensions = [40, 30]; % In mm 
s.poslist{1}.electrode(2).shape = 'rect'; 
s.poslist{1}.electrode(2).thickness = [4, 1]; % In mm 
s.poslist{1}.electrode(2).centre = 'Cz'; 
s.poslist{1}.electrode(2).pos_ydir = 'Fpz'; 
 
% FPz-Oz montage  
s.poslist{2} = sim_struct('TDCSLIST'); 
s.poslist{2}.currents = [-0.0875, 0.0875]; 
s.poslist{2}.electrode(1).channelnr = 1; 
s.poslist{2}.electrode(1).dimensions = [40, 30]; 
s.poslist{2}.electrode(1).shape = 'rect'; 
s.poslist{2}.electrode(1).thickness = [4, 1]; 
s.poslist{2}.electrode(1).centre = 'Fpz'; 
s.poslist{2}.electrode(1).pos_ydir = 'Cz'; 
s.poslist{2}.electrode(2).channelnr = 2; 
s.poslist{2}.electrode(2).dimensions = [40, 30]; 
s.poslist{2}.electrode(2).shape = 'rect'; 
s.poslist{2}.electrode(2).thickness = [4, 1]; 
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s.poslist{2}.electrode(2).centre = 'Oz'; 
s.poslist{2}.electrode(2).pos_ydir = 'Cz'; 
 
% Oz-Cz montage 
s.poslist{3} = sim_struct('TDCSLIST'); 
s.poslist{3}.currents = [-0.3807, 0.3807]; 
s.poslist{3}.electrode(1).channelnr = 1; 
s.poslist{3}.electrode(1).dimensions = [40, 30]; 
s.poslist{3}.electrode(1).shape = 'rect'; 
s.poslist{3}.electrode(1).thickness = [4, 1]; 
s.poslist{3}.electrode(1).centre = 'Oz'; 
s.poslist{3}.electrode(1).pos_ydir = 'Cz'; 
s.poslist{3}.electrode(2).channelnr = 2; 
s.poslist{3}.electrode(2).dimensions = [40, 30]; 
s.poslist{3}.electrode(2).shape = 'rect'; 
s.poslist{3}.electrode(2).thickness = [4, 1]; 
s.poslist{3}.electrode(2).centre = 'Cz'; 
s.poslist{3}.electrode(2).pos_ydir = 'Oz'; 
 
% T3-T4 montage (called T7/8) 
s.poslist{4} = sim_struct('TDCSLIST'); 
s.poslist{4}.currents = [-0.2057, 0.2057]; 
s.poslist{4}.electrode(1).channelnr = 1; 
s.poslist{4}.electrode(1).dimensions = [40, 30]; 
s.poslist{4}.electrode(1).shape = 'rect'; 
s.poslist{4}.electrode(1).thickness = [4, 1]; 
s.poslist{4}.electrode(1).centre = 'T7'; 
s.poslist{4}.electrode(1).pos_ydir = 'Cz'; 
s.poslist{4}.electrode(2).channelnr = 2; 
s.poslist{4}.electrode(2).dimensions = [40, 30]; 
s.poslist{4}.electrode(2).shape = 'rect'; 
s.poslist{4}.electrode(2).thickness = [4, 1]; 
s.poslist{4}.electrode(2).centre = 'T8'; 
s.poslist{4}.electrode(2).pos_ydir = 'Cz'; 
  
% Run simulation 
run_simnibs(s) 
end 
 
% Process simulation, select tissue type and extract descriptives 
for subj = 1:19 
   if subj < 10 % Remove leading zeros if necessary 
     sLead = ['0' num2str(subj)]; 
   else 
     sLead = num2str(subj); 
   end 
    
% Read the simulation results for grey matter, remove leading zero if 
necessary 
 if subj < 10 
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control0' num2str(subj) '_TDCS_1_scalar.msh']); 
 else   
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control' num2str(subj) '_TDCS_1_scalar.msh']); 
 end 
%head_mesh = mesh_load_gmsh4('F:\Nibs\Ernie\7\ernie_TDCS_1_scalar.msh'); 
% Select appropriate tissue type; 2 for Ernie & Boayue 
gray_matter = mesh_extract_regions(head_mesh, 'region_idx', 2); 
% Define the ROI 
%coords = [-4.2, -119, 20.2]; Oz for ERNIE - if Boayue dataset, use below 
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coords = OZ(subj,:); 
r = 40; % Sphere radius in mm 
elm_centers = mesh_get_tetrahedron_centers(gray_matter); 
roi = sqrt(sum(bsxfun(@minus, elm_centers, coords).^2, 2)) < r; 
elm_vols = mesh_get_tetrahedron_sizes(gray_matter); 
field_name = 'normJ'; % normE for V/m, normJ for mA/m^2 
field_idx = get_field_idx(gray_matter, field_name, 'elements'); 
field = gray_matter.element_data{field_idx}.tetdata; 
% Selects points within the ROI and removes all others 
VconA=roi.*field; 
toss=nonzeros(VconA); % Removes grey matter voxels outside the sphere 
% Extract descriptives 
ValOut(subj,1) = mean(toss); 
ValOut(subj,2) = median(toss); 
ValOut(subj,3) = max(toss); 
ValOut(subj,4) = min(toss); 
ValOut(subj,5) = std(toss); 
ValOut(subj,6) = (std(toss))/sqrt(length(toss)); 
  
 if subj < 10 
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control0' num2str(subj) '_TDCS_2_scalar.msh']); 
 else   
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control' num2str(subj) '_TDCS_2_scalar.msh']); 
 end 
%head_mesh = mesh_load_gmsh4('F:\Nibs\Ernie\7\ernie_TDCS_2_scalar.msh'); 
gray_matter = mesh_extract_regions(head_mesh, 'region_idx', 2); 
elm_centers = mesh_get_tetrahedron_centers(gray_matter); 
roi = sqrt(sum(bsxfun(@minus, elm_centers, coords).^2, 2)) < r; 
elm_vols = mesh_get_tetrahedron_sizes(gray_matter); 
field_name = 'normJ'; 
field_idx = get_field_idx(gray_matter, field_name, 'elements'); 
field = gray_matter.element_data{field_idx}.tetdata; 
VconA=roi.*field; 
toss=nonzeros(VconA); 
ValOut(subj,7) = mean(toss); 
ValOut(subj,8) = median(toss); 
ValOut(subj,9) = max(toss); 
ValOut(subj,10) = min(toss); 
ValOut(subj,11) = std(toss); 
ValOut(subj,12) = (std(toss))/sqrt(length(toss)); 
  
 if subj < 10 
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control0' num2str(subj) '_TDCS_3_scalar.msh']); 
 else   
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control' num2str(subj) '_TDCS_3_scalar.msh']); 
 end 
%head_mesh = mesh_load_gmsh4('F:\Nibs\Ernie\7\ernie_TDCS_3_scalar.msh'); 
gray_matter = mesh_extract_regions(head_mesh, 'region_idx', 2); 
elm_centers = mesh_get_tetrahedron_centers(gray_matter); 
roi = sqrt(sum(bsxfun(@minus, elm_centers, coords).^2, 2)) < r; 
elm_vols = mesh_get_tetrahedron_sizes(gray_matter); 
field_name = 'normJ'; 
field_idx = get_field_idx(gray_matter, field_name, 'elements'); 
field = gray_matter.element_data{field_idx}.tetdata; 
VconA=roi.*field; 
toss=nonzeros(VconA); 
ValOut(subj,13) = mean(toss); 
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ValOut(subj,14) = median(toss); 
ValOut(subj,15) = max(toss); 
ValOut(subj,16) = min(toss); 
ValOut(subj,17) = std(toss); 
ValOut(subj,18) = (std(toss))/sqrt(length(toss)); 
  
 if subj < 10 
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control0' num2str(subj) '_TDCS_4_scalar.msh']); 
 else   
  head_mesh = mesh_load_gmsh4(['F:\Nibs\s' num2str(subj) '\90500\sub-
control' num2str(subj) '_TDCS_4_scalar.msh']); 
 end 
%head_mesh = mesh_load_gmsh4('F:\Nibs\Ernie\7\ernie_TDCS_4_scalar.msh'); 
gray_matter = mesh_extract_regions(head_mesh, 'region_idx', 2); 
elm_centers = mesh_get_tetrahedron_centers(gray_matter); 
roi = sqrt(sum(bsxfun(@minus, elm_centers, coords).^2, 2)) < r; 
elm_vols = mesh_get_tetrahedron_sizes(gray_matter); 
field_name = 'normJ'; 
field_idx = get_field_idx(gray_matter, field_name, 'elements'); 
field = gray_matter.element_data{field_idx}.tetdata; 
VconA=roi.*field; 
toss=nonzeros(VconA); 
ValOut(subj,19) = mean(toss); 
ValOut(subj,20) = median(toss); 
ValOut(subj,21) = max(toss); 
ValOut(subj,22) = min(toss); 
ValOut(subj,23) = std(toss); 
ValOut(subj,24) = (std(toss))/sqrt(length(toss)); 
  
end 
 
 
% Read the simulation results for eyes 
 
reg = 6; % Region Eyes = 6 for Ernie, 8 for Boayue 
pow = 0; % Directory name - usually amperage, 0 for thresholds 
 
% Remove leading zero if necessary 
for subj = 1:19 
   if subj < 10 
     sLead = ['0' num2str(subj)]; 
   else 
     sLead = num2str(subj); 
   end 
    
faff = ['F:\Nibs\s' num2str(subj) '\' num2str(pow) '\90500\sub-control' 
sLead '_TDCS_1_scalar.msh']; 
%faff = ['F:\Nibs\Ernie\7\ernie_TDCS_1_scalar.msh']; 
surf = mesh_load_gmsh4(faff); 
m = mesh_extract_regions(surf, 'region_idx', reg); 
[vol,edg] = mesh_get_tetrahedron_sizes(m); 
field_name = 'normJ'; 
field_idx = get_field_idx(m, field_name, 'elements'); 
field = m.element_data{field_idx}.tetdata; 
eValOut(subj,1) = mean(field); 
eValOut(subj,2) = median(field); 
eValOut(subj,3) = max(field); 
eValOut(subj,4) = min(field); 
eValOut(subj,5) = std(field); 
eValOut(subj,6) = (std(field))/sqrt(length(field)); 
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faff = ['F:\Nibs\s' num2str(subj) '\' num2str(pow) '\90500\sub-control' 
sLead '_TDCS_2_scalar.msh']; 
%faff = ['F:\Nibs\Ernie\7\ernie_TDCS_2_scalar.msh']; 
surf = mesh_load_gmsh4(faff); 
m = mesh_extract_regions(surf, 'region_idx', reg); 
[vol,edg] = mesh_get_tetrahedron_sizes(m); 
field_name = 'normJ'; 
field_idx = get_field_idx(m, field_name, 'elements'); 
field = m.element_data{field_idx}.tetdata; 
eValOut(subj,7) = mean(field); 
eValOut(subj,8) = median(field); 
eValOut(subj,9) = max(field); 
eValOut(subj,10) = min(field); 
eValOut(subj,11) = std(field); 
eValOut(subj,12) = (std(field))/sqrt(length(field)); 
  
faff = ['F:\Nibs\s' num2str(subj) '\' num2str(pow) '\90500\sub-control' 
sLead '_TDCS_3_scalar.msh']; 
%faff = ['F:\Nibs\Ernie\7\ernie_TDCS_3_scalar.msh']; 
surf = mesh_load_gmsh4(faff); 
m = mesh_extract_regions(surf, 'region_idx', reg); 
[vol,edg] = mesh_get_tetrahedron_sizes(m); 
field_name = 'normJ'; 
field_idx = get_field_idx(m, field_name, 'elements'); 
field = m.element_data{field_idx}.tetdata; 
eValOut(subj,13) = mean(field); 
eValOut(subj,14) = median(field); 
eValOut(subj,15) = max(field); 
eValOut(subj,16) = min(field); 
eValOut(subj,17) = std(field); 
eValOut(subj,18) = (std(field))/sqrt(length(field)); 
  
faff = ['F:\Nibs\s' num2str(subj) '\' num2str(pow) '\90500\sub-control' 
sLead '_TDCS_4_scalar.msh']; 
%faff = ['F:\Nibs\Ernie\7\ernie_TDCS_4_scalar.msh']; 
surf = mesh_load_gmsh4(faff); 
m = mesh_extract_regions(surf, 'region_idx', reg); 
[vol,edg] = mesh_get_tetrahedron_sizes(m); 
field_name = 'normJ'; 
field_idx = get_field_idx(m, field_name, 'elements'); 
field = m.element_data{field_idx}.tetdata; 
eValOut(subj,19) = mean(field); 
eValOut(subj,20) = median(field); 
eValOut(subj,21) = max(field); 
eValOut(subj,22) = min(field); 
eValOut(subj,23) = std(field); 
eValOut(subj,24) = (std(field))/sqrt(length(field)); 
  
roll = roll + 1; 
end 
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APPENDIX E 
Table A.3: Individual subject statistics for current density within the eyes in each montage 
and frequency from Experiment Two (Chapter 3). All values in mA/m2 
 
 FPz-Cz Montage Oz-Cz Montage 
ID Mean Median Max Min SD SE Mean Median Max Min SD SE 
1 16.6 15.4 33.1 9.3 4.35 0.051 3.69 3.64 5.78 2.37 0.49 0.006 
2 15.1 14.5 26.2 9.2 2.90 0.034 3.09 3.07 4.06 2.10 0.30 0.003 
3 19.7 18.8 36.7 7.4 4.24 0.049 4.24 4.20 7.72 0.69 0.69 0.008 
4 17.4 17.1 32.4 7.7 4.53 0.053 4.89 4.86 7.54 3.30 0.49 0.006 
5 12.7 12.2 23.0 8.0 2.68 0.026 3.09 3.08 4.40 1.93 0.38 0.004 
6 16.6 16.0 29.9 8.3 4.34 0.052 4.70 4.69 6.60 3.20 0.62 0.007 
7 23.1 22.6 40.0 9.4 5.92 0.081 6.62 6.52 9.32 4.14 0.81 0.011 
8 17.0 15.5 36.7 9.5 4.85 0.048 2.96 2.95 4.42 1.94 0.33 0.003 
9 21.0 19.7 41.6 11.5 4.96 0.052 4.27 4.28 6.01 2.43 0.47 0.005 
10 21.2 20.7 34.0 13.2 4.03 0.053 5.00 5.01 6.64 3.79 0.36 0.005 
11 17.3 16.0 37.3 9.0 5.26 0.050 4.70 4.48 8.85 2.49 1.00 0.009 
12 19.1 18.4 35.4 6.6 5.34 0.068 5.85 5.76 10.49 2.16 1.01 0.013 
13 21.5 21.3 43.0 6.2 6.39 0.081 5.73 5.63 8.33 3.12 0.80 0.010 
14 20.7 19.2 47.5 9.0 6.32 0.068 3.58 3.58 5.27 2.09 0.48 0.005 
15 18.3 17.1 43.2 5.9 5.87 0.070 5.40 5.33 7.83 3.15 0.60 0.007 
16 20.8 20.5 41.8 7.0 5.30 0.062 4.68 4.69 7.94 2.22 0.46 0.005 
17 19.4 18.3 39.1 10.1 4.61 0.046 3.82 3.75 6.30 2.54 0.59 0.006 
18 22.9 22.1 47.0 11.6 5.80 0.070 5.29 5.32 7.20 3.72 0.55 0.007 
19 16.9 15.7 32.6 9.2 4.07 0.040 3.53 3.54 5.60 2.07 0.46 0.005 
20 16.6 15.4 33.1 9.3 4.35 0.051 3.69 3.64 5.78 2.37 0.49 0.006 
 FPz-Oz Montage T3-T4 Montage 
ID Mean Median Max Min SD SE Mean Median Max Min SD SE 
1 12.0 11.2 23.6 6.87 3.01 0.035 8.7 8.7 11.5 5.84 0.76 0.009 
2 10.6 10.2 18.2 6.63 1.94 0.023 8.3 8.2 14.1 5.90 0.89 0.010 
3 14.1 13.5 25.9 5.09 2.94 0.034 10.5 10.5 16.8 4.43 1.38 0.016 
4 13.0 12.7 23.5 5.88 3.16 0.037 8.8 8.9 14.6 5.07 1.29 0.015 
5 9.1 8.7 16.1 5.73 1.81 0.018 7.6 7.6 10.7 4.89 0.82 0.008 
6 12.5 12.1 21.9 6.38 3.08 0.037 9.1 9.1 13.8 5.06 1.35 0.016 
7 17.1 16.8 29.2 7.34 4.13 0.056 10.9 10.8 15.4 7.30 1.32 0.018 
8 12.1 11.1 25.7 6.94 3.33 0.033 8.7 8.6 13.2 5.61 1.03 0.010 
9 15.0 14.1 29.0 8.46 3.35 0.035 9.9 9.9 14.5 5.85 1.14 0.012 
10 15.3 14.9 24.0 9.70 2.73 0.036 10.1 10.1 13.6 7.35 0.85 0.011 
11 12.9 11.9 27.1 6.96 3.77 0.036 8.9 9.0 14.0 5.16 1.27 0.012 
12 14.0 13.5 25.4 5.18 3.74 0.048 10.2 10.1 15.1 6.18 1.40 0.018 
13 15.6 15.4 30.5 4.94 4.40 0.056 10.9 10.8 24.1 5.56 1.95 0.025 
14 14.5 13.6 32.8 6.64 4.28 0.046 9.8 9.9 12.4 6.34 0.96 0.010 
15 13.6 12.8 31.2 4.80 4.08 0.048 10.7 10.5 17.5 6.31 1.64 0.019 
16 14.8 14.5 28.8 5.23 3.53 0.041 8.4 8.4 15.9 3.81 1.28 0.015 
17 13.9 13.2 27.7 7.35 3.15 0.032 8.8 8.5 18.0 4.66 1.75 0.018 
18 16.6 16.0 33.1 8.60 3.96 0.048 10.1 9.9 16.2 5.63 1.69 0.020 
19 11.9 11.1 22.6 6.47 2.74 0.027 7.9 7.9 11.4 5.42 0.83 0.008 
20 12.0 11.2 23.6 6.87 3.01 0.035 8.7 8.7 11.5 5.84 0.76 0.009 
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Table A.4: Individual subject statistics for current density in all grey matter within 40mm 
of Oz in each montage and frequency from Experiment Two (Chapter 3). All values in 
mA/m2 
 
 FPz-Cz Montage Oz-Cz Montage 
ID Mean Median Max Min SD SEM Mean Median Max Min SD SEM 
1 2.11 2.06 6.29 0.47 0.48 0.002 17.67 17.64 38.61 3.75 4.02 0.021 
2 2.02 1.95 3.35 0.98 0.38 0.007 16.44 16.26 28.76 7.87 3.33 0.057 
3 2.13 2.08 4.40 0.53 0.46 0.002 21.68 21.54 46.59 5.78 4.89 0.024 
4 1.81 1.78 3.49 0.72 0.31 0.003 19.75 19.19 41.48 5.71 4.58 0.039 
5 2.01 1.95 4.67 0.66 0.42 0.002 16.70 16.52 43.71 3.75 4.22 0.022 
6 2.28 2.22 4.69 0.68 0.51 0.004 22.71 22.61 48.10 5.97 5.30 0.038 
7 1.96 1.89 4.35 0.63 0.42 0.003 18.67 18.31 43.71 5.25 4.39 0.028 
8 2.41 2.33 4.88 0.84 0.54 0.003 22.53 22.26 62.78 5.13 5.45 0.029 
9 2.52 2.49 4.31 1.30 0.46 0.006 22.59 22.28 40.58 8.65 4.48 0.056 
10 2.44 2.43 3.45 1.38 0.39 0.012 21.64 21.06 33.93 11.33 4.25 0.132 
11 2.25 2.23 3.91 0.68 0.53 0.006 18.10 17.89 32.44 5.26 3.39 0.039 
12 1.90 1.88 5.43 0.56 0.38 0.002 17.82 17.49 39.26 4.45 4.59 0.029 
13 2.11 2.05 4.23 0.46 0.44 0.002 19.31 19.29 41.80 4.10 4.88 0.025 
14 1.93 1.91 4.66 0.59 0.36 0.003 20.52 20.57 41.34 3.61 4.57 0.043 
15 2.06 2.00 4.05 0.68 0.45 0.003 18.64 18.49 43.35 6.14 3.95 0.028 
16 2.45 2.30 4.67 0.66 0.61 0.011 23.19 22.36 37.04 9.57 4.70 0.084 
17 1.65 1.64 3.15 0.37 0.39 0.004 14.85 14.74 28.93 3.48 3.70 0.033 
18 1.69 1.65 3.52 0.54 0.37 0.003 15.84 15.95 28.52 4.07 3.77 0.028 
19 1.80 1.77 3.55 0.54 0.32 0.002 18.74 17.78 41.62 4.97 5.40 0.039 
20 1.61 1.56 3.92 0.52 0.34 0.002 18.41 17.79 51.32 2.98 5.39 0.027 
 FPz-Oz Montage T3-T4 Montage 
ID Mean Median Max Min SD SEM Mean Median Max Min SD SEM 
1 3.46 3.38 6.90 0.92 0.79 0.004 2.11 2.06 6.29 0.47 0.48 0.007 
2 2.75 2.58 5.80 1.31 0.73 0.013 2.02 1.95 3.35 0.98 0.38 0.002 
3 4.20 4.18 9.52 1.08 1.09 0.005 2.13 2.08 4.40 0.53 0.46 0.003 
4 3.74 3.52 8.82 0.85 1.01 0.009 1.81 1.78 3.49 0.72 0.31 0.002 
5 3.08 3.01 7.13 0.78 0.86 0.004 2.01 1.95 4.67 0.66 0.42 0.004 
6 4.27 4.18 10.41 0.92 1.09 0.008 2.28 2.22 4.69 0.68 0.51 0.003 
7 3.60 3.50 9.05 1.02 0.88 0.006 1.96 1.89 4.35 0.63 0.42 0.003 
8 4.13 3.95 11.29 1.01 1.10 0.006 2.41 2.33 4.88 0.84 0.54 0.006 
9 3.75 3.61 7.84 1.13 0.83 0.010 2.52 2.49 4.31 1.30 0.46 0.012 
10 3.46 3.36 5.54 1.98 0.64 0.020 2.44 2.43 3.45 1.38 0.39 0.006 
11 2.98 2.96 4.96 1.03 0.52 0.006 2.25 2.23 3.91 0.68 0.53 0.002 
12 3.32 3.21 7.67 0.61 0.90 0.006 1.90 1.88 5.43 0.56 0.38 0.002 
13 3.68 3.59 8.31 0.69 1.04 0.005 2.11 2.05 4.23 0.46 0.44 0.003 
14 4.01 3.92 8.31 0.78 0.99 0.009 1.93 1.91 4.66 0.59 0.36 0.003 
15 3.31 3.30 8.43 0.73 0.72 0.005 2.06 2.00 4.05 0.68 0.45 0.011 
16 3.84 3.70 6.46 1.57 0.80 0.014 2.45 2.30 4.67 0.66 0.61 0.004 
17 2.53 2.50 5.33 0.62 0.61 0.005 1.65 1.64 3.15 0.37 0.39 0.003 
18 2.84 2.79 5.99 0.65 0.71 0.005 1.69 1.65 3.52 0.54 0.37 0.002 
19 3.52 3.31 8.74 1.06 1.17 0.008 1.80 1.77 3.55 0.54 0.32 0.004 
20 4.28 4.13 11.73 0.86 1.17 0.006 3.09 3.06 6.79 0.96 0.75 0.003 
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APPENDIX F 
Table A.5: Individual subject thresholds (in µA) for each lighting condition and frequency from 
Experiment Three (Chapter 4). Separate thresholds for each testing session are provided. 

Session One 
 Photopic Mesopic Dark 

ID 10 13 16 18 20 10 13 16 18 20 10 13 16 18 20 
1 750 650 450 525 400 225 250 150 225 200 675 750 750 750 975 
2 475 325 225 200 175 175 150 75 125 150 300 225 300 375 350 
3 525 275 225 300 200 200 125 100 125 175 200 75 100 125 125 
4 350 425 200 225 100 175 175 75 50 75 275 350 450 425 500 
5 350 225 225 300 200 125 100 100 100 100 325 250 500 575 600 
6 900 750 500 475 475 350 150 175 225 300 475 575 700 700 650 
7 825 525 325 250 225 375 300 150 125 150 400 425 400 450 525 
8 525 400 175 175 175 275 200 50 125 150 400 400 450 450 400 
9 850 725 600 600 600 225 250 125 125 125 225 250 250 275 375 
10 825 550 375 300 250 200 200 100 125 150 300 525 475 475 400 
11 500 400 300 350 300 175 175 125 125 125 150 200 250 250 350 
12 950 750 700 525 525 475 375 200 200 175 375 550 575 650 700 
13 975 725 600 675 575 450 350 250 275 275 575 550 675 700 875 
14 625 425 125 300 150 225 125 150 125 125 125 275 225 225 375 
15 800 725 500 475 425 325 250 150 175 225 475 575 625 700 725 
16 825 550 350 275 225 425 350 200 250 300 375 425 475 525 600 
17 525 400 325 250 200 200 150 100 150 275 275 325 425 450 475 
18 575 450 325 250 225 250 200 125 150 225 325 425 500 550 675 
19 800 625 425 375 350 250 175 100 200 225 325 450 475 575 650 
20 575 475 325 300 275 175 150 100 175 225 150 225 275 350 475 
21 850 700 625 550 525 425 325 225 300 350 375 525 625 675 775 
22 700 525 375 300 225 300 175 100 175 225 125 275 325 375 475 
23 400 350 250 225 150 275 175 100 175 250 300 450 475 525 600 
24 350 325 225 200 175 125 125 75 125 200 325 350 450 550 650 
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Session Two 
 Photopic Mesopic Dark 
ID 10 13 16 18 20 10 13 16 18 20 10 13 16 18 20 
1 775 675 450 525 425 275 250 150 275 200 675 750 800 750 925 
2 425 350 275 200 175 225 125 75 100 125 300 250 275 450 375 
3 525 300 200 275 175 225 125 75 100 200 225 100 75 125 125 
4 375 425 250 225 125 200 150 75 50 100 300 350 475 425 500 
5 300 225 225 275 225 125 100 75 75 125 350 275 425 550 625 
6 825 800 525 475 475 300 150 200 300 325 500 575 700 700 575 
7 875 525 300 250 200 425 375 150 100 175 400 425 475 425 500 
8 600 400 175 150 175 250 200 75 100 125 350 475 450 450 400 
9 800 725 675 600 525 225 200 175 125 100 250 250 225 200 350 
10 825 600 375 250 250 250 150 100 125 150 300 475 475 475 450 
11 500 450 300 325 350 175 125 150 125 125 125 200 175 250 350 
12 875 750 625 500 550 400 325 200 150 225 425 550 650 650 650 
13 925 800 600 675 500 400 325 250 225 325 575 550 725 675 800 
14 675 425 125 300 150 225 125 100 125 125 125 275 225 225 325 
15 800 650 500 475 400 300 250 150 225 300 475 575 625 675 775 
16 900 525 350 275 225 425 300 200 250 325 325 425 475 500 600 
17 500 400 300 250 175 250 150 100 150 225 275 325 350 450 550 
18 525 450 300 325 225 300 175 125 150 225 300 425 500 625 675 
19 800 600 425 375 325 250 200 100 175 275 325 450 550 575 725 
20 575 475 350 300 300 175 125 100 175 275 150 225 275 400 425 
21 800 725 625 550 500 475 350 225 300 375 375 550 625 750 825 
22 625 525 400 300 225 300 175 125 175 250 150 275 325 400 475 
23 400 400 250 200 150 275 225 100 175 250 300 375 475 525 625 
24 400 300 225 200 175 150 100 75 125 200 325 375 450 575 650 
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Effect of ambient lighting 
on frequency dependence 
in transcranial electrical 
stimulation‑induced phosphenes
Ian Evans1,2,3,4*, Stephen Palmisano1,2 & Rodney J. Croft1,2,3,4

Inconsistencies have been found in the relationship between ambient lighting conditions and 
frequency‑dependence in transcranial electric stimulation (tES) induced phosphenes. Using a 
within‑subjects design across lighting condition (dark, mesopic [dim], photopic [bright]) and tES 
stimulation frequency (10, 13, 16, 18, 20 Hz), this study determined phosphene detection thresholds 
in 24 subjects receiving tES using an FPz‑Cz montage. Minima phosphene thresholds were found 
at 16 Hz in mesopic, 10 Hz in dark and 20 Hz in photopic lighting conditions, with these thresholds 
being substantially lower for mesopic than both dark (60% reduction) and photopic (56% reduction), 
conditions. Further, whereas the phosphene threshold‑stimulation frequency relation increased 
with frequency in the dark and decreased with frequency in the photopic conditions, in the mesopic 
condition it followed the dark condition relation from 10 to 16 Hz, and photopic condition relation 
from 16 to 20 Hz. The results clearly demonstrate that ambient lighting is an important factor in the 
detection of tES‑induced phosphenes, and that mesopic conditions are most suitable for obtaining 
overall phosphene thresholds.

Many aspects of neural processing rely on frequency-specific oscillations in the  cortex1. As a result, the possibil-
ity of exploring and/or manipulating these frequency-based neural functions using a non-invasive technique 
like transcranial electric current stimulation (tES) has proven popular. Applying electric current to the brain 
using tES has been demonstrated to be successful in modulating cognitive, sensory, and motor functions in a 
frequency-dependent manner across the surface of the cortex (for reviews  see2,3). Although tES can modulate 
cortical activity, it can also induce phosphenes (i.e., perceptions of light that are not the product of external visual 
 stimuli4–6). These phosphenes are generally considered to be a product of electrical stimulation of the  retina6–12.

It is important to understand both the biological mechanisms responsible for inducing phosphenes, and any 
environmental factors that influence their appearance, as these can confound tES studies, interventions and 
 interpretations13. For example, the threshold for inducing phosphenes is currently used by the International 
Commission on Non-Ionizing Radiation Protection (ICNIRP) for deriving exposure  restrictions14, and that 
information can only be obtained if the effect of stimulation frequency and ambient lighting conditions are also 
known. Without that knowledge, experimentally-derived threshold estimates may merely represent the lowest 
stimulation levels required to induce phosphenes in a particular insensitive scenario, which would limit the 
ability of exposure restrictions based on them to protect against phosphenes in other situations. Indeed, recent 
research suggests that our understanding of phosphenes may be particularly limited in terms of their relation 
with stimulation frequency and ambient lighting conditions.

It has commonly been held that thresholds for phosphenes induced by transcranial alternating current stimu-
lation (tACS) are lowest when stimulation is applied at 20 Hz in photopic (i.e., intense) lighting conditions and 
at 10 Hz in complete  darkness15; sensitivities that closely match the dominant frequencies of the visual cortex 
oscillations observed under these respective lighting conditions (e.g.16,17). These findings have been taken as 
evidence that tES, tuned to the dominant cortical oscillation frequency, can be used to maximally modify corti-
cal activity at similar rhythms.
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However, recent research suggests that under mesopic (dim) lighting conditions, tES phosphenes are induced 
with considerably less current using 16 than 20 Hz  stimulations18,19, which suggests that 20 Hz does not provide 
the lowest stimulation level required to induce phosphenes. This raises concerns about the relative veracity of 
these new reports. The only research available for comparison explicitly testing phosphene threshold levels in 
mesopic conditions is the  Schwarz20 study.  Schwarz20 reported lower phosphene detection thresholds for 20 Hz 
stimulation in both photopic (i.e., 8–9550 cd per square meter; cd/m2) and mesopic (i.e., 2.4 cd/m2) conditions. 
However, those findings were based on only a single subject and used poorly controlled lighting conditions; 
e.g. the 2.4 cd/m2 condition was produced by having the subject look at “her own shadow on the wall”, and the 
9550 cd/m2 condition was produced by having the subject look at “a white cloud in the sky”. This makes it difficult 
to draw conclusions from such a comparison. In contrast to Schwarz’s20 research, more recent  studies18,19 used 
considerably larger samples (either 24 or 22 participants in each of these studies) with tightly controlled lighting 
(consistent 0.6 cd/m2 lighting across the entire field of view). Furthermore, the consistency of the  initial18 and 
 replication19 study suggests that their results are indeed reliable. This conclusion, however, would appear (at face 
value) to contradict the view that the greatest sensitivity to tES occurs at the stimulation frequency that matches 
the dominant cortical oscillation frequency. That is, whereas the dominant cortical oscillation frequencies for 
photopic and dark conditions are approximately 20 and 10 Hz respectively, and the lowest current required to 
induce phosphenes is at 20 and 10 Hz respectively, there is no corresponding dominant frequency for mesopic 
conditions.

One potential explanation for lower thresholds at 16 Hz stimulation is that this represents an overlap point 
between the threshold-stimulation frequency relations for photopic and dark conditions. That is, as a dim light-
ing condition represents a degree of photic energy that is greater than in the dark, but less than in a photopic 
scenario, it may be relevant to the threshold-stimulation frequency of both the dark and photopic conditions. To 
test this possibility, threshold-stimulation frequency relations need to be assessed under each of dark, mesopic 
and photopic conditions.

Differences in frequency dependence found in tES-induced phosphenes across lighting conditions may be 
explained by differences in temporal contrast sensitivity functions (i.e., the visual system’s sensitivity to changes in 
luminance over  time21,22). Temporal contrast sensitivity is typically measured using a homogenous visual stimulus 
that changes sinusoidally in luminance (from a minimum to a maximum value) as a function of time. While 
this stimulus should be perceived to flicker with larger levels of luminance contrast, it will become progressively 
more difficult to see this flicker as this luminance contrast decreases. However, the threshold level of luminance 
contrast at which this flicker is just noticeable also depends critically on the temporal frequency of the stimulus. 
Research has shown that rod and cone photoreceptors each have their own temporal contrast sensitivity func-
tions, which may relate to differences in tES-related frequency dependence found in different lighting conditions.

Rod photoreceptors are more sensitive to stimulation (and thus more likely to be activated) in darker condi-
tions, where there is insufficient input to activate  cones23. In dark and mesopic conditions, temporal contrast 
sensitivities are largely driven by inputs from rod  photoreceptors24 particularly when exposed to stimuli flickering 
at 5–15 Hz while showing little to no activation at 19–23  Hz25,26. On the other hand, cone photoreceptors are more 
sensitive to stimulation in brighter conditions, where rod cells are saturated and do not contribute significantly 
to visual  perception27. Temporal contrast sensitivity in these photopic conditions trends towards higher frequen-
cies, with greatest sensitivity found at around 15–25 Hz and no ability to discern stimuli flickering at or above 
approximately 80  Hz25,26,28. If the perception of tES-induced phosphenes is similar or functionally equivalent 
to external flickering visual  stimuli6, it would follow that darker conditions would result in greater sensitivity 
to low-frequency stimulation, and brighter conditions would result in greater sensitivity to higher frequencies.

The present study was designed to determine the following. First, by testing the threshold-frequency stimu-
lation relation in each of dark, mesopic and photopic conditions, it examined whether the overall phosphene 
detection threshold occurs at 16 Hz stimulation, rather than 20 Hz. Second, it extended the results of previous 
 studies18,19, which found lower thresholds at 16 Hz stimulation in mesopic conditions (and which increased for 
higher and lower frequencies), compared to dark and photopic lighting conditions. Third, it determined whether 
the phosphene threshold-stimulation frequency relation under mesopic conditions could be explained by the 
overlap of that relation across dark and photopic conditions.

Method
Twenty-four healthy participants (even gender split, age range 20–40 years, M = 25.2 years, SD = 5.4) completed 
this study after passing a modified safety screening  checklist29. Participants were excluded if they reported any 
form of neural injury or illness, metal implants in the head or medical implant elsewhere in the body, or non-
corrected visual impairment. No participants reported using contact lenses, while three participants typically 
wore glasses but removed them during the testing phase to ensure the frames did not alter the periphery of their 
field of view. After being informed about the experimental procedure as well as potential adverse effects of tES, 
subjects gave written and informed consent prior to any participation. This research was conducted in accordance 
with the guidelines of the Declaration of Helsinki, and approved by the Human Research Ethics Committee of 
the University of Wollongong (approval #HE2017/454).

Phosphene thresholds were obtained as a function of stimulation frequency (“Frequency”: 10, 13, 16, 18, 
and 20 Hz) and lighting condition (“Lighting Condition”: dark, mesopic, photopic), using a repeated measures 
design. Testing was conducted over two, 70-min sessions (on separate days) at similar times of day and usually 
within one week of each other. The order of these sessions, the order of the tES montages within these sessions, 
and which electrode was the cathode or anode within each montage, were counterbalanced across sessions for all 
participants (see Fig. 1b). The choice of which electrode was cathode/anode alternated across sessions for each 
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subject. The order of the lighting conditions was randomised for each participant using a Latin square system, 
as was the order of stimulation frequency within each lighting condition.

tES was administered using a Magstim NeuroConn DC Stimulator Plus MOP15-EN-01 (Magstim, 
Carmarthenshire, UK) which applied sinusoidal DC with no ramp-up, meaning that the amplitude of the stimula-
tion varied as a sine wave from zero to the current set by the stimulator then back to zero. As such, the polarity 
of the electrodes did not alternate. Current was delivered to the scalp through conductive-rubber electrodes 
(dimensions: 3 × 4 cm) placed on sponges saturated with a saline solution mixed with a hypoallergenic ampho-
teric surfactant and held in place at FPz and Cz with rubber straps. This electrode montage was chosen as it is 
effective at stimulating the  retinas30 while also ensuring the participants’ entire field of view was not occluded by 
any of the apparatus. Previous tES studies under mesopic lighting  conditions18,19 all consistently found greatest 
sensitivity at 16 Hz using a wide range of montages (FPz-Cz, Oz-Cz, FPz-Oz, T3-T4), suggesting that the choice 
of montage does not appreciably affect the frequency-dependent nature of tES-induced phosphenes providing 
that the retina is adequately stimulated.

The photopic lighting condition was generated by using typical ceiling-mounted fluorescent lights, positioned 
outside the participants’ direct line of sight. Under these lighting conditions, luminance at the eye was measured 
at 77.1 ± 0.05 cd/m2 using a J6523 Tektronix luminance probe (Tektronix, London, Canada). This lighting level 
was chosen due to its applicability to everyday experience, as it represents the luminance typically found in 
office environments. The mesopic lighting condition was created using the Neewer T120 dimmable LED panel 
illuminating the areas in front of the participant (see Fig. 1a), resulting in luminance at the eye measured at 
0.6 ± 0.05 cd/m2. This lighting level was chosen in order to match that of previous  studies18,19 and thus to enable 
replication of their results. No light entered the testing room during the dark condition, resulting in zero cd/m2. 
In order to prevent dark adaptation effects during the trials in the dark condition, lighting was set to 1.1 cd/m2 
while the stimulator was not active; lighting was turned off 2 s prior to stimulation onset and turned on imme-
diately after the stimulation had ended.

Participants were seated on a chair facing a 1.8 m wide by 2.62 m high white wall, in a position that ensured 
that the wall in front of them filled their entire field of view, and lighting was arranged so that no shadows were 
visible to the participant (see Fig. 1a). When participants were comfortable and the electrodes put in position, 
they were informed about phosphenes (their nature and what they might perceive) whilst their skin and hair 
were saturated from the saline in the sponges. Once impedance between the electrodes was at 15 kΩ or below 

Figure 1.  (a) Positioning of lighting and test subject. The test subject was seated so that the front wall filled 
their entire field of view (no parts of either side wall were visible). The light stand was positioned so that no 
shadows were visible in the subject’s field of view. The photopic lighting condition was achieved by activating the 
fixed fluorescent ceiling light with no light stand used, while all other lighting conditions (the mesopic condition 
and the brief periods requiring light in the dark condition) were achieved using the light stand only. (b) Example 
sequence of the block design across both sessions. For the first session, each lighting condition block was 
presented in a random order, as were the frequencies within it. In order to account for potential within-subject 
order effects due to possible light adaptation, in the second session the order of the lighting blocks was reversed 
and the frequencies within those blocks were reversed.
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(as indicated by the stimulator), lighting was set to 2 ± 0.05 cd/m2 and participants were familiarized with the 
appearance of phosphenes using 10 s of sinusoidal tES at 1000 μA, firstly at 11 Hz and then at 22 Hz, to dem-
onstrate both the visual appearance of phosphenes, and how their appearance changes by simply varying the 
stimulation frequency. These frequencies were chosen to avoid using the same stimulation frequencies as in the 
experiment itself.

Once participants were familiarized with phosphenes, their phosphene detection thresholds were determined 
at each stimulation frequency and lighting condition. They were informed when each stimulation began and 
when it ceased, but they were not informed of the frequency or current intensity of the stimulation. Stimula-
tions lasted for 5 s, and participants were instructed to keep their eyes open throughout the entire stimulation. 
Throughout the experiment participants were asked how bright the phosphenes appeared to be compared to the 
background lighting, and where the phosphenes appeared in their field of view. Many participants also sponta-
neously volunteered information concerning their experience during the interval between trials. To detect false 
positive responses at lower current intensity levels, six sham stimulations (one in each lighting condition for each 
session) were given at a frequency determined in advance using a MATLAB-based random number generator. 
In these sham trials, the participant was given all the audible signs of a stimulation (the usual button presses on 
the stimulator as well as verbal indications that the stimulation had started and finished) without actually gen-
erating an electric current. None of the participants reported seeing phosphenes during any of the sham trials.

Thresholds for phosphene induction (in μA) were determined for each frequency by varying the current 
intensity using a QUEST-based Bayesian adaptive staircasing  procedure31 in MATLAB’s  PsychToolbox32. The tES, 
which started at 700 μA, was bound between 25 and 1500 μA. The step-size between possible stimulation levels 
was 25 μA. Based on the Rapid Estimation of Phosphene Threshold system validated by Mazzi et al.33, this adap-
tive threshold measurement method determined the lowest current intensity that was significantly more likely 
than chance to evoke phosphene perceptions. Each of the two sessions provided a threshold for each lighting 
and frequency condition, and for each combination of lighting condition and stimulation frequency, the average 
threshold across both sessions was taken as the final threshold.

Statistical analysis. As significant levels of skewness, kurtosis or heterogeneity of variance were not found, 
parametric analyses were conducted. Huynh–Feldt adjustments were used to account for violations to sphericity 
(Frequency; Frequency by Lighting Condition), with the adjusted degrees of freedom shown.

To assess threshold reliability across the two testing sessions, for each of the Lighting Condition (photopic, 
mesopic, dark)/Frequency (10, 13, 16, 18, 20 Hz) combinations, Pearson’s r was determined. To determine if 
order effects were distorting the results, thresholds were arranged in chronological order and repeated measures 
ANOVA were used where threshold was the dependent variable and testing order within each lighting condition 
(separately for each session) and across each entire session were the independent variables.

To describe the relations between phosphene thresholds, lighting conditions and stimulation frequency, a 
repeated measures ANOVA was used where threshold was the dependent variable, and Lighting Condition and 
Frequency the independent variables. Where significant, data were further explored using repeated measures 
t tests with Bonferroni comparison-wise adjustments (Lighting Condition: each level was compared to each 
other level; Frequency: each level was compared to each other level; Interaction: for each frequency, each level 
of Lighting Condition was compared to each other level). Adjusted p-values are shown.

To determine the lowest absolute phosphene thresholds across the lighting conditions, a repeated measures 
ANOVA was used where Lighting Condition was the independent variable, and the dependent variable was 
the lowest algebraic threshold across the frequencies, for each lighting condition separately. Where the main 
effect was significant, t tests with Bonferroni comparison-wise adjustments (Lighting Condition: each level was 
compared to each other level) were conducted. Adjusted p-values are shown.

To determine whether the phosphene threshold-stimulation frequency relation in the mesopic condition 
could be adequately explained by the summation of the relations in the dark and photopic conditions, regression 
equations were calculated as follows. To provide an estimate of the phosphene threshold-stimulation frequency 
relation for each of the lighting conditions separately, regression analyses were conducted for each lighting con-
dition separately where threshold was the dependent variable (normalized across all tested frequencies, within 
each subject and lighting condition separately), and Frequency the independent variable. Corrected Akaike’s 
Information Criteria  (AICc34) was used to determine whether a linear or quadratic fit was the best model for 
each lighting condition. Data for each participant was used for all frequencies and lighting conditions, resulting 
in 72 data points per frequency.

Results
Thresholds at each Frequency/Lighting Condition combination can be seen in Fig. 2a and in Supplementary 
Table 1. The interpolated regression functions relating threshold to Frequency, for each lighting condition sepa-
rately, can be seen in Fig. 2b. Corresponding means and standard errors are given in Table 1.

Phosphene thresholds were highly reliable across the two testing sessions, with Pearson’s r coefficient values 
ranging from 0.91 to 0.99 (all p < 0.001) across the 15 Frequency/Lighting Condition combinations. No signs 
of learning or fatigue effects were found within either session (p between 0.707–0.883) or within each lighting 
condition (p between 0.472–0.940). Mean thresholds for all (30) testing points ranged between 313.5–407.3 µA, 
with standard deviations between 166.3–246.4 µA.

Phosphene thresholds were affected by lighting condition (main effect: F(1.96,45.16) = 59.15, p < 0.001, 
η
2
p = 0.720), with post hoc analyses showing that this was due to lower thresholds in the dim lighting condi-

tion relative to both the photopic (F(1, 23) = 116.4, p < 0.001, η2p = 0.835) and dark (F(1, 23) = 93.93, p < 0.001, 
η
2
p = 0.803) conditions; no difference was observed between the photopic and dark conditions (p > 0.999). 
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Phosphene thresholds (for the combined lighting conditions) were also affected by Frequency (main effect: 
F(1.69,38.91) = 26.46, p < 0.001, η2p = 0.535). The frequency with the lowest threshold (16 Hz) was lower than 
each other frequency (all p < 0.049), and the frequency with the highest threshold (10 Hz) was higher than each 
other frequency (p < 0.004). Of the remaining comparisons, thresholds for 13 Hz were higher than 18 Hz (F(1, 
23) = 10.34, p = 0.038, η2p = 0.310) but did not differ from 20 Hz (p = 0.795), and 18 Hz was lower than 20 Hz (F(1, 
23) = 17.75, p = 0.003, η2p = 0.436).

Figure 2.  (a) Phosphene thresholds and standard errors for each ambient lighting condition at each frequency 
tested (10, 13, 16, 18 and 20 Hz). (b) Regression-based estimates of normalised phosphene thresholds, as a 
function of stimulation frequency, for each ambient lighting condition.

Table 1.  Means (and standard errors) of the phosphene thresholds for each frequency and lighting condition 
tested. n = 24.

Frequency (Hz) Photopic Mesopic Dark

10 655.2 (39.2) 270.8 (19.2) 328.1 (26.9)

13 516.1 (32.7) 203.6 (16.0) 394.3 (30.6)

16 366.1 (31.0) 130.2 (10.2) 449.0 (34.5)

18 347.4 (28.3) 163.0 (12.5) 490.1 (33.8)

20 294.3 (28.6) 206.3 (14.9) 553.6 (37.5)
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The interaction between Frequency and Lighting Condition was also significant F(4.63,106.50) = 117.60, 
p < 0.001). Follow-up analyses for the significant interaction demonstrated the following: 10 Hz Stimulation. 
Thresholds were lower for both the mesopic (t(23) = 13.77, p < 0.001, Cohen’s d = 2.81) and dark (t(23) = 8.85, 
p < 0.001, d = 1.81) conditions than photopic conditions, whereas mesopic and dark conditions did not dif-
fer (t(23) = 2.25, p = 0.102, d = 0.46). 13 Hz Stimulation. Thresholds were lower for mesopic than both dark 
(t(23) = 7.58, p < 0.001, d = 1.55) and photopic (t(23) = 12.31, p < 0.001, d = 2.51) conditions, and lower for 
dark compared to photopic conditions (t(23) = 4.73, p < 0.001, d = 0.97). 16 Hz Stimulation. Thresholds were 
lower for mesopic than both the photopic (t(23) = 9.64, p < 0.001, d = 1.97) and dark (t(23) = 10.27, p < 0.001, 
d = 2.10) conditions, whereas dark and photopic conditions did not differ (t(23) = 2.54, p = 0.055, d = 0.52). 
18 Hz Stimulation. Thresholds were lower for the mesopic than both photopic (t(23) = 7.98, p < 0.001, d = 1.63) 
and dark (t(23) = 11.65, p < 0.001, d = 2.38) conditions, and photopic less than the dark condition (t(23) = 4.12 
p = 0.001, d = 0.84). 20 Hz Stimulation. Thresholds were lower for the mesopic than both photopic (t(23) = 3.25, 
p = 0.009, d = 0.67) and dark (t(23) = 10.71, p < 0.001, d = 2.19) conditions, and photopic less than dark condition 
(t(23) = 7.29, p < 0.001, d = 1.49).

The lowest thresholds within each lighting condition (across all frequencies) differed as a function of Light-
ing Condition (main effect: F(2,46) = 34.84, p < 0.001, η2p = 0.602), with lower thresholds found in the mesopic 
condition (at 16 Hz) relative to each of the dark (at 10 Hz; F(1, 23) = 54.88, p < 0.001, η2p = 0.705) and light (at 
20 Hz; F(1, 23) = 66.42, p < 0.001, η2p = 0.743) conditions. No difference was found between the lowest light and 
dark condition thresholds (p = 0.772).

For the dark condition, a linear model (AICc = 193.02) produced a better fit than the quadratic model 
(AICc = 194.34). For the mesopic condition, a quadratic model (AICc = 199.46) produced a better fit than the 
linear model (AICc = 289.71). For the photopic condition, a quadratic model (AICc = 37.02) produced a better 
fit than the linear model (AICc = 64.34).

The regression analyses (predicting threshold as a function of frequency) resulted in the following equations 
(see Fig. 2b):

Dark  Threshold = − 3.130 + 0.203 × Frequency; adj-R2 = 0.650, p < 0.001.
Mesopic  Threshold = 13.682 − 1.800 × Frequency + 0.056 ×  Frequency2; adj-R2 = 0.634, p < 0.001.
Photopic  Threshold = 6.587 − 0.655 × Frequency + 0.014 ×  Frequency2; adj-R2 = 0.905, p < 0.001.

Participants consistently reported that phosphenes in the mesopic and dark conditions increased in luminos-
ity (compared to their background) as the stimulation intensity increased. Under photopic conditions, partici-
pants consistently reported that the flashing of the phosphene appeared to make their field of view seem darker 
compared to pre-stimulation perceived luminance levels, where the flashing alternated between a visible flash 
and the previous level of general luminosity. This distinction became stronger as stimulation intensity increased. 
Four participants reported seeing coloured phosphenes, however these reports were not consistent across those 
individuals, nor within individuals across sessions.

Discussion
The aim of the study was to determine the relations between phosphene detection thresholds and both ambient 
lighting and tES stimulation frequency. Those relations enabled us to test whether: (1) the recently reported 
evidence of greater sensitivity to tES-induced phosphenes at 16  Hz18,19,35, as opposed to the standard view that 
sensitivity is greatest at 20  Hz5,7,11,20, and (2) whether this apparent contradiction in the literature was due to 
ambient lighting.

As can be seen in Fig. 2, each of the ambient lighting conditions had a unique phosphene threshold relation 
with stimulation-frequency, whereby thresholds increased with frequency in the dark condition, reduced with 
frequency in the photopic condition, and reduced with frequency from 10 to 16 Hz and increased from 16 to 
20 Hz in the mesopic condition. Corresponding to this, threshold minima under dark, mesopic and photopic 
conditions were found at 10 Hz, 16 Hz and 20 Hz respectively. This demonstrates that both ambient lighting 
condition and stimulation frequency are important for determining the minimum current required to induce 
phosphenes. Correlation analyses showed consistent phosphene thresholds across sessions, indicating that order 
effects and the choice of which electrode was the cathode or anode had no significant effect on the results.

The lowest thresholds overall were found under mesopic conditions (at 16 Hz), with thresholds significantly 
higher under both dark (at 10 Hz) and photopic (at 20 Hz) conditions. This means that threshold estimates 
obtained using the standard photopic or dark conditions, regardless of frequency, will overestimate the current 
required to induce phosphenes. It follows that guidelines using phosphene detection to set exposure restrictions 
based on data obtained in dark or photopic conditions (e.g.14), may underestimate the effect of electric current 
on neural processes (by 56–60%). It is important to note that even though such exposure guidelines typically 
rely on research using magnetic fields (rather than tES) to induce phosphenes, in both cases the cause of the 
phosphene is the current flowing through neural  tissue11, which stimulates the same physiological processes. It 
follows that the present results are also applicable to research using magnetic fields to induce phosphenes, and 
thus to low frequency electromagnetic field exposure guidelines.

The present data also resolve the apparent discrepancy between recent research, which found thresholds 
for phosphene detection at 16  Hz18,19,35, and studies reporting thresholds at either 10 or 20 Hz (e.g.15,20). That 
is, the present findings demonstrate that mesopic conditions result in greatest sensitivity at 16  Hz18,19, whereas 
dark and photopic conditions (similar to those in past studies) result in greatest sensitivity at 10 and 20 Hz tES 
respectively. There is thus no inconsistency, only predictable differences due to the differing ambient lighting 
conditions used. Overall, the results of this study relating to ambient lighting and frequency dependence are 
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consistent across multiple forms of tES, whether using  tACS11,15,18 or sinusoidal  tDCS19. While there are differ-
ences in the levels of current required to induce phosphenes across studies, this is a likely product of different 
methodological choices, as there are a multitude of variables that can change this threshold. For example, even 
when using the same montage on the same sample, the threshold values can vary based on the size, shape and 
surface area of the electrodes, the material which the electrode is made from, and the conductivity medium 
selected (e.g., conductive gel, electrolyte-soaked sponges). Changing any of these variables will change the volume 
conduction characteristics of the overall circuit, resulting in different levels of current density at the  retina30. As 
a result, while the comparison of thresholds across studies is of little value, the findings relating to frequency 
and lighting remain consistent despite any variations in stimulation methodology.

Although it is tempting to suggest that different physiological processes are being engaged during tES in the 
mesopic relative to dark and photopic conditions, a simpler explanation may be sufficient to explain the results. 
As can be seen in Fig. 2, the shape of the estimated distribution of thresholds in the mesopic condition matched 
that of the dark condition at frequencies below the approximate crossover point at 16 Hz, and also matched that 
of the photopic condition at frequencies above the 16 Hz crossover point. Taken together, it would thus appear 
that the mesopic condition may simply represent the combination of physiological processes normally engaged 
in each of the dark and photopic conditions.

Consistent with this hypothesis, there is evidence that the observed frequency dependence in tES-induced 
phosphene research can be explained by differences in the relative activity of rod-based and cone-based  vision36,37. 
Cells related to rod vision, which are primed to respond in dark conditions, are maximally sensitive to stimulation 
at circa 10  Hz38–40, whereas cells related to cone vision, which are primed to respond in photopic conditions, are 
maximally sensitive to stimulation at circa 20  Hz27,37. In itself this would not explain the magnitude of threshold 
reduction in the mesopic condition (60% and 56%, relative to the dark and photopic conditions respectively), 
particularly given that 16 Hz is far from the ideal stimulation frequency for either rod- or cone-related cells. 
However, when coupled with what is known about the rod-cone processing delay, this would appear a viable 
hypothesis. That is, there is a delay between rod- and cone-related cell processing under mesopic  conditions41, 
but as the stimulation frequency reaches approximately 15 Hz, rods and cones start to fire in phase, which 
increases the signal at both rods and cones and enhances the perceptibility of the  stimulation42. This critical 15 Hz 
frequency also approximates the crossover point of the dark and photopic regression estimates (see Fig. 2b), 
indicating that the rod-cone phase delay mechanism may be behind the lower overall thresholds at the nearby 
16 Hz frequency in mesopic conditions. Further research would be required to test this hypothesis.

While high levels of current can result in discomfort or pain at the site of  stimulation43, these effects are 
typically found at stimulation strengths exceeding the maximum used in this study. The maximum strength of 
stimulation (1500 μA) in the present study was selected in order to avoid such side effects. One subject reported 
an unpleasant itching-like sensation at stimulation levels above 900 μA, however the sensation immediately 
ceased upon termination of the stimulation. Despite multiple enquiries during each testing session, no other 
participant reported any negative side effects, either during or after stimulation. Indeed, as the study deliberately 
kept current levels low to identify thresholds, this reduced the opportunity to obtain meaningful information 
about the phosphene experience more generally, which may otherwise have helped shed light on the underlying 
physiology responsible for phosphene induction. Of particular relevance is the degree to which phosphenes 
were perceived in chromatic (as opposed to achromatic) colour, as that could provide evidence for the relative 
mechanistic roles of rods and cones, as a function of frequency and lighting condition. However, given the low 
current strengths used in the study, only four participants reported seeing chromatic colour, and reports were 
not consistent across those individuals, nor within each individual across sessions. We thus do not believe that 
these anecdotal reports are sufficient to enable interpretation.

Conclusion
The present study has shown that the apparent contradiction in the literature, in terms of tES stimulation fre-
quency and phosphene detection threshold, was due to the different ambient lighting conditions used across past 
studies. That is, whereas thresholds under dark and photopic conditions are lowest for 10 and 20 Hz stimulation 
respectively, they do not represent overall thresholds, which occur at 16 Hz in mesopic conditions. The magni-
tude of threshold overestimation was very large (60 and 56% for dark and photopic conditions respectively), and 
thus important for application of tES research. Physiological considerations suggest that the lower thresholds in 
mesopic conditions, and particularly at 16 Hz stimulation, may be due to the involvement of both rod and cone 
photoreceptors, but further research is required to determine this. Importantly, our research also shows (for the 
first time) that dark, mesopic and photopic lighting conditions each have their own unique phosphene threshold 
relation with stimulation-frequency.

Data availability
The dataset resulting from this experiment is available from the corresponding author upon reasonable request.
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