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Sight restoration technologies targeting vision loss caused by retinal degeneration have shown 

significant progress in the past 30 years. Light perception can be achieved through electrical or 

optogenetic stimulation, replacement of the degenerated cells, or targeting associated genes if the 

genome is known. An important question that arises is how similar the restored vision is to 

neurotypical vision. Combining psychophysical methodology with computational modeling, we 

studied two sight restoration methods, retinal prostheses and optogenetic therapy, to examine what 

limits restored vision and identify key features to improve for future development. We argue that 

establishing a better understanding of the link between sight restoration technologies and the 

underlying neurophysiology prior to implementation is key for developing these technologies in 

an ethical and cost-effective manner. 
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Chapter 1. INTRODUCTION  

 
Retinal processing, the initial step in visual perception, plays a foundational role by 

filtering all incoming visual information. Inherited retinal diseases (IRDs) such as Retinitis 

Pigmentosa (RP) and Age-related Macular Degeneration (AMD) impact photoreceptors and cause 

wide-scale retinal remodeling leading to gradual visual degradation and blindness. The visual 

information lost during this initial stage, as a result of photoreceptor degeneration, remains 

irrecoverable in the subsequent stages of visual processing. Individuals affected by IRDs are 

generally recommended to undergo symptom management, such as regular injections, as complete 

cures for these conditions are not currently available. 

Sight restoration technologies ranging from molecular approaches to brain-computer 

interfaces, aim to alleviate vision loss due to retinal degeneration. One molecular approach is to 

avoid or slow down the progression of retinal degeneration such as gene-editing. While this 

method has the potential to fully restore neurotypical vision, the genetic factors associated with 

IRDs currently restrict its effectiveness to specific identified genes. A notable success in gene 

therapy is LUXTURNA (developed by Spark Therapeutics, USA), designed to address Leber's 

Congenital Amaurosis, a subtype of RP, and it has obtained FDA approval (Russell et al., 2017).  

In IRDs, the most substantial degradation occurs at the photoreceptor layer; the subsequent retinal 

layers and the rest of the visual cascade remain relatively intact. An alternative approach to sight 

restoration leverages the remaining healthy cells by bypassing the degenerated photoreceptors to 

elicit light perception in the subsequent layers. Artificial stimulation of the remaining neuronal 

population can be achieved through electrical stimulation or by modifying the cells with 

optogenetic proteins or chemically engineered photoswitches to render them light-sensitive. Over 

the past three decades, significant advancements have been made in inducing light perception 
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through electrical and optogenetic stimulation. In 2013, Argus II (Second Sight, Inc, USA, now 

Cortigent, Inc, USA) a retinal electrical implant with sixty electrodes became the first electrical 

implant to receive FDA approval for commercial use (Luo & da Cruz, 2016). In 2021, a patient 

treated with ChrimsonR optogenetic protein was able to locate objects in their treated eye using 

light-inducing goggles (Sahel et al., 2021) and currently four early-stage clinical trials for 

optogenetic therapy are ongoing (Prosseda et al., 2022).  

The goal of these technologies is to provide restored vision matching up to the function 

and performance of the neurotypical vision. However, bypassing the initial neuronal processing 

and artificial stimulation renders restored vision inherently different from neurotypical vision. The 

aforementioned technologies generate phosphenes with spatial and temporal distortions (Fine & 

Boynton, 2015). Since it is an emerging technology, a lot is unknown and the expectations of 

clinicians, funding agencies, and patients are set based on animal models and clinical trial 

outcomes. 

Alternatively, understanding the characteristics of restored vision prior to large-scale 

implementation could be achieved through modeling and predicting the outcomes from the 

established information on the neurophysiology and the device functioning. This approach allows 

the establishment of theoretical limits for comparison with empirical evidence. In our ‘virtual 

patient’ framework, we aimed to achieve this by simulating the restored vision based on 

psychophysical testing and neurophysiology in two types of sight restoration technologies: retinal 

implant and optogenetic therapy.  
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In the first half of the thesis, chapters two and three, we examine the perceptual experiences 

of patients who already have retinal implants with the goal of validating the predictions of the 

virtual patient paradigm. The latter half focuses on predicting perceptual outcomes of optogenetic 

therapy. This chapter provides a broad overview of the neuroanatomy and function of healthy 

retina, retinal degenerative diseases causing blindness, types of sight restoration technologies, and 

psychophysical methods adapted to testing restored vision. 

 
Figure 1 Laminar structure of the retina shown in (A) diagram adapted from Cehajic-

Kapetanovic et al. (2022) with license number 5562830628141, (B) labeled stain tissue adapted 

from Cenveo with a CC-3 license.  

1.1 THE NEUROANATOMY AND FUNCTION OF THE HEALTHY RETINA 

The human retina is the innermost tissue of the eye with a laminar structure consisting of 

five major cell classes and their synapses: the cell bodies of photoreceptors, horizontal cells, 



 8 

bipolar cells, amacrine cells, and retinal ganglion cells make up the three nuclear layers; separated 

by two plexiform layers, see Figure 1 (Rodieck, 1973). The furthest from the surface, Outer 

Nuclear Layer (ONL) consists of the first order neurons capturing photons, photoreceptor cell 

bodies and it is bound by Retinal Pigment Epithelium. Axons and dendrites of the photoreceptors, 

bipolar, and horizontal cells make up the Outer Plexiform Layer (OPL) and their cell bodies are in 

the Inner Nuclear Layer (INL). At the Inner Plexiform Layer (IPL), ganglion cells synapse with 

amacrine and bipolar cells and their cell bodies make up the Ganglion Cell Layer (GCL)  (Dowling, 

1987). The axons of ganglion cells enter Nerve Fiber Layer (NFL), forming bundles towards the 

Optic Nerve (ON) where retinal signals are relayed to Lateral Geniculate Nucleus (Pollock & 

Miller, 1986). The cell density across the retina is not uniform with perceptual consequences going 

from fovea towards the periphery (Wassle & Boycott, 1991). 

Photoreceptors. Named after the shape of their outer segments: rods and cones are two 

general categories of photoreceptors in vertebrate retina (Baylor, 1987). They carry light-sensitive 

opsins or photopigments in their outer segments that absorb photons to initiate visual signaling, in 

a process called phototransduction. Depolarized at dark environments -also referred as ‘dark 

current’-, rods and cones hyperpolarize in presence of light. 

The photo-absorption rates, spectral sensitivities, and distributions of the photoreceptors 

vary. Rod density dips at fovea and peaks at 20° away from it. In their pioneering paper 'Energy, 

Quanta, and Vision' (1942), Hecht and colleagues  estimated from psychophysical data that only a 

handful of photons are needed to elicit light response from a rod in dimly lit conditions. This is 

mainly due to high convergence of rod receptive fields in the periphery, making rod mediated 

vision highly sensitive but less precise (Curcio et al., 1990; Kawamura & Tachibanaki, 2022). 

Cones in the healthy human retina have three opsins receptive to short (S), medium (M), and long 
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(L) wavelengths. Color vision, due to relative excitation of S, M, and L cones are mediated by 

cones. Cone density peaks at fovea: foveal vision at ambient light has high acuity but it is less 

sensitive than rod-mediated vision (Curcio et al., 1990; Kawamura & Tachibanaki, 2022). 

Weak signals are amplified at this stage of visual processing because all aforementioned 

photopigments initiate a G-protein cascade. Cones are about x30 times less sensitive due to faster 

recovery time of their opsins (Kawamura & Tachibanaki, 2022). Under bright daylight, human 

vision is cone-driven, and is sensitive to flicker at higher temporal frequencies. At mesopic 

conditions temporal sensitivity is dependent on both rod and cone photoreceptors (Umino et al., 

2019). In designing sight restoration technologies, it is vital to consider amplification and 

adaptation features of phototransduction when bypassing the degenerated photoreceptor layers. 

Bipolar Cells.  Glutamate released from photoreceptor dendrites initially interacts with 

bipolar cells in the inner nuclear layer. There are over 10 physiologically distinct types of bipolar 

cells distributed throughout the retina, and they alter various aspects of the visual response, 

chromaticity and kinetics (Euler et al., 2014; Grimes et al., 2018) . Rods only connect with rod 

bipolar cells; whereas cones are linked to mainly two functionally distinct categories: ON vs OFF 

cone bipolar cells. The distinction here is whether the inhibition of glutamate release depolarizes 

(ON) or hyperpolarizes (OFF) the cell. The antagonism is due to feedforward or negative feedback 

connections with horizontal cells in the OPL (Dacey, 1999). 

 Rod bipolar cells relay the visual signal to AII Amacrine cells which share gap junctions 

with cone bipolar cells, exploiting the same subsequent retinal circuitry (Euler et al., 2014). Cone 

bipolar cells can differ in their tuning to wavelength (S-cone bipolar) or their receptive fields 

(midget bipolar). In rodents, there is an additional direct pathway between rods and OFF bipolar 

cells (Field & Rieke, 2002)  
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Ganglion cells. Retinal Ganglion Cells (RGCs) serve as the endpoint of retinal visual 

processing projecting their axons to Lateral Geniculate Nucleus (LGN) and Superior Colliculus. 

With more than 17 morphologically distinct types, ganglion cells multiplex input they receive from 

bipolar and amacrine cells (Field & Chichilnisky, 2007). The RGCs with the highest cellular 

density, Parasol and Midget cells were the earliest to be characterized due to the measurement 

methods available. Depending on where their dendrites are, Midget and Parasol RGCs receive 

excitatory/inhibitory input from bipolar cells that enables center-surround antagonism in their 

receptive fields (Dacey, 2004). Midget cells have receptive fields  with small receptive fields and 

sustained responses project to parvocellular layers of Lateral Geniculate Nucleus, whereas parasol 

ganglion cells with larger receptive fields have faster kinetics and project to magnocellular layers 

of LGN (Kaplan, 2008).  While the function and anatomy of all the distinct types of ganglion cells 

are not fully understood, it is clear that the visual stimulus is processed in multiple parallel 

pathways; for both visual and non-visual purposes (Field & Chichilnisky, 2007). 

In the context of sight restoration, it's important to highlight the significant diversity in both 

function, morphology, and interaction among various retinal cell types. Bypassing the complex 

processing at the retina yields a challenge to attain neurotypical vision. 

 

1.2 RETINAL DEGENERATIVE DISEASES (RDD) 

1.2.1 Inherited Retinal Degenerative Diseases Lead to Vision Loss 

Age-related Macular Degeneration (AMD) or Retinitis Pigmentosa (RP) belong to a family 

of inherited degenerative diseases identified by the dystrophy of photoreceptors and subsequent 

retinal re-modeling, causing partial or total vision loss. These diseases are classified according to 
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the type of inheritance—autosomal dominant, recessive, X-linked—, type of cells affected, 

identified defective genes, and which stage the disease is in (Dias et al., 2018). A list of RDDs 

with the current number of related genes and loci is presented in Supplementary Table 1. 

AMD is the third leading cause of blindness worldwide where the first two —glaucoma 

and cataracts— are considered “preventable” with early detection and treatment (Bourne et al., 

2013). Researchers project that by 2040, 288 million people will have age-related macular 

degeneration (Wong et al., 2014). The prevalence and demographics vary significantly across 

geographical region, access to treatment, and age. At the later stages of the disease, AMD can be 

classified as “wet” (or exudative) due to new blood cell formation; or “dry” (non-exudative)  due 

to photoreceptor shortening and separation from RPE, both leading to subsequent retinal damage 

(Pfeiffer et al., 2020). While early AMD can be asymptomatic with minor distortions to vision, 

late AMD leads to central progressive vision loss. The progress of wet AMD can be prevented or 

slowed down by introducing suppressors to Vascular Endothelial Growth Factor (VEGF); 

however, there is currently no available cure for dry AMD (Mitchell et al., 2018).  

Retinitis Pigmentosa is the generalized name given for a class of diseases affecting 1 in 

4000 globally (Pfeiffer et al., 2020). Named after the observed pigmentation of the retina, RP is 

identified by photoreceptor loss starting from rods in the periphery, progressing towards cones in 

macula. In addition to pigmentation, no response from an electroretinogram (ERG), and size 

changes in retinal vessels are other indicators of photoreceptor death in RP (Petrs-Silva & Linden, 

2013). RP patients initially lose night and peripheral vision due to degeneration of rods; describing 

their visual experience at daylight at this certain stage as ‘tunnel vision’, see Figure 2. The disease 

progresses to total vision loss due to complete photoreceptor atrophy and further retinal re-

modeling. 
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There are currently 69 identified genes directly linked to types of RP (see Supplementary 

Table 1). with more than 100 associated genes shared with accompanying syndromes. The majority 

of gene mutations linked to RP is expressed in the eye, leading to retinal degeneration but a subset 

of gene mutations can lead to widespread abnormalities in the body such as renal dysfunction or 

poltdactyly (Dias et al., 2018).  Bardet-Biedl and Usher Syndromes are two examples of about 30 

accompanying diseases to RP.   

The onset of IRDs vary according to the genes involved. However, unlike the cases of 

congenital blindness, individuals affected by IRDs experience neurotypical vision for certain 

portion of their lifetime. This brings about the opportunity to either rehabilitate or mimic normal 

vision through sight restoration methods.  

1.2.2 Mechanisms of Retinal Degeneration and Re-modeling 

IRDs have a complex etiology but the cause of vision loss is common across all: 

degeneration of the photoreceptor layers and subsequent rewiring of the retinal circuitry. For 

instance, in dry AMD, the photoreceptor degeneration is triggered by the separation of 

photoreceptors from the Retinal Pigment Epithelium where vascularization in wet AMD is the 

reason for the loss of RPE function (Pfeiffer et al., 2020).  

A B C 

Figure 2 Demonstration of the progress AMD and RP. (A) Original Photo. (B) In AMD, patients 

initially lose central vision, (C) tunnel vision in RP patients. Adapted from Fine and Boynton (2015). 

A B C



 13 

For the majority of IRDs, the main stages (or phases) that follow photoreceptor 

degeneration are as follows, see Figure 3: 

Stage 1. Shortening of photoreceptor outer segments, some deficits are seen. 

Stage 2. In addition to photoreceptor atrophy, mostly rods, photoreceptor outer segments 

continue to shorten, glial response and remodeling starts. 

Stage 3. Large-scale photoreceptor loss -cones- and glial response, remodeling of inner 

layers, random firing of ganglion cells starts. 

Stage 4. Almost all photoreceptors are lost, large-scale remodeling within inner nerve layer, 

gliosis (Cehajic-Kapetanovic et al., 2022). 

Here, depending on the stage of IRDs, the type of sight restoration method available changes.  

1.3 SIGHT RESTORATION METHODS 

Figure 3 Diagram adapted from Cehajic-Kapetanovic et al. (2022) with license number 

5562830628141 summarizing the anatomy, the stages of degeneration in retinal layers, and sight 
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restoration methods that are suitable for a given stage. The retina goes through major rewiring and 

remodeling as IRDs progress: if a method such as gene therapy can tackle degeneration at earlier 

stages, there is a chance of preserving inner layers and further circuitry in the visual cascade. 

 
IRDs primarily affect the retinal cells and the rest of the visual cascade is considered relatively 

intact. Researchers, for the past 60 years, have explored restoring sight through utilizing remaining 

visual circuitry. Mainly, four categories of sight restoration methods emerged: molecular therapies, 

cell transplantation, cognitive methods such as sensory substitution, and electrical implants. 

1.3.1 Molecular Therapies 

As discussed in section 1.2.1,  inherited gene mutations, in conjunction with environmental 

risk factors, lead to retinal degeneration. Identifying and targeting defects due to gene mutations 

has the potential of fully restoring vision, making molecular approaches one of the most promising 

methods. These approaches include gene-replacement therapy, genome editing, and optogenetic 

therapy. 

Gene-replacement therapy, delivering the unmutated copy of defective genes via vectors, 

has been introduced as a proof-of-concept twenty two years ago (Acland et al., 2001). Targeting 

the single mutated gene ‘RPE65’ that causes Leber’s Congenital Amaurosis (LCA), Acland and 

colleagues demonstrated restoration of visual function in a canine model. Clinical trials that 

followed showed similar efficacy in treating LCA due to RPE65 mutation; leading to FDA and 

EMA approval of LUXTURNA— drug that targets RPE65 via AAV delivery— in 2017 and 2018 

respectively (Russell et al., 2017). 

Adeno-associated viral (AAV) vector is the most commonly used viral transporter in the 

retina due to its safety and efficacy with RPE and photoreceptors but it can only carry up to 4.7 kb 

of information (Russell et al., 2017).  This is a limiting factor: genetic information can be larger 
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than the vector’s cargo capacity. In most cases, multiple genes are linked to a certain RDD (see 

Supplementary Table 1). While the cargo capacity can be increased by genetically modifying AAV 

(e.g. double AAV), or using another vector, targeting multiple genes at the same time remains a 

bottleneck in gene-replacement therapy.  

Genome editing techniques, such as CRISPR-Cas9, have the potential to edit or inhibit the 

mutated gene of the patients with RDDs. Clinical trials of EDIT-101, a gene-editing product for 

CEP290 gene that causes LCA type 10, started in 2019 with adult and pediatric participants 

(Clinical Trial NCT03872479). Primarily interested in the number of adverse events and levels of 

toxicity, researchers also study visual function outcomes. Similar to gene-replacement therapy, if 

genome editing is established that it is a safe and effective method, it will require vectors with 

large cargo capacity and will need to have low immunogenic effects (Cehajic-Kapetanovic et al., 

2022). Since the aim is to restore the function of degenerated cells, the aforementioned molecular 

techniques can only be applied in the earlier stages of RDDs. An alternative molecular approach 

that is viable in the later stages with major target cell loss and retinal remodeling is to genetically 

engineer non-light sensitive cells to respond to light. 

Optogenetic therapy, where the ion channels of remaining light-insensitive cells are 

equipped with light sensitive proteins, is mutation independent and viable at the later stages of 

retinal degeneration, see Busskamp et al., (2012) for a review and a more detailed description in 

Chapter 6.  

1.3.2 Cell Transplantation 

Tissue engineering to either promote health of or replace the affected cells in RDDs is 

another approach in sight restoration. Mainly two categories of tissue engineering are relevant to 

RDDs: use of stem cells or scaffolds. Stem cells from the umbilical tissue, bone marrows or 
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induced pluripotent stem cells (IPSCs) are placed into the ocular/intraocular region to passively 

deliver growth factors and increase the probability of cell survival (Bahar, 2019; Cehajic-

Kapetanovic et al., 2022). Alternatively, degenerated cells can be replaced by healthy transplants.  

Scaffolds, similar to extracellular matrices such as glial cells, provide structural and functional 

support to the cells. Scaffolds can be engineered or sourced from cadavers. In the context of RDDs, 

stem cells on scaffolds can have a better chance of long-term viability; however, biocompatibility 

of the materials used is a current issue that needs to be addressed.  

The potential disadvantage of using stem cells from the patient is that the stem cells might 

carry the same genetic mutation; researchers need to modify the cells before transplantation. 

Currently, the clinical trials focus on immunocompatibility and long-term cell survival (Cehajic-

Kapetanovic et al., 2022). 

1.3.3 Electrical Visual Implants 

In analogy to the mechanisms used by cochlear implants to stimulate signal propagation 

mechanisms in the cochlea, visual implants aim to mimic neurotypical vision by stimulating cells 

to represent the visual world in phosphenes. By altering the extracellular charge density, electrical 

stimulation of visual neurons enhances the probability of generating an action potential in a 

specific area, resulting in the perception of visual phosphenes. Visual implants, in general, consist 

of a stimulating electrode array, a powering, and a processing unit that can be located at various 

locations of the visual system. 

1.3.3.1 History of Electrical Visual Implants 

Electrical stimulation to generate visual phosphenes is an idea as old as the modern concept 

of electricity; as Benjamin Franklin discussed its potential use for deafness and blindness (W. 
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Watson, 1752). The foundational body of work for electrical visual implants came from studies by 

Otfrid Foerster (1929) and Krause & Schum (1931) electrically stimulating cortices of epilepsy 

patients under local anesthesia (Brindley & Lewin, 1968). They reported that if the occipital lobe 

is stimulated with a small electrode, patients perceived spots of light.  Their students, Wilder 

Penfield and Rasmussen (1950) followed up with similar reports from the stimulation of the striate 

cortex. 

Inouye and Holmes, situated at opposite corners of the globe, investigated lesions suffered 

by soldiers during World War I to reveal the retinotopic organization of the visual system, i.e. 

topographically close neuronal populations are sensitive to neighboring regions in the visual field 

(Fishman, 1997). Later in the 20th century, Hubel and Wiesel (1962) and Van Essen and colleagues 

(1984)  recorded electrophysiological signals from the cat visual cortex to better map the 

retinotopic organization of the visual system. With these two key findings, one can potentially 

mimic normal visual experience by replacing visual stimulus with electrical stimulation, as the 

phophenes generated by electrically stimulating neighboring cells could reliably represent the 

visual scenes.  

Brindley and Lewin (1968) were the first to use an electrical implant to generate 

phosphenes as a sight restoration technology. A patient with glaucoma and retinal detachment 

received an 81-electrode cortical implant and reported seeing phosphenes that changed brightness 

when the pulse duration and frequency supplied by the implant was altered (Yue et al., 2018). Ten 

years later Dobelle and colleagues (1979) incorporated a camera as input where the implanted 

patient reported seeing distinct phosphenes, paving the way for the next generation of electrical 

visual implants. Several other groups in that period experimented with alternative locations in the 

visual system such as LGN or the optic nerve.  
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1.3.3.2 Retinal Implants 

Retinal implants have considerable advantages over other loci in the visual system for 

RDDs: (1) bypassing only the degenerated retinal circuitry, implants can exploit the healthy 

portion of the visual cascade with minimal alteration, (2) surgically, the retina is easier and safer 

to access and the techniques for implanting an electrode array are similar to pre-existing methods 

such as retinal re-attachment surgery.  

Decades after the initial experiments in the 60s and 70s, the first major breakthrough was 

the acute implementation of a multielectrode array on the surface of the retina where the patients 

were able track the location of the electrode stimulated (Humayun et al., 1999). This meant that 

electrical stimulation of retinal cells translated into the retinotopic organization of the visual 

system. With that, it is assumed that if the electrodes become small enough to stimulate small 

groups of neurons, location based electrical stimulation can replicate the visual world. 

Retinal implants generally are categorized based on where they are situated on the retina: 

epiretinal implants sit on the surface of the retina interfacing with ganglion cells and vitreous 

cavity, subretinal implants are positioned on the outer nuclear layer consisting of degenerated 

photoreceptors, and suprachoroidal implants are in between the choroid and sclera.  

1.3.3.2.1 Epiretinal Implants 
 

Epiretinal implants interface directly with retinal ganglion cells bypassing the OPL and 

INL. The main advantage of these implants is the ease of surgery as the techniques are derived 

from retinal re-attachment surgery. As described earlier in the history subsection, the proof-of-

concept for a retinal implants were done by Humayun and colleagues (1999) on an acute epiretinal 

array. Another advantage is the heat dissipation due to vitreous fluid but this advantage is 
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accompanied by the effect of torque lifting up the electrode array from retinal surface. Another 

challenge related to epiretinal implants is the stimulation of ganglion cell axons  that lies below 

the electrode array leading to streaky percepts than ideal point-like percepts (Beyeler et al., 2019).  

 

To date, two epiretinal implants have been approved by regulatory agencies, Argus II by Second 

Sight, Inc (now Cortigent, Inc) received CE mark in 2011 and FDA in 2013; and IRIS (Pixium 

Inc, Paris) got CE mark in 2016. 

The development of Argus II followed the clinical trials of Argus I (started in 2002), first 

generation 16 electrode epiretinal implant by Second Sight Inc (Humayun et al., 2003; Yanai et 

al., 2007). Its design modified from cochlear implants, Argus I had electrodes of  alternating 260 

µm or 520 µm diameters, with 800 µm electrode separation (Luo & da Cruz, 2016). Argus I clinical 

trials results were promising, safety of electrical stimulation and implantation was established, 

Argus I users were able to detect phosphenes generated by the implant and could complete visual 

function tasks (Humayun & Olmos De Koo, 2018),. 

The second-generation device, Argus II has 60 electrodes with 200 µm diameter and 575 

µm separation. Argus I and Argus II share internal and external components: externally, user wears 

glasses with a camera mounted in between the eyes to capture the scene, a video processing unit 

to translate scenes into signals and an external coil to transmit the signal to the retina.  Extraocular 

electronics that consist of an internal coil that receives the signal, and an ASIC circuit produces 

the appropriate pulses are placed either on temporal bone in Argus I and sutured to the sclera in 

Argus II. Lastly, the intraocular microelectrode array tacked on one end electrically stimulates 

retinal ganglion cells (Yue et al., 2020). In Argus II, the extraocular electronics act as the necessary 
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return for the current flow which potentially can increase current spread leading to a decrease in 

resolution (Yoon et al., 2020).   

With more than 350 users worldwide, Argus II is one of the better studied electrical 

implants. In chapters Chapter 2 and Chapter 3, I describe my work on identifying factors 

influencing the spatial resolution of Argus II. After the clinical trials, Argus II was commercially 

available with multiple centers across the world implanting it (see Yoon et al. (2020) for a review; 

Schaffrath et al. (2019) for the post-approval study). Unfortunately, in 2019, Second Sight, Inc 

announced that in order to accelerate the feasibility study of the cortical implant Orion, they 

suspended production of new Argus II systems (Second Sight, Inc, 2019). In 2020, due to financial 

setbacks the company announced mass layoffs including vision rehabilitation specialists, and in 

2022 the company merged with Cortigent Inc, a subsidiary of Vivani Medical, Inc (Second Sight, 

Inc, 2022). 

Intelligent Retinal Implant System (IRISTM) (Pixium Vision SA, Paris, France), with 150 

electrodes, employed sensors instead of a camera to capture visual information and an optical link 

instead of RF coil for higher data transmission. Similar to Argus II, extraocular electronics were 

sutured to the sclera and intraocular electrode array consisted of micro-photodiodes with no need 

for external battery (Hornig et al., 2017). The clinical trials started in 2016 (NCT02670980) with 

10 participants, with four participants experiencing six adverse events. At six months, the users 

performed better in visual function tasks such as square localization when the device was ON vs 

OFF, their visual field increased from 0 to a median 50º (Muqit et al., 2019). In 2017, the company 

announced that the life-span of IRIS was shorter than expected, in 2018 they announced their 

decision to halt the production, postpone further developments, and focus on their other implants 

(Rachitskaya et al., 2020). 
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In addition to Argus II and IRIS, experimental device EPIRET3 by Epi-Ret (University 

of Aachen, Germany) employed an epiretinal positioning, with 25 electrodes of 100 µm (Humayun 

& Olmos De Koo, 2018). Unlike the previously mentioned, EPIRET3 had no external components 

transmitting data or energy and was coated in biocompatible material rather than hermetic case. 

The proof-of-concept study where 6 patients were implanted and explanted after a month showed 

success in safety and light perception (Klauke et al., 2011). However, after the end of this clinical 

trial, the group shifted its focus to ‘Very Large Electrode Arrays’ (VLARS) (Waschkowski et al., 

2014).  

1.3.3.2.2 Subretinal Implants 
Subretinal implants are placed between the photoreceptor layer and Retinal Pigment 

Epithelium. The implantation surgery is more challenging than epiretinal implants due to retinal 

detachment and cutting choroid but subretinal implants are more stable since they are sandwiched 

between the layers (Humayun & Olmos De Koo, 2018). Electrodes stimulate bipolar layer, taking 

advantage of its inherent processing. However, in later stages of retinal degeneration, retinal 

remodeling makes it more challenging to predict visual outcomes.  

Alpha-AMS (Retina Implant AG, Germany) was the only commercially available 

subretinal implant with CE approval. Its predecessor, Alpha IMS that was implanted in 29 patients 

had shown promising functional results but had issues with long term durability (Stingl et al., 

2015). The internal parts consisted of a CMOS chip with 1600 photodiodes which was powered 

through a foil and  a silicone power cable that connects to a ceramic casing under the ear containing 

receiving coils (Stingl et al., 2017). Unlike epiretinal implants previously discussed, Alpha AMS 

did not require an external camera since it employed photodiodes and incorporated natural eye and 

head movements into the stimulation. Despite promising clinical results, Retina Implant AG 
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announced its closure in 2019 due to regulatory and economic challenges (Rachitskaya et al., 2020; 

Retina Implant, 2019). 

The design of Boston Retinal Implant Project’s subretinal implant was inspired by Argus 

II, sharing similar components and a 100-electrode microelectrode array of 400 µm diameter 

implanted between the RPE and the retina (Cheng et al., 2017). This device is still in pre-clinical 

stage. 

In addition to their epiretinal implant effort, Pixium Vision develops PRIMA, a 

photovoltaic implant that consists of an intraocular Near-Infrared powered chip with 143 

hexagonal pixels and a video camera attached to an augmented-reality glass (Palanker et al., 2005; 

Lorach et al., 2015). This design is advantageous for capturing head and eye movements but can 

require additional illumination to activate photovoltaic pixels. The feasibility clinical trials are 

currently ongoing (NCT03333954).  

1.3.3.2.3 Suprachoroidal Implants 

One advantage of placing an electrode array between the sclera and choroid is the lower 

probability of retinal damage due to implantation and introduction of a foreign object into the eye. 

Two groups: Fujikado group in Japan (2011) developing Semichronic Suprachoroid Transscleral 

(STS) and Bionic Vision Australia (BVA) (Ayton et al., 2014; Shivdasani et al., 2014) have been 

developing suprachoroidal implants. 

First generation of STS had 49 500 µm platinum electrodes of which 9 were active and 4 

could elicit percepts. In its initial trials, the stimulation thresholds were higher compared to 

epiretinal implants but the participants were able localize objects better when the device was ON 

vs OFF (Fujikado et al., 2011b; Humayun & Olmos De Koo, 2018). The device was explanted 
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after a month and in 2017 it was reported that the further clinical trials with the updated STS were 

underway (Fujikado, 2017). 

Between the year 2012-2014, BVA implanted the investigational suprachoroidal device 

consisting of 33 platinum electrodes in three patients with severe RP where they investigated 

various types of electrode-return positioning. Patients reported reliable percepts when stimulated 

with currents below the safety limits (Ayton et al., 2014). A second generation implant of 44 

electrodes with better positioning and thresholds is currently being investigated for long-term 

safety of chronic implantation (Petoe et al., 2021).  

1.3.3.3 Cortical Implants 

The history of cortical stimulation to elicit percepts predates retinal stimulation (see 

Section 1.3.3.1). Most of the early work on cortical stimulation involved acute testing with no 

chronic implantation except for Dobelle and colleagues’ study (1979) but the interest in developing 

a chronic cortical visual implant has been steadily growing in the past decade. While the surgery, 

long-term management and rehabilitation of cortical implants are much more complicated than 

implants targeting earlier areas in visual processing, a cortical visual implant can be a solution to 

a much larger population affected by diseases that affect not just retina but also the optic nerve and 

LGN.  

Cortical implants targeting vision loss are implanted in the occipital lobe, directly 

stimulating visual areas. Ideally, the implant should lie on the calcarine sulcus over the retinotopic 

visual areas. However, due to the concavity of the sulci, positioning of a rigid electrode array is 

challenging. Dobelle and colleagues implanted an epicortical array consisting of 140-512 

macroelectrodes that was situated between the skull and the cortical surface which produced 
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phosphenes but at high current amplitudes (Dobelle, 2000; Towle et al., 2020). The first patient to 

get the epicortical implant had it for 36 years (Dobelle, 2000). The group reported that the 

implantees could read Braille however the documentation was not sufficient (Bosking et al., 2017). 

Epicortical implants are less invasive however require high current amplitudes stimulating larger 

neuronal populations with the risk of causing seizures. 

To achieve lower stimulating currents, intracortical implants employ protruding electrodes 

that contact with the cortex. Again, due to surgical difficulties, implantation over the calcarine 

fissure where the visual areas are is not recommended, missing out on stimulating neuronal 

populations that are responsible for early visual processing (Troyk, 2017).  

As discussed earlier, Second Sight, Inc (now Cortigent, Inc) devoted its resources to 

developing cortical visual implants. Orion Cortical Visual Prosthesis has received its 

‘Breakthrough Device’ title from FDA in 2018 which is granted for technologies with no approved 

alternatives and its availability would benefit the patients (Sandrian et al., 2023). Adapted from 

the Argus II technology, Orion consists of 60 electrodes 4.2mm/3.0mm separation (Beauchamp et 

al., 2020). 6 patients were implanted as part of the initial clinical trial (NCT03344848), results 

from one patient with RP were published where they were able to perceive letters through dynamic 

stimulation of the cortex at a rate of 30 forms (letters like ‘C’, ‘U’) per minute (Beauchamp et al., 

2020). Similar to Argus II, the position of the percept depends on eye movements (Caspi et al., 

2021). The clinical trials are still ongoing. 

The Intracortical Visual Prosthesis (ICVP) developed by Illinois University of Technology 

group consists of Wireless Floating Microelectrode Array (WFMA) that consists of 16 electrodes 

placed on cortical surface (Niketeghad & Pouratian, 2019). After proof-of-concept and safety 
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studies with 6 rats, clinical trials are currently ongoing (NCT04634383) with preliminary results 

indicating phosphene generation with low current amplitudes and orientation discrimination 

(Barry et al., 2023). 

In addition to the aforementioned two, Gennaris by Monash Vision Group, Australia using 

wireless electrode tiles and CORTIVIS (Miguel Hernández University of Elche) using a Utah array 

are currently being investigated for long-term safety and efficacy (Rosenfeld et al., 2020; 

Fernández et al., 2021). 

1.3.3.4 Summary 

The field of electrical implants is both relatively young in the context of commercial 

products, and old in terms of early investigational studies. Due to its ties to manufacturing, 

materials, and surgical technology available, trends can shift quite rapidly. The early 2000s saw 

an emphasis on retinal implant research whereas nowadays, the focus has switched to cortical 

stimulation. At the frontiers of innovation where for-profit companies share research responsibility 

with academia, this switch can be expected. However, advocacy for patients who were part of the 

past research should not be overlooked. Animal studies, acute implantation, and simulation can 

inform researchers and engineers prior to moving forward with clinical trials. 

1.3.4 Sensory Substitution/Augmentation and Other Cognitive Methods 

Sensory substitution devices (SSDs) aim to replace neurotypical visual perception or 

augment bionic vision through other modalities such as touch or sound. Widely used traditional 

visual aids such a cane or the Braille alphabet are in a way, prime examples of SSDs. Their success 

in helping patients navigate their environments and participate in their social life is undeniable; 
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and with each technological advancement like the introduction of smart phones and wearables, a 

new wave of SSDs has emerged to improve the quality of life of blind patients. 

An early demonstration of a wearable SSDs was a tactile device placed on the back of the 

neck by Bach-Y-Rita et al. (1969) where the visual scenes were translated into vibrotactile 

stimulation. For visual-tactile SSDs choice of location is important due to the change in receptive 

field sizes on our body. In recent years, tongue, hands, and waist have been the candidate areas for 

tactile SSDs (Farnum & Pelled, 2020).  

Vision-to-audio wearable SSDs where the visual features are represented in auditory 

stimuli such as pitch, timbre, or loudness of the sound are also getting traction as it has been 

demonstrated that the users are able to discriminate between tones at a much higher resolution than 

tactile two-point discrimination.  

The main principle of representing the visual world with the aid of another modality is 

dependent on perceptual learning and neural plasticity; after enough practice, patients can use the 

output of SSDs to locate visual objects or detect motion. One advantage of SSDs over some sight 

restoration technologies discussed is that they can be utilized by both early and late-blind 

individuals. They are considered cost effective compared to the other sight restoration technologies 

since they generally do not require surgery. However, since they augment a different modality in 

use, they can be confusing and hard to get used to.  

1.4 VISUAL FUNCTION MEASURES 

As described in the earlier sections, restored vision is a different sensory experience than 

neurotypical vision therefore traditional measures of visual function need to be adapted to the 

artificial vision by sight restoration technologies. The “Harmonization of Outcomes and Vision 
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Endpoints in Vision Restoration (HOVER)” taskforce, formed in 2014, aimed to determine these 

unique needs and standardize practice across research groups. The importance of the 

standardization of outcome reporting lies in the ability to compare across technologies. Funding 

agencies, patient advocacy groups, and policy makers require objective measures to evaluate the 

efficacy of a sight restoration method.   

The paper delineating the conclusions of the consortium (Ayton, Rizzo, et al., 2020), points 

out that there are multiple facets of visual outcomes for artificial vision: change in visual 

processing, change in quality-of-life of patients, device effectiveness are the main categories 

named. Not many research groups can conduct a study that covers all the prescribed outcomes; 

authors of the paper suggest using it as a guideline.  

Psychophysical methods provide a unique direction in measuring visual outcomes: we can 

quantify the perceptual experience through systematic sampling of the stimulus. While the visual 

processing is non-linear and multi-dimensional, targeting individual features of an input-output 

relationship enables us to have a better theoretical understanding of a system. Consistent with the 

guidelines of the HOVER consortium, we divided psychophysical methods relevant to the sight 

restoration technologies focusing on two main categories: device effectiveness — how well the 

technology works focusing on how well the technology works— and visual processing —how the 

visual system works using the technology. 

1.4.1 Device Effectiveness 

 The ability to collect reliable behavioral data to describe perceptual experience depends 

on how well the investigated technology works across users. In clinical trials, this need translates 

into conducting detection and discrimination threshold measurements, phosphene appearance 

matching, and phosphene localization tasks with sight recovery patients. These tests serve a dual 
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purpose: first, they help researchers understand the limits of restored vision, and second, they allow 

the providers to fine-tune and reassess the performance of the technology. 

Phosphene threshold measurements are appropriate for electrical prostheses where the 

stimulation can be systematically varied to find the intensity required to deliver a reliable percept 

(usually at 60 or 80 percent correct). If the device allows for individual electrode stimulation, 

perceptual thresholds are estimated for each electrode and these threshold values are used in 

determining stimulus intensity required for daily use (Ayton et al., 2020). Prior to other 

psychophysical tasks that involve varying stimulus intensity, researchers needed to establish that 

the phosphene thresholds could be obtained consistently, with an acceptable rate of false alarms 

during the task. 

Discrimination tasks in the context of sight restoration can look different based on the 

technology: for electrical implants establishing the patient’s ability to discriminate between 

phosphenes generated from different electrodes can be done through a two-point discrimination 

task, whereas in devices with ensemble activation classical psychophysical discrimination tasks 

such as orientation or direction of motion can be adapted.  

Qualitative evaluations of phosphene appearance by patients are essential at the initial 

assessment of the devices. This should be followed up by methodical testing of phosphene 

brightness, size, and shape.  

1.4.2 Visual Performance 

The primary aim of artificial vision metrics is to assess enhancements in visual acuity, 

which represents the smallest spatial detail an individual can consistently perceive. This provides 

clinicians, funding agencies, and designers a direct comparison to neurotypical vision and lack of 

vision without the therapy. Traditional methods of measuring visual acuity with optotype charts 
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such as Snellen or logMAR has been proven challenging with individuals with low vision and 

sight recovery patients because the lowest threshold of these tests is still higher than what is 

currently achieved by the sight restoration technologies and the testing requires multiple sessions 

due to individual variability (Ayton et al., 2020). Optotype charts modified for ultra-low vision 

such as frACT (Bach, 1996), Berkeley Rudimentary Vision Test (BRVT)  (Bailey et al., 2012), or 

tests specifically targeting a sight restoration technology like BaLM (Bach et al., 2010) are some 

alternatives suited for individuals with vision lower than logMAR 1.60.  

The optotype charts can be generalized to natural viewing conditions in neurotypical 

individuals but within the sight restoration context, it is important to consider changing percepts 

when the stimulus is dynamic. This can be due to many reasons: if it is a retinal implant with video 

capture, the sight recovery patient might have nystagmus that leads to regeneration of the signal; 

there might be neural adaptation due to continued stimulation; or the kinetics of cell signaling 

might be alien in a technology like optogenetic therapy. Unlike optotype charts, grating visual 

acuity and contrast sensitivity tasks can measure temporal sensitivity in addition to spatial contrast 

sensitivity. Sampling the perception of gratings with a range of spatial and temporal frequencies 

can inform researchers about the optimal viewing conditions using sight restoration technologies. 

An example of this approach is the work by Bittner, Jeter, and Dagnelie (2011) where they 

benchmarked grating visual acuity and contrast sensitivity tasks in patients with severe vision loss 

due to retinal degeneration. In Chapter 4, we use a contrast sensitivity task to predict visual 

performance of patients undergoing optogenetic therapy from animal cellular data. 
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Chapter 2. SPATIAL VISION IN ARGUS II – PSYCHOPHYSICS 

Note: Portions of this chapter were published in Yücel et al., (2022). 

2.1 INTRODUCTION 

In 2013, Argus II developed by Second Sight Medical Products Inc, became the first 

electrical retinal implant to be approved for commercial market use by FDA following the CE 

mark granted by EU in 2011. Before then, visual implants were strictly experimental, and patients 

had access to these devices through clinical trials.  The perceptual experience of clinically 

implanted Argus II patients has been variable (Erickson-Davis & Korzybska, 2021). In many 

patients a significant proportion of electrodes cannot elicit percepts within safe current density 

limits (Ahuja et al., 2013), and only limited pattern vision is generated by the device (Arevalo et 

al., 2021; da Cruz et al., 2016; Stronks & Dagnelie, 2014). 

A variety of factors are likely responsible for the limited pattern vision found in Argus II 

devices (Caspi & Zivotofsky, 2015). These include the decoupling of retinotopic stimulation from 

eye-position (Caspi et al., 2017), the fact that the percepts produced by the electrodes are not well 

formed ‘pixels’ (Beyeler et al., 2019; Luo et al., 2016; Nanduri et al., 2012), and an inability to 

resolve individual electrodes.  

Two-point discrimination (the ability to determine whether one or two percepts are seen 

when a pair of electrodes are stimulated) is thought to be a particularly useful measure for 

characterizing the ability to resolve individual electrodes within an array (Ayton, Rizzo, et al., 

2020). Unlike other spatial acuity tasks, such as grating acuity or square localization, two-point 

acuity is not susceptible to blurring by eye-movements. Thus, two-point discrimination is useful 

for characterizing losses in spatial resolution at a retinal level. An ability to resolve whether one 
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or two electrodes have been stimulated is necessary but not sufficient for good visual performance 

with a prosthetic device; one previous study does suggests a correlation between two-point 

discrimination and grating spatial acuity in Argus II patients (Lauritzen et al., 2011).  

  

Figure 4  (A) Experimental setup. (B) Example pulse trains for an individual trial (not to scale) of 

the two-point discrimination paradigm. In all experiments we used square-wave, biphasic, cathodic-

first pulse trains with a fixed pulse train duration. 
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Here we measured both current amplitude thresholds and two-point discrimination 

performance in three participants diagnosed with severe retinitis pigmentosa and chronically 

implanted with the Argus II epiretinal prosthesis (Table 1). Electrical stimulation was delivered 

directly to single or pre-selected pairs of electrodes (Figure 4). We measured single electrode 

thresholds using a yes-no procedure and measured two-point discrimination thresholds by 

simulating a pair of electrodes and asking participants both to report the number of phosphenes 

and draw the phosphene shape(s) on a tablet touch screen. 

Having measured current amplitude and two-point discrimination thresholds we used a 

combination of regression analyses and simulations to examine the role of physical distance 

between electrodes, amplitude, axonal stimulation, height of the electrode above the retinal surface 

(lift), and retinal damage, with the goal of examining how these various factors affect both 

sensitivity and two-point discrimination. 

2.2 SINGLE ELECTRODE STIMULATION  

2.2.1 Experiment 1: Phosphene Thresholds 

Table 1 Patient demographics. All data reported in this paper were collected at Johns 
Hopkins University Wilmer Eye Institute. 
Participant 
ID 

Second Sight 
participant ID Implant Eye 

Age at 
Testing 

Date of 
Implantation 

Date of 
Testing 

S1 12-005 Argus II Right Eye 83 2009 2019 

S2 12-104 Argus II Right Eye 61 2015 2019 

S3 13-101 Argus II Right Eye 74 2014 2019 
 

Our initial participant pool consisted of nine participants with Argus II retinal prostheses 

(Second Sight, Inc.): six participants implanted and tested at the Retina Service at the University 
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of Minnesota, and three tested at the Lions Vision Research and Rehabilitation Center at Johns 

Hopkins University; one of these patients was implanted at Wills Eye Hospital in Philadelphia, the 

other two at the Johns Hopkins Wilmer Eye Institute.  

Unfortunately, five of the six University of Minnesota participants almost never reported 

seeing two percepts when stimulated with a pair of electrodes, and one participant who did report 

seeing two percepts on a reasonable proportion of trials (7/49 in session 1; 35/90 in session 2) also 

reported seeing two percepts on 6/7 (no stimulation) catch trials. Consequently, we excluded the 

Minnesota participant data from further analysis.  

Of the patients tested at Johns Hopkins, S1 was implanted as part of the Argus II Feasibility 

Study (clinicaltrials.gov trial NCT00407602), whereas S2 and S3 were implanted after Argus II 

became commercially available in 2013, see Table 1. The data described in this paper (Johns 

Hopkins participants) were collected in two sessions, with each session taking roughly three hours, 

including frequent breaks.           

Data were collected at the Retina Service at the University of Minnesota and the Lions 

Vision Research and Rehabilitation Center at Johns Hopkins University and were provided to UW 

researchers in a de-identified format. The study was approved by IRBs of the University of 

Washington and Johns Hopkins University. 

2.2.2 Stimuli 

The Argus II retinal prosthesis consists of an epiretinal electrode array implanted in the 

macular region of the retina, an ASIC chip, RF transmitter and receiver coil, as well as glasses 

containing a mini camera (not used in our experiment) and a video processing unit (VPU), see 

Ahuja et al. (2011), for more detail. The signal from the VPU is received by the internal receiver 

coil, and the ASIC chip generates the electrical pulses that are then sent to the electrode array, a 
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grid of 6	 × 	10	platinum disk electrodes in a rectangular grid arrangement with 225 µm diameter 

and 575 µm center-to-center separation.  

We stimulated electrodes directly by connecting the VPU of each participant’s device to a 

psychophysical testing computer provided by Second Sight, Inc., see Figure 4A. Electrode 

stimulation was controlled by in-house software programmed in MATLAB by Second Sight 

Medical Products, Inc. (Mathworks, MATLAB Version: 7.1, R14SP3), that sent current 

waveforms directly to the electrodes (by-passing the camera). Stimuli consisted of biphasic, 

cathodic-first, charge-balanced, square-wave pulse trains with frequency, interphase gap, 

interpulse delay (the offset between pulses on different electrodes electrodes) and pulse train 

duration parameters as shown in Figure 4B and Table 2.  

 
Table 2 Stimulation protocol and parameters for all experiments. 

 

Patient 
ID Experiment Frequency 

(Hz) 
Interphase 
gap (ms) 

Interpulse 
delay (ms) 

Duration 
(ms) 

1st
 S

es
si

on
 

S1 Perceptual Threshold 20 0 N/A 250 
S2 Perceptual Threshold 6 1 N/A 250 
S3 Perceptual Threshold 6 1 N/A 250 
S1 Two-point Discrimination 20 0 25 250 
S2 Two-point Discrimination 20 0 25 250 
S2 Two-point Discrimination 6 0 83 500 
S3 Two-point Discrimination 6 1 83 500 
S3 Two-point Discrimination 6 1 83 500 

2nd
 S

es
si

on
 

S1 Perceptual Threshold 20 0 N/A 250 
S2 Perceptual Threshold 6 1 N/A 500 
S3 Perceptual Threshold 6 1 N/A 500 
S1 Two-point Discrimination 6 1 83 500 
S2 Two-point Discrimination 6 1 83 500 
S3 Two-point Discrimination 6 1 83 500 
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2.2.3 Identifying Electrodes with Lower Perceptual Thresholds 

A proprietary fast threshold estimation procedure, SwiftPA (Second Sight Medical 

Products Inc, 2013) was used to determine which electrodes had electrical thresholds below the 

safety limit. Stimulation consisted of 0.46 ms, cathodic-first pulse trains of 1 second duration. 

Starting from the top left electrode, a yes-no procedure was used to determine whether stimulation 

produced a detectable phosphene. If participants failed to detect a phosphene the amplitude of the 

electrical stimulation was increased. If participants reported a phosphene the amplitude was held 

constant. After 3 consecutive correct detections, testing moved to the next electrode. We limited 

further testing to a subset of the electrodes which produced 3 consecutive correct detections at a 

current amplitude below the safety limit (10 electrodes in S1, 7 electrodes in S2, and 10 electrodes 

in S3). These electrodes were selected to have low thresholds, and to be spread as widely apart as 

possible on the array. 

2.2.4 Current Amplitude Detection Threshold Measurements 

We then used proprietary software (Argus II-Hybrid Threshold) provided by Second 

Medical Products Inc. to carry out an adaptive, single interval yes-no procedure to measure 

detection thresholds (50% detection performance) within electrodes pre-selected by the SwiftPA 

procedure, methodological details are explained more fully in Ahuja et al., (2013).  

To avoid adaptation effects (Horsager et al., 2009; Pérez Fornos et al., 2012) we interleaved 

threshold measurements across electrodes within each run. Up to six electrodes were tested within 

a single run. Each trial started with an audio prompt. Then one of the six selected electrodes 

(selected pseudorandomly) was stimulated at either 20 or 6 Hz, with a pulse train duration of either 

250 or 500 ms (depending on what the participants used in their daily life, see Table 2), charge 
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density limit of 1 mC/cm2, square-wave pulse width of 0.46 ms, and interphase gap of 0 or 1 ms. 

The amplitude of the stimulation was adapted through a staircase procedure. The participant was 

asked to report whether or not they had seen a phosphene on that trial using a game controller 

(yes/no) and feedback was given on each trial. Each run consisted of a maximum of 60 trials per 

electrode (5 blocks of 12 trials), for a maximum of 360 trials, and 4 catch trials per block (Second 

Sight Medical Products Inc, 2013). Each run was followed by a brief rest, which ended based on 

participant feedback. 

Perceptual thresholds for detection at a given electrode were calculated by pooling data 

across all trials. The probability of reporting a percept as a function of stimulus intensity was fit 

with a psychometric function using maximum likelihood estimation, and the current amplitude 

detection threshold was defined as the stimulus amplitude at which the participant reported a 

percept 50% of the time (Ahuja et al., 2013; Watson & Robson, 1981; Wichmann & Hill, 2001). 

2.2.5 Two-point Discrimination Measurements 

For each participant, we selected electrodes with the lowest detection thresholds and paired 

them in all possible combinations. Stimulation was carried out at an amplitude twice the detection 

threshold, or at a maximum of 660 μA (the charge density limit of 1 mC/cm2/phase for a 0.46 ms 

pulse). On each trial, we asked “how many shapes did you see” and asked them to draw the 

phosphene shape(s) on a tablet touch screen. 

Parameters used for each participant are shown in Table 2. The pulse width was always 

0.46 ms, with an interphase gap of 1 ms for S2 and 3, and no interphase gap for S1, based on the 

stimulation parameters each individual was accustomed to through daily use. Stimulation was 

interleaved, with either a 25 ms (20 Hz) or 83 ms (6 Hz) interpulse delay between the beginning 
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of each pulse on one electrode and the beginning of the corresponding pulse on the second 

electrode, Figure 4B. 

In each experimental run, every possible pair of electrodes was tested 3 times. On each 

trial, participants verbally reported the number of shapes they were seeing, gave a qualitative 

description (e.g., “the one on the bottom is smaller,” “left one is twice as big as right one—they 

are side by side”) and traced the perceived phosphene shape(s) on a tablet (drawing data not 

reported here). Although the “correct” answer was always two percepts, participants were never 

given feedback as to how many electrodes had been stimulated. Importantly, the number of shapes 

drawn by the participant was almost always consistent with the number of shapes they verbally 

reported, suggesting that they were not reporting whether they saw one or two shapes on the basis 

of the overall brightness or size of the percept. 

We included ∼25% of catch trials, randomly interspersed, in which neither of the 

electrodes was stimulated. We deliberately used no stimulation as compared to single electrode 

stimulation during catch trials, because we were concerned that differences in brightness or size 

might allow participants to differentiate between single and paired stimulation in the absence of 

genuine pattern vision. 

The order of the trials was pseudorandomized. We asked participants to avoid head and 

eye movements to maximize stability of the perceived phosphene locations, but to maximize 

participant comfort we did not use a chin rest. 
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2.2.6 Results 

2.2.6.1 Current Amplitude Thresholds 

  
Table 3 Current amplitude detection thresholds (50% detection performance) and reports of 

daily usage. 
 Median 

threshold (μA) 
Interquartile 

range 
(μA) 

Minimum 
threshold 

(μA) 

Maximum 
threshold 

(μA) 

Daily use 

S1 274 218-331 153 484 3-4 days a week, 3-5 hours a day, for 
an average of 20 hours a week 

S2 476 355-621 217 645 Approximately once a month 

S3 210 177-280 89 323 Used the device almost every day 
outdoors, for a limited amount of time, 
averaging about 2 hours a day. 

 

Table 3 shows 50% current amplitude detection threshold values and self-reported daily 

usage for all three participants, and Figure 5 shows a histogram of current amplitude threshold 

values for all participants.  

Figure 5 Histogram of current 

amplitude detection thresholds 

(50% detection performance). 
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Although we did not formally measure thresholds on all electrodes due to time constraints, we 

found that a significant proportion of individual electrodes did not elicit phosphenes using the 

SwiftPA procedure.  

On the whole, the electrode sensitivity of our subject group seems comparable to that reported 

in other studies. In a previous study by Ahuja et al. ( 2013), detection thresholds could not be 

estimated within the range of amplitudes permitted by charge density safety limits in a significant 

proportion of electrodes (0-83% depending on participant). In a study by Naidu and colleagues 

(2020), thresholds could only be measured in 60% of electrodes. Xu and colleagues (2021) 

similarly could not measure individual thresholds in a significant proportion of electrodes.  

 

2.2.7 Two-Point Discrimination Thresholds 

In the paired electrode stimulation experiment, we asked the question “How many shapes 

did you see?” Participants could potentially report any value, and they were then asked to draw 

what they saw. Table 4 shows the reported number of percepts and the probabilities of each verbal 

response. 

Given that we always used paired electrode stimulation, we were concerned that 

participants might shift their criterion for reporting two percepts over the course of the experiment. 

However, there was little evidence that the probability of participants reporting two (or more) 

percepts changed substantially either within or across sessions (although it should be noted that 

electrode pairs varied between sessions, Table 5, which may have masked some experience driven 

effects). For S3 there was a significant increase in the probability of reporting two percepts 

between the first and second ½ of trials in session 2. The reason for this is not clear but might 

possibly be due to an improved ability to recognized two percepts with experience. Since there 

was little effect of time on our two-point discrimination data, we did not use time as a factor in our 
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further analyses. The number of shapes participants drew consistently matched their verbal report, 

throughout every session. 

The probability of reporting 1 or 2 (or more) percepts during catch trials (with no 

stimulation) also remained reliably low throughout the experiment (S1:0/15 trials, S2:2/12 trials, 

S3: 0/16 trials).   

 
Table 4 Reported number of percepts and their frequency and probability in the two-point 

discrimination experiment. 
Participant Reported number of 

percepts 
Frequency Probability P(“X”|2) 

S1 

“0” 0 0.00 
“1” 66 0.31 
“2” 114 0.69 
“3” 0 0.00 

S2 

“0” 2 0.04 
“1” 29 0.54 
“2” 20 0.37 
“3” 3 0.06 

S3 

“0” 0 0.00 
“1” 38 0.36 
“2” 67 0.64 
“3” 0 0.00 

 
Table 5 Probability of reporting two percepts, within and across sessions. 

Participant Session 1st half of trials in 
session 

2nd half of trials 
in session 

Unique Electrodes 
Tested 

S1 Session 1  0.73 [0.48,0.89] 0.93 [0.7, 0.99] A4, A8, D1, E10, 
F2 

Session 2 0.68 [0.57, 0.77] 0.50 [0.4, 0.62] A2, A4, A8, B3, 
B6, D1, D8, E10, 
E3, F2, F7 

S2 Session 1 0.33 [0.12, 0.65] 0.56 [0.27, 0.81] B6, B9, F7, F9 
Session 2 0.39 [0.2, 0.61] 0.44 [0.25, 0.66] A10, B10, B5, B6, 

B9, F7, F9 
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2.2.8 OCT Data 

Unfortunately, it was impossible to collect useable optical coherence tomography (OCT) 

images for the region of the retina including the array in S2 and S3. OCT data from S1, two years 

after implantation (2011), are shown in Figure 6. In this patient the array appears to be flush to the 

retinal surface, but there is some thickening (evidence of potential damage) of the retina 

underneath the array. 

 

Figure 6 OCT data from participant S1. (A) Schematic showing the estimated location of 

OCT b-scans overlaid on the array (alignment was carried out using the registered OCT fundus 

image). The array schematic is flipped along the y-axis to reflect visual space coordinates, such 

that the top of the schematic represents the superior visual field and the inferior retina. (B) The 

metal electrodes block light from the scanning light source, casting shadows on the retinal image. 
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2.2.9 Relationship with device use 

In a separate questionnaire, participants were asked how often they used their device. 

Participants varied widely in device use, see Table 3. S1, who had a median amplitude threshold 

of 274 μA and saw 2 percepts 69% of the time with paired stimulation, used the device most 

consistently, reporting using the device 3–4 days a week, 3–5 h a day, for an average of 20 h a 

week. S3, who had a median amplitude threshold of 210 μA and saw 2 percepts 64% of the time 

with paired stimulation, used the device almost every day when outdoors, but for a limited amount 

of time, averaging about 2 h a day. S2, who had a median amplitude threshold of 476 μA and saw 

2 percepts only 37% of the time with paired stimulation, reported using the device once a month. 
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Chapter 3. SPATIAL VISION IN ARGUS II – MODELING 

Note: Portions of this chapter were published in Yücel et al., (2022). 

3.1  SIMULATION OF ARTIFICIAL VISION 

Computational models play a crucial role in accurately describing the outcomes of artificial 

vision enabled by sight restoration technologies. The biggest implication is the usage of model 

outputs for stimulation protocols to further improve artificial vision. For example, for electrical 

implants, the working principle of considering every electrode as a ‘pixel’ like a scoreboard, or 

‘linear scoreboard model’, fails in behavioral measurements where patients with implants report 

percepts other than circular, localized phosphenes (Beyeler et al., 2019). Prediction of artificial 

vision is important not only for the engineers or scientists but also for setting clear expectations 

for patients and regulators. 

In the past two decades, the need for more realistic models with better predictive 

performances led to two main approaches: biophysical and perceptual models of artificial vision. 

Biophysical models such as  Golden et al., (2018), Tong et al., (2020) or Vilkhu et al. (2021) focus 

primarily on simulating a network of biologically viable cells and compute their responses to visual 

stimuli. While this approach is most appropriate for sight restoration technologies that can target 

specific cell types such as molecular therapies, as suggested in the examples given earlier, they 

can predict cell signaling at high spatial and temporal resolutions. 

Perceptual or phenomenological models tackle the problem from the opposite angle. Based 

on patient reports and behavioral measures the main idea is to ‘reverse-engineer’ the input-output 

relationship between the sight restoration technology and the user’s percepts. Pulse2Percept 
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(Beyeler, Rokem, et al., 2017; Beyeler et al., 2019; Nanduri et al., 2008) developed by our group 

for the past decade is a good example, it was primarily driven by the desire to provide more realistic 

computational descriptions of patients' perceptions. To achieve this, we utilized a diverse set of 

psychophysical data obtained from behavioral responses to simple patterns of electrical stimulation 

in clinical and commercial Argus II population. These patterns included tasks such as brightness-

matching across two electrodes or visual representations of perceptual outcomes resulting from 

stimulating one or two electrodes. The latest version of Pulse2Percept can now predict perceptual 

responses to stimulation generated by PRIMA and BVT24 in addition to Argus II. 

The earlier version of Pulse2Percept (Nanduri et al., 2008) was based on a dataset that was 

collected from a small number of patients implanted during the early critical trials. We then 

collected data from two other clinical sites (University of Minnesota and Johns Hopkins University 

Wilmer Eye Institute) where we had the chance of working with patients who were implanted with 

Argus II after its commercialization. This way, we could (1) validate the past findings and (2) see 

if we can make any generalizations across the Argus II user population.  

Pulse2Percept is a suite of Python based modules that can simulate a retina, various types 

of electrical implants, and computational models that estimate neural responses or visual percepts 

(Beyeler et al., 2017).  

One issue related to epiretinal implants is the stimulation ganglion axonal bundles. Using 

Pulse2Percept, we could simulate a map of axonal bundles on the stimulation area to predict shapes 

of the percepts when a single electrode were stimulated (Beyeler et al., 2019). It was found that 

for Argus II, the position of the stimulated electrode predicted the shape of the percept. A natural 

question that followed was whether the change in shape and size of the percepts would affect the 
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functional spatial resolution provided by Argus II. To do so, we used the behavioral data discussed 

in Chapter 2 to predict functional electrode-electrode distance and modeled whether two-point 

discrimination in Argus II patients shifted due to axonal stimulation.  

3.2 ESTIMATING ELECTRODE-ELECTRODE DISTANCE TO AND ALONG AXONAL BUNDLES 

As an initial step we estimated distance to and along axonal bundles for each pair of 

electrodes. Both electrophysiological (Fried et al., 2009) and psychophysical data (Beyeler et al., 

2019) suggest that axonal stimulation may contribute significantly to the poor resolution of retinal 

prostheses. Axonal stimulation is a particular concern for epiretinal prostheses, such as the Argus 

II which are placed on the nerve fiber layer, adjacent to the axon fiber bundles of retinal ganglion 

cells. Depending on stimulus conditions, participants implanted with the Argus II describe the 

phosphenes generated by epiretinal electrical stimulation of single electrodes as elongated, due to 

activation of passing axon fibers, resulting in perceptual distortions (individual electrodes 

producing ‘streaks’ instead of punctate spots) that vary in their length and orientation across the 

retinal surface in a way that can be predicted based on the known axon fiber trajectories (Beyeler 

et al., 2019; Nanduri et al., 2012).  

It is not yet entirely clear how sensitivity to electrical stimulation falls off as a function of 

distance from the initial segment  (Fried et al., 2009), with psychophysically estimated decay 

constants ranging widely from 500–1,420 μm (Beyeler et al., 2019). Nonetheless, if axonal 

stimulation plays a significant role in reducing resolution, then distance, both to and along a shared 

axon bundle should predict how many distinct percepts are seen when two electrodes are 

stimulated.  
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3.2.1 Methods  

To provide a measure of the distance to and along axon bundles we used an existing 

computational model developed by Beyeler et al. (2019).  This model begins by using ophthalmic 

fundus photographs in which an eye care provider marked the optic nerve, fovea, and the center of 

the implant on the fundus, using photos taken pre- and post-surgery. These landmarks were then 

used to estimate the array center with respect to the fovea, the array rotation with respect to the 

horizontal raphe, and the retinal distance between the fovea and the optic nerve head for each 

participant, see  Figure 7. In the human retina, the extended raphe is typically located 15° ± 2° 

inferiorly to a horizontal line at the latitude of the fovea through the center of the optic disc. We 

approximated this by fitting a parabola centered on the optic nerve and approximating the 

horizontal raphe as parallel to the axis of symmetry on the abscissa (Jansonius & Schiefer, 2020).  

The spatial layout of axonal pathways was calculated using pulse2percept software (Beyeler, 

Boynton, et al., 2017a), that simulates pathways using a model (Jansonius et al., 2009) that assumes 

that the trajectories of the optic nerve fibers can be described in a modified polar coordinate system 

(r,ϕ) with its origin located in the center of the optic disc. Each nerve fiber is modeled as a spiral 

defined by the angular position of the trajectory at its starting point at a circle around the center of 

the optic disc, with a second parameter describing the curvature of the spiral. 

https://www.zotero.org/google-docs/?broken=p6UVMU
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 Figure 7. Estimated position of the electrode array on the retinal surface for all three participants 

(see Beyeler et al 2019 for estimation methods) overlaid on estimates of the axon fiber pathways 

for that participant.  Note that all panels are in visual space coordinates, with the upper visual field 

at the top of the figure. 

Figure 8. (A) Estimated position of the electrode array on the retinal surface for S1 (replotted 

from  Figure 7A) (B) Examples of distance to and along axon fibers, 𝒅𝒆𝟏𝒂𝟐 and 𝒅𝒆𝟐𝒂𝟏  refer to the 

shortest distance from an electrode to the axonal bundle closest to fellow electrode (C) Predicted 

percept for the two electrodes shown in Panels A & B.  Note that all panels are in visual space 

coordinates, with the upper visual field at the top of the figure. 

 

Given that the size of the Argus II electrodes is large compared to the density of the underlying 

axon pathways, it was assumed that an electrode always sits on top of a ganglion axon fiber bundle. 

We simulated 400 axonal bundles, which provided sufficient resolution to ensure that there was 

an axonal bundle underneath every electrode.  
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We defined three inter-electrode distance values: 

1. Physical distance was defined as the Euclidean center-to-center distance between two 

electrodes on the retinal surface.  

2. Distance to axon (𝑑#$%&#$)	was defined as the minimum distance between two electrodes (e1, 

e2) and the axons closest to them, Figure 8. This was calculated by: 

a. Selecting the axonal bundles a1 and a2 that fell beneath each of the two electrodes. 

b. Determining the closest Euclidean distance from the center of each electrode to the 

fellow axon bundle:  𝑑'##$ = min[𝑑(𝑒(, 𝑎))]	and 𝑑'$## = min[𝑑(𝑒), 𝑎()]	 

c. Choosing the minimum distance of the pair, 𝑑#$%&#$ = min4𝑑'##$ , 𝑑'$##5. 

(An alternative would have been to calculate the distance to the axon bundle midway 

between the two electrodes, but this would have essentially resulted in the same values, 

halved). 

3 Distance along axon was defined as the distance between an electrode and the point on its 

axon that is closest to the axon of the other electrode.  

3.2.2 Results  

These three measures of distance on the retina were strongly correlated with each other. The 

Pearson correlation coefficient between physical distance and distance to axon was r(337)= 0.58, 

p<0.0001, between physical distance and distance along axon was r(337)= 0.84, p<0.0001, and 

between distance to axon and distance along axon was r(337)= 0.28, p<0.0001.  

Intuitively, the reason for this is that (except when electrodes are on the opposite side of the Raphe) 

the shortest distance to the axon (orange line in Figure 8B) tended to fall along a line that was close 

to orthogonal to the distance along the axon (purple line), since axonal bundle curvature (purple 
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line) tended to be relatively small. As a result, these three distances form the edges of an 

approximate right triangle, with the hypotenuse as the Euclidean distance between two electrodes 

(green line) and distance to and along the axon (with a slight curvature) forming the other two 

sides. Because these three co-varying distance variables essentially contain 2 degrees of freedom, 

we only included physical distance and distance to axon as predictive factors in our modeling. 

3.3 REGRESSION MODELS 

Next, we fit nested linear logistic models to determine which factors - physical distance 

between electrodes, mean amplitude of the currents of two electrodes, and distance to axon (as 

estimated in modeling stage I), best predicted our psychophysical data.  

3.3.1 Methods 

The probability of participants reporting 2 (or more) shapes when 2 electrodes were 

stimulated, P(‘2’|2), was modeled using logistic regression. We used a maximum likelihood chi-

squared test to determine whether adding parameters improved model fits. Across all analyses that 

included current amplitude as a factor, subject identity had little additional predictive value and so 

it was not included as a factor. 

Regression was done both using a two-factor model with inter-electrode distance and mean 

stimulation amplitude of the two electrodes as predictors, and with a three-factor model that 

included distance to axon across the pair of electrodes as a third predictor. 

3.3.2 Results – Two Factor Model 

We began with a two-factor model that included (1) inter-electrode distance and (2) the 

mean stimulation amplitude of the two electrodes as predictors. 



 50 

A maximum likelihood chi-squared test shows that both factors statistically improved the 

fit to the data, Table 6.  

 
The best-fitting two-factor model predicts the probability of seeing two percepts as: 

𝑃(”2”|2) = exp	(	−0.0599 − 0.00314(𝑀𝑒𝑎𝑛	𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒) + 0.000829(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒))     Eq. 1  

 
 

Figure 9A shows the binned participant performance values and the surface predicting the 

probability of reporting 2 percepts based on the logistic regression model.   

Figure 9B shows predicted 65%, 75% and 85% two-point discrimination iso-performance 

curves based on the surface of  

Figure 9A. 

As expected, the probability of seeing two percepts increased as a function of physical distance 

and decreased as a function of mean amplitude. We used this two-factor logistic regression model 

fit, whose surface is shown in  

Figure 9A, to define the two-point discrimination threshold as the inter-electrode distance for 

which participants should report two percepts on 75% of trials at each participant’s median current 

Table 6. Logistic regression model parameters and statistical significance. The intercepts 
are not included in the table but are included in Equations 1 and 2. 
	

Estimate 
95% CI 

c2(1) Pr(>c2)	
lower upper 

2-factor model Amplitude -0.003014 -0.005144 -0.000883 7.87 0.005022 

Physical Distance  0.000829  0.000575  0.001084 50.64 <.0001 

	

3-factor model 

Amplitude -0.003 -0.005145 -0.000840 7.61 0.005802 

Physical Distance  0.000602 0.000309 0.000895 18.40 <.0001 

Distance to Axon 0.000503 -0.000876 -0.000129 7.20 0.007279 
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amplitude detection threshold (S1 = 2394 µm/8.3°, S2 = 3127 µm/10.9°, S3 = 2161 µm/7.5°; 

reported in microns on the retina and degrees of visual angle, assuming a conversion of 288 µm = 

1° (Drasdo & Fowler, 1974), shown with black bars in Figure 10A. For comparison, the 

approximate size of the Argus II prosthetic array was 3675 × 5975 µm/12.8x21°, with a distance 

between neighboring electrodes of 575 µm/2°. Thus, a spacing of about four electrodes is needed 

to report two percepts on 75% of trials. 

 

 

Figure 9. (A) Surface predicting the probability of reporting 2 percepts using logistic regression 

with mean detection threshold amplitude and physical distance as fixed factors. Individual data 

points are generated by binning the data (collapsed across participants) and calculating the 

probability of seeing two percepts in each bin. The grey-scale shade of the data point represents 

the probability of seeing two percepts, the size of the data point represents the number of 

observations in that bin. Surfaces were fit to the original trial-by-trial un-binned data. (B) 65%, 

75% and 85% two-point discrimination iso-performance curves as a function of amplitude and 

physical distance. Gray dashed lines show predicted two-point discrimination thresholds for 

electrodes at the median current amplitude threshold values for S1-S3. 
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Figure 10 Predicted two-point discrimination thresholds. The gray dashed line shows the 

resolution limit (2°) that would be obtained if individuals saw two-points when neighboring 

electrodes were stimulated (Stronks & Dagnelie, 2014).  (A) Stage II. Regression analyses. Black 

bars: The predicted 75% two-point discrimination thresholds with current amplitudes set to each 

participant’s median current amplitude detection threshold; Gray bars: The predicted 75% two-

point detection thresholds if axonal stimulation is minimized. (B) Stage III. Current spread 

modeling. Empty bar: Predicted 75% two-point discrimination thresholds across the full range of 

simulation parameterizations that could predict the iso-performance contour predicted by 

regression analyses; Blue bar: Predicted 75% two-point discrimination thresholds with no retinal 

damage (qrd = 0); Pink bar: Predicted 75% two-point discrimination thresholds with the electrode 

flush to the retinal surface (qlist = 0);  Yellow bar: Predicted 75% two-point discrimination 

thresholds with no retinal damage and the electrode flush to the retinal surface (qrd,  qlist = 0). Error 

bars represent the 5-95% confidence range of simulation outcomes.  
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3.3.3 Results – Three Factor Model 

Distance to axon also had significant predictive value, as shown in. Within this 3-factor model, the 

ability to predict whether one or two percepts were reported was best modeled as: 

𝑃("2"|2) = exp+−0.1839 − 0.0030(𝑀𝑒𝑎𝑛	𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒) + 0.000602	(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒) +

																														0.000502581(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑡𝑜	𝑎𝑥𝑜𝑛)H       Eq. 2

 As noted above, physical distance and distance to axon were strongly correlated. 

Correlations between independent variables do not reduce the predictive power of a model but it 

becomes difficult to disentangle the separate effects of each explanatory variable on the explained 

variable (Kutner, 2005). Thus, the beta weights of regression Equation 2 should be interpreted with 

caution.  

Therefore, to estimate the size of the effect of axonal stimulation on two-point discrimination 

thresholds we began with the 2-factor regression model described in Equation 1 and  

Figure 9, fixed the best-fitting factor weights for these two factors, then added distance to axon 

as an additional factor. This allowed us to calculate the probability of reporting two percepts when 

the distance to axon was zero (i.e. the two electrodes fell on the same axon bundle, shown in the 

lower surface of Figure 11A) vs. when the distance to axon was equal to the physical distance (i.e. 

axonal stimulation was minimized, upper surface of Figure 11A).  

Figure 11B shows 75% iso-performance contours for these upper and lower surfaces. As 

expected, the effects of axonal stimulation are smaller when the physical distance between the two 

electrodes is small. According to the model, if axonal stimulation were minimized, the physical 

distance between the electrodes that would result in a 75% two-point discrimination threshold for 

each participant’s median current amplitude threshold would be S1 = 2151 µm/7.5°, S2 = 2812 

µm/9.8°, S3 = 1942 µm/6.7°, respectively, shown by the dark gray bars in Figure 10.This 
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corresponds to a reduction in the two-point distance threshold of ~0.8° for S1 and S3, and ~1.1° 

for S2.  

 

 
Figure 11. (A) Surfaces based on fitting the probability of reporting 2 percepts using logistic 

regression with amplitude and physical distance as fixed factors. Having fixed the weights for 

amplitude and physical distance, we included distance to axon as a factor. The lower surface 

represents predictions for distance to axon = 0 (the two electrodes fall on the same axonal bundle), 

the upper surface represents predictions for distance to axon = physical distance (minimizing 

axonal stimulation).  (B) 75% two-point discrimination iso-performance curves as a function of 

amplitude and physical distance for distance to axon = 0 (the two electrodes fall on the same axonal 

bundle), and distance to axon = physical distance (minimizing axonal stimulation).   

 

3.4  CURRENT SPREAD MODELS 

Having estimated the effect of axonal stimulation on two-point discrimination 

performance, we simulated a simplified ‘scoreboard’ model to identify how retinal damage and 

lift might influence both amplitude and two-point discrimination thresholds. According to the 

scoreboard model, the main determinant of whether one or two percepts are seen will be the 
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overlap of the current fields generated by the electrodes on the retinal surface. This overlap is 

affected by the physical distance between the electrodes along the retinal plane, ‘lift’ of the 

electrodes from the retinal surface, and the current amplitude on the electrodes.  

As lift increases, so does the current amplitude required to elicit a percept. A larger current 

amplitude at a greater distance from the retina results in a broad current spread on the retinal 

surface. Extensive psychophysical work with early participants implanted with the Argus I and II 

devices has shown that, for individual electrodes, it is possible to predict the size, threshold and 

brightness of suprathreshold phosphenes as a function of frequency and amplitude, with reasonable 

accuracy, once the height of the electrode off the retinal surface is included as a factor (Ahuja et 

al., 2013; de Balthasar et al., 2008; Horsager et al., 2009; Nanduri et al., 2012). 

Various types of retinal damage may also increase the current needed to generate a percept 

and thereby affect amplitude thresholds possibly two-point discrimination. Possible causes of 

retinal damage include severe disease-related degeneration, damage to the retina as a result of 

surgical implantation, or damage caused by the presence of the array. A variety of studies have 

found evidence suggestive of retinal damage in retinal prosthesis patients (Gregori et al., 2018; 

Lin et al., 2019; Patelli et al., 2020; Rizzo et al., 2019).  The damage seems to have a variety of 

causes including inflammation, ‘boggy’ (sic) thickening, schisis and fibrosis, intraretinal fluid 

(IRF) cysts, as well as a “snowplow” effect of the electrode array pressing against the retina and 

causing adjacent thickening (Gregori et al., 2018; Patelli et al., 2020). While many of these 

conditions are common in late stage RP patients, they seem to be exacerbated in the implanted eye 

(Lin et al., 2019). In addition, over time many patients also develop membranes (both adherent to 

and separated from the retina) between the retina and the array. For example, Patelli and colleagues 

(2020) observed in one patient the formation of retinal fibrosis and schisis within two years of 
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implantation which resulted in higher thresholds in 34 out of 60 electrodes. After the removal of 

retinal fibrosis, 20 out of 60 electrodes were reactivated; suggesting this fibrosis was responsible 

for reducing electrode sensitivity.  

3.4.1 Methods 

We simulated current spread as a function of 3D distance from the edge of the electrode as follows: 

𝐼IJK =
L!

MN(O∗Q)"
			       Eq. 3 

            	 

Where 𝐼* is the stimulating current and r is the 3D distance from the edge of the electrode 

(Ahuja et al., 2008). Parameters k and a describe current spread. The range of k and a values were 

chosen to approximate previous psychophysical data describing threshold as a function of lift 

(Ahuja et al., 2013; de Balthasar et al., 2008), and be consistent with more elaborate 

neurophysiological models (Esler et al., 2018). The parameter a varied between 1-3, and k varied 

between 6-20, providing a parameterization of current spread that widely spanned the 

neurophysiologically plausible range. For both a and k, larger values represent higher amounts of 

tissue electrical resistance, so current amplitudes drop more quickly as a function of r. 

Figure 12 shows two example simulations for a pair of electrodes, separated by d = 1400μm, 

a = 1.5, k = 15, lifted by 150μm and 750μm above the retinal surface. The higher an electrode is 

lifted off the retinal surface, the greater the electrode current required to produce an electric field 

gradient sufficient to elicit spikes in the axons passing through the retinal surface. The bottom 

panels represent a top view, showing current at the retinal plane. Both simulations of Figure 12 

have a maximum current value of 100μA at the retinal surface, however the region of high current 

is much broader for the electrode pair that are lifted 750µm above the retinal surface. 
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Figure 12. Illustration of current spread for two pairs of disc electrodes, separated by 1400μm, 

with different lifts from the retinal surface. Top: Cross-sectional view through the retina; Bottom: 

View of the retina from above.  Current amplitude at the electrode was fixed to produce a 

maximum of 100μA of current on the retina. (A) Lifted 150 microns above the retinal surface. (B) 

Lifted 750 microns above the surface. The white dashed line in the upper panels shows the location 

of the retinal surface. Blue contour lines in each panel represent 50 μA; cyan star: the intermediate 

point between the electrodes; blue star: the point of maximum current on the retinal surface.  

 
Thus, for electrodes that are lifted off the surface, the increased overlap between the current 

fields is likely to reduce the ability to differentiate two distinct phosphenes. We represented this 

overlap by calculating the decrease in current amplitude at the point intermediate between the 
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electrodes (Imid, cyan stars) compared to the point of maximum current (Imax, blue stars), on the 

retinal surface. This ‘dip’ in current was calculated as: 

𝑑𝑖𝑝 = 100 Q+%&',+%()
+%&'

R     Eq. 4 

 In Figure 12, when electrodes are lifted 150μm above the retinal surface (Panel A), Imax = 

100μA, Imid = 26μA, dip = 74%, whereas when electrodes are lifted 750μm above the retinal 

surface (Panel B), Imax = 100μA, Imid = 93μA, dip = 7%.  

We assumed that the measured threshold current for seeing a percept at an electrode (I0) could 

be described as a multiplicative combination of three factors:  

𝐼R 	= 	 θSTUV. θQW · θXYZ[ST\[    Eq. 5 

 qbaseline is the current required to elicit enough spikes to reach psychophysical threshold for 

an electrode flush to the retinal surface in an RP patient whose retina is undamaged. We fixed 

qbaseline = 50μA, based on the maximum sensitivity observed in previous psychophysical data 

(Ahuja et al., 2013; de Balthasar et al., 2008; Horsager et al., 2009).  

 qlift represents a multiplicative increase in electrode current required as a result of the 

electrode being lifted above the retinal surface. The value of qlift is monotonically increasing as a 

function of lift, with a nonlinear curve that depends on a and k, as described by Eq. 3. 	

       qrd represents an additional multiplicative increase in the current amplitude required to 

reach threshold, which we propose is likely due to various types of retinal damage.  

We simulated a wide range of k, a, qrd, and qlift (corresponding to lifts of 0-1000 μm) for 

single electrodes. For each combination of parameters, we used least squares function 

minimization to find the electrode current, I0, required to reach threshold for that parameterization. 

We then simulated pairs of electrodes across a wide range of physical distances (d = 250-

8000 μm). Stimulation amplitude was fixed at twice threshold for that parameterization (or 660µm, 
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whichever was smallest). For each parameterization we calculated dip. A final parameter, dip 

criterion, is the dip value that results in a 75% two-point discrimination performance. We assumed 

that a 75% probability of seeing two percepts required a dip criterion>20%.   

3.4.2 Results 

 
Figure 13. Simulation parameterizations that match participant performance. (A) The green 

line representing 75% iso-performance without axonal stimulation is replotted from Figure 11. 

Multiple overlapping black lines show simulated iso-dip contours sub-selected from 

parameterizations that matched the 75% two-point discrimination iso-performance curve. (B) 

Scatter plot of qrd vs. qlift for parameterizations which resulted in iso-dip contours (the black lines 

in Panel A) that closely resembled the predicted 75% iso-performance contour with minimal 
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axonal stimulation (the green line in Panel A). (C) Probability distributions of predicted two-point 

discrimination thresholds. 

Across each simulated value of a, k, qrd, qlift, and dip criterion we calculated both the predicted 

detection threshold amplitude and the physical distance that produced dip = dip criterion. From 

these simulations we created iso-dip contours as a function of physical distance and I0. We sub-

selected those simulated iso-dip contours that were reasonably close (mean squared error < 20µA) 

to the predicted 75% iso-performance contour for minimal axonal stimulation and whose 

parameterizations resulted in single electrode thresholds between 177-660 µA. These successful 

parametrizations are shown in Figure 13A, with the green line representing the estimated 75% iso-

performance curve for minimal axonal stimulation from the regression analyses described earlier, 

replotted from in Figure 13B.  

Current amplitude thresholds in our patients were consistently higher (by a factor of 4-12x) 

than 50μA (see Table 3), suggesting that qrd and/or qlift, play an important role in determining 

threshold. This is confirmed by the scatter plots of qrd vs. qlift for successful simulations, in Figure 

13B, where there is an absence of scatter points with both low qrd and qlift. Although the broad 

range of plausible outcomes generated by our simulations makes it difficult to definitively attribute 

the degree to which elevated thresholds and an inability to resolve individual electrodes can be 

attributed to retinal damage vs. lift; our simulations suggest that both damage and/or lift may play 

a role. 

Next, using the parametrizations that successfully predicted two-point discrimination 

performance we examined how retinal damage (qrd) and lift from the retinal surface (qlift) affected 

spatial two-point discrimination thresholds. We calculated predicted two-point discrimination 

thresholds across all values of a, k, qrd,qlift, and dip criterion. The probability distributions of our 

predicted two-point discrimination thresholds of our current spread model, 2399 µm/8.3° (95% 
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confidence interval of 1908-2750 µm) spanned predicted thresholds for each participant when 

axonal stimulation was minimized, (S1 = 2151°, S2 = 2812, S3 = 1942µm). 

 Figure 13C also shows the predicted probability distribution of the two-point 

discrimination thresholds after having either set qrd = 0 (blue curves), qlift = 0 (pink curves), or both 

qlift = 0 and qrd  =  0 (yellow curves). Median values across successful parametrizations are shown 

with error bars representing the interquartile range of simulation outcomes in Figure 10B. 

According to our model, lift has an effect on two-point discrimination thresholds, when 

qlift  = 0, the median two-point discrimination limit fell from 2399 µm/8.3°to 2176 µm/7.6°, pink 

bar and curve in Figure 10B and in Figure 13C respectively. Thus, lift might have limited the 

ability to spatially resolve individual electrodes in our participants. 

In contrast, the effect of retinal damage (qrd,=0, blue bar and curves in Figure 10B and in 

Figure 13C) on two-point discrimination thresholds was very small. Our model includes the effect 

that retinal damage requires higher current amplitudes to reach threshold. In our model dip is 

calculated based on current amplitude on the retina. It is assumed, based on previous data 

(Greenwald et al., 2009; Nanduri et al., 2012), that brightness is linearly related to current. Since 

the effects of increasing current amplitude is simply to multiplicatively scale current on the retina, 

these increases in current amplitude have no effect on dip. Thus, our simulations suggest that the 

correlation between low thresholds and better two-point discrimination found in our participants 

is primarily driven by lift rather than retinal damage.  

The yellow curve of qlift  = 0 and qrd  =  0, overlapping with the pink curve, can be thought 

of as a theoretical two-point resolution limit for the Argus II array if axonal stimulation, retinal 

damage and lift were not a factor: corresponding to an improvement of ~0.8°.  
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3.5 DISCUSSION 

One of the main obstacles to the development of retinal prosthesis technology is that for 

many participants current amplitude thresholds tend to be relatively high across many or all 

electrodes, and only a minority of participants implanted with the Argus II clearly demonstrate 

pattern vision. Our aim was to understand what limits both sensitivity (perceptual thresholds) and 

the ability to spatially resolve two electrodes (two-point discrimination) in patients implanted with 

Argus II prostheses.  

We measured perceptual detection thresholds, two-point discrimination thresholds, and 

collected self-reported daily use data. S1, who had a median amplitude threshold of 274 µA and 

two-point discrimination threshold of 2394 µm, used the device most consistently. S3, who had a 

median amplitude threshold of 210 µA and two-point discrimination threshold of 2161 µm, used 

the device averaging about two hours a day. S2, who had a median amplitude threshold of 476 µA 

and two-point discrimination threshold of 3136 µm, reported using the device once a month. While 

we cannot draw conclusions generalizable to larger population from a three-participant study, it is 

intriguing that patients S1 and S3, who had lower amplitude and two-point discrimination 

thresholds, used their devices far more often than S2, suggesting that two-point discrimination 

thresholds and or current amplitude thresholds are related to the functional utility of the device. 

Further research using two-point discrimination thresholds in larger cohort studies would be 

needed to establish the importance of this measure as a predictor of device usability in daily life 

functions.  

Ultimately, according to our modeling, without axonal stimulation or lift our participants’ 

spatial resolution performance would likely have improved by ~1.6-1.8°, or approximately 20%. 

Our simulated lower limit was approximately 2176 µm/7.6°, (interquartile range 1937-2718 µm), 
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equal to a spacing of almost 4 electrodes, corresponding to a logMAR acuity of roughly 2.7. This 

theoretical limit based on our simulations, is closely similar to that observed in the better 

performing Argus II participants (da Cruz et al., 2016; Humayun et al., 2012). 

There are a variety of reasons why a pair of electrodes might merge into a single percept. 

3.5.1 Current field overlap & lift 

One reason for electrodes to merge into a single percept is overlap in electrode current 

fields, as demonstrated in Figure 12. This overlap is primarily driven by the physical distance 

between electrodes on the retinal surface and the lift of the array from the retinal surface. Threshold 

amplitude has previously been shown to be correlated with electrode-retina distance (Ahuja et al., 

2013; de Balthasar et al., 2008; Shivdasani et al., 2014; Xu et al., 2021). However, our simulations 

suggest that current threshold is not a simple proxy for electrode-retina distance since retinal 

damage may also play a significant role in elevating thresholds. 

3.5.2 Receptive field overlap 

A second way percepts can overlap (also consistent with the ‘scoreboard model’) is when 

the phosphenes elicited by individual ganglion cells overlap. For the Argus II, receptive field sizes 

are small relative to the resolution of the array. The edge-to-edge separation of electrodes in the 

Argus II is approximately 1.3 degrees of visual angle. The Argus II is typically implanted over the 

fovea and subtends 20° of visual angle along its longer side. At 7 degrees eccentricity (2000µm 

from the fovea), most receptive field sizes are less than 1/3°, while at 15 degrees eccentricity 

(~4300µm from the fovea) most receptive field sizes are less than 1° (Dacey & Petersen, 1992). 

Thus, the loss of resolution caused by ganglion receptive field sizes was likely negligible, 

compared to the resolution of the array, and was not examined in our analysis. Theoretically, retinal 
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degeneration might lead to an increase in receptive field sizes: either due to some sort of perceptual 

adaption, or due to a sampling bias if ganglion cells with small receptive fields were differentially 

affected by disease. However, this effect would have to be unrealistically massive to have any 

effect on spatial resolution in our participants. 

3.5.3 Axonal Stimulation 

Percepts can also overlap because of axonal stimulation, when overlapping axon fiber 

bundles pass under, or close to, both electrodes in a pair. We found that a ‘scoreboard + axon map’ 

regression model, that included a factor based on axonal stimulation, outperformed the simple 

‘scoreboard’ (limited to amplitude and Euclidean distance) model, suggesting that axonal 

stimulation did play a role in reducing the ability to resolve individual electrodes. However, as 

shown in Figure 10 and Figure 11, the effects of axonal stimulation on two-point discrimination 

performance were not particularly large: a regression analysis suggested that minimizing axonal 

stimulation would reduce the two-point discrimination threshold ~1 degree.  

We did not model the effects of axonal stimulation on amplitude thresholds. However 

axonal stimulation is unlikely to affect current amplitude thresholds significantly - under most 

stimulation protocols axonal thresholds are very similar to thresholds near the ganglion soma 

(Jensen et al., 2005; Vilkhu et al., 2021). 

3.5.4 Retinal Damage 

As described in the Stage II modelling section, various types of  retinal damage have been 

observed in Argus II patients (Gregori et al., 2018; Lin et al., 2019; Patelli et al., 2020; Rizzo et 

al., 2019) . It has been previously noted that some forms of damage such as edema or inflammation 

reduces the separation between the electrodes and the retina; leading the researchers to hypothesize 
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that this effect might serve to reduce perceptual thresholds (Gregori et al., 2018; Rizzo et al., 2019). 

However, this hypothesis has never been confirmed with behavioral sensitivity data.  

Electrical resistance is likely to be influenced by electrode-retina distance and retinal 

damage in complex ways. Histopathological assessments of one post-mortem implanted eye 

suggests the formation of fibrosis and schisis consisting of compact collagen-rich membranes with 

macrophages (Patelli et al., 2020; Rizzo et al., 2019). On the one hand, the vitreous fluid has low 

resistance, and inflammation and IRF cysts are also likely to lower resistance; on the other, 

membranes and fibrosis are likely to increase resistance.  We did not explicitly model these 

interactive effects, choosing instead to include a wide range of a and k values.  

Our simulations suggest that retinal damage may well play a significant role in elevating 

thresholds. However, according to our simulations (if we are correct in our assumption that 

brightness scales roughly linearly with amplitude) the main impact of retinal damage is high 

thresholds, rather than a loss of the ability to resolve individual electrodes, since our dip calculation 

is unaffected by a linear scaling of retinal amplitude. 

3.6 STRENGTHS AND LIMITATIONS OF OUR TWO-POINT DISCRIMINATION 

PARADIGM 

Although stimulating electrodes at double threshold amplitude was used to roughly match 

the percept brightness across electrodes, there likely remained significant differences in the 

brightness across electrodes (Greenwald et al., 2009; Nanduri et al., 2012). The percepts elicited 

by individual electrodes also likely differed dramatically in their shapes across the array (Beyeler 

et al., 2019; Luo et al., 2016).Percepts elicited by two-electrode stimulation were also consistently 

brighter than single-electrode stimulation Because many electrodes had stimulation levels near the 
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safety limit during the experiment, it was impossible to increase stimulation amplitude on single 

electrodes as a means of preventing patients from using brightness as a cue (Ayton, Barnes, et al., 

2020). There was no way of minimizing differences in percept size between single and paired 

stimulation. 

As a result, it is likely that stimulation from single vs. paired electrodes produced 

distinguishable percepts. Our goal was to prevent participants from using this information in 

making their ‘one vs. two percept” judgments. 

Participants were explicitly asked to report, “How many percepts did you see?”, and were 

told that brightness and the size of percepts would not provide a reliable cue. Participants reported 

one vs. two percepts with roughly equal frequency throughout the experiment. Importantly, their 

drawings (whether they drew one or two shapes) matched these verbal responses on a trial-by-trial 

basis. We also chose not to use single-electrode stimulation as catch trials and gave no feedback. 

However, results from this protocol should be interpreted very differently from those using a more 

traditional two-point discrimination methodology with single electrode catch trials and feedback 

(Ayton, Barnes, et al., 2020). With feedback our participants would likely have quickly learned to 

discriminate single and dual electrode stimulation simply based on the shape and/or brightness of 

percepts. 

3.7 COMPARISON WITH PREVIOUS STUDIES – SPATIAL VISION 

As shown in Table 7, grating acuity, direction of motion discrimination, and square 

localization are the most commonly used measures of the spatial resolution of the Argus II implant.  

While these tasks provide a good assessment of real-world spatial acuity, they are influenced by 

both eye and head-movements, and therefore cannot be used to measure losses in spatial resolution 
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at the retinal level, which is best assessed by two-point discrimination task. A previous study has 

found a correlation between two-point discrimination and grating spatial acuity in Argus II patients 

(Lauritzen et al., 2011), suggesting that resolution at the retinal level does influence visual 

performance on other tasks that are more closely related to ‘real world’ vision. 

  

Table 7. Comparison of tasks used to measure spatial acuity 

Task Within-array resolution 
required 

Affected by 
Eye- & 
Head 
Movements 

Literature 

Two-point 
resolution 

Yes* No Lauritzen et al., 2011 

Grating acuity Yes*, at frequencies above 
2.9 logMAR in the Argus II 
(Stronks & Dagnelie, 2014) 

Yes Better than 2.9 logMAR 
Humayun et al., 2012: 
21.88% 
Ho et al., 2015: 48.2-33.3% 
da Cruz et al., 2016: 38%   
Schaffrath et al., 2019: 10%  
Arevalo et al., 2021: 40% 

Square localization / 
Direction of motion 

Within array localization is 
not required for square 
localization or direction of 
motion (with feedback). For 
square localization (and 
possibly direction of motion) 
it is likely that many 
participants rely on scanning 
head-movements and use the 
percepts generated by the 
array as a merged single 
‘phosphene’ (Peli, 2020).  

Yes Ahuja et al., 2011 
Humayun et al., 2012 
da Cruz et al., 2016  
Arevalo et al., 2021 
Ho et al., 2015 
Naidu et al., 2020 
Rizzo et al., 2014 
Schaffrath et al., 2019 

* As described above, cues such as brightness and shape distortions are extremely difficult to 
entirely eliminate in Argus II participants. 
 

Table 7 summarizes previous studies that assessed spatial vision with the Argus II across 

a range of tasks. Out of our nine original participants only three showed evidence of within array 

resolution and were selected for further testing. Although other studies have not examined two-

point discrimination, the grating acuity task at spatial frequencies higher than 2.9 logMAR also 
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requires within-array resolution (though this task may be more difficult, due to blurring due to eye-

movement/head motion).  

In previous studies only 10-40% of Argus II patients performed better with the device on vs. off 

in a grating acuity task at frequencies higher than 2.9 logMAR, Table 7. In previous studies it has 

been difficult to find a clear link between either height from the retinal surface or retinal damage 

as measured using OCT and spatial performance (Rizzo et al., 2019). One reason for this may be 

that many tasks used for functional assessment (e.g. square localization) are not specifically 

designed to test within-array resolution while excluding the effects of eye-movements. 

 

3.8 LIMITATIONS 

One important limitation of our study is that we collected two-point discrimination data in 

just three participants, those tested at Johns Hopkins Eye Center. Moreover, as noted in the 

Methods, these three were selected as the best of 9 participants across two centers. Such a small 

participant group cannot support population level inferences; our data are best considered as three 

‘case studies’ illustrating a range of outcomes. In addition, because our data were collected over a 

relatively small number of sessions, we do not have longitudinal data that might provide insight 

into the effects of the array shifting/lifting or continued retinal degeneration. 

Our simulations also include significant uncertainty. First, our estimates of the distance to 

axon certainly includes variability due to errors in our estimation of axon bundle trajectories. 

Second, our estimates of current spread include a broad range of possible values, making our 

estimates of the relative importance of electrode lift and retinal damage quite broad. Finally, the 

Rd parameter that we interpret as retinal damage, simply reflects an increase in threshold 

unexplained by 𝛉𝒍𝒊𝒇𝒕, which potentially could be explained by other factors.  
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3.9 FUTURE DIRECTIONS 

Placing an electrode array close to the surface without causing retinal damage is difficult  

(Gregori et al., 2018). It is therefore important to know whether successful outcomes depend on 

placing an array proximal to the retinal surface, avoiding retinal damage or (more likely) 

both. Unfortunately, we could not obtain high quality OCT images that would allow us to directly 

estimate the height of electrodes from the retinal surface, so our simulations can only indirectly 

infer the relative importance of retinal lift vs. retinal damage. However, our simulations do suggest, 

somewhat unsurprisingly, that avoiding both lift and significant retinal damage are likely to critical 

for a successful retinal implant. Future work relating two-point discrimination to imaging data that 

includes array-retina positioning, structural measures of retinal integrity, and more detailed 

computational modeling, based on data from a larger number of participants will likely be needed 

to fully understand the relative importance of these various factors in reducing the ability to resolve 

the percepts elicited by individual electrodes, and thereby develop implants which can successfully 

subserve pattern vision.    
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Chapter 4. TEMPORAL SENSITIVITY IN OPTOGENETIC 

STIMULATION – PSYCHOPHYSICS 

4.1 ABSTRACT 

One of the most promising techniques for ameliorating vision loss due to retinal 

degeneration is optogenetic restoration of light sensitivity in the eye (Busskamp et al., 2012; 

Gauvain et al., 2021). The remaining healthy cells can be endowed with light sensitivity using viral 

vectors that carry optogenetic proteins or photoswitches bypassing the degenerated 

photoreceptors. While researchers are identifying newer protein-vector-promoter combinations 

every passing day, the functional experience provided by optogenetically restored vision is still 

unknown. The results from animal models look promising and there are four human clinical trials 

ongoing. One key difference between the neurotypical and restored vision is the temporal kinetics 

in cell signaling: optogenetic response to light is slower and less amplified than healthy 

photoreceptor response. In this study, we aimed to benchmark optogenetic vision by using a 

traditional measure of visual acuity: the contrast sensitivity function (CSF). We simulated the 

optogenetic response by assuming an otherwise ideal but slower response to visual stimuli; and 

measured the CSF with regular monochromatic gratings and gratings filtered with the output of a 

temporal kinetics model based on the RGC firing rate data from rd1-mouse with 

‘4xBGAG12,460:SNAP-mGluR2’  photoswitch by Holt et al., (2022). 
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4.2  INTRODUCTION 

The first proof-of concept of the optogenetic technique is rather recent: Boyden and 

colleagues  in 2005 controlled neural spiking in rat hippocampus by introducing a microbial opsin, 

Channelrhodopsin-2 (ChR2). ChR2 is a light-gated cation channel found in green algae that opens 

within 50 µs after absorbing a photon (Nagel et al., 2003); adapting this feature led the researchers 

to achieve milliseconds temporal resolution in targeting specific cell populations, considered a 

paradigm shift by many. Since then, researchers have modified the technique changing the type of 

microbial and mammalian opsins or synthetic switches, target locations, and the type of 

optogenetic control.  

Optogenetic stimulation of remaining healthy cells in the visual system is one of the 

promising ways of restoring vision in RDDs. Briefly explained in 0, the basic principle of 

optogenetic therapies of RDDs is to enable light sensitivity by introducing opsins that would bind 

to membrane of a target cell otherwise light insensitive. 

Within the sight restoration field, the first major application of optogenetics was by Bi and 

colleagues (2006) who injected ChR2 to get light evoked ON responses from retinal ganglion cells 

in rd1 genetically modified mice. This study was followed by targets such as bipolar cells and 

photoreceptors and different opsins including halorhodopsin and G-protein coupled receptors. 

The main advantage of optogenetic therapy over other sight restoration methods is that it 

is suitable for late stages of RDDs and that it is not necessary to know the underlying genetic 

mutations causing these diseases. More importantly, optogenetic techniques can enable us to target 

cells with high precision in spatial and temporal domains.  

However, depending on the protein type and targeted cells, optogenetic methods face a 

sensitivity-speed trade-off. Mammalian native opsins expressed in visual systems are sensitive to 
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light but they have a slow response measured in seconds. Microbial opsins such as ChR2 and 

chemically-engineered receptors are faster but they require light intensities x1000-10000 larger 

than mammalian opsins, see an approximation at Figure 14. 

 
 

 
Figure 14 Sensitivity-Speed Trade-off in Optogenetic Proteins. (Estimated values for light and 

temporal sensitivity are adapted from Berry et al., (2019)). The dark blue scatters are two out of 

four compounds that are currently undergoing human clinical trials, rest are tested in animals. 

 

The choice of protein, vector, and target cell population to get the fastest response to the 

dimmest light is an area of active research. In optogenetic vision, initial phototransduction that 

amplifies and modifies the photon at photoreceptors is bypassed; so, we expect an essential 

difference in sensitivity-speed trade-off from natural vision. In wild-type mice, photocurrent 
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response peaks after 73 ± 5 ms for S cones, 63 ± 5 ms for M cones,  205 ±10 ms for rods after dim 

flash stimulation (Nikonov et al., 2006).  

Visual stimuli we encounter in our daily lives are not static, they move or change across time. 

In order to understand the temporal processing of the visual stimulus, we can, again, utilize 

methods from psychophysics. The relationship between the input and output can be formalized as 

a linear system where the function abides by certain criteria. This way, we narrow down the sample 

space from infinite possibilities to an input, its corresponding response, and a mapping function 

(Wandell, 1995; Watson, 1986).  

With the limited information from animal models and early-stage clinical trials, it is vital to 

get an understanding of theoretical limits of vision provided by the optogenetic technology. In this 

chapter, we incorporated simulations of optogenetic vision to measurements of spatiotemporal 

contrast sensitivity. I first will summarize key concepts in linear systems theory and explain how 

it applies to temporal sensitivity. This summary and the subsequent model is mainly based on 

Watson’s Working Model of Temporal Sensitivity (1986). Then I will describe contrast sensitivity 

as a measure of visual function in understanding the effect of optogenetic temporal delay. 

4.2.1 A Primer on Linear Systems Theory 

4.2.1.1 Homogeneity and Superposition 

Homogeneity refers to the scalability of the output as much as the input. Meaning, if the input 

intensity increases by a factor of c, the output signal also increases by c.  

 A system satisfies the principle of superposition if the response to a combination of inputs 

is the same as the sum of the responses to the inputs separately (Wandell, 1995;  Watson, 1986).  

 A linear system is homogenous, additive, and therefore abides by the principle of 

superposition.  
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4.2.1.2 Linear Time-Shift Invariance 

A system is linear if the relationship between the input and the output does not change over time 

or space. With that, we can estimate the linespread or harmonic functions of the responses to a 

variety of input from a singular input. 

4.2.2 Temporal Sensitivity  

The human eye can detect rapid changes in the intensity of visual input up to a certain flicker rate. 

As the temporal frequency of contrast change increases, the percept merges into a continuous 

appearance. This effect has been used in various technologies such as LED screens.  

4.2.3 Spatiotemporal Contrast Sensitivity Function 

The relationship between the features of stimulus and sensitivity can be formalized in a 

contrast sensitivity function (CSF), where we take systematic measurements at various steps of 

spatial and/or temporal frequencies to determine the contrast needed for discrimination or 

detection. This is a powerful tool that is useful not only for basic vision science goals such as 

identifying the receptive fields of a neuronal population but also it can be used as a simple measure 

of visual acuity.  

As described in the previous section, the early visual processing can be considered as a 

shift-invariant linear system. Building on this notion and the harmonic nature of stimuli, we can 

utilize  CSFs to study pattern recognition in the visual system, (see Wandell, 1995, Chapter 7). In 

other words, CSFs can be considered as a basis function to translate any input to neural signal and 

consequently, perceptual output. 

The temporal and spatial contrast sensitivity functions are not independent, the relationship 

between the contrast sensitivity at various levels of temporal frequency changes according to the 
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spatial frequency. Therefore, when measuring temporal sensitivity, we need to sample spatial 

frequency at its varying level if we want to build a kernel that describes any visual input.  

Within the context of temporal sensitivity, factors that modulate temporal contrast 

sensitivity function are: 

• Spatial Frequency: There is a non-linear relationship between spatial and temporal 

frequencies. At higher temporal frequencies, change in spatial frequency does not really 

affect the contrast sensitivity; whereas at lower temporal frequencies, high spatial 

frequency increases the contrast sensitivity due to ‘sustained’ temporal contrast sensitivity 

function (Watson, 1986).  

• Background Intensity: The relationship between overall background intensity and 

temporal frequency is also non-linear.  Contrast sensitivity increases faster in high temporal 

frequencies than low and overall TCSF curve shifts at higher background intensities, 

• Duration:  Similar to the edge effects in spatial frequency, if the stimulus onset and offset 

is abrupt, higher frequencies are introduced. This issue can be eliminated by using a 

Gaussian window or having a duration longer than 100 ms. Using a Gaussian window 

increases sensitivity by ¼ (Watson, 1979). The effect of increased sensitivity at higher 

durations could potentially be modeled by probability summation: as the number of 

opportunities to detect the stimulus increases with duration, overall probability of detection 

increases as well. 

• Eccentricity: While spatial contrast sensitivity changes across the retina due to underlying 

physiology, temporal contrast sensitivity is rather constant if the size of the receptive fields 

are controlled for (Watson, 1986).` 
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• Eye-movements: Even at fixation, involuntary eye movements constantly updates the 

retinal image (Ratnam et al., 2017). In normal vision, these fixational eye movements are 

considered beneficial in dynamic sampling of the visual field by ‘whitening’ or equalizing 

the spatial energy across temporal domain  (Kuang et al., 2012). Early work demonstrated 

that stabilizing the retinal image decreases the contrast sensitivity for static visual stimuli 

(Kelly, 1979a; Kulikowski, 1971). This effect holds if the duration of visual stimulus is 

long enough for dynamic stimuli. 

 

4.3 METHODS 

This study was approved by the University of Washington’s Institutional Review Board Study 

3868). All participants gave their informed consent in the beginning of the experiment. Participants 

not affiliated with the Fine Lab were paid an honorarium in accordance with the approved IRB.  

4.3.1 Participants 

 

Our participant pool consisted of 6 naïve (5 female assigned-at-birth) observers with a median age 

of 27 (22-52). All participants had normal or corrected to normal visual acuity (≥ 0.2 logMAR or 

20/30).  

 

4.3.2 Stimuli 

We measured the spatiotemporal contrast sensitivity through a 2AFC orientation task on 

symmetric,45º or -45º slanted, counterphase Gabor patterns with a stimulus size covering 10º prior 
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to the Gaussian envelope. We animated the static gabor gratings by multiplying with a sine wave 

of varying frequency. The dynamic, flickering stimuli had a duration of 800 ms. We applied a 

linear ramp to the sine wave to control for edge effects. We varied spatial (min: .25, max: 36 cpd) 

and temporal frequencies (min: 3, max: 30 Hz) of the stimulus depending on the condition. The 

contrast of the target varied from 0.001 to full depending on the participant’s response history. The 

minimum difference between two steps of contrast was 0.0169.  

          The stimulus was presented on a 32`` Display++ linearized monitor (Cambridge Research 

Systems Ltd) in Mono++ mode with native 10-bit depth, connected to a Dell Optiplex 7000 Tower 

with an AMD Radeon graphics card. The factory-maximum and measured refresh rate of the 

monitor aligned at ~120 Hz. The participant viewed the stimuli on a chin-rest 80 centimeters away 

from the monitor in a dark experimental room.   

          The experiment was programmed on MATLAB (Mathworks, MATLAB, version r2022a) 

and Psychtoolbox (Kleiner et al., 2007). The code can be found in the repository, 

https://www.github.com/ezgirmak/qtCSF.  

 

4.3.2.1 Optogenetic Stimulation Modeling 

Based on the work by Berry group (Berry et al., 2017, 2019; Holt et al., 2022), we modeled 

the temporal kinetics of the ‘4xBGAG12,460:SNAP-mGluR2’ designed protein. This ‘pseudo-linear’ 

model predicts neural spiking in rd1 mice to a flash of light or a movie stimulus.  

Both in Berry et al. (2019) and Holt et al., (2022), it has been observed that a flash stimulus 

increases or suppresses (based on the protein) baseline firing rate of rd1 mouse retina injected with 

optogenetic proteins for the duration of the stimulus with a duration-dependent post-stimulus 

overshoot. Replicating the figures 2C and 2D of Holt et al (2022), we formulated a series of first-

https://www.github.com/ezgirmak/qtCSF
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order differential equations to describe an impulse response function for a flash stimulus with the 

following parameters: 

• τon: linear filter time constant when the stimulus is ‘ON’ 

• τoff: linear filter time constant whent the stimulus is ‘OFF’ 

• τb:  baseline firing rate recovery time constant 

• a: scale factor of the stimulus influence on the linear filter 

• b: scale factor of the stimulus influence on the baseline firing rate 

• baseline: baseline firing rate 

• S(t): Stimulus at a given timepoint 

 

WJ
WV
= ]Y∗^(V)](XYZ[ST\[]J)

_#$
                         Eq.6 

WJ
WV
= ]Y∗^(V)](X(V)]J)

_#%%
      Eq. 7  

WX
WV
= X∗Y∗^(V)](XYZ[ST\[]X(V))

_&
     Eq. 8  

 

 Here, when the stimulus is ‘ON’, the firing rate decreases in proportion to the stimulus 

intensity with the rate of τon while the baseline firing rate shifts with a rate of 𝜏1 ; when the stimulus 

is ‘OFF’ the firing rate approaches the baseline with a  time constant of 𝜏%22. 

The main reason for our model to have two time constants for the linear filter and a time 

constant for the baseline firing rate is to simulate the different slopes pre and post-stimulus; also 

the post-stimulus overshoot that was observed in both Berry et al. (2019) and Holt et al. (2022). 

While we cannot speculate why exactly the baseline firing rate shifts depending on the stimulus 

duration, we incorporated this overshoot and shift into our model affecting the output. 

As explained in the introduction of this chapter, we used the linear system theory to 

extrapolate from the impulse response function to image stimuli. We considered each pixel as 
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independent for the first portion of the experiment and calculated the change in intensity with the 

effect of temporal delay in changing the stimulus. Due to the computational limitations of storing 

individually processed frames (~200k) the simulations were done during the experimental session.  

 

4.3.3 Procedure 

Our study consisted of one 1-hour experimental session. In the beginning of first session, 

after obtaining the informed consent, participants were asked to view printed out versions of the 

stimuli to familiarize themselves with the stimuli and the task. The experimenter ran a demo 

consisting of full contrast, larger aperture gabors with feedback sounds. They gave verbal feedback 

on what a correct/incorrect response is and answered clarification questions by the participants. 

The first experimental session consisted of two main conditions: baseline where we 

measured the spatiotemporal contrast sensitivity function with unaltered stimuli; optogenetic 

where the model output was presented in the spatiotemporal CSF measurement. Both conditions 

had two versions: in one the temporal frequency was fixed at predetermined values (1.875, 3.75, 

7.5, 15.0, 30.0 Hz) and the spatial frequency was fit through a staircase method; in another spatial 

frequency was fixed at predetermined values (0.50, 1.4565, 4.2426, 12.3586, 36 cpd). 

These 2x2 conditions were presented to the participants pseudo-randomly based on the 

latin square method – except for two participants where the order of two conditions were switched–

. Each condition took approximately 15 minutes with 250 trials and participants could take breaks 

in between.  

Each trial began with a fixation spot and an audio prompt. Participants received feedback 

on their choice of the orientation of the bar through two other tones played after trial. The contrast 
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and temporal/spatial frequency of the target for a given trial was determined by a Bayesian 

estimation method adapted from Lesmes and colleagues (2010). 

4.3.3.1 Spatiotemporal Contrast Sensitivity Estimation 

Measuring CSFs in a non-adaptive fashion is prohibitively time-consuming; multiple 

adaptive staircase procedures were developed to cut down on experimental duration, see Pelli & 

Bex, (2013), Watson & Ahumada, (2005). The method we used, Quick CSF (qCSF) is a Bayesian 

adaptive contrast sensitivity estimation procedure developed by Lesmes and colleagues (2010) 

where multiple parameters of CSF are estimated on a trial-by-trial basis. While the original paper 

validated good precision with only 25 trials, we opted for 50 trials per condition.  

Lesmes and colleagues (2010) sped up the estimation procedure by updating a multivariate 

probability density function imposed on a pre-defined function for CSF based on previous trials 

and refining future trials. They fit a truncated log-parabola in the following form: 

𝑆5(𝑓) = 	 log10+𝛾𝑚𝑎𝑥H− 	𝜅b
(log10(𝑓)−	log108𝑓	max9

𝛽′
2

c
2

      Eq. 9 

 Where 𝛾!"# is the peak sensitivity or gain,  𝑓$%& is the peak frequency, 𝛽 is the 

bandwidth, δ is the truncation at the lower frequencies, κ = log10(2) and β′ = log10(2β). While 

qCSF was previously used for estimating spatial contrast sensitivity, since temporal CSF function 

has a similar truncation in lower levels, we opted for using the same formula for measuring tCSF. 

These four main parameters: 𝛾345, 𝑓6#$, 𝛽, and δ are estimated directly through a Bayesian 

method similar to QUEST (Watson & Pelli, 1983) where the 2D stimuli space is optimized based 

on the information from the previous trials, please see Lesmes et al. (2010) for a detailed 

description of the methods. 
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As explained earlier, we estimated CSFs for both varied temporal and spatial frequencies. 

We selected our priors for the Bayesian estimation method based on Lesmes et al. (2010) for 

spatial; Kelly, (1979) for temporal frequencies. These priors can be found in Table 8. 

Table 8 Priors used for the qCSF Bayesian estimation method for two versions of the 
experiment  
 Peak Gain 

(𝛾345) 
Peak Frequency 
(𝑓6#$) 

Bandwidth (𝛽) Truncation (δ) 

Spatial Frequency 75 1 2.5 .1 
Temporal Frequency 75 5 2.5 .1 

 
These priors were then readjusted in 50 trials per set frequency at 12 levels. Meaning, for each 

iteration of qCSF algorithm, we ended up estimating contrast sensitivity at 12 points between the 

predetermined limits (spatial frequency: 0.25-36 cpd, temporal frequency: 3-30 Hz).  

 

We then estimated spatiotemporal contrast sensitivity surfaces by fitting our psychophysical data 

to an exponential function described in Kelly (1979b), where they described the non-separable 

relationship between spatial and temporal domains in terms of velocity (v) = 78#9:#;	2='>?'&@A
9'68%=#;	2='>?'&@A

.  

The expansion of the equation 4 in their paper is as follows: 

  G(α, 𝑣) = 𝑘𝑣𝛼)	exp(−2𝛼/𝛼345)      Eq. 10 

 

where 𝛼 = 2 ∗ π ∗ 𝑓7 , 𝑘 = 𝑎 + 𝑏|𝑙𝑜𝑔(𝑣/3)|B and 𝛼345 	= 	𝑐/	(𝑣 + 2). Here we fit three 

constants a, b, c through function minimization.  
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4.4 RESULTS 

4.4.1 Optogenetic Modeling 

 
Figure 15 Modeling temporal kinetics of optogenetic protein. (A) Average firing rate data from 

93 RGCs from Holt et al. (2022), Figure 2D. (B) Simulated normalized timeseries of the average 

firing rate  The duration of stimulus affects the overall change in the firing rate when the stimulus 

is on; shifts the baseline firing rate as well. 

 
We simulated the average firing rate of 93 retinal ganglion cells measured in-vitro by Holt et 

al (2022) using three first-order differential equations described in the Methods section. The 

stimulus-dependent decay and recovery contants τon and τoff  were estimated to be 0.05 and 0.3 

respectively. The baseline shift seen in the work of Berry et al. (2019) and Holt et al., (2022) is 

mediated by the third differential equation (see Eq. 8) and captures the effect of stimulus duration 

for a flash stimulus. Even when no assumptions are made for adaptation or lateral inhibition effects 

and each pixel of a frame is considered as a flash stimulus; the differential response based on 
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duration and the shift in average baseline firing rate modifies the stimulus from the original 

intensities.  

 

Figure 16 Shift in average baseline firing rate over time in the optogenetic simulations.  

 
Since the contrast change is faster for a given timepoint, the optogenetic delay has more 

noticeable effects on dynamic than static stimuli. In Figure 18, three stills at timepoints (4.92, 5.25, 

5.59s) were captured after each frame of a 10 second natural scene movie was filtered with the 

optogenetic model. The static objects in the scene, such as the pigeon or two men sitting in the 

middle decrease in overall contrast but moving stimuli such as people walking saw more drastic 

changes. In this experiment, we filtered classical, flickering gabor gratings and presented 

participants with both filtered and unfiltered stimulus. An example of a single pixel timecourse 
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can be seen in Figure 17.  Due to the convolution of stimulus with optogenetic model output, the 

signal amplitude narrows, and phase shifts and this effect depends on temporal frequency.  

Figure 18 The effects of optogenetic delay is more apparent in moving stimulus. (A) A still 

(5.25s timepoint) from the original stimulus, a 10 second natural scene in Athens. Two men sitting 

Figure 17 Stimulus timecourse with and without optogenetic filtering. (A) Contrast change over 

time for the original stimulus at various temporal frequencies. (B) Output of the optogenetic model for 

the same temporal frequencies as (A). Contrast amplitude narrows with increasing temporal frequency 

and phase shifts.  

(A)

(B)
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indicated by the left frame are static, right frame focuses on woman walking towards the camera. 

(B) The output of optogenetic modeling before and after the 5.25 timepoint for two frames from 

(A).  

4.4.2 Spatiotemporal Contrast Sensitivity Function is a Reliable Measure for 
Simulated Optogenetic Vision 

We estimated the spatiotemporal contrast sensitivity function for six participants 

completing two conditions: one viewing unaltered flickering gratings and one where the gratings 

were filtered by the output of our optogenetic protein model. Using the qCSF procedure described 

in the Methods, we were able to procure psychometric curves for both conditions. However, in the 

version of the experiment where the spatial frequencies were fixed and the qCSF staircase 

estimation was run on the range of temporal frequency values, at the highest fixed temporal 

frequency, 36 cpd, the estimations did not match the complimentary condition with same trials 

(possibly due to an artifact), we were forced to remove all trials in all conditions at 36 cpd (see 

Supplementary Figure 1). 

4.4.3 Optogenetic Visual Acuity is Ten-Fold Worse than Neurotypical Vision  

Results aggregated for each subject indicated a significant decrease in logcontrast sensitivity in 

optogenetic condition (M = 1.23, sd = 0.06) than in baseline condition (M = 2.21, sd = 0.13), t(5) 

= 27.17, p <0.0001). Since contrast sensitivity values are in log10 space the average difference in 

sensitivity of 0.98 accounts for a ten-fold change. In addition, the four parameters estimated by 

qCSF procedure gives a more nuanced understanding of underlying function. Average peak gain 

parameter estimated by qCSF procedure was 1002 ± 79 for the baseline condition and 63 ± 6 for 

the optogenetic condition (for medians, see Figure 19A). Both across spatial and temporal 

frequency, baseline peak gain is significantly larger than optogenetic peak gain, except for the 
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highest frequency tested where the gain diminishes for both conditions. The means of average 

qCSF parameters except for the peak frequency can be found in  

Table 9.  

Table 9 Average estimated parameters from qCSF procedure for baseline and optogenetic 
conditions with 95% confidence intervals. AULCSF is the area under the CSF curve, Peak gain is 
the maximum contrast sensitivity reached, bandwidth is the full-width at half maximum, and 
truncation is the low frequency plateau. The peak frequency is not reported because we averaged 
over varying spatial and temporal frequencies. 
  

AULCSF Peak Gain (γ max ) Bandwidth (β) Truncation (δ) 
Baseline 3.532  

[3.111, 3.953]  
1001.613 [842.904, 1160.322]  2.825 [2.587,3.065]  0.099  

[0.094, 0.104]  
Optogenetic 2.007  

[1.679,  2.335]  
63.349 [51.172, 75.525]  3.298 [3.019, 3.578]  0.147  

[0.100, 0.195]  
 
 
 

     
Figure 19 Change in log peak gain across (A) spatial and (B) temporal frequencies. 

 
The surface fits based on Kelly model indicate the same relationship for individual subjects (Figure 

20) with an average difference of 0.98 in the log space. 

(A) (B) 
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4.4.4 Temporal Contrast Sensitivity is Mediated by Spatial Frequency 

The CSF surfaces obtained using the Kelly model show that contrast sensitivity decreases overall 

under the optogenetic condition. However, this decrease varies across different combinations of 

temporal and spatial frequencies. In Figure 21, we plotted aggregated sensitivity values across 

temporal frequencies for three values selected from the range of spatial frequencies (0.25 cpd, 2.39 

cpd, 22.91 cpd). At higher spatial frequencies, the effect of temporal frequency change diminishes 

due to decrease in contrast sensitivity. At lower temporal frequencies, sensitivity peaks between 

5-10 Hz depending on the spatial frequency, in line with previous literature. Likewise, in  Figure 

22, the relationship between spatial frequency and contrast sensitivity is mediated by temporal 

frequency plotted at three different values sampling the range (1.88 Hz, 7.5 Hz, 24.33 Hz). In both 

figure, contrast sensitivity diminishes at higher spatial frequencies. 

In the runs where we estimated the temporal frequency via qCSF staircase method, median 

peak temporal frequency was 5.68 Hz across all five spatial frequencies tested; and when they 

were viewing the filtered stimulus, peak temporal frequency was 3.04 Hz (see Figure 23A). Upon 

further investigation where we investigate the mediatory effect of spatial frequency, we selected 

runs at lower spatial frequency (0.5 cpd) where the peak median temporal frequency was 7.08 Hz 

for baseline condition; 3.28 Hz for optogenetic condition. Meaning, at the peak spatial frequency, 

peak contrast sensitivity is achieved at lower temporal frequencies in optogenetic conditions. 

In the runs where we estimated the spatial frequency via qCSF staircase method, median peak 

spatial frequency for baseline and optogenetic conditions were 1.52 and 1.82 cpd, respectively,  

Figure 24A. Compared to the temporal frequency estimations, peak spatial frequency did not 

vary across two conditions which means spatial frequency, in general, acts as a low-pass filter. 
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Figure 21 Relationship between contrast sensitivity and temporal frequency at three spatial 

frequency rates (0.25 cpd, 2.39 cpd, 22.91 cpd). The difference between optogenetic and baseline 

conditions decreases as the temporal frequency increases but the rate of change is not consistent 

across varying spatial frequencies. Error bars are the 95% confidence intervals. 

 

 
Figure 22 Relationship between contrast sensitivity and spatial frequency at three temporal 

frequency rates (1.88 Hz, 7.5 Hz, 24.33 Hz). The difference between optogenetic and baseline 

conditions decreases as the spatial frequency increases but the rate of change is not consistent 

across varying temporal frequencies. Error bars are the 95% confidence intervals.  
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4.5 DISCUSSION 

 Optogenetic therapy is promising in restoring light sensitivity in the degenerated retina. In 

the effort of finding the optimal protein-promoter-vector combo that yields an artificial vision 

 

Figure 24 (A) Peak spatial frequency from the qCSF procedure across baseline and 

optogenetic conditions. Each scatter point represents a single qCSF run. (B) Same dataset, 

replotted as mean spatial frequency across temporal frequency 

 

Figure 23 (A) Peak temporal frequency from the qCSF procedure across baseline and optogenetic 

conditions. Each scatter point represents a single qCSF run. (B) Same dataset, replotted as mean temporal 

frequency across spatial frequency, error bars indicate 95% CI.  

(B) (A) 

(B) (A) 
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closest to sight, it is crucial to utilize the large body of work in the animal model field to estimate 

the clinical performance in the next stage in development. While behavioral tests are done to 

evaluate vision in animal models, the perceptual experience across species are vastly different and 

might not translate at the clinical testing stage. Hence, predicting human perceptual experience 

from data that is common across species (e.g. spike count when stimulated), can give researchers 

a better understanding of what to expect. 

Visual acuity is one of the key clinical outcome measures when evaluating the efficacy of 

sight restoration technologies in humans and it is traditionally measured via established optotype 

charts such as Snellen Acuity or Pelli-Robson chart. How well the performance in optotype charts 

translates into functional vision is a crucial question in the artificial vision domain mainly because 

optogenetic stimulation bypasses initial phototransduction by neurons and has a varying temporal 

kinetics leading to delays in signaling. 

In this study, our goal was to predict whether visual performance would decrease due to 

decrease in temporal sensitivity in optogenetic therapy. To do so, we created a modular framework 

we call ‘virtual patients’: sighted individuals viewing visual stimulus filtered by optogenetic model 

outputs. This way, we could focus on individual differences in optogenetic vision compared to 

neurotypical vision, assuming a best-case scenario for the technology. 

4.5.1 Optogenetic Delay Shifts Peak Sensitivity To Lower Temporal 
Frequencies 

We focused on the chemically engineered photoswitch ‘4xBGAG12,460:SNAP-mGluR2’ 

investigated by Holt et al. (2022), one of the state-of-the-art optogenetic molecules currently being 

investigated in mice. We built a model of temporal sensitivity based on the change of average 

baseline firing rate during photoactivation. The non-linear response profile of retinal ganglion cells 
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was modeled through three differential equations accounting for initial suppression, recovery, and 

post-stimulus overshoot.  

We then conducted a within-subjects contrast sensitivity task with two conditions: baseline, 

where we presented a dynamic gabor without any filter and optogenetic, where presented the same 

stimulus after filtering with the optogenetic model.  

There was a ten-fold decrease in contrast sensitivity in the optogenetic conditions across 

six participants, an expected result based on the decrease of stimulus contrast after convolving it 

with the optogenetic model output (see Figure 17). The amplitude and phase of the filtered stimulus 

depends on temporal frequency, so we expected to see change in estimated contrast sensitivity at 

different temporal frequencies. Indeed, we found that peak sensitivity shifted towards lower 

temporal frequencies in the optogenetic condition; but this change was not observed in the spatial 

frequency domain (Figure 23 &  

Figure 24). Meaning, the optogenetic model acted as a low-pass filter, in addition to 

decreasing contrast sensitivity.  

4.5.2 Limitations 

Our study design restricted us to conduct qCSF, the Bayesian adaptive estimation paradigm 

(Lesmes et al., 2010b) for either spatial or temporal frequency, rather than sampling a range of 

spatiotemporal frequency pairs. We had to remove the highest spatial frequency tested, 36 cpd, 

from all conditions due to an abnormal increase in contrast sensitivity in the baseline condition 

where temporal frequency varied according to the estimation staircase (Supplementary Figure 1). 

Our optogenetic model focused only on the effect of temporal delay on spatiotemporal 

contrast sensitivity while there are many other factors that differentiates optogenetic restored 

vision from neurotypical vision. The unselective stimulation of ON-OFF cells is projected to 
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provide unnatural vision (Esquenazi et al., 2021), in addition to the spatial distortions due to retinal 

remodeling and degeneration inherent to the diseases. At greater light intensities, axonal 

stimulation might be a factor decreasing spatial resolution (Ferrari et al., 2020). 

We based our model on firing rate data from rd1 mouse model. Mouse models are efficient 

and are similar at the cellular level, however, they differ due to lack of fovea and certain types of 

retinal ganglion cells,  and uniform inner limiting membrane (Roska & Sahel, 2018). Since 

temporal kinetics depend on gated-channel responses, we were confident incorporating mouse data 

but for more complex behaviors, mouse data should be used in caution, keeping the divergences 

from mammalian retina in mind.  

4.5.3 Future Directions 

The virtual patient framework is designed to be modular and able to account for various 

types of sight restoration technologies. Current optogenetic model can account for two types of 

photoswitches from Berry et al. (2019) and Holt et al. (2022) but the underlying parameters can 

be adapted for other optogenetic methods as long as the temporal sensitivity data is available. A 

natural follow-up would be to present sighted participants gratings filtered through different 

protein models and comparing cross-protein contrast sensitivity, similar to the theoretical work by 

Bansal group (2021). 

Our model did not account for eye or head movements when computing change in contrast 

in the optogenetic condition. Natural head and eye movements changes the position of the visual 

stimulus on the retina; delay in response should exacerbate the blurring effect observed. A potential 

advantage of virtual patient framework in this context is that the micro-saccades of participants 

were accounted for in a within-subjects design. However, they were instructed to fixate and all had 

normal or corrected-to-normal visual acuity. Nystagmus is a common occurrence in patients 
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suffering from retinal degeneration, so it is important to account for large-scale eye movements in 

simulating optogenetic response in humans. 

Human contrast sensitivity changes with several other factors such as eccentricity of the 

stimulus, mean luminance, age of the viewer, and retinal degeneration. Our participant pool had a 

median age of 27 (22-52). Either including the effect of the aforementioned factors into the model 

or doing the same task with a more representative sample group would benefit future studies. 

 

4.5.4 Conclusion 

The results in this study demonstrate that spatial resolution of the optogenetic vision also 

depends on stimulus motion. A computational model focusing on the kinetics of rodent optogenetic 

response was used as a filter to flickering Gabor stimulus and was presented to sighted participants. 

Contrast sensitivity was measured to be lower by a factor of 10 after optogenetic filtering than 

when viewing unfiltered stimulus. Notably, the difference between the optogenetic and unfiltered 

stimulus was influenced by the change in temporal frequency more than spatial frequency. Peak 

contrast sensitivity was reached at lower temporal frequencies in the optogenetic condition than 

the baseline condition. Meaning, the range of visible dynamic stimulus is narrower when there is 

a temporal delay. 

The major implication of these results is that at clinical testing stage, dynamic grating tasks 

should be used for measuring functional vision.  A patient who has undergone optogenetic therapy 

with a similar temporal profile might perform better at static optotype charts, but their performance 

might drop when viewing dynamic stimulus such as a car passing by.  
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Chapter 5.  DISCUSSION 

5.1 SUMMARY 

 The effects of losing sight are profound and life changing. While the first three leading 

causes of blindness -uncorrected refractive error, glaucoma and cataract-, are treatable or 

preventable, individuals affected by inherited retinal degenerative diseases such as certain types 

of Age-related Macular Degeneration and Retinitis Pigmentosa, are currently only offered 

management of the symptoms with no current potential cure to the diseases causing it.  

Sight restoration technologies target vision loss due to retinal degeneration. The success of 

these technologies in providing functional vision will improve the quality-of-life of the affected 

population and alleviate the psychological, financial, and societal burden. In the past thirty years, 

major progress has been achieved in inducing light perception using electrical implants, 

optogenetic proteins and photoswitches. In addition, gene therapies such as LUXTURNA (Spark 

Therapeutics, USA), targeting RPE65 related retinal degeneration, has been approved for clinical 

use to treat Leber’s Congenital Amaurosis (Russell et al., 2017).  

At the forefront of the sight restoration development, there is a need for a consensus on 

harmonizing the visual outcomes, measuring efficacy, comparing different methods, and 

incorporating the feedback from the affected patients (Ayton, Rizzo, et al., 2020; Sandrian et al., 

2023). Some visual function measures are adapted from neurotypical or low vision where artificial 

vision provided by sight restoration technologies are qualitatively different; similar to vocoder-

like output of cochlear implants. Methods specifically designed for restored vision such as device 

ON vs. OFF tests can vary significantly across research groups or technologies investigated.  An 

alternative approach can be to prototype restored visual outcomes from past literature and compare 

predictions to patient outcomes. 
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This thesis attempted to fill the gap between the theoretical pre-clinical work and clinical 

outcome measures by combining psychophysical methods and computational modeling. Focusing 

on two methods: electrical and optogenetic stimulation, we characterized factors influencing 

spatial resolution of the restored vision. Main findings were: 

1. The perceptual experiences of Argus II patients are highly variable. The outcome measures 

that depend on camera input with ensemble array stimulation might not capture the spatial 

resolution limits provided by these devices. An alternative measure that bypasses the 

camera, two-point discrimination, revealed that spatial resolution is lower than theoretical 

predictions. 

2. Simulations factoring in current spread, distance between electrodes, distance of the array 

from the retina, axonal stimulation and retinal damage showed that minimizing these 

factors would improve the spatial resolution of Argus II. 

3. Optogenetic stimulation has potential to closely mimic healthy photoreceptor signaling but 

our simulations showed that the temporal delay in cell response of state-of-the-art 

optogenetic technology will decrease the spatiotemporal contrast sensitivity and this effect 

is mediated by temporal frequency. When measuring functional vision, tasks involving 

dynamic stimuli should be incorporated to get a better picture. 

5.2 WHY IS MEASURING VISUAL PERFORMANCE VIA PSYCHOPHYSICAL METHODS 

IMPORTANT? 

 Systematic characterization of stimulus-response relationship can reveal information about 

the underlying mechanisms. Psychophysical methods adapted to sight restoration technologies are 

especially important at the emergence of the field to objectively describe device effectiveness 



 97 

across methods, research sites, and individuals. Similar to the early psychophysical studies of 

neurotypical vision in the 20th century, the sight restoration field can benefit from establishing 

response properties of carefully controlled stimulus.  

Unlike daily-use measures, psychophysical results can be implemented in modeling of 

restored vision. Preprocessing of the visual input is a common feature across most sight restoration 

technologies. Psychophysical results can be ‘reverse-engineered’ to change preprocessing methods 

to provide an improved perceptual experience to the patients. As a recent example, Granley and 

colleagues (2023)  proposed a stimulus encoding model of electrical stimulation based on 

psychophysical measures that can adapt to individual percepts. This encoder combines behavioral 

response and modeling to provide optimal stimulation parameters.  

5.3 WHY IS MODELING RESTORED VISION IMPORTANT? 

 Restored vision through any technology described in this thesis is a novel experience, 

similar to cochlear implant percepts or language acquisition. Words from a foreign language sound 

hard to decipher until the learner is exposed to it for a sustained period. Before comparing restored 

vision to neurotypical vision, the characteristics of the restored vision can be better defined through 

simulation and modeling.  

In the context of sight restoration, modeling can take various orthogonal approaches: 

physiology-oriented models and perception-oriented models, similar to bottom-up vs top-down 

dichotomy in neural processing. Schools of researchers focus on building a detailed descriptive 

model of underlying physiology, biophysical and electrical constraints to simulate restored vision 

(for example, see Golden et al., 2019 for a physiological model of electrical stimulation; Tong et 

al., 2020 for a biophysical model of electrical stimulation; Antolik et al., 2021 for a physiological 
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model of cortical optogenetic stimulation). Alternatively, the perceptual experience of restored 

vision can be modeled through behavioral response data utilizing the available technology (for 

examples, see Beyeler, Boynton, et al., 2017b; Esquenazi et al., 2021 for models of epiretinal 

stimulation and perceptual learning).  

Both approaches can elucidate the artificial vision provided by sight restoration 

technologies prior to the widespread applications informing researchers on what is the most 

probable outcome of a given intervention. An example can be the functional assessment of Argus 

II and Alpha-IMS by Stronks and Dagnelie (2014) where they predict the theoretical 

psychophysical outcomes.  

Chapter 2 and Chapter 3 of this thesis describe a series of psychophysical tasks completed 

with nine Argus II users, approximately 2% of the worldwide population. We were fortunate to 

have collaborators that work with individuals with Argus II but the majority of clinical testing was 

done with a limited number of participants. Another benefit of simulating restored vision is the 

ability to sequentially test and pilot stimulation methods and parameters that influence phosphene 

generation with sighted participants. This way, the researchers can gain insights in a fast, efficient, 

and cost-effective manner without burdening our clinical population with extensive testing. 

Setting up patient and clinician expectations prior to choosing a sight restoration 

technology is a challenge that can be overcome through simulated artificial vision. Since this is an 

emerging field, patients have limited access to testimonies of past users unlike an individual getting 

a LASIK operation. Simulations can be informative for patients, caregivers, and clinicians prior to 

the operation. In the same vein, funding and regulatory agencies can use simulations and model 

outcomes as a benchmark when approving or assessing performance of any technology discussed. 
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 In Chapter 4, we assessed a type of optogenetic photoswitch at its pre-clinical testing stage 

by building a model based on the results from animal models. While there were many assumptions, 

we focused on the effect of only one parameter and saw the cumulative effect of the difference 

between neurotypical and optogenetic signaling through sighted participant’s response across 

conditions. This will potentially inform optogenetic sight restoration researchers once the therapy 

proceeds to clinical setting.  

5.4 ETHICAL CONSIDERATIONS 

 Regulatory agencies such as FDA can fast-track technologies targeting rare diseases such 

as RP as a ‘Humanitarian Use Device’ (HUD) which are exempt for efficacy requirements usually 

required for a pre-market approval (Sandrian et al., 2023). In addition, companies can seek 

‘Investigational Device Exemption’ (IDE) or ‘Breakthrough Device Designation’ to accelerate 

their clinical investigations. While there is an undeniable benefit to expediting regulatory 

processes, long-term consequences of permanent implantation/injection to the patients are a major 

concern. 

 A notable case is Argus II by Second Sight. Inc (now Cortigent, Inc) (Humanitarian Device 

Exemption (HDE)), which was approved by FDA in 2013 and was implanted in more than 350  

patients.  The device was commercially available until 2019, when the company suspended its 

production and promised long-term support for its existing Argus II patients. However, according 

to a report by Rachitskaya and colleagues (2020), Argus II users have not been able to access 

support in the emergency events such as device dysfunction during daily use since the company 

laid off their rehabilitation experts. The users were promised firmware updates that would improve 

their perceptual experience and target technical difficulties, but the update was not delivered. The 
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research on these technologies continues, for example, Bajaj and colleagues (2019) implemented 

an investigational thermal camera for Argus II users to detect heat, which could potentially be a 

valuable source of information while navigating. In all tasks that involve mobility, object and 

person identification, thermal camera outperformed the standard camera. Ideally, these results 

could be implemented without an additional surgery for patients who already have the device.  

However, Argus II users might have to face difficult decision between keeping an obsolete 

technology implanted or go through another invasive surgery to explant it. The decision to get a 

chronic implant that involves an invasive surgery and long-term training and rehabilitation should 

be supported by extensive research, well-informed clinicians, and the involvement of patient 

advocacy groups.  

 There needs to be more guidance on under what circumstances a long-term implant or 

injection is available from health organizations and regulatory bodies. Above all, when regulating 

clinical trials, emphasis should be made on long-term support of for-profit companies to avoid 

instances such as Argus II deprecation.  

 In a recently published ethics study conducted with patients with Orion cortical implant, 

authors share patient anecdotes where they share their feedback on their device, its long-term 

compatibility, the discrepancy between their expectations and the outcome (Levy et al., 2023). 

One patient shares:  

‘You have the device implanted and if you leave it in the way the agreement is 

written, or the contract, whatever you want to call, I think after five years 

you’re essentially on your own, so if there’s some reason you need to get it 

taken care of you’re on the hook for it. And so, with the financial trouble of 

Second Sight, I was wondering if I was going to be able to get it taken out. 

[P4]’ (Levy et al., 2023). 
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 Notably, the majority of the Orion patients said that they were aware of the limited 

functionality of the devices and were more motivated by their contribution to science and the 

development of improved sight restoration technologies. However, the researchers discussed that 

the perceived risk of participating does not align fully with what is covered in the informed 

consent, mainly in terms of ‘high expectations with regard to the long-term technological 

advancement of Orion and similar devices’, the ability to participate in other interventions, and the 

financial risks of having a chronic visual implant (Levy et al., 2023).  

 The variable experience of our participants in the Argus II spatial resolution study is similar 

to what is described in the Levy study. One participant reported that they would only use the device 

once a month or during clinical testing due to headaches; that they do not get enough benefit from 

it to use it more frequently. Almost all of our participants used other assistive devices such as 

walking cane in conjunction with Argus II, similar to Orion users. Nevertheless, they also were 

motivated by their irreplaceable contribution to future development. 

 More systematic research and discussion in the area of neuroethics is needed to minimize 

the potential risks discussed in this section and protect the interests of patients using sight 

restoration technology. More research focused on prototyping and modeling as discussed 

previously can enable progress without direct testing at clinical trials. 

5.5 FUTURE DIRECTIONS 

 With the advancements in material engineering, surgical tools, genetic engineering, and 

modeling, sight restoration is one of the most exciting areas of research to be in. The technologies 

discussed in this thesis are the early proof-of-concepts and with every scientific breakthrough they 

will improve.  
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To summarize the recent milestones: 

5.5.1 Electrical Prostheses 

o Palanker and colleagues (2022) demonstrated 12-24 month safety of PRIMA (Pixium 

Vision, SA, Paris, France) in patients with AMD who has peripheral vision. The 

participants were able to perceive light at the scotoma in the central vision through the 

implant and simultaneously use their peripheral vision. With the device on and is set to the 

user’s preferred magnification, four out of five patients achieved the Landolt prosthetic 

acuity of 20/63-20-98 (Palanker et al., 2022).  

o Orion cortical prosthesis clinical trials are ongoing with six patients. 

5.5.2 Biological Alternatives 

o Nanocarriers for ophthalmic drugs that can go through ocular barrier with less resistance 

promise improved biocompatibility (Li et al., 2023).  

o Clinical trials for gene editing drugs such as ZVS203e are ongoing with 9 participants 

(NCT05805007) 

o Optogenetic proteins like bReaChES that can generate light perception at indoor lighting 

with detection rate of up to 50 Hz are at pre-clinical stage (Bansal et al., 2021). 

o Neurotransmitter stimulation, where engineered fluid chips stimulate remaining retinal 

circuitry are in early stages of development (Iezzi & Finlayson, 2011). 

 The question of which therapy will provide the vision closest to neurotypical vision 

currently has no clear answer. Each method has a unique advantage and challenges to overcome. 

A combination of methods, such as using electrical implants/optogenetic therapy as an alternative 

after neuroprevention and gene editing methods can potentially yield the optimal restored vision. 
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SUPPLEMENTARY MATERIALS 

Supplementary Table 1 Summary table of inherited retinal degenerative diseases and the 
number of identified and unidentified genes and loci, acquired from RetNet: Summaries, 2022. 

Disease Category 

Total 
No. of 
Genes 
and 
Loci 

No. of 
Identified 

Genes 

Bardet-Biedl syndrome, autosomal recessive  18 18 
Chorioretinal atrophy or degeneration, autosomal dominant  1 1 
Cone or cone-rod dystrophy, autosomal dominant  9 5 
Cone or cone-rod dystrophy, autosomal recessive  19 18 
Cone or cone-rod dystrophy, X-linked  1 0 
Congenital stationary night blindness, autosomal dominant  1 1 
Congenital stationary night blindness, autosomal recessive  10 10 
Congenital stationary night blindness, X-linked  2 2 
Leber congenital amaurosis, autosomal dominant  1 1 
Leber congenital amaurosis, autosomal recessive  13 13 
Macular degeneration, autosomal dominant  14 10 
Macular degeneration, autosomal recessive  4 4 
Ocular-retinal developmental disease, autosomal dominant  1 1 
Optic atrophy, autosomal dominant  8 5 
Optic atrophy, autosomal recessive  4 3 
Optic atrophy, X-linked  1 0 
Retinitis pigmentosa, autosomal dominant  24 23 
Retinitis pigmentosa, autosomal recessive  46 44 
Retinitis pigmentosa, X-linked  5 2 
Syndromic/systemic diseases with retinopathy, autosomal dominant  9 8 
Syndromic/systemic diseases with retinopathy, autosomal recessive  56 53 
Syndromic/systemic diseases with retinopathy, X-linked  3 2 
Usher syndrome, autosomal recessive  18 15 
Other retinopathy, autosomal dominant  15 11 
Other retinopathy, autosomal recessive  19 17 
Other retinopathy, mitochondrial  7 7 
Other retinopathy, X-linked  8 7 
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Supplementary Figure 1 Scatterplots of contrast sensitivity for all four conditions: (A) Baseline condition where the 

unfiltered stimulus is presented at five fixed temporal frequencies and spatial frequencies were fit using a staircase method 

(version 1). (B) Optogenetic condition where filtered stimulus is presented in the same way as (A). (C-D) In these 

conditions, temporal frequencies varied using a staircase method and spatial frequencies were fixed at five values. 
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Supplementary Figure 2 Contrast sensitivity - temporal frequency relationship at every 

spatial frequency tested (except for 36 cpd). Both axes are on a log-scale. 
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Supplementary Figure 3 Contrast sensitivity - spatial frequency relationship at every 

temporal frequency tested. Both axes are on a log-scale. 
  


