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Functional brain mapping correlates the brain anatomy and physiology to our perceptions and 

behaviors and allows for development of neurotherapeutic technologies. Therapeutic direct 

stimulation of the cortex and subcortical areas, despite its high invasiveness, remains a crucial 

technique for studying the neurophysiological correlates of brain networks. For example 

stimulation of visual cortex for restoring vision and deep brain stimulation for treatment of 

movement disorders provide unique opportunities to study the neural correlates of visual 

perception and motor behaviors. While these techniques have been around for several decades, the 

functional role of targeted areas and their interaction with electrical stimulation is yet to be fully 

understood. This work takes advantage of invasive neurosurgical techniques to refine the 
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functional mapping of visual and motor systems. Through the application of a cortical visual 

prosthesis we created subject-specific retinotopic maps of the visual cortex. The functional 

efficacy of these maps were tested in blind subjects and was shown to restore some degree of 

vision allowing them to localize a static object and identify the direction of a moving target. 

Moreover we used intra-operative recordings from ventrolateral thalamus and sensorimotor cortex 

of patients with essential tremor to investigate the functional role of thalamo-cortical network in 

voluntary movement. By analyzing different measures of oscillatory power and connectivity, we 

depicted a casual mechanism in which thalamic low frequency oscillations modulate the 

movement-related cortical broad-band gamma activity. This understanding of visual and motor 

maps can advance the efficacy of visual prosthesis and deep brain stimulation therapy by 

highlighting the functional organization of the visual cortex and oscillatory mechanisms of 

thalamo-cortical interactions. 
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1 Introduction 

Functional brain mapping draws a picture of how brain systems and their interactions correlate 

with perception and behavior. This allows for correlation of abnormalities in various brain 

networks with a patient’s symptoms to provide proper treatments such as surgical intervention or 

neuromodulation. Moreover a patient specific functional map of the brain is an essential step 

towards development of a neural prosthesis to compensate for patient’s deficits. Since its birth in 

19th century, functional brain mapping has been radically refined through novel brain mapping 

techniques and modernization of the brain imaging equipment. Direct stimulation of the cortex 

and subcortical areas, despite its high invasiveness, remains a crucial technique for studying the 

neurophysiological correlates of human perception and behavior. Stimulation of visual cortex to 

restore some degree of vision to blind individuals was introduced more than 50 years ago however 

little progress has been made with respect to safety and efficacy. Moreover deep brain stimulation 

has been an effective therapy for treatment of movement disorders over the last three decades and 

despite expanding application to treatment of epilepsy and psychiatric disorders, its fundamental 

mechanism is yet to be fully understood. 

1.1 The importance of invasive neurophysiological studies 

Invasive Neurophysiological studies provide unique opportunities to access the human brain that 

would have been impossible or extremely challenging via non-invasive approach. For instance, 

procedures such as electrode implantation for treatment of epilepsy present unique opportunities 

to directly access the human visual cortex and understand the mechanisms of visual perception(W. 

Bosking et al., 2018). Invasive therapies can reach even further than the cortical tissue and access 

the deep brain nuclei. For example deep brain stimulation (DBS) therapy for movement disorders 

such as essential tremor (ET) allows for recording local field potentials (LFP) from the thalamus 
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and provides enough temporal resolution to study the oscillatory mechanism of thalamo-cortical 

network(Malekmohammadi et al., 2015). 

The invasive nature of these studies not only furthers our reach to the human brain but also 

improves spatial and temporal resolution of neurophysiological signals compared to non-invasive 

approaches. Due to greater distance between cortical sources and extra-cranial sensors, non-

invasive techniques are less sensitive to high frequency activity and thus may not reveal the full 

spectrum of an event-related power augmentation(Nathan E. Crone et al., 2011a). Hence analysis 

of high frequency local activities such as cortical broadband-gamma (60-200Hz) requires invasive 

recording of LFP signals(Petroff et al., 2016). However the down side of the invasive approach is 

that it is limited to the specific circumstances of the invasive therapy. For instance DBS electrode 

implantation surgery provides a short window of time to record from DBS electrodes as well as 

temporary placed ECoG strips for research purposes. During this time, patient is awake and able 

to perform behavioral tasks in the operating room however his/her movement and attention are 

extremely limited. Also, the number of deep brain electrodes and their location is limited to the 

requirements of the DBS surgical procedure. 

1.2 Functional mapping of primary visual cortex via application of cortical visual 

prosthesis 

When the light is projected on the retina, optical information is converted to neural spiking activity 

via photoreceptor cells, transmitted via retinal ganglion cells to the lateral geniculate nucleus of 

the thalamus, and conveyed to the primary visual cortex via thalamic synapses. Retinotopy of the 

visual cortex maps the visual input from the retina to the neurons of the V1 area. The first 

retinotopic map of the human primary visual cortex was created by Dr. Gordon Holmes when 

analyzing the disturbances of vision reported by World War I soldiers suffering from gunshot 
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injuries to the visual areas(Holmes, 1918). Holmes map depicted an orderly, topographic 

representation of the striate cortex where the representation of horizontal meridian runs along the 

base of the calcarine sulcus. The functional organization of this retinotopic map was confirmed by 

Brindley and Levin in 1968 based on localizing the visual perceptions (phosphenes) elicited by 

electrical stimulation of the primary visual cortex(Brindley & Lewin, 1968). Brindley and Levin’s 

work was the first systematic efforts to restore some vision using stimulation of the visual cortex 

and it was continued by Dobelle and his colleagues(W. H. Dobelle & Mladejovsky, 1974b). They 

implanted cortical surface electrodes over the right medial occipital pole of previously sighted 

blind subjects. Stimulation of most of the electrodes elicited phosphenes located in a retinotopic 

order in different areas of the visual field. In Dobelle’s earlier experiments, simple identifiable 

patterns (square or letter “L”) were produced by stimulating multiple electrodes(W. H. Dobelle et 

al., 1974). This approach was followed by implementation of a “Cortical braille” capable of 

spelling the letters in a full sentence faster and more accurately than traditional tactile braille(Wm 

H. Dobelle et al., 1976). These studies demonstrated the feasibility of visual cortical prostheses in 

conveying potentially useful information. However, cases of seizure and device malfunction have 

been reported necessitating further study of safety and long term effectiveness of this 

approach(Naumann, 2012). Moreover, while previous studies described charge density thresholds 

for eliciting phosphenes and that phosphene perception changes with modification of stimulus 

parameters (amplitude, frequency, pulse-width and burst duration)(W. H. Dobelle & Mladejovsky, 

1974b; Schmidt et al., 1996a), the effects of each parameter on the threshold and phosphene 

qualities were not completely characterized. Dobelle began to commercialize the device outside 

the United States in 2002 and 16 patients were implanted with a partially externalized device. The 

results of this project however were not published and study was terminated after Dr. Dobelle 



4 

 

passed away in 2004.Chapter 2 provides a brief description of different approaches toward visual 

prostheses followed by an extensive overview on the history, current state and challenges of 

developing cortical visual prostheses. 

Through the application of cortical visual prosthesis we aim to refine the functional mapping of 

the primary visual cortex. We started with a pilot study reproduce previous results under current 

clinical safety standards and to progress the field. Chapter 3 describes the results of our two-year 

case study on a blind subject where we assessed the safety and feasibility of an off-the-shelf 

neurostimulator in eliciting visual perception. Followed by our efforts to assess safety and 

feasibility of subdural cortical visual stimulation we received the FDA approval for the first 

clinical trial of Orion, a subdural neurostimulator designed and built by SecondSight Inc. as a 

cortical visual prosthesis. Four blind subjects were implanted with Orion at UCLA and we started 

the clinical testing of the device while monitoring for adverse events. One of our main challenges 

was to map the visual field onto the electrode array located on the surface of the visual cortex to 

be able convert the image of the visual field to a sequence of electrical pulses delivered via a 60-

electrode subdural array. Chapter 4 presents multiple mapping techniques inspired by the previous 

studies and improved by our current understanding of the visual cortex. Furthermore in the absence 

of a ground truth for the exact location of phosphenes, we propose evaluation paradigms to 

estimate the accuracy of phospehene localization for each mapping technique. 

1.3 Functional mapping of motor system based on movement-related dynamics of 

thalamo-cortical oscillations 

Oscillations form a ubiquitous feature of the functional brain mapping particularly in motor 

network where different phases of movement planning and execution is associated with 
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synchronization/desynchronization of specific oscillatory frequencies(Brittain & Brown, 2014). 

Movement initiation is associated with desynchronization of alpha (8-12Hz) and beta (12-35Hz) 

oscillations in sensorimotor cortices (N E Crone et al., 1998; Kilavik et al., 2013; Kondylis et al., 

2016; Malekmohammadi, AuYong, Ricks-Oddie, et al., 2018) and basal ganglia (Cassidy et al., 

2002; Foffani et al., 2005; Malekmohammadi, AuYong, Ricks-Oddie, et al., 2018; Singh & Bötzel, 

2013; Tsang et al., 2012; Tsiokos et al., 2013, 2017) and increases in gamma oscillatory activity 

(60-200Hz) in motor cortical areas (N E Crone et al., 1998; Nathan E. Crone et al., 2006; Dalal et 

al., 2008; Ohara, 2000; Pfurtscheller et al., 2003). While oscillatory changes in distinct nodes of 

human brain motor network have been described, our understanding of how these nodes interact 

is not well developed, particularly with respect to the causal relationship across nodes in the brain. 

Oscillatory activity in the thalamus may theoretically serve to directly modulate or gate cortical 

gamma band activity. Alternatively, thalamic oscillations may serve to modulate similar low 

frequency oscillatory activity in structurally-connected cortical regions which in turn influence 

local gamma band activity. The distinction lies in whether the thalamus directly or indirectly (via 

phase-based coupling) modulates cortical function. While thalamo-cortical relationships were 

analyzed in a recent publication by Opri and colleagues (Opri et al., 2019), the question of relative 

contributions and influence of thalamic and cortical phase encoding frequencies on high frequency 

cortical activity remains undefined. 

One model that has been proposed for interaction both within and across nodes is via cross 

frequency coupling, including phase-based coherence and phase-amplitude coupling (PAC), the 

latter of which can serve as a mechanism to link information conveyed by slower oscillatory 

activity that occur across large-scale brain networks to fast, local cortical processing(Canolty & 

Knight, 2010). Patients with Parkinson disease (PD) and essential tremor (ET) have exaggerated 
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resting state sensorimotor PAC (De Hemptinne et al., 2013; Kondylis et al., 2016). Moreover, 

therapeutic deep brain stimulation (DBS) of subthalamic nucleus (STN) and globus pallidus 

internus (GPi) suppresses cortical PAC in PD patients(De Hemptinne et al., 2015a; López-

Azcárate et al., 2010; Malekmohammadi, AuYong, Ricks-Oddie, et al., 2018) highlighting the 

potential involvement of subcortical nuclei in regulating and perhaps even driving cortical PAC. 

We have previously shown a temporally causal role between thalamo-cortical coherence and 

cortical PAC across structurally-defined thalamo-cortical networks(Malekmohammadi et al., 

2015) and others have shown similar results in other systems, such as the visual 

pathways(Saalmann et al., 2012). While prior work has demonstrated causal flow of low frequency 

oscillations from subcortical to cortical structures and an intimate relationship between phase-

coupling and PAC, no analyses to date have been able to disentangle the relative contributions of 

thalamic and cortical low frequency oscillations to PAC. 

In chapter 5 we use the intra-operative LFP recordings from the thalamus and sensorimotor cortex 

of ET patients to confirm the previous findings on movement-related cortical oscillations(N E 

Crone et al., 1998; Kondylis et al., 2016; Malekmohammadi et al., 2015; Opri et al., 2019) and 

draw a path of thalamo-cortical interactions using different measures of oscillatory coupling. 

Furthermore we apply a novel technique of “partial phase amplitude coupling” to clarify the casual 

role of this network. 
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2 An overview of cortical visual prostheses 

The number of blind individuals has been increasing around the world and the United States. 

Globally, 32.4 million people were blind in 2010 which has increased by 600,00 since 1990 

(Stevens et al., 2013). In 2015, a total of 1.02 million people were blind in the United States and it 

is projected to double to approximately 2.01 million people by 2050 (Varma et al., 2016). The 

negative impacts of this condition on individual physical and mental health include a higher risk 

of chronic health conditions (Crews & Campbell, 2004), unintentional injuries (Ivers et al., 2000), 

social withdrawal (Jones et al., 2009), depression (Jones et al., 2009; Zhang et al., 2013), and 

mortality (Freeman et al., 2005; Zheng et al., 2014). From a socioeconomic standpoint, blindness 

has a negative effect on educational and occupational opportunities as well as medical expenditure. 

In the United States, the excess medical expenditure (compared to individuals without visual 

impairments) was $2.5 billion in 2004 which was primarily attributed to homecare (Frick et al., 

2007). Therefore, any effort leading to improvement in day to day life of these individuals not only 

improves their quality of life but also relieves a significant economic cost. 

Common causes of blindness include cataracts , glaucoma, macular degeneration, infections, 

vitamin A deficiency, diabetes, and trauma (Congdon et al., 2003). Although in some of these 

conditions, blindness can be prevented in earlier stages (Javitt et al., 1996; Oliver et al., 2002; 

Resnikoff & Pararajasegaram, 2001; West & Sommer, 2001), many cases lead to irreversible loss 

of vision. Sensory substitution is an extensively explored approach to channel some degree of 

information via non-visual senses such as tactile (Bach-y-Rita & W. Kercel, 2003; Deroy & 

Auvray, 2012) or audible signals (Capelle et al., 1998; Hanneton et al., 2010). Although sensory 

substitution is non-invasive and easily available for majority of blind individuals, the quantity and 
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quality of information perception is extremely limited (Lenay et al., 2003). Hence a more direct 

approach may be helpful to generate a visual perception of the surrounding environment. 

Visual neural prostheses represent an approach of generating visual perception via direct 

stimulation of visual pathway. The basic principle of visual prostheses is that any segment of the 

visual pathway can potentially interface with a prosthetic that captures the image of the visual field 

via a camera, properly maps it into temporally and spatially specific signals and stimulates the 

visual pathway accordingly. Stimulation in its simplest form induces perception of a spot of light 

called a phosphene and it could be used as a building block to construct a representation of the 

visual scene which conveys helpful information for communication and mobility. The site of 

stimulation is dependent of the pathology of the blindness and is chosen in a way that bypasses the 

damages segment of the visual pathway. Current visual prosthesis approaches include stimulation 

of the retina, optic nerve, lateral geniculate nucleus of the thalamus, optic radiations and visual 

cortices. In this chapter we briefly describe the different approaches of visual prostheses and 

extensively review the history and current state of visual cortical prostheses. 

2.1 Different approaches of creating artificial vision 

2.1.1 Retinal stimulation 

Retinal prostheses aim to stimulate the surviving population of inner retina, retinal ganglion cells 

and/or bipolar cells in individuals with retinitis pigmentosa or age-related macular degeneration 

(Eyal Margalit et al., 2002). In theory, such an approach is the most advantageous as stimulation 

occurs at the earliest stage of visual perception, prior to any integration or “post-processing” of 

visual signals in the brain, including the lateral geniculate nucleus. Argus II (Second Sight Medical 

Products) is the first commercially approved retinal prosthesis using the epiretinal approach, in 

which the microelectrode array is implanted on the retinal surface near the nerve fiber directly 
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stimulating the ganglion cells (Luo & da Cruz, 2016). Argus II improved subjects performance in 

spatial-motor tasks (Ahuja et al., 2011a; Luo et al., 2015), detection of motion (Dorn et al., 2013), 

reading (Da Cruz et al., 2013; Sahel et al., 2011), and face recognition (Stanga et al., 2013). 

Subretinal implants are another approach for retinal prosthesis in which the electrode array sits on 

the outer surface of the retina relying on normal processing of inner and middle retinal layers 

(Weiland et al., 2005);  Alpha-IMS is a subretinal implant that has been approved for commercial 

use in Europe (Edwards et al., 2018) and is shown to restore some level of light perception, motion 

detection, visual acuity and reading ability (K Stingl et al., 2012; Katarina Stingl et al., 2013; 

Zrenner et al., 2011). Retinal implants are currently the only visual prostheses that have approval 

for commercial use however potential candidates for such devices are a small portion of the blind 

population (Ammann et al., 1965; Bundey & Crews, 1984; Bunker et al., 1984; Gröndahl, 1986; 

Haim, 2002; Hu, 1987). 

2.1.2 Stimulation of optic nerve and thalamus 

Stimulation of the optic nerve has also been shown to elicit phosphenes (Veraart et al., 1998). 

Veraart et al. utilized a spiral cuff electrode with four contacts. Subject were able to discriminate 

the orientation of lines without error and recognize simple patterns with a recognition score of 

63% (Veraart et al., 2003). This approach however requires an intact optic nerve and may not be 

applied to a large population of blind individuals. Deep brain stimulation of thalamus in proximity 

to the lateral geniculate nucleus (LGN) and optic radiations results in visual sensations (Marg & 

Dierssen, 1965). Microstimulation of LGN has been investigated in animal models based on visual 

saccades (Panetsos et al., 2011). Since the LGN is physically adjacent to the targets of deep brain 

stimulation for movement disorders, surgical access would require minor modifications to the 

common implant techniques(Pezaris & Reid, 2007). However, given the relatively small size of 
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LGN (6-7mm on a side with a volume of 250±50 mm3)(Andrews et al., 1997), a dense electrode 

array is required to elicit perceptions spanning the visual field and therefore phosphene perception 

in human trials is yet to be explored. 

2.1.3 Stimulation of visual cortex 

Stimulation of early areas of the visual cortex (V1, V2, and V3) elicits perception of phosphenes 

and is used to develop cortical visual prosthetics. In this chapter we extensively address this 

cortical stimulation approach and provide an insight on the current state as well as current 

challenges of visual cortical prostheses. 

2.2 History of cortical visual prostheses 

Eliciting visual perception via electrical stimulation of the visual cortices was first reported in a 

case study by Löwenstein and Borchardt in 1918 where a wounded soldiers were able to see 

flickering light perceptions on the opposite half of their visual field after stimulation of occipital 

lobe (Löwenstein & Borchardt, 1918). This was then followed by the work of Förster and Krause 

who were able to expose the human occipital lobe under local anesthesia and reliably induce 

perception of phosphenes (Foerster, 1929; Krause, 1924). These studies set the groundwork for 

the first systematic effort to develop a visual cortical prosthetic by Brindley and Lewin (Brindley 

& Lewin, 1968). They implanted a blind subject with an intracranial array of 80 electrodes molded 

it to fit the calcarine sulcus and neighboring cortex of the right hemisphere. They were able to 

successfully elicit phosphenes in different areas of the visual field which provided a proof of 

feasibility for visual cortical prosthetics. This array was physically connected to an extracranial 

array of radio receivers that allowed for selective activation of intracranial electrodes.  
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Dobelle reported similar observations on a group of 15 sighted patients who were undergoing 

surgery for other clinical reasons and gathered a useful body of data on the proper electrode 

placement as well as the effects of electrode size and stimulation parameters on the quality of 

perceptions (W. H. Dobelle & Mladejovsky, 1974b). Subsequently, he implanted two blind 

individuals with a 64-electrode array and were able to elicit simultaneous phosphenes representing 

simple patterns including a square and a reverse letter “L” (W. H. Dobelle et al., 1974). In another 

experiment, they were able create English letters using 6 electrodes with phosphenes scattered in 

the visual field (Wm H. Dobelle et al., 1976). Using a combination of sequential and simultaneous 

stimulation of these 6 electrodes they developed a “cortical braille” that was able to present 

randomized alphabets and synthetize sentences. One of the subjects performed with up to 85% 

accuracy on recognizing the alphabets and was able to read short sentences with missing or 

misreading a few words. Moreover, they developed a portable version of the device that was 

capable of receiving input from a video camera (Wm H. Dobelle, 2000). They reported that the 

subject were able to read a 6 inch square “tumbling E” at five feet, as well as Snellen letters, HOTV 

test, Landolt rings, and Lea figures of similar size. 

While Dobelle was making progress on improving the functionality of prosthetics with subdural 

electrode arrays, the NIH formed the neural prosthesis program that took another approach to 

decrease the current threshold required for eliciting phosphenes (Bak et al., 1990). Based on a 

previous study on non-human primates (Bartlett & Doty, 1980), they proposed that intracortical 

stimulation of striate cortex can generate more stable phosphenes with lower current thresholds. 

They inserted penetrating electrodes into the occipital lobe of three sighted volunteers whom were 

undergoing occipital craniotomies under local anesthesia. All subjects reported perception of 

phosphenes elicited by currents (10-300 µA) significantly lower of the threshold amount for 
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subdural electrodes (600-2000 µA). Following their success in sighted individuals, they implanted 

penetrating microelectrodes into the occipital lobe of a blind individual (Schmidt et al., 1996b). 

The microelectrode leads were assembled into groups of 8 or 10 and connected to the cables that 

exited the scalp through 4 separate incisions. 34 out of 38 electrodes were able to elicit phosphenes 

with threshold currents of 2-77 µA at 200 pulses per second (twice the rate of stimulation used by 

Bak et al.). They characterized the effects of stimulation parameters on current thresholds and 

showed that an increase in pulse-width and duration of stimulation decreased the current 

thresholds. Unlike most cases reported by Brindley and Lewin, the phosphenes were not perceived 

as flickering; they determined the interval between the two consecutive pulses needs to be shorter 

than 25 ms in order to generate a persistent (non-flickering) perception. Increasing current 

amplitudes had different effects depending on the site of stimulation, resulting in larger 

phosphenes in some electrodes, smaller in others, and no change in others.  They also reported that 

phosphenes could be perceived in different colors (blue, red, violet, yellow but never green), with 

suprathreshold stimulation tending to elicit white or yellow phosphenes. They explanted the device 

after four months and concluded that their experiments demonstrate the feasibility of intracortical 

visual prosthetics. 

2.3 Current State of cortical visual prostheses 

Today, several teams are working towards understanding perceptual effects of visual cortex 

stimulation and development of safe and reliable visual cortical prostheses. Epilepsy patients with 

electrodes implanted in the occipital lobe provide a valuable opportunity to study the stimulation 

effects of visual cortex (W. H. Bosking, Beauchamp, et al., 2017). Functional mapping of the 

visual cortex (Lee et al., 2000; Richard & Bosking, 2012; Winawer & Parvizi, 2016; Yoshor et al., 

2007a, 2008) and understanding the psychophysical correlates of phosphene perception (W. 
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Bosking et al., 2018; W. H. Bosking, Sun, et al., 2017) in these patients have extended our 

understanding of artificial vision and is providing an extremely valuable insight for development 

of visual cortical prostheses. 

Multiple sites across the world are currently developing and testing visual cortical prosthetics with 

a general design similar to the most recent design of Dobelle (Wm H. Dobelle, 2000). As depicted 

in Figure 2-1, the visual information is captured by a camera located on a glass or head band 

(Troyk, 2017). Pixel information is then fed to a Video Processing Unit (VPU) and converted to a 

continuous sequence of commands that activate a subset of electrodes and determine the 

stimulation parameters (amplitude and waveform) (Troyk, 2017). The commands are transferred 

to an implanted system that delivers patterned stimulation. While Dobelle and others achieved 

promising outcomes with their systems, one of the main disadvantages of their design was the risk 

of infection and device breakage due to chronically externalized connections (Rush & Troyk, 

2012). Hence, current designs take advantage of the state of the art Application Specific Integrated 

Circuits (AISC) and coil fabrication techniques to create a wireless data and power link between 

internal and external units (Kim et al., 2006). Similar to previous works, both intracortical and 

surface stimulation approach are being investigated. Here, we provide a brief description of 

multiple projects that are currently in the device development or human experimentation phase. 
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Figure 2-1 Components of a cortical visual prosthesis (with permission from SecondSight Inc.) 

2.3.1 The ICVP Project 

The NIH neural prosthesis program ended in 1996 and reconstituted in 2000 as the Intracortical 

Visual Prosthesis Project (ICVP) at the Illinois University of Technology. While maintaining the 

intracortical stimulation approach, they developed a Wireless Floating Microelectrode Array 

(WFMA) to eliminate the use of wires and chronic incisions (Rush & Troyk, 2012). WFMA 

consists of 16 microelectrodes with different lengths located on a 2mm by 2mm ceramic substrate 

platform (Figure 2-2) (Troyk, 2017). An Application Specific Integrated Circuit (AISC) along with 

a micro-coil are embedded in the platform to facilitate wireless power and datalink between the 

electrodes and an extra-corporal telemetry controller (TC). The TC is able to communicate with 

multiple implanted WFMAs and control each electrode individually. 
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Figure 2-2 WFMA structure including an ASIC (chip), microelectrodes (shorter pins), and wireless coil located on top of the ASIC 

providing transcutaneous inductive coupling (with permission from Laboratory of neural prosthetic research at IIT) 

Clinical testing of ICVP project has been planned but is not started yet (Troyk, 2017). The available 

anatomical areas are the occipito-dorso-lateral surface while placement of electrodes on the wall 

of medial occipital lobe will be avoided to minimize the surgical risks. This limits the exposed 

area for V1 and increases the chance of electrode placement over V2 and V3. For the early 

recipients of the device, the implantation of the WMFAs would be restricted to one hemisphere 

and about nine modules (144 electrodes). The anticipated components of experimental trials are 

phosphene threshold testing and intensity rating, phosphene mapping, and testing the ability to 

convey basic visual percepts such as simple geometric. 

2.3.2 CORTIVIS 

Cortical Visual Neuroprosthesis for the blind (CORTIVIS) is a multi-site project supported by the 

Commission of the European Communities aiming at developing an intracortical visual cortical 

prosthesis (Fernández & Normann, 2017). CORTIVIS takes advantage of the Utah Electrode 

Array (UEA) which has been FDA approved for long term human studies. UEA consists of 100 

narrow silicon microelectrodes protruding 1.0–1.5 mm from a flat rectangular 4mm by 4mm base 
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that lays on the surface of the lateral occipital cortex (Figure 2-3) (Maynard et al., 1997). Similar 

to the ICVP project, an implanted AISC receives the stimulation parameters and power via wireless 

link from an external RF block connected to a pocket-size processor (Romero et al., 2006). 

 

Figure 2-3 Overview of the implantation site of the electrode array on the surface of the lateral occipital cortex (Fernández & 

Normann, 2017) (with permission from the author) 

Although clinical trials for the CORTIVIS project have not started, preliminary investigations have 

been conducted on epilepsy patients to establish the safety of the implantation procedure as well 

as phosphene assessment (Fernandez et al., 2015). All subjects perceived phosphenes and tolerated 

the procedure without complications. Stimulation of both early visual areas and extrastriate 

occipital cortex induced phosphenes with retinotopic representation. Phosphene were described as 

flashing, colored or uncolored lights and stars and their sizes ranged from a “pinpoint” to 

occupying almost the whole visual field depending on the location and stimulation parameters. 

2.3.3 Gennaris 

The Gennaris bionic vision system is an intracortical visual prosthesis developed by Monash 

Vision Group supported by the Australian Research Council. Similar to the ICVP project, Gennaris 
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uses a number of autonomous implant tiles to cover the visual cortex (Arthur James Lowery et al., 

2017). Each ceramic tile holds 43 electrodes protruding from its base and contains a receiver coil 

and an ASIC. A custom-designed “Pocket Processor” extracts the useful features from the image 

captured by the camera and generates a pattern of electrode activation to create the most helpful 

information for the user depending on the task at hand (Arthur J. Lowery et al., 2015). They 

introduced the concept of Transformative Reality (TR) that instead of being restricted to the direct 

visual representation of a scene asks the following question: “What combination of sensors, 

processing and rendering gives the most usability?” (Li et al., 2013). This could be as a simple as 

an edge detection algorithm to present the boundaries of the objects or it can integrate additional 

data from the environment into the image and use more complicated image processing and 

machine learning algorithms. For example to help patients with navigating cluttered indoor areas, 

they developed a TR mode that renders the patches of empty ground as phosphenes. The algorithm 

detects the ground plane using RANSAC plane fitting and real-time accelerometer data by 

estimating the direction of gravity. 

Although the clinical trials for Gennaris have not started yet, safety and efficacy of the system 

have been verified in multiple ways. Chronic implantations and stimulation of electrodes were 

performed in rat motor cortex and electrode impedances were measured along with the stimulation 

thresholds required to evoke motor output (C. Wang et al., 2013). Electrode impedances increased 

over the first four weeks of implantation and stabilized at weeks 5 and 6. Histology of the brain 

tissue collected after the implantation period demonstrated that healthy neurons were in close 

proximity to the neurons and there was minimal astrogliosis. Moreover, a sheep model was used 

to demonstrate the surgical implantation of Gennaris tiles. Preliminary data indicated the minimal 

damage to the cortex and wireless transmission of power and data between the external coil and 
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implanted tiles were achieved (Arthur James Lowery et al., 2017). Similar to the other intra-

cortical electrode arrays, Gennaris tiles will niether be placed on the medial aspect of the 

hemispheres nor within the calcarine sulcus to prevent the damage to the adjacent cortex and 

ensure proper wireless communications. The initial plan is to insert up to 6 tiles (258 electrodes) 

above and below the calcarine sulcus. Psychophysics and patients training phase of the study will 

start with phosphene mapping and will followed by the integration of camera input. 

2.3.4 Orion 

Unlike other devices, the Orion device (Second Sight Medical Products) uses a surface grid for 

subdural stimulation of the visual cortex. Argus II is a retinal prosthetic device developed by the 

SecondSight that is commercialized and widely used specially in the United States. Orion inherits 

many features of Argus II including the external components (camera, VPU and transmitter coil) 

and frameware. The implantable components of Orion includes a receiver coil and internal circuit 

that sits on the skull (Figure 2-4) and controls the stimulation parameters delivered by the 

electrodes. The subdural electrode grid consists of 60 surface electrodes placed on the medial 

occipital lobe spanning a portion of calcarine sulcus. 

 

Figure 2-4 Electrode placement and implantation site for Orion (with permission from SecondSight Inc.) 
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Orion is the only visual cortical prosthesis that has started the clinical trials. A preliminary study 

was performed by our group on a blind individual using an off-the-shelf neurostimulator at the 

University of California Los Angeles. Two 4-contacts subdural electrode strips were implanted 

over the right medial occipital lobe spanning a portion of the calcarine sulcus. Electrode strips 

were connected to a Neuropace RNS stimulator (Neuropace RNS Inc., Mountain View, CA) 

placed within the cranium coplanar with the skull surface and was covered by the scalp. Phosphene 

mapping and threshold testing was performed for a period of 18 months and there were no clinical 

complication during and post implantation. Phosphenes were elicited by stimulation via all 

contacts and were scattered over the left side of the visual field. After confirming the safety and 

feasibility of cortical surface stimulation in generating phosphene perception, Orion received FDA 

approval for clinical trials. The device was implanted in six blind individuals at University of 

California Los Angeles and Baylor College of Medicine and all subjects reported perception of 

phosphenes. Chapter 4 provides further details on the clinical trial results and performance of the 

Orion. 

2.4 Challenges and potential solutions 

2.4.1 Subject selection 

Although progress in development of visual cortical prosthesis is accelerating in the recent years, 

more work needs to be done to achieve a practical device. Hence, it is not ethical to expose patients 

with any potentially functional residual visual to invasive brain surgery as the potential risk of loss 

of residual vision can have severe functional impacts. Therefore performing visual function tests 

is an essential component for recruiting potential subjects as they estimate the subject’s capability 

of performing real life tasks using his/her residual vision if any. Moreover, these tests can provide 

a quantified measurement of visual function which can be acquired at various time points during 
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the clinical trials and determine the device performance. For example square localization, direction 

of motion and grading visual acuity are visual function tests that have been used for potential 

recipients of retinal prosthetics as well as clinical trials for cortical prostheses (da Cruz et al., 

2016). Given the advancement of commercially available retinal prostheses, subjects who are 

qualified for these implants may benefit from them and should be considered for that therapy rather 

than cortical implants (da Cruz et al., 2016; Merabet et al., 2007; Katarina Stingl et al., 2015). 

2.4.2 Electrode array design 

One major dilemma in designing cortical prosthetics is the choice between intracortical or surface 

electrodes. While both techniques have previously proven to be feasible, each has its own 

limitations.  

2.4.2.1 Spatial specificity 

Surface electrodes have relatively larger surface area and therefore require higher electrical 

currents to elicit phosphenes (Bak et al., 1990). In theory, when multiple electrodes are stimulated, 

these large currents can interact in a nonlinear fashion evoking phosphenes with spatial properties 

different from what each electrode evokes individually (Fernández & Normann, 2017). However 

Bosking et al. has shown that concurrent surface electrode stimulation of two sites separated by 

greater than 6-10mm reliably elicits two phosphenes that are spatially close to where stimulation 

of each single electrode would elicit (W. Bosking et al., 2018). Also configuration of three 

electrodes appeared to largely follow the same rules and they could stimulate up to 4-6 electrodes 

and achieve perception of up to 5 phosphenes. Although these results do not contradict with the 

problem of spatial distortion, their findings indicate that with certain considerations (such as the 

distance between stimulated electrodes) evoking concurrent phosphenes with predictable spatial 

pattern is possible using surface electrodes. 
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2.4.2.2 Long-term stability 

While penetrating microelectrodes provide higher spatial resolution with lower current thresholds, 

the highly invasive nature of this approach may undermine their long-term reliability. The 

electrical, mechanical and biochemical mismatch between the electrodes and cortical tissue causes 

unwanted tissue responses including neuronal loss and glial encapsulation which can compromise 

stimulation capability of the device (Biran et al., 2005; Goss-Varley et al., 2017; Jorfi et al., 

2015; X. Liu et al., 2006; Potter et al., 2012; Schwartz et al., 2006). Subdural electrodes on the 

other hand do not require penetration of the cortex and have greater long-term stability (Kipke 

et al., 2008; E. Margalit et al., 2003). This allows them to be a reliable candidate for many long-

term applications including BCIs (Leuthardt et al., 2004; Thompson et al., 2017) and treatment 

of epilepsy (Nair et al., 2008; Wyler et al., 1984). 

2.4.2.3 V1 accessibility 

Retinotopic maps of visual cortex reveal that a large portion of early visual areas (V1, V2, and V3) 

is located in the medial surface of occipital cortex (Wandell et al., 2007). So far none of the 

microelectrode arrays has been or are planning to be implanted in the medial wall of the occipital 

lobe for two reasons: a) Risk of damage to the adjacent cortex, and b) difficulty in wireless 

transmission when the receiver and transmitter coils are orthogonal (Fernández & Normann, 2017; 

Arthur James Lowery et al., 2017; Troyk, 2017). Therefore, the occipito-dorso-lateral cortex is the 

preferred implantation site for microelectrode arrays and it might cover higher level visual areas 

(hMT+/V5 and LOC) where the likelihood of phosphene induction is relatively lower (Schaeffner 

& Welchman, 2017). Moreover this can potentially limits the eccentricity of the phosphenes as the 

ventro-medial areas of the occipital cortex is associated with the periphery of the visual field (N. 

C. Benson et al., 2014; W. H. Dobelle et al., 1979). 
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2.4.3 Psychophysical testing 

Psychophysics experiments determine subject’s ability to detect and identify an 

stimulus(Gescheider, 1997), thus psychophysical testing provide a benchmark for a preliminary 

evaluation of the device performance and allows for gathering essential data for creating complex 

percepts (Dagnelie, 2008). Obtaining threshold levels and phosphene locations for each electrode 

are the two major components of psychophysical testing and are required for proper integration of 

camera with the implant. 

2.4.3.1 Threshold testing 

Phosphene threshold is the minimum amount of current or charge required to elicit a phosphene. 

Thresholds may vary across the electrodes and depend on the stimulation parameters (frequency, 

pulse width and burst duration). For instance, Dobelle et al. reported current thresholds for surface 

electrodes in the range of 1-4mA for pulse-width of 0.25ms and frequency of 50 Hz (W. H. Dobelle 

et al., 1979). He also showed that increasing pulse-width and frequency tends to decrease the 

current thresholds while electrode size did not have a significant correlation with current thresholds 

(W. H. Dobelle & Mladejovsky, 1974b). Determining thresholds for each electrode allows of 

optimization of electrical stimulation delivery by minimizing the energy consumption and damage 

to the underlying tissue (Merrill et al., 2005a; Shannon, 1992). Moreover, small phosphenes are 

often more desirable as they allow for creating patterns with higher spatial resolution. Phosphene 

size has been shown to increase for higher current levels (W. H. Bosking, Sun, et al., 2017) 

therefore stimulation at the threshold levels can potentially generate smallest phosphenes for each 

specific electrode. 
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2.4.3.2 Phosphene mapping 

The spatial representation of visual field is preserved and repeated multiple time across visual 

cortices, especially in the early visual areas (Wandell et al., 2007). Subject specific retinotopic 

mapping of early visual areas can be obtained using functional MRI and projected on the unfolded 

cortical surface (N. C. Benson et al., 2014). However this requires some degree of visual function 

hence it is not applicable to blind individuals. Therefore interactive phosphene mapping after 

implantation of visual cortical prosthesis is a necessary step to generate spatially relevant visual 

sensation. The most basic paradigm of phosphene mapping involves stimulation of each electrode 

and recording the location of the phosphene based on subjects feedback. 

One of the challenges in collecting phosphene mapping data is the phosphene displacement in 

response to eye movement (W. H. Dobelle et al., 1974; Schmidt et al., 1996b; Veraart et al., 1998). 

When a phosphene appear in the periphery of the visual field, subjects tend to track the phosphenes 

with their eyes. This results in the perceived phosphene location following the direction of eye 

movement using optomotor feedback (Arathorn et al., 2013). To compensate for this effect 

subjects are asked to focus on the center of the field of view (FoV) using a tactile or an audio cue 

and maintain their gaze during stimulation. However this may not be applicable to the day-to-day 

usage of the device where tactile or audio feedbacks might not be available. On the other hand, 

tracking the eye positions in real-time and shifting the region of interest accordingly have been 

shown to improve the subjects’ ability to locate a static object using retinal prosthesis (Argus II, 

SecondSight Inc.) and may be beneficial for cortical visual prosthesis(Caspi et al., 2018). This 

solution may not however be applicable to patients with enucleation or other traumatic causes of 

blindness which result in an absent globe. 
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2.4.4 Machine learning 

Measuring threshold levels and phosphene mapping provide essential data for the integration of 

camera and the neurostimulator to form a brain computer interface (BCI). A visual prosthetic BCI 

in its simplest form maps the light intensities in the visual field to charge/amplitude levels 

deposited on the surface of the primary visual cortex. This however may be problematic given the 

limited number of electrode and nonuniform arrangement of their corresponding phosphenes in 

the visual field. Incorporation of machine learning into the BCI could potentially improve the 

device performance in different ways. The TR approach being developed by the Monash group is 

an example of using machine learning for image processing to produce visual perception optimized 

for the specific task in hand such as navigation or face detection. 

There has been significant advances in decoding intracranial recording of the visual pathway to 

detect and discriminate the complex visual perceptions using machine learning (Ghuman et al., 

2014; Kapeller et al., 2018; H. Liu et al., 2009). Moreover, stimulation of cortical areas further 

down the visual processing stream affects higher-level and complex visual perceptions (Aminoff 

et al., 2016; Blanke et al., 2000; Penfield & Rasmussen, 1950). For instance, stimulation of 

fusiform gyrus alters face perception (Parvizi et al., 2012; Rangarajan et al., 2014) and reading 

capabilities (Hirshorn et al., 2016; Mani et al., 2008). Although our understanding of this approach 

is too limited to produce relevant visual information, given the top-down and recurrent 

organization of the visual system (Kravitz et al., 2011, 2013), it could potentially serve as a 

supplement to earlier visual cortex stimulation to produce a rich and more natural visual 

experience. 
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2.5 Discussion 

Development of cortical visual prosthetics has gained a great momentum in the recent years and 

based on current advances in electrode design and wireless communication, it is expected to restore 

some degree of vision in blind individuals. In this chapter we briefly reviewed the history and 

described the state of the art of theses prostheses aiming to provide a basic understanding of the 

approach and potential challenges.  
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3 Assessing safety and feasibility of subdural cortical visual stimulation 

Electrical stimulation of human primary visual cortex is known to elicit topographically mapped 

sensations of light called phosphenes(Bak et al., 1990; Brindley & Lewin, 1968; W. H. Dobelle & 

Mladejovsky, 1974b; Schmidt et al., 1996a; Winawer & Parvizi, 2016; Yoshor et al., 2007b). As 

such, visual cortical prostheses hold the potential for restoring some useful artificial vision to 

previously sighted individuals who have completely lost their vision due to non-cortical etiologies. 

Such an approach may particularly be applicable to those who are not candidates for retinal 

prostheses as it bypasses the orbit, retina, optic nerves and tracts, and thalamic radiations. We took 

the advantage of a commercially available subcutaneously implanted neurostimulator to achieve 

three goals: 1) Assess the safety and feasibility of implanting and delivering chronic stimulation 

to the medial occipital lobe in a blind subject. 2) Assess current and charge thresholds required to 

elicit phosphenes and how stimulation parameters affect the quality of phosphenes. 3) Verify the 

reproducibility of the percepts and stability of thresholds during the 18-month follow-up. 

3.1 Methods 

3.1.1 Subject selection 

A 30 year old woman with an 8 year history of bare light perception secondary to Vogt-Koyanagi-

Harada disease provided informed written consent approved by Institutional Review Board (IRB) 

at the University of California Los Angeles. Although an Investigational Device Exemption (IDE) 

was sought, the Food and Drug Administration (FDA) indicated this was not required as this was 

an investigator-initiated study using an FDA-approved marketed product and the study’s primary 

purpose was for scientific inquiry rather than therapeutic intent. While studies of stimulation 

thresholds could be conducted in animal models, evaluation in a human subject, particularly one 
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that is blind, was deemed necessary to demonstrate feasibility in the target population as well as 

to derive behavioral and experiential feedback that would inform future visual cortical prosthetic 

design. Note that additional studies were performed in this subject that are beyond the scope of the 

current report and will be reported in the future. 

3.1.2 System overview and Surgical Procedure 

A NeuroPace Responsive Neurostimulation System (RNS) system was used in this study. This 

device is FDA-approved for use in patients with epilepsy. It includes a cranially implantable 

programmable neurostimulator with the ability to both stimulate and record brain electrical 

activity. This was connected to two implanted cortical strips, each containing four non-penetrating 

subdural electrocorticographic (ECoG) electrodes measuring 3.18mm in diameter and spaced 

10mm apart (center-to-center). The stimulation parameters were programmed using a laptop 

computer that runs proprietary NeuroPace Programmer Applications Software (RNS-300M) and 

utilizes a wand to communicate with an RNS Neurostimulator. The device was implanted under 

general anesthesia in a prone position via a posterior interhemispheric approach. Frameless 

neuronavgiation was used to define the site of the parasagittal 4 x 2 cm craniotomy (centered 8 cm 

above the torcula) as well as the trajectory of the two parallel 4 contact ECoG strips (which were 

sewn together before insertion). After anchoring the skull-mounted RNS generator in a position 

superior and lateral to the craniotomy, the dura was opened with a U-flap towards the sinus, the 

ECoG strips were inserted with navigation guidance, intraoperative fluoroscopy was obtained to 

confirm appropriate localization, and the dura was closed primarily before replacing the bone flap. 

Skin was closed in a standard layered fashion. 
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3.1.3 Data acquisition and experimental design 

Experiments were performed with the subject seated and gazing straight forward with eyes open. 

A wand was held over the scalp using a cap to couple the neurostimulator to the programmer. Each 

stimulation burst was delivered after a verbal cue. 

3.1.3.1 Impedance measurement 

Electrode Impedances were captured at the beginning of every session. Impedances were evaluated 

using voltage measurements collected during delivery of single current-controlled monopolar (i.e. 

neurostimulator is used as the anode) charge-balanced biphasic square pulses with 3mA amplitude 

and 40us pulse-width. 

3.1.3.2 Stimulation parameters 

Rectangular current regulated pulses were delivered at different amplitudes (current), pulse-widths 

(PW), and frequencies with a constant burst duration of 250ms. Pulses were symmetric, biphasic 

(cathodic-first) with zero inter-phase gap and charge balanced. The stimulator can was used as the 

return node. 

3.1.3.3 Phosphene mapping 

A touch-screen display was placed in front of the subject with the center of the touch screen at the 

level of central gaze, 25 cm away from the eyes. Prior to delivery of stimulation in each trial, the 

subject was asked to put her right index finger on a small Velcro dot at the center of the touch 

screen and to maintain gaze on that target. After stimulation, the subject drew the outline of the 

percept using the left index finger and provided a description of the shape and size of the percept. 

Offline, the phosphene outline coordinates were imported into MATLAB and integrated with the 

subject descriptions to plot the phosphenes in a polar grid. 
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3.1.3.4 Threshold testing 

Threshold testing was performed for a range of frequencies and pulse-widths to investigate the 

effects of these parameters on the minimum current required to elicit well-defined phosphenes. 

For each combination of stimulation parameters, amplitude was increased from 0.5 mA in steps of 

0.5 mA (smallest step size allowed by the device) while holding other parameters constant. A well-

defined phosphene was a perception easily identifiable and distinguished from the back ground. 

3.1.3.5 Subjective intensity rating 

Subjective ratings of phosphene intensity were obtained for different amounts of charge delivered 

per trial. Total charge was modulated by either adjusting the current amplitude (amplitude 

modulation) or frequency (frequency modulation). PW and burst duration were kept constant at 

280 us and 250 ms respectively during these experiments. For amplitude modulation studies, 

current was initially delivered at 0.5 mA and ramped up to 7 mA with a constant frequency of 20 

Hz. To study the frequency modulation frequency was ramped up from 5Hz to 200Hz with a 

constant current of 2mA. Immediately after each trial, the subject was asked to report the intensity 

of the percept using an eight-point scale, where 0 represents no perception, 1 represents minimal 

perception, 2 represents a well-defined perception (designated the threshold value), and 7 as the 

most intense perception possible. 

3.2 Results 

Experiments were initiated two weeks after implantation of the neurostimulator and were 

conducted for 81 weeks. In the first experimental session, all eight contacts (Figure 3-1) elicited 

phosphenes and no perception during sham stimulation. 
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Figure 3-1 Phosphene mapping generated based on integration of subject’s drawings and descriptions. Red shaded areas correspond 

to phosphene mapping experiment performed at month 8 of the study (3 trials per channel) and blue shaded areas correspond to the 

month 19 of the study (one trial per channel). Phosphene drawings are mapped to the polar space and connected to their 

corresponding electrode shown on the MRI slice of the right medial occipital lobe. Orange line represents the calcarine sulcus. 

3.2.1 Impedances 

Electrode impedances were measured at the beginning of 41 independent testing sessions during 

the study. Figure 3-2 illustrates the median and range of impedances as well as the temporal 

evolution of impedances over time for each contact.  Out of the eight contacts, 50% of contacts 

demonstrated less than 20% variation over time. 



31 

 

 

Figure 3-2 Impedances measured at the beginning of each session during the 81 week study. A) Box plot of the impedance values 

representing the median, first and third quartiles as well outliers as dots. B) Percent change of the impedance for each contact 

compared to the first measurement (week 1) over time. Red shaded area indicates ±20% change (chosen arbitrarily for scale). 

Numbers on the right axis represent the percent change of the last measurement (week 81) relative to initial measurement. 

3.2.2 Phosphene mapping 

For spatial mapping, stimulation amplitude, frequency and pulse width were chosen to be 2mA, 

100Hz and 200us respectively. These parameters were based on initial threshold testing (described 

in greater detail below), allowing phosphenes for all contacts to be easily perceived and have 

pronounced boundaries. A total of 24 trials (3 for each contact) was performed in a randomized 

order. Phosphene drawings are shown in Figure 3-1 relative to the cortical location of each contact. 

Phosphenes were either completely (contacts A1, A2, A3, A4, and B2) or mostly (contacts B1, B3, 

and B4) in the left visual hemifield. As expected, stimulation of contacts superior to the calcarine 

sulcus (contacts A4, B3, and B4) were perceived in the superior hemifield and stimulation of 

contacts inferior to the calcarine sulcus (contacts A1, A2, A3, B1, and B2) were perceived at or 

below the horizontal visual meridian. The subject described the phosphene perceived during the 
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stimulation of contact A1 as a dot, contacts A2 and A3 as a line, contact A4 as an elliptical area 

filled with pinholes, contact B1 and B2 as circles, and contacts B3 and B4 filled ellipses. 

The phosphene mapping experiment was performed twice, at months 8 and 19 of the study, to 

assess the consistency of the perceptions (Figure 3-1). The subject described the percepts elicited 

by contact A1 as a “small dot with the size of a pinhead”, contact A2 as “a short thick line”, contact 

A3 as “a short thin line”, contact A4 as “an oval shape area full of pinwheels”, contacts B1 and B2 

as “circles in a size of quarter”, and contacts B3 and B4 as “ovals”. All phosphene shapes were 

consistent based on subject descriptions and did not change in size or location based on the 

drawings. 

We investigated the relationship between phosphene size and its distance from the center of the 

visual field. Given limitations in the accuracy of the drawings, we categorized phosphenes into 

three sizes: small (< 7 𝑑𝑒𝑔2 described as dots, lines and small circles), medium (> 7 𝑑𝑒𝑔2 and<

50 𝑑𝑒𝑔2) and large (> 20 𝑑𝑒𝑔2 described as areas occupying a significant portion of field of view 

(FOV)). As illustrated in Figure 3-1, small phosphenes (elicited from contacts A1, A2, A3, B1, 

and B2) were located between 0 to 7 deg from the center of the visual field; Medium (elicited from 

contacts B3 and B4) and large phosphenes (contact A4) are located farther from the center of the 

visual field, 5 to 9 deg and 16 to 19 deg, respectively. 

3.2.3 Phosphene thresholds 

Detailed threshold testing was performed at contacts A1 and B2 in order to elucidate the effect of 

stimulation parameters on stimulation thresholds. To investigate the effects of pulse width, we 

evaluated current thresholds for eliciting a phosphene when stimulating with pulse widths of 40, 

80, 120, 200, 280, 360, and 440 us with a fixed 20 Hz frequency and 250 ms burst duration (Figure 
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3-3-A and Figure 3-3-B). A 𝑓(𝑥) =
𝑎

𝑏+𝑥
 curve was fitted to the current threshold values to 

understand how PW modifies the current required to elicit a phosphene. Figure 3-3-C and Figure 

3-3-D illustrate thresholds in the form of charge per trial and a line is fitted to the data with 𝑅2 =

0.98 and 𝑅2 = 0.91 for contacts A1 and B2 respectively. 

 

Figure 3-3 Current amplitude thresholds for different pulse width values for contacts A1 (A) and B2 (B). C and D represent the 

same data in the form of charge per trial (i.e., total charge over the 250 ms burst duration). Curves in A and B as well as lines in C 

and D were fitted to the data for better understanding of the relationship between stimulation parameters. 

Threshold testing was also performed for frequencies of 10, 20, 40, 60, and 100 Hz on contacts 

A3 and B2 to study the effects of frequency on phosphene thresholds with fixed PW and burst 

duration of 280us and 250 ms respectively. Figure 3-4-A and Figure 3-4-B illustrates the current 
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thresholds and Figure 3-4-C and Figure 3-4-D represent the charge threshold for the frequency 

range of interest. As above, a nonlinear curve was fitted to the current amplitude and frequency 

threshold levels and a linear regression with 𝑅2 = 0.98 and 𝑅2 = 0.97 is fitted to the charge and 

frequency threshold levels for contacts A3 and B2 respectively. 

To gain insight into the effect of number of pulses on thresholds, we adjusted frequency and burst 

duration to deliver a discrete number of pulses (Figure 3-4-E and Figure 3-4-F). At 20, 40 and 

60Hz, increasing the number of pulses decreased the current threshold levels. At a stimulation 

frequency of 100 Hz, increasing the number of pulses did not impact the current required to elicit 

a phosphene. At 10 Hz stimulation, current thresholds increased from 2 to 3 pulses and 1 to 2 

pulses for contacts A3 and B2 respectively. 
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Figure 3-4 Current amplitude thresholds for different frequency values for contacts A3 (A) and B2 (B). C and D represent the same 

data in the form of charge per trial (i.e., total charge over the 250 ms burst duration). Curves in A and B as well as lines in C and 

D were fitted to the data for better understanding of the relationship between stimulation parameters. E and F represent the threshold 

testing experiment results for different frequencies and burst durations. Controlling the burst duration allows for delivering different 

number of pulses for each pulse frequency. Surface areas of the circles are proportional to the level of current thresholds. 
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3.2.4 Consistency of the thresholds 

To evaluate the consistency of the thresholds over time, repeated testing was performed at months 

1, 7 and 19 using pulse durations of 120, 280, and 440 us (constant frequency of 20Hz and burst 

duration of 250ms). Similarly threshold testing for frequencies of 10, 20, 40, 60, and 100 Hz 

(constant pulse duration of 280us and burst duration of 250ms) were performed at the same time 

points. Current threshold levels were either the same or changed by 0.5 mA (due to the limited 

resolution of RNS) between sequential tests (Figure 3-5, with the exception of contact A3 at 10Hz 

frequency). Current and charge thresholds decreased an average of 5% during pulse duration 

threshold testing and 8% and 12% respectively for frequency threshold testing. 
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Figure 3-5 Percent change of the threshold levels for current amplitude (A) and charge per trial (B) thresholds. Dashed lines 

correspond to the measurement during pulse interval threshold testing and straight lines indicates to the measurements during 

frequency threshold testing at months 1, 7 and 18 of the study. The ±20% change interval is highlighted by the red shaded bars for 

each contact. 

3.2.5 Phosphene intensities 

Figure 3-6 illustrates the changes in subjective rating of phosphene intensity when delivered charge 

was modulated either by increasing the current amplitude (amplitude modulation) or frequency 

(frequency modulation). Increasing stimulation currents uniformly resulted in brighter phosphene 
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perception. Increasing frequency was also generally associated with brighter phosphene 

perception, although brightness did not scale in the same manner relative to charge per trial. 

Current modulation had a greater impact on perceived intensities compared to frequency 

modulation for the same amount of delivered charge. 

 

Figure 3-6 Subjective intensities of the perception based on the amount of charge delivered. Increasing the delivered charge was 

achieved by increasing the current amplitude (amplitude modulation) or frequency (frequency modulation). 

3.2.6 Adverse events 

The subject did not experience any serious adverse events. Out of 41 two-hour long study sessions, 

three non-serious adverse events were noted across three sessions. On session 12, stimulation at 

3mA, 6Hz, 480 µs PW, and burst duration of 5.7 sec at contact B2 resulted in a subjective 

experience of sinus pressure and dizziness for a few minutes after the stimulation. Real time bipolar 

ECoG recordings from the implanted electrodes showed a ~1 Hz spiking activity for about 10 s 

after the stimulation burst was delivered, consistent with after-discharges. We did not have the 

opportunity to record the ECoG signal for further analysis. One week later, with the same 
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stimulation parameters the subject did not feel any pain or dizziness, however she reported feeling 

pressure in the sinus area. In general, however, we avoided using long duration (i.e., >5sec) fixed 

parameter stimulation subsequent to this event to minimize the risk of further after-discharges. 

Finally, during session/week 39, approximately one hour after testing began, the subject 

experienced a mild headache. Due to subject’s discomfort, the session was terminated. All events 

were resolved within a few hours. None required treatment. None were associated with long term 

sequelae. At the conclusion of active testing, the subject remains implanted with the current RNS 

system under a continuation of the original IRB-approved study, providing her with the option to 

be explanted if she chooses. 

3.3 Discussion 

Visual cortical prostheses could potentially provide a restorative solution for the blind. However, 

challenges persist including an incomplete understanding of the consistency and safety of chronic 

visual cortex stimulation and how stimulation parameters affect perceptions. Recent studies on 

stimulation of visual areas in humans have been conducted in epilepsy patients undergoing 

invasive monitor for seizures for clinical purposes(W. Bosking et al., 2018; W. H. Bosking, Sun, 

et al., 2017; Winawer & Parvizi, 2016). Although these studies are valuable, evaluation in the 

target population (previously sighted individuals with bare or no light perception) is critical to gain 

insight into feasibility and to understand the quality of the conscious visual perception. Moreover, 

previous studies on blind subjects have been performed decades ago and may not satisfy current 

safety standards and regulations. Hence, use of an FDA approved and commercially available 

neurostimulator seem to provide a primary evaluation of safety and feasibility and establish a 

framework for future devices specifically designed for visual prosthesis. While the number of 

contacts used in this study are limited, we report the longest duration of thoroughly studied chronic 
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direct cortical stimulation for phosphene production in a blind subject. The procedure is safe with 

limited non-serious adverse events and phosphene production was consistent in threshold and 

shape over time. Moreover, we define parameters that affect thresholds for eliciting phosphenes 

and modify the perception of phosphenes. 

Reproducibility and specificity of phosphene locations are necessary factors for generating more 

complex and coherent perceptions that have been reported in previous studies(Brindley & Lewin, 

1968; W. H. Dobelle et al., 1979). By analyzing the size of the phosphenes and its relation to the 

distance from the center of the FoV, the current results suggest that phosphenes located in the 

periphery of the visual field tend to occupy a larger area of the FoV likely due to the pattern of 

cortical magnification in V1. In the portion of V1 corresponding to the periphery of the FoV, a 

small amount of tissue responds to a large area in the visual field while the same amount of tissue 

in a portion representing the center of visual field responds to a very small part of the 

FoV(Winawer & Parvizi, 2016). This indicates that visual cortical prosthetics with a uniform 

distribution of the electrodes on the V1 cortical surface tend to be most precise for the objects in 

the center of the FoV and this nonlinear mapping could be potentially compensated for by 

adjustment of the cortical area of activation. 

Stability of impedances as one of the electrical properties of the electrode-tissue interface is critical 

to device performance. In particular, an electrode with a relatively high impedance may be 

incapable of delivering efficient stimulation to the tissue. Figure 3-2 shows that for 50% of 

electrodes (A4, B1, B2, and B3) impedances increase after 18 months however their thresholds 

decrease or remain unchanged during this period (Figure 3-5). Moreover, a long term study of 

impedances on the same neurostimulator indicates that although electrode impedances 

significantly change in short-term, long-term impedances are stable after one year(Sillay et al., 
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2013). Determining phosphene thresholds is an important factor for designing visual cortical 

prosthetics as it can contribute to both efficient and safe stimulation. The strength-duration curves 

in Figure 3-3 indicates that a minimum threshold charge can be achieved by using the shortest 

pulse duration. This however might not be the case when the current amplitude exceeds the safety 

limit for such small pulse durations(Shannon, 1992). Similarly, phosphene perception can be 

achieved by delivering a single pulse although from a more practical stand point, a continuous 

burst of pulses may be required to create a steady perception for a longer duration. Finally, 

increasing both current amplitude and frequency increases phosphene intensity. However, the 

effects of amplitude seem to be consistently monotonic and require less charge per trial for a certain 

intensity level, suggesting amplitude modulation may be a more efficient means to modulate 

phosphene intensity. 

Threshold curves can also shed light on mechanism of conscious visual perception. The curve 

derived from the pulse duration threshold testing seems to share the two qualitative characteristics 

of strength-duration curve for neuronal cell excitation(Geddes & Bourland, 1985; Merrill et al., 

2005b). First, for longer charge durations, less current amplitude is required to trigger an action 

potential. Second, there exists a rheobase current that is required for initiating an action potential 

when the pulse duration is infinitely long. This similar behavior between phosphene perception 

and neuronal excitation thresholds indicates that these two are directly related. Therefore, current 

knowledge of optimizing stimulation for initiation of action potentials could be potentially used 

for generation of basic visual perceptions. 

Phosphenes elicited by each contact were consistent both within and across trials during the 18 

months of testing, with only slight differences in location and size (Figure 3-1). The variance over 

time in phosphene localization was approximately the same as that seen within trials. It is unlikely 
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lead migration led to changes in phosphene localization as head CT 6 month’s post-implant 

demonstrated stable lead position. This slight deviation in phosphene perception could be the result 

of limitations in accuracy of the subject’s drawing due to slight deviations in hand and eye position. 

On the other hand, the subject’s verbal descriptions of phosphene qualities remained consistent. 

Threshold testing during month 1, 7 and 19 of the study revealed that phosphene thresholds did 

not change by more than 0.5 mA (with the exception of contact 13 at 10Hz). Given that 0.5 mA is 

the smallest step size for changing the current amplitude levels with the RNS device, thresholds 

were reliably consistent through time. This consistency of phosphene mapping and threshold levels 

are a crucial requirement for a visual prosthetic device. The results of this preliminary study 

provided foundation to begin clinical trials for Orion, a neurostimulation device specifically 

designed as a visual cortical prosthesis. Taking advantage of 60 surface electrodes each with a 

2mm surface diameter, this device is theoretically capable of producing significantly greater 

number of smaller phosphenes across over the visual field. This capability should enable 

estimation of functional retinotopic maps of visual cortex and identify potential challenges such 

as electrode array displacement over time which was not possible in this study due to the limited 

number of electrodes, large phosphenes, and a single subject. Moreover, the device is designed to 

try and produce more complex and functionally useful perceptions by simultaneous and/or 

sequential stimulation of multiple contacts based on the visual input from a video camera and a 

video processing unit. While the purpose of the current investigation was to demonstrate stability 

of phosphenes over time (an important pre-requisite for a visual cortical prosthetic), transforming 

these simple phosphenes elicited by cortical stimulation into functionally useful vision will require 

extensive additional work to define temporal and spatial patterns of useful visual cortical 

stimulation. It is likely, at least with current technology, that visual cortical stimulation will never 
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recreate normal vision like that which sighted people appreciate. However, it is conceivable and 

probable that one could learn with visual rehabilitation to use the perceptions elicited by visual 

cortical stimulation to interpret the visual environment in meaningful ways.  
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4 Functional mapping of the primary visual cortex 

The first schematic map of the visual field in the striate cortex was created by Dr. Gordon Holmes 

when analyzing the disturbances of vision reported by World War I soldiers suffering from gunshot 

injuries to the visual cortex(Holmes, 1918). While this observation provided fundamental insight 

on the functional structure of visual cortex, it had limited precision due to substantial individual 

variation in volumetric position(Amunts et al., 2000). On the other hand, if the visual field is 

mapped onto the curvatures of the cortical surface, one can observe a more consistent location 

across individuals(Hinds et al., 2008). Hence Benson et al. were able to predict the internal 

retinotopic function of striate cortex based on the surface topology of each individual brain(N. C. 

Benson et al., 2012). Using fMRI on 25 participants they measured polar angle and eccentricity 

corresponding to each individual voxel of their visual cortex(Sabuncu et al., 2010). Then a generic 

template of the retinotopic visual cortex map was generated by fitting these data to a deterministic 

algebraic model of visual-field representation(Schira et al., 2010). 

As described in chapter 2, a functional map of the visual cortex can be created by eliciting 

phosphenes via electrical stimulation and recording subject’s feedback. While this approach 

provides consistent phosphene locations in sighted individuals, it remains a challenge in blind 

subjects(Beauchamp et al., 2020) potentially due to lack of a visual reference and impaired visuo-

motor coordination. Furthermore, lack of a visual reference may introduce another source of 

localization error due to inconsistent eye position throughout the phosphene mapping 

experiments(Caspi et al., 2018). 

Brindley and Lewin used a “hemispheric bowl” to find the general location of phosphenes 

produced by stimulation of the striate cortex(Brindley & Lewin, 1968). The blind subject was 

asked to grasp a small knob projecting from the inner surface of a concaved gridded surface with 
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her right hand and fixate her eyes on the knob while pointing to the phosphene on the surface with 

her left hand. Similar technique has been used by Dobelle (W. H. Dobelle & Mladejovsky, 1974a) 

and Schmidt et al.(Schmidt et al., 1996a) to mark the absolute location of phosphenes elicited by 

stimulation of every single electrode. 

In addition to using the “hemispheric bowl”, Brindly and Lewin used sequential stimulation of two 

electrodes with adjacent phosphenes and asked the subjects to describe the relative location of the 

phosphenes(Brindley & Lewin, 1968). While they did not report any systematic approach for this 

analysis, it seems like that the relative location information served as a secondary mechanism to 

refine localization of the phosphenes and enhance the spatial resolution of the map. Absolute 

localization of phosphenes based on subject’s drawings has a limited accuracy mainly due to the 

limited hand-eye coordination of the blind individuals and therefore a technique that can minimize 

this source of inaccuracy seems to be essential for a more accurate map. 

While there is no ground truth for the exact location of the phosphenes perceived by blind patients, 

we designed an empirical based evaluation method to provide some measure of accuracy for the 

proposed mapping techniques. By carefully selecting the consistent and reliable responses from 

the empirical mapping paradigm, we tested the accuracy of each map in estimating the relative 

location of phosphenes. Furthermore we designed a simulated experiment to quantify the 

functional vision of the subjects when perceiving moving objects. 

4.1 Subjects and Device information 

This study was approved by the Institutional Review Board of University of California Los 

Angeles and all subjects provided written informed consent. Four blind subjects participated in 

this study as part of the clinical trial for Orion visual cortical prosthesis (SecondSight Inc). All 
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subjects had late onset blindness with zero light perception, except for subject 1 who has minimal 

bare light perception in one eye (Table 1). 

Table 1 Subjects participated in Orion clinical study. 

Subject Code Age at time 

of implant 

Gender Cause of Blindness Implant duration as of 

4/1/21 (months) 

Subject 1 56 M Optic neuropathy 38 

Subject 2 29 M Traumatic Injury 36 

Subject 3 64 F Endophthalmitis 35 

Subject 4 52 M Congenital Glaucoma 34 

 

All subjects underwent electrode implantation surgery with a 60-electrodes array of subdural 

electrodes (2mm diameter) over the medial surface of left occipital lobe. The electrode array is 

connected to the Orion internal circuit implanted subcutaneously over the skull. A camera 

implanted on the eye glasses sends the visual field information to a video processing unit to be 

converted into electrical pulse information and sent to the internal circuit via an external transmitter 

coil. For the purpose of this study, a programming laptop was connected to the VPU instead of the 

camera and electrical stimulation information were directly sent using the Orion clinician 

programming software developed by SecondSight. 

4.2 Data Acquisition 

4.2.1 Anatomical Template Mapping Data 

All subjects underwent clinical pre-operative magnetic resonance imaging (MRI) included T1-

weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) image (slice 

thickness=1mm). After electrode array implantation, a post-operative full head computed 

tomography (CT) scan was obtained (slice thickness=0.6mm). The anatomical template of human 
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striate and extra-striate retinotopy was downloaded in the form of eccentricity and polarity values 

for each surface triangle of the FreeSurfer dual template (corresponding to the MNI305 space)(N. 

Benson, 2012). 

4.2.2 Absolute experimental Mapping Data 

Subjects were asked to wear the device and sit in front of a touch screen monitor while the device 

was connected to the programming laptop. A circular Velcro (1/2 inch diameter) marker was 

attached to the left side of the touchscreen frame and vertically centered. Subjects were positioned 

so that the marker aligns with their center of the visual field at 12 inches distance. For each trial 

subjects were asked to hold their left index finger on the marker and fixate their eyes on their 

finger. Then a burst of 2-5 biphasic stimulation pulses at 120Hz with 200us pulse width were 

delivered via a single electrode using the Orion direct stimulation software. After perception of a 

phosphene subjects used their right index finger to draw the phosphenes on the touchscreen while 

they are keeping their eyes fixated on the left index finger. This phosphene mapping paradigm was 

performed several times during the course of this study with variable number of trials for each 

electrode. In some trials subjects were asked to only point to the center of the phosphene on the 

touch screen while in some trials they were asked to draw the shape of the phosphene if it was 

larger than a point or consisted of multiple points.  

4.2.3 Relative experimental Mapping Data 

For each trial, two electrodes were sequentially stimulated with a burst of 2 pulses per electrode at 

120Hz. For each possible pair of electrodes a vector connection the first electrode to the second 

was calculated based on both absolute experimental map and anatomical template map. The pairs 

with highest angular difference between the two mappings were chosen for sequential stimulation 

where the number of pairs depended on the amount of time we had available with each subject. 
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Similar to the absolute phosphene mapping method, subjects were asked to put their left index 

finger on the touchscreen marker and wait for the stimulation. They were instructed to keep their 

index finger on the marker for the whole period of stimulation and if the first stimuli attracted their 

eye gaze to bring the gaze back and fixate on the marker before the second stimulus. After both 

stimuli were delivered, subjects drew a line from the first perception to the second. The interval 

between the two stimuli was carefully chosen to be 2s which gives subjects enough time to fixate 

their eyes on the marker.  

4.3 Mapping Methods 

4.3.1 Anatomical Template Mapping Procedure 

Cortical Reconstruction and Template Registration. A 3D reconstruction of cortical pial surface 

(Figure 4-1-E) was created based on subjects’ MRI (Figure 4-1-A) using the recon_all tool in 

FreeSurfer toolbox(Dale et al., 1999b). The cortical surface of the FreeSurfer dual template (Figure 

4-1-C, Figure 4-1-D) was resampled onto each subject’s reconstructed pial surface to assign the 

anatomical template of the V1, V2, and V3 areas using mri_surf2surf tool (Figure 4-1-I, Figure 

4-1-J). 
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Figure 4-1 Visual field mapping procedure based on creating a subject specific anatomical map of the visual cortical surface and 

electrode array localization. A 3D pial surface (E) was reconstructed for each subject based on his/her MRI (A). The post-operative 

CT scan (B) for each subject was transformed into the MRI domain (F) and the location of the electrode array was estimated by 

fitting a template of the array (G) to the co-registered CT scan on top of the cortex hull (H). The eccentricity/polarity atlas on the 

average surface (C and D) was registered on each individual’s reconstructed pial surface (I and J) and the phosphene location for 

each electrode was estimated based on the closest pial surface triangle (K). 

MRI/CT co-registration. The CT image (Figure 4-1-B) was co-registered with the MRI image via 

an affine transformation with 9 degrees of freedom using FLIRT(FMRIB’s Linear Image 

Registration Tool) in FSL toolbox(Jenkinson, 2002)(Figure 4-1-F). The volumetric location of 
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each electrode was manually assigned on the co-registered CT image (Figure 4-1-F) and the 

electrode array was localized by fitting a template of the Orion array (Figure 4-1-G) to the electrode 

assignment locations with 6 degrees of freedom (translation and rotation) using fieldtrip 

toolbox(Oostenveld et al., 2011). 

A 3D hull of the pial surface (Figure 4-1-H) was created for each subject and the electrode array 

was realigned onto the medial surface of the hull(Dykstra et al., 2012). Given the volumetric 

location of the electrode array, the eccentricity and polarity values of the closest pial surface 

triangle was assigned to each electrode (Figure 4-1-K). 

4.3.2 Experimental Absolute Mapping Technique 

For the purpose of phosphene mapping, if the phosphene drawing of a trial includes more than one 

point, a single point representing the center of the mass of the drawing was assigned as the 

phosphene location for the trial. As illustrate in Figure 2-1, the Cartesian coordinates of each 

phosphene (𝑥, 𝑦) were transformed into polar-cartesian coordinates (�̂�, �̂�)on the horizontal plane, 

�̂� = tan−1 (
𝑥

𝐷
) 

�̂� = tan−1 (
𝑦

𝐷
) 

where 𝐷 is the distance between the touch screen marker and subject’s eyes. Consequently the 

polar coordinates (�̂�, 𝜃) for each phosphene were calculated as  

�̂� = √�̂�2 + �̂�2 

𝜃 = tan−1 (
�̂�

�̂�
) 

where 𝑟 is eccentricity, 𝜃 is polarity. 
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Figure 4-2 A) Cartesian coordinates of the phosphene (red dot) with reference to the marker (purple dot). B) The relationship 

between Cartesian coordinate, 𝑥, and polar cartesian coordinate, �̂�, with respect to the subject’s distance from the touch screen, 𝐷, 

from the top angle. B) The relationship between Cartesian coordinate, 𝑦, and polar cartesian coordinate, �̂�, with respect to the 

subject’s distance from the touch screen, 𝐷, from the side angle. 

4.3.3 Experimental Relative Mapping Technique 

A vector 𝒅𝑖𝑗 connecting the first and last point of the drawing was assigned to each trial where 𝑖 

and 𝑗 are the first and second electrodes stimulated. For each trial 𝒅𝑖𝑗was transformed to polar 

coordinates (�̂�𝑖𝑗, 𝛿𝑖𝑗) based on the method described in previously subsection where �̂�𝑖𝑗is the 

angular length and 𝛿𝑖𝑗 is the phase component of the vector. Since for each pair we performed the 

experiments in both orders we combined the trials by reversing the phase of the connection vectors 

for reverse trials so that (�̂�𝑖𝑗 , 𝛿𝑖𝑗 + 𝜋) were the polar coordinates for vector 𝒅𝑖𝑗. To remove the 

effects of outliers we calculated the medians (�̂�𝑖𝑗
∗ , 𝛿𝑖𝑗

∗ ) among all the trials collected for each pair 

of electrodes. Our objective was to find a phosphene map that generates relative location vectors 

closest to the ones form phosphene connection experiments. Therefore we defined an optimization 

function 

𝑓𝑟𝑒𝑙 = ∑ (√(�̂�𝑖 − �̂�𝑗)
2

+ (�̂�𝑖 − �̂�𝑗)
2

− �̂�𝑖𝑗
∗ )

2

𝑖,𝑗

+ ∑ (tan−1 (
�̂�𝑖 − �̂�𝑗

�̂�𝑖 − �̂�𝑗
) − 𝛿𝑖𝑗

∗ )

2

𝑖,𝑗

 

where the absolute locations of the phosphenes, (�̂�𝑖, �̂�𝑖) and(�̂�𝑗 , �̂�𝑗), are the variables of the 

optimization. 
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Using only 𝑓𝑟𝑒𝑙 would allow the map to be in any location in the space as long as it satisfies the 

relative distance constraints therefore another factor must be added to our optimization function to 

account for the deviation of the phosphenes from their expected general absolute location 

𝑓𝑎𝑏𝑠 = ∑(�̂�𝑘 − �̂�𝑘
∗)2

𝑘

+(�̂�𝑘 − �̂�𝑘
∗)2 

Where �̂�𝑘
∗  and �̂�𝑘

∗ are the polar-Cartesian coordinates of phosphenes based on the experimental 

absolute mapping. The final optimization function is a combination of 𝑓𝑟𝑒𝑙 and 𝑓𝑎𝑏𝑠 

𝑓𝑜𝑝𝑡 = 𝑘𝑓𝑟𝑒𝑙 + (1 − 𝑘)𝑓𝑎𝑏𝑠 

Where 𝑘 and (1 − 𝑘) are the weights of relative and absolute mapping optimization functions. We 

chose 𝑘 to be 0.98 for all of our analysis as the goal of this analysis is to find the best relative map 

and 𝑓𝑎𝑏𝑠 is only to bias the optimization towards the expected location of the map in visual space. 

When it comes to evaluating the mapping techniques unfortunately there is no ground truth to 

compare the phosphene maps against. However given the results of the phosphene connection 

experiments, phosphene pairs with consistent relative locations are reliable metrics for quantifying 

the phosphene maps. Moreover we must also consider how each map can affect the functional 

vision for the subjects when they use the device on a day to day basis. 

4.4 Mapping Evaluation 

4.4.1 Evaluation using relative mapping experiment 

We used the data collected from phosphene connection experiments to evaluate the three 

anatomical template and absolute and relative experimental maps. We only chose the phosphene 

pairs for which we have performed the phosphene connection test for 5 or more trials. Also to 

quantify the reliability of the subject responses, for each pair the difference between the first and 
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third quartiles of connection vector phases, 𝛿𝑖𝑗, was calculated as a confidence interval and only 

pairs with 20 degrees or less confidence interval were chosen for evaluation. For each map, we 

calculated the mapping error 

𝑒𝑚𝑎𝑝 =
1

𝑀
∑ |tan−1 (

�̂�𝑖 − �̂�𝑗

�̂�𝑖 − �̂�𝑗
) − 𝛿𝑖𝑗

∗ |

𝑖,𝑗

 

where 𝑀 is the number of pairs used for evaluation, (�̂�𝑖, �̂�𝑖) and (�̂�𝑗 , �̂�𝑗) are the polar-Cartesian 

coordinates of the absolute locations for electrodes 𝑖 and 𝑗, and 𝛿𝑖𝑗
∗  is the median phase of 

phosphene connection vectors. 

To avoid training bias when evaluating the relative experimental map, we used a “leave-one-per-

out” method for each subjects. We used 𝑀 − 1 pairs for optimization and 1 pair for evaluation and 

repeated this process 𝑀 times so that each pair was evaluated exactly once. Then the errors were 

averaged over the number of evaluation repeats 𝑀. 

4.4.2 Functional vision evaluation using simulation of direction of motion 

To evaluate the functional performance of the phosphene mappings, we designed a test in which 

subjects had to judge the direction in which a white circle in a blank background is moving. We 

simulated the animation of a white circle with 10 pixel diameter in 8 different directions on a 

50×20 pixels black background. Each frame of this animation was mapped to electrode array based 

on each specific mapping technique. Although the animation was not shown to the subjects during 

the experiment, the simulation produced the exact sequence of stimulation as if the animation was 

captured by the video camera. The subjects were asked to draw a line on the touch screen 

corresponding to the direction they perceived from the moving object. 
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4.4.3 Functional vision tests using camera 

To test the functionality of the Orion system a set of visual function tests (VFT) were performed 

throughout the study at months 6th, 12th, and 24th. As these tests were designed prior to implantation 

of Orion to evaluate the overall performance of subjects through time only experimental absolute 

map were used. These tests are standard techniques that have been used by SecondSight to evaluate 

their visual prosthesis (Argus, SecondSight) and are required by FDA as a benchmark to confirm 

the functionality of visual prostheses. For all experiments a 19 inch (48.3 cm) touch screen display 

located 12 inches (30.5 cm) from subjects were used to display the visual stimuli and record 

subjects’ responses. All tests were performed while device was ON and OFF to compare the 

performance of the subjects with and without the device. Mean errors were compared between 

device ON and OFF with 2-tailed t test assuming unequal variances and statistical significance of 

p<0.05. 

4.4.3.1 Square Localization 

Square localization test was designed to evaluate subjects’ performance in spatial-motor 

task(Ahuja et al., 2011b). A white square (5.85 cm2, 200 pixel2) appeared in random location on a 

dark background followed by an audio cue for subjects to locate and touch the screen. Subjects’ 

responses were followed by an automated verbal feedback indicating “correct” if anywhere on the 

square was touched or “close” if anywhere in the vicinity of 100 pixels (2.9 cm) from the square 

were touched. A corrective feedback was given if subjects’ response was “close” or incorrect 

indicating to the relative location of square to the subjects’ response. Subjects were instructed to 

move their head to find the square while keeping their eyes centered relative to their head position. 

Each experiment included 40 trials and the location of subject response were recorded by the touch 

screen for the off-line calculation of average error from the center of the square. 
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4.4.3.2 Identifying Direction of Motion 

Direction of motion test was designed to evaluate subjects’ ability to identify the direction of a 

moving object(Dorn et al., 2013). A 1.4 inch (3.6 cm) white bar moved across the touchscreen at 

a randomly chosen angle with a constant speed. Subjects were instructed to draw a straight line on 

the touchscreen in the direction of perceived motion. An automated verbal feedback was given 

after each response indicating “correct” if subjects’ response was within 15 degrees of the stimulus 

angle in either direction; otherwise a corrective verbal feedback was given indicating to the 

direction in which the bar moved (For example “It moved down and left”). Each experiment 

consisted of 80 trials and subjects were instructed to keep their head still and eyes focused on the 

center of the touch screen during the task. For each trial the angular difference between the 

stimulus direction and subjects’ response was calculated as error and averaged over the trials. 

4.5 Results 

4.5.1 Anatomical Template Mapping Results 

A phosphene map of the visual field (Figure 4-3-C) was created based on cortical surface 

eccentricity (Figure 4-3-A) and polarity (Figure 4-3-B) maps for each subject. The phosphene map 

(Figure 4-3-C) for each subject is illustrated in two figures due to the high number of electrodes. 
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Each row of the electrode array has been color coded and connected on the phosphene map to 

show the nonlinear characteristic of these maps. 

 

Figure 4-3 Cortical surface eccentricity (A) and polarity (B) maps for each subject. Visual field phosphene maps created based on 

the subject specific anatomical template (C). Phosphene map for each subject. Columns of electrodes on the electrode array (right) 

are color-coded and plotted in the visual field (left) to demonstrate the nonlinear characteristic of these maps. 

4.5.2 Experimental Absolute Mapping Results 

Figure 4-4 illustrates the experimental absolute mapping results for each subject. To avoid 

crowded representation the phosphene map for each subject is color-coded and illustrated in 

multiple figures each corresponding to a column of electrodes on the array. The center of each 
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ellipse reprents the average location of the phosphenes produced by stimulation of an electrode 

and the outline of the ellipse shows the standard deviation of phosphene locations in x and y axes. 

 

Figure 4-4 The absolute experimental map of the visual field for each subjects. To avoided crowded maps each map is color-coded 

and illustrated in multiple figures corresponding to the electrode columns on the array (top). He center of each ellipse represents 
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the average location of a phosphene produced by each electrode and the borders of the ellipse represent the standard deviation of 

location on x and y axes. 

The variability of subjects’ responses to stimulation of each electrode was quantified in terms of 

the angular area of the standard deviation shown in Figure 4-5-A. The average standard deviation 

areas were 106±69, 39±36, 148±81, and 103±55 squared degrees for subjects 1, 2, 3, and 4 

respectively. The normalized overlap between the standard deviation areas of each pair of 

phosphenes was calculated by dividing the absolute overlap area by the standard deviation of area 

of each phosphene shown in Figure 4-5-B. The number of phosphenes with at least 50% overlap 

with another phosphene were 46, 41, 57, and 53 for subjects 1, 2, 3, and 4 respectively. 

 

Figure 4-5 (A) Variability of subject responses to stimulation of each electrode in terms of angular area of the standard deviation. 

(B) Normalized overlap between the standard deviation areas for each pair of phosphenes in terms of the percentage ratio of the 

overlapped area compared to the standard deviation area of each phosphene on the y axis. 
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Experimental Relative Mapping Results

Figure 4-6 shows the experimental relative phosphene maps generated for each subject. To avoid 
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crowded representation each map is illustrated in two figures and color-coded based on the rows 

of electrodes on the array. We were not able to perform phosphene connection experiments for 

subject 1 as the subject did not participate in the phosphene connection experiments.  
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Figure 4-6 the anatomical template and experimental absolute and relative phosphene maps for each subject illustrated in two 

figures to avoid crowded representation. Each map is color-coded based on the rows of electrodes on the array (top right). 
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4.5.3 Mapping Evaluation Results using Relative Mapping Experiment 

We evaluated the accuracy of the anatomical template map and experimental absolute and relative 

maps for each subject by finding the error between the relative location phosphenes in each map 

and the phosphene connection experiment results (Figure 4-7). The average mapping error was 

lowest for experimental relative map and highest for anatomical template map for all subjects. All 

differences in average error were statistically significant (p<0.05, two-sample t-test) except for the 

difference between anatomical and absolute map and also the difference between absolute and 

relative map in subject 4. 

 

Figure 4-7 Mean errors for the anatomical template map (anat tmp) and experimental absolute (abs exp) and relative (rel exp) maps 

based on phosphene connection experiment results. Error bars indicate the first and third quartiles of the errors. The number of 

pairs used for subjects 2, 3, and 4 were 91, 67, and 20 respectively. All statistical significance of differences are based on 

independent sample t-test with p<0.05). 

4.5.4 Functional Mapping Evaluation Results using Simulation of Direction of Motion 

The accuracy of each mapping was evaluated based on subject’s performance in detecting the 

direction of motion of a simulated moving circle. Figure 4-8-A shows the average response error 
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of each subject for all maps. The detailed distribution of error for each direction of motion is 

illustrated in Figure 4-8-B which represents the performance of each subject for detecting specific 

directions. For example subject 2 seems to have a relatively low performance in detecting diagonal 

movement from bottom left to top right and vice versa for all mappings while his performance in 

detecting horizontal direction is very high for anatomical map. 
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Figure 4-8 (A) Total error calculated by evaluating subjects’ responses to a simulated moving object based on anatomical template 

map and experimental absolute and relative maps. (B) The distribution of error over different directions of motion for each map 
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and subject. Each subject performed 120 direction of motion trials (5 trials per mapping per direction). Error bars represent the 

standard deviation of the errors. 

4.5.5 Visual Function Tests using the Orion Camera 

Square localization and direction of motion tasks were performed 6, 12, and 24 months after 

implantation of Orion for each Subject. An experimental absolute map was used to program the 

VPU for all subjects. Figure 4-9 compares the results of square localization and direction of motion 

tests between device OFF and ON states (p<0.05). Subject 1 performed better for both tasks with 

device ON only at the 12-months test. Subject 2 had higher performance with device ON for both 

tasks at all time-points. Subject 3 performed better with device ON in square localization at 24-

months’ time-point while for direction of motion task he performed better at months 6 and 12. 

Subject 4 performed better with device ON at both tasks and all-times with the exception of month 

6 for direction of motion task. 

 

Figure 4-9 Results of visual function tests using experimental absolute map on months 6, 12, and 24 of the study. Mean errors were 

compared between device OFF and ON states using 2-tailed t test (p<0.05). For each session of square localization test, each subject 
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performed 40 trials with stimulation OFF and 40 trials with stimulation ON. For each session of direction of motion test, each 

subject performed 80 trials with stimulation OFF and 80 trials with stimulation ON. Error bars represent the standard deviation of 

the errors. 

4.6 Discussion 

 We used three different methods to create a subject specific phosphene map. The anatomical 

template mapping method fits an average visual cortex retinotopic map to each individual brain 

and can be produce a phosphene map immediately after the device Implantation surgery. As 

reported by Benson et al. (N. C. Benson et al., 2012) the median prediction errors for eccentricity 

and polarity maps were 0.91 and 11.43 degrees respectively. In addition to this error, MRI/CT co-

registration and electrode localization process could potentially introduce more error to the 

template mapping process. While we did not have a ground truth to quantify these errors, 

comparing the anatomical template map and experimental absolute maps can provide an evidence 

for such errors. For example the phosphene elicited by stimulation of electrode C03 in subject 2 

was consistently drawn on the bottom of the visual field by the subject, however the anatomical 

template mapping predicted the location of this phosphene to be in the top hemi field with a 

polarity of 46 degrees. This mapping difference was observed in all subjects and was particularly 

significant for electrodes close the calcarine sulcus. Hence this error may be due to inaccurate 

localization of electrode array relative to the calcarine sulcus. 

The experimental absolute map uses a reverse engineering method to predict the location of each 

phosphene based subjects’ response to stimulation of each electrode. This approach is the most 

straightforward and common among visual prosthesis developers and allows to directly find the 

absolute location of each phosphene. The variation in location of phosphenes throughout the period 

of this study shown in Figure 4-4 and quantified in Figure 4-5-A, created significant overlaps 



67 

 

among the estimated location of phosphenes (Figure 4-5-B). While this method has been shown to 

produce accurate results in sighted patients with temporally implanted surface electrodes(Yoshor 

et al., 2007b), the lack of visuo-motor feedback in blind individuals is potentially one of the main 

factors in low accuracy of this mapping method. 

The experimental relative mapping approach was to minimize the visuo-motor feedback error by 

providing a visual reference for the subjects. While the experimental absolute maps poorly 

localized phosphenes that are close to each other, sequential stimulation can clarify the relative 

locations of these phosphenes. Since Orion VPU requires an absolute map, we used an 

optimization function to find the absolute location of each phosphene that produces the closest 

relative locations to the phosphene connection trials. 

In addition to the experimental relative map, phosphene connection experiments provided reliable 

information for evaluation of mapping techniques. By selecting the phosphene pairs with 

consistent response from subjects, we were able to evaluate how accurately each map predicts the 

results of phosphene connection experiments. This evaluation method showed that the 

experimental relative map is the most accurate for predicting the relative location of the 

phosphenes. Even though the experimental relative map utilized the phosphene connection results, 

the leave-one-pair-out method guaranteed that the pairs used for evaluation would not contribute 

to the mapping process. 

The simulation of direction of motion experiment was designed to evaluate the “functional 

performance” of each map by simulating the stimulation sequence produced by a moving white 

ball in a black background. Simulation of the moving ball allowed us to use the direct stimulation 

mode on the Orion programmer without using external visual stimuli and the camera which would 

limit our capability of randomly shuffling the mappings and also would produce additional errors 
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due to subjects’ eye and head movement. While we avoided some sources of error, there were still 

multiple factors that could have contributed to the inaccuracies in the subjects’ responses. The 

non-uniform topology of the phosphene maps is one of the main obstacles in creating smooth and 

precise movement perception. Moreover difference in phosphene size and brightness could also 

be a misleading factor in perception of direction of motion. 

The visual function tests were designed to evaluate the overall performance of the subjects using 

the whole Orion system including the camera and video processing unit. Given the limitations of 

evaluating mapping techniques using simulation of direction of motion, we determined that visual 

function test would inherit the same limitations with addition of potential subject head movement. 

We compared the subjects performance between device ON and OFF throughout the period of the 

study using only the experimental absolute map. Visual function test results clearly show that the 

device was beneficial for detecting static and moving objects especially after 24 months from 

implanting the device.  
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5 Functional mapping of motor system based on movement-related 

dynamics of thalamo-cortical oscillations 

The ventrolateral (VL) nucleus of the thalamus is a well-documented target for DBS (Lozano, 

2000; Vaillancourt et al., 2003) and thalamotomy (Narabayashi, 1989; Ohye et al., 1982) for the 

treatment of tremor. VL is structurally connected to motor cortices (Ge, Md, & Mr, 1989; Tsolaki, 

Downes, Speier, Elias, & Pouratian, 2018) and cerebellum (Gallay et al., 2008) forming a 

cerebello-thalamocortical (CTC) network. In ET patients, all nodes of the CTC network manifest 

oscillatory activity at tremor frequency and its first harmonic pointing to the pathological alteration 

of communication in this network (Schnitzler et al., 2009). Alpha oscillations in the motor cortex 

of ET patients decrease during high frequency stimulation of VL (Air et al., 2012) confirming 

functional connectivity between VL and motor cortex and, perhaps more importantly for the 

current discussion, thalamic influence on cortical activity. In a recent study thalamocortical PAC 

and coherence is shown to peak at the same frequency during rest and decrease with movement 

suggesting a gating role of the thalamus in movement execution(Opri et al., 2019). However, how 

these distinct frequency bands inter-relate across nodes remains unclear due to lack of causal 

analyses and more sophisticated analyses that can isolate the effects of each node on observed 

cross-frequency coupling relationships. 

Intraoperative recording of cortical and subcortical local field potentials (LFP) in subjects 

undergoing DBS for movement disorders has provided valuable data (Malekmohammadi et al., 

2015; D. D. Wang et al., 2018; Yu et al., 2012). In this chapter, we aim to confirm the movement-

related spatiotemporal evolution of oscillatory changes in thalamus and motor cortex and to use 

these recordings to better understand the dynamic interactions between thalamic and cortical 

oscillatory activity in movement execution. Because of underlying coherence between the nodes, 
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distinctions between local and cross-site coupling are not clear, necessitating application of a novel 

method of “partial phase amplitude coupling”, based on the same principle of partial coherences. 

As demonstrated in Figure 5-1-A we hypothesize the thalamus serves to regulate low frequency 

cortical activity which in turn modulates cortical gamma band activity as a cascade of events in 

the motor network. 

 

Figure 5-1 A) Our hypothetical model of the thalamo-cortical oscillations where the thalamus regulates low frequency cortical 

activity via phase synchrony and modulates the cortical broadband activity via PAC. B) Placement of the ECoG strip in relation to 

Central Sulcus over the reconstructed brain surface. C) Three cortical bipolar contacts representing the Central Sulcus (CS) and 

precentral gyri (postCS and preCS). 

5.1 Subjects 

Eleven patients (3 males and 8 females with 52±14 years of age) undergoing stereotactic 

implantation of DBS lead targeting VL participated in this study and were diagnosed with ET 

(Table 2). All patients provided written informed consent approved by the Institutional Review 

Board (IRB) at the University of California Los Angeles. 
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Table 2 Patients demographics and clinical information 

Subject Code Age Gender Handedness Total tremor score Recorded hemisphere 

P1 76 M R 50 R 

P2 79 M R 71 R 

P3 59 F R 75 R 

P4 37 F R 58 L 

P5 67 F R 45 L 

P6 59 M R 36 L 

P7 66 F R 41 L 

P8 35 F R NA L 

P9 71 F R 37 L 

P10 75 F R NA R 

P11 63 F L 57 R 

 

5.2 Surgical procedures 

DBS electrode implantation for all subjects targeted VL located ~5-6mm anterior to posterior 

commissure, 11mm lateral to the third ventricular wall, and at the depth of the anterior 

commissure-posterior commissure line. Intraoperative awake macrostimulation testing was 

performed to confirm the clinically valid placement of implanted DBS leads with tremor 

suppression. Before implantation of the DBS lead (left side for the unilateral left DBS cases and 

right side for unilateral right and bilateral DBS cases), an eight contact ECoG strip (platinum-

iridium 4-mm contacts with 1-cm spacing; AdTech Medical, USA) was implanted subdurally 
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posteriorly towards the central sulcus through the frontal burr hole placed for DBS lead 

implantation (Figure 5-1-B). The burr hole was always located at or up to 1cm anterior to the 

coronal structure. Location of DBS electrodes and the ECoG strip was assessed using a single-

view lateral fluoroscopy image captured after implantation of the DBS lead(s) and postoperative 

stereotactic thin slice CT (DBS lead only). The ECoG strip was removed after conducting the 

experiments, prior to anchoring the DBS lead. 

5.3 Data acquisition 

All patients underwent pre-operative MR and CT and post-operative CT imaging. Pre-operative 

MR was a T1-weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) image 

(slice thickness = 1 mm, repetition time = 2100 ms, echo time, 2.98 ms, flip angle = 15º, 3T, 

Siemens Skyra) and a 64-direction diffusion tensor image (DTI) acquired using a spin echo single 

phase encoding direction sequence (TR=7000 ms, TE=72 ms, matrix 128 × 128, 2 mm isotropic 

voxels, flip angle= 90, slice thickness=3 mm, number of slices=52). One volume was acquired 

without use of a diffusion gradient (that is, b = 0 seconds/mm2). Pre-operative CT scan was 

performed after a Leksell stereotactic head frame (Elekta Instruments) was applied to the skull 

using 1-mm slice thickness (Siemens Sensation 64). ECoGs and thalamic LFPs were recorded 

using g.USBamp 2.0 amplifiers (gTec, Austria) and BCI2000 v3 data acquisition software. The 

sampling frequency was 2400Hz and the data was band pass filtered (0.1Hz-1000Hz) online. The 

ground and reference electrodes were placed on the scalp for all subjects. Thalamic LFPs were 

recorded by a DBS lead with four ring macroelectrode contacts (numbers 0 to 3 ventral to dorsal, 

DBS Lead Model 3387, Medtronic Inc. MN, USA) in the final implant position.  
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5.4 Experimental Protocol 

Patients performed 3 blocks of finger tapping hand movement initiated by a verbal cue, using the 

hand contralateral to the ECoG strip placement. Each movement block lasted 30 seconds and was 

preceded by a 30 second period of rest with eyes open. A kinematic glove (5DT Data Glove) was 

used to measure the flexure of each finger during the experiment. The five-channel kinematic data 

with original sampling rate of 75Hz was recorded using BCI2000 software oversampled at 

2400Hz. 

5.5 Data processing 

5.5.1 Electrode localization 

Thalamic recordings were always used from the most ventral contact on the DBS lead (contact 0) 

and therefore bipolar contact 0-1 was selected to represent thalamic activity. A method proposed 

and validated by Randazzo et al. was adopted to localize the ECoG contacts (Randazzo et al., 

2016). Pre and post-op scans were co-registered to the MR image using Statistical Parameter 

Mapping (SPM) toolbox (SPM12, http://www.fil.ion.ucl.ac.uk/). The cortical surface was 

reconstructed from the pre-operative MR image using FreeSurfer (Dale et al., 1999a) and ECoG 

contacts were mapped to the reconstructed cortical surface (Figure 5-1-B). Bipolar contacts 

spanning the central sulcus (CS) and bipolar contacts located immediately anterior (preCS) and 

posterior (postCS) to CS were chosen for further analysis (Figure 5-1-C). 

5.5.2 Structural connectivity 

To ensure the structural and functional relevance of the thalamo-cortical analyses, probabilistic 

diffusion tractography was performed to define the structural connectivity between the bipolar 

http://www.fil.ion.ucl.ac.uk/
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DBS contact 0-1 and the whole brain. Before proceeding with diffusion tensor imaging (DTI) 

analysis, for each patient, contacts were delineated in native T1 space based on the electrode 

location in CT image that was transferred to T1 using FSL linear transformation (FLIRT) 

(Jenkinson et al., 2002). The coordinates of the inter contact distance were used as a center point 

to create a 2 mm sphere mask. To register the contact mask to preoperative DTI space, linear and 

non-linear transformations (FLIRT-FNIRT) (Andersson et al., 2007; Jenkinson et al., 2002) were 

performed to register pre-operative T1 and DTI to MNI152 template (using mutual information as 

cost function, 6 degrees of freedom for DTI to T1 registration and 12 for registration to MNI152) 

and the derived transformation matrices were used for the transformation. 

DTI data preprocessing included skull extraction and eddy current correction after which a multi-

fiber diffusion model was fitted to the data (Behrens et al., 2007). This model uses Bayesian 

techniques to estimate a probability distribution function (PDF) on the principal fiber direction at 

each voxel, accounting for the possibility of crossing fibers within each voxel. Using these PDFs 

and PROBTRACKX, we could then determine the probability of connectivity between thalamic 

recording site and the whole brain. From each voxel in the seed, 5,000 streamlines were generated; 

a loop check termination was used and a 0.2 curvature threshold was chosen. Each patient’s whole 

brain probabilistic tractography map was divided by the overall number of streamlines and then 

binarized at 0.01 threshold value. Each binary map was transformed into MNI-152 space before 

summing all maps and dividing by the total number of subjects in order to define the average 

connectivity map. The precentral gyrus region for each subject was identified using FreeSurfer v 

5.3.0 for cortical surface reconstruction and automatic volumetric segmentation. For each subject, 

the precentral gyrus mask was transformed to MNI152 space using the matrices derived from the 
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registration of T1 to MNI152 space and the mean precentral gyrus binary mask across the subjects 

was derived (Figure 5-3, green mask). 

 

Figure 5-2 Average whole brain binary structural connectivity map seeded from the VL (contacts 0-1). Red represents areas across 

the whole brain with strong structural connectivity (probabilistic tractography binerized at threshold value of 0.01) to VL (Red) 

and green is the result of application of a pre-central gyrus mask. 

5.5.3 Signal pre-processing 

All LFP analyses were performed offline using Matlab (Mathworks Inc. NA. USA). All signals 

were bipolar re-referenced to enhance signal to noise ratio (SNR) and spatial specificity. An 

adaptive notch filter was used to remove power line noise (at 60 Hz) and its harmonics up to 270 

Hz (Mewett et al., 2001) and signals were band pass filtered using a zero phase FIR filter (2-800 

Hz, EEGLab (Delorme & Makeig, 2004)) to prevent any phase delay or distortion. Blocks of rest 

and movement were identified using the kinematic finger movement data and three pairs of 

consecutive rest and movement blocks were chosen for each subject.  
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5.5.4 Power spectral density 

Fourier analysis was performed on 1 second consecutive non-overlapping windows for each block 

using Thomson’s multi-taper method (frequency bandwidth = 2Hz, 3 tapers) implemented in 

Chronux toolbox (Bokil et al., 2010). To compensate for inter-subject/block variability in baseline 

power, each resting block was normalized to the total power (5-300 Hz) and each movement block 

was normalized to the total power of its preceding resting block. Power spectral density for each 

condition was then calculated by multiplying the normalized Fourier coefficients by their complex 

conjugate. 

5.5.5 Phase synchronization and directional connectivity 

The  de-biased weighted phase lag index (dwPLI) method was used to measure the phase coupling 

between VL and cortical signals because it is a functional connectivity metric that is insensitive to 

volume conduction (Vinck et al., 2011). To estimate the direction of information routing between 

thalamus and cortex, the direct transfer function (DTF) implemented in the eConnectome 

MATLAB toolbox(He et al., 2011) was used to estimate the granger causality. DTF is a frequency-

domain estimator of granger causality, based on multivariate autoregressive (MVAR) modeling 

(Kaminski & Blinowska, 1991). The DTF computation function utilized ARfit package (Schneider 

& Neumaier, 2001) to estimate the MVAR model 𝐻(𝑓) which represents how a current value of 

channels is dependent on the previous values of itself and other channels.  

5.5.6 Phase amplitude coupling (PAC) 

Modulation Index (MI) (Tort et al., 2010) was used to measure the PAC in the thalamo-cortical 

network. Hilbert transform along with a zero-phase FIR bandpass filter were used to obtain 

instantaneous phase (4-35 Hz) and amplitude (60-200 Hz) of the signals. Band width for 
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calculating the instantaneous phase was set to 2 Hz while for instantaneous amplitude bandwidth 

was adjusted as twice the phase of interest to fit the sidebands caused by the assumed modulating 

lower frequency band(Aru et al., 2015). Phases were divided into N=18 bins (bin width = 2pi/N), 

{φ1, φ2, … , φ𝑁}, and the mean amplitude 〈𝐴〉(φ𝑖) was calculated and normalized for each bin to 

form a probabilistic distribution function 𝑃(𝑖) where 

𝑃(𝑖) =
〈𝐴〉(φ𝑖)

∑ 〈𝐴〉(φ𝑘)𝑁
𝑘=1

 

Then MI is calculated by quantifying how 𝑃 deviates from a uniform distribution (𝑈) based on 

measuring Kullback-Leibler distance (𝐷𝐾𝐿): 

𝑀𝐼 =
𝐷𝐾𝐿(𝑃, 𝑈)

log(𝑁)
 

5.5.7 Partial Phase amplitude coupling 

To estimate whether observed thalamo-cortical PAC is an epiphenomenon of thalamo-cortical 

phase coupling and cortical PAC, a method of “partial phase amplitude coupling” was used to 

show that thalamo-cortical PAC is partially dependent on the causal thalamo-cortical phase 

coupling led by VL. Partial PAC calculates phase amplitude coupling between the phase of 

thalamic signal and amplitude of cortical signal while assuming thalamic and cortical phase are 

independently coupled to the cortical amplitude. If the thalamo-cortical partial PAC is significantly 

smaller than thalamo-cortical PAC then we can safely conclude that thalamo-cortical PAC is at 

least partially dependent on cortical PAC. 

Let Φ = {φ1, φ2, … , φ𝑁} be thalamic phase, Θ = {θ1, θ2, … , θ𝑁} be the cortical phase, and 𝐴  be 

the cortical amplitude. 𝑃(𝑖) in the previous subsection could also be written as 𝐸[𝐴|φ𝑖] where 𝐸[ ] 
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represents the expected value and can be estimated by averaging the cortical amplitudes that 

correspond to each thalamic phase. We can introduce Θ into this equation by adding another phase 

dimension for Θ (Figure 5-3) and write 𝐸[𝐴|φ𝑖] as: 

𝐸[𝐴|φ𝑖] = ∑ 𝑃(θ𝑘|φ𝑖)𝐸[𝐴|φ𝑖, θ𝑘]
𝑁

𝑘=1
 

Where 𝐸[𝐴|φ𝑖, θ𝑘] is the expected value of the cortical amplitudes corresponding to φ𝑖 and θ𝑘 

phases and 𝑃(θ𝑘|φ𝑖) is the probability distribution of each θ𝑘 for eachφ𝑖. If the thalamocortical 

PAC is independent of causal phase coupling from θ𝑘 toφ𝑖, then we can substitute the 𝑃(θ𝑘|φ𝑖) 

with 𝑃(θ𝑘): 

𝐸[𝐴|φ𝑖] = ∑ 𝑃(θ𝑘)𝐸[𝐴|φ𝑖, θ𝑘]
𝑁

𝑘=1
 

And calculate the modulation index and PAC which we call “partial modulation index” and 

“partial phase amplitude coupling”. 

 

Figure 5-3 Each cortical amplitude 𝐴 was assigned to a 2D phase bin of thalamic phase 𝜑𝑖 and cortical phase 𝜃𝑘 and 𝐸[𝐴|𝜑𝑖 , 𝜃𝑘] 

was calculated by averaging the amplitudes assigned to each phase bin. The probability distribution of amplitudes for each thalamic 
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phase bin 𝐸[𝐴|𝜑𝑖] can be calculated by weighted averaging the 𝐸[𝐴|𝜑𝑖 , 𝜃𝑘] values based on the probability distribution of cortical 

phase for each thalamic phase 𝑃(𝜃𝑘|𝜑𝑖). 

5.6 Statistical analysis 

5.6.1 Power spectral density 

To determine the significance of movement related spectral power changes, we performed a two-

group test of spectrum to test the null hypothesis that two conditions (rest and movement) have 

equal spectra over the range of 5-300 Hz. We calculated the group spectral mean and variance for 

each condition and obtained the Z statistics using asymptotic probability distribution (Bokil et al., 

2007). We chose this method based on asymptotic probability distributions and jackknife 

correction of the difference z-scores as it corrects for the bias inherent to the spectral estimation 

process(Malekmohammadi, AuYong, Price, et al., 2018). To correct for multiple comparisons we 

only rejected the null hypothesis for the frequencies constituting bands whose width was larger 

than the double bandwidth of multi-taper method (4Hz)(Bokil et al., 2007; Malekmohammadi, 

AuYong, Ricks-Oddie, et al., 2018). 

5.6.2 Phase synchronization 

To determine the statistical significance of movement related changes in coupling measured by 

dwPLI method, a non-parametric permutation testing (N=1000) was used. We generated a pool of 

dwPLI values corresponding to both conditions. At each permutation, we randomly selected two 

equal subgroups from the pool and calculate the group difference for the null hypothesis. We used 

Fisher Z-transform to generate a normal distribution of the condition difference under the null 

hypothesis. The significance of the condition difference was determined for p=0.05 and corrected 
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for multiple comparisons using False Discovery Rate (FDR) method (Benjamini & Hochberg, 

1995). 

5.6.3 Phase amplitude coupling 

A non-parametric permutation testing was used to determine the significance of PAC values during 

rest and movement blocks (N=1000). We generated surrogate data by randomly shifting the phase 

data while keeping the amplitude signal unchanged and calculated the z-scores. The significant 

PAC values were determined for p=0.05 and corrected for multiple comparison using FDR 

method. 

5.6.4 Band related statistics 

Total power of each frequency band was calculated by summing the spectral power density values 

over the frequency range of interest. Thalamo-cortical phase coupling over each frequency band 

was obtained by averaging dwPLI values over the frequency range of interest. For DTF analysis, 

surrogate data (N=1000) was generated by phase shifting the original time series and z-scores were 

calculated for each direction of connectivity. The z-scores were then averaged over the trials and 

the frequency range of interest. For cross-frequency coupling analysis, PAC between the phase of 

alpha/low-beta and amplitude of broad-band gamma (60-200 Hz) was obtained by averaging over 

two dimension of frequencies. To determine the significance of PAC between the frequency bands 

for each subject, a non-parametric permutation testing was performed using the surrogate data 

described in the previous subsection. After obtaining band related measures of power, phase 

coupling and PAC for each subject, significance of each movement related change was assessed. 

Due to the limited number of subjects, Shapiro-Wilk test was used to quantify the normality of the 

distribution. If the normality condition was satisfied, the paired sample t-test was used. Otherwise 
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Wilcoxon signed rank test was used to assess the significant difference. The resulting p-values 

were corrected using Bonferroni method. 

5.7 Results 

5.7.1 Clinically-defined VL is structurally connected to the pre-central gyrus 

We evaluated whole brain probabilistic tractography seeded from the clinically-confirmed VL 

(contacts 0-1) (Figure 5-2). The average binary connectivity map reveals white matter projections 

from VL to peri-rolandic cortices, centered on pre-central gyrus along with projections to the 

cerebellum. 

5.7.2 Movement is associated with redistribution of power 

Thalamic and cortical resting state power spectra reveal a peak between the classically defined 

alpha and low-beta bands (Figure 5-4-A, 11.7±3.1Hz, 12.0±2.8Hz, 12.0±2.1Hz, and 11.1±1.9Hz 

for VL, postCS, CS and preCS contacts respectively). Movement significant decreases cortical 

power between 5.2-32.8 Hz for the post-CS, 5.2-35.1Hz for the CS, and 5.2-41Hz for pre-CS 

recordings. On the other hand, higher frequency cortical powers (39.2-209.2 Hz for post-CS, 42.8-

246.7Hz CS and 43.3-210.4Hz for pre-CS) increase during movement. Thalamic LFP demonstrate 

movement-related suppression of 5.2-18.8 Hz, but no power increase in the broadband gamma 

range, as seen in the peri-rolandic cortices. 
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Figure 5-4 Distribution of power in VL and sensorimotor cortex during rest and movement trials. A) Group (11 subjects) 

average,Power spectral density normalized to the resting state total power of the frequency range of 5-300 Hz. highlighted areas 

indicate the frequencies with significant spectral power difference between rest (blue) and movement (red). B) Frequency band 

powers (area under curve) for alpha/low-beta, high-beta, and broadband-gamma during rest and movement. Error boxes represent 

the first and third quartiles and error bars represent the min and max values. Significant differences are marked by the asterisk (*) 

indicating significance at P<0.05 level. 

Because alpha and low-beta oscillations seem to manifest similar movement-related behaviors (as 

detailed in the paragraph above), an observation that has also been previously reported in ET 

patients(Air et al., 2012; Kondylis et al., 2016), we treat these oscillations as a single entity for 

band related analyses. Statistical spectral analysis was performed in three distinct frequency bands 

of alpha/low-beta (8-18Hz), high-beta (20-35Hz) and broadband-gamma(60-200Hz). As presented 

in Figure 5-4-B, cortical power significantly decreases in both alpha/low-beta and high-beta 

(p=0.001 for all cortical contacts, Wilcoxon signed rank) and significantly increases in broadband-

gamma (p=0.003, 0.005, 0.024 for post-CS, CS and pre-CS contacts respectively, Wilcoxon signed 

rank). In the thalamus, however, power only significantly decreases in alpha/low-beta band 
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(p=0.005, Wilcoxon signed rank) (Figure 5-4-B). After correcting for multiple comparison, all but 

movement-related broadband-gamma power increase in pre-CS contact survive the Bonferroni 

correction test. 

5.7.3 Phase coupling between VL and CS is dampened during movement 

Movement is associated with a significant decrease in phase based connectivity (dwPLI) between 

VL and CS measured in the 10-13.5 Hz range, while increases in connectivity were noted between 

25.2-30.5 Hz (Figure 5-5-A). For band-based analyses, the only significant movement related 

change occurs at VL-CS where alpha/low-beta coupling is significantly reduced by movement (p 

=0.019, Wilcoxon signed rank); movement related increase in high-beta coupling is not significant 

using this analytic approach (p=0.21, Wilcoxon signed rank) (Figure 5-5-B). Average resting state 

granger causality in the alpha/low-beta band from VL to cortical contacts is higher than the reverse 

direction, with significant differences in causality noted between VL and CS (p=0.019, Wilcoxon 

signed rank, Figure 5-5-C). 
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Figure 5-5 Measures of thalamo-cortical connectivity between VL and sensorimotor cortex during rest and movement trials. A) 

dwPLI calculated in the frequency range of 5-300 Hz. Highlighted regions indicate the frequencies with significant dwPLI 

difference between rest (blue) and movement (red). B) Frequency band average dwPLI for alpha/low-beta, high-beta, and 

broadband-gamma during rest and movement. C) Average Resting state granger causality z-scores from VL to cortical contacts 

and vice versa in alpha/low-beta band. Error boxes represent the first and third quartiles and error bars represent the min and max 

values. 

5.7.4 Alpha/low-beta to broadband-gamma PAC is suppressed during the movement 

Group-level analysis of resting state PAC reveals significant coupling between the phase of 

alpha/low-beta oscillations and amplitude of broadband-gamma activities in cortical contacts 

(Figure 5-6-A). On an individual basis, of 11 total subjects evaluated, the number of subjects with 

significant resting PAC were 7 for postCS, 9 for CS and 8 for preCS contact. In contrast, group 

level analyses during movement demonstrates an absence of PAC (Figure 5-6-A). On an individual 

basis, the number of subjects with significant PAC during movement was 5 for postCS (4 of which 

had significant resting state PAC), 3 for CS (2 with resting state PAC) and 5 for preCS (4 with 

resting state PAC) contact. Indeed, movement is associated with a significant decrease in cortical 
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PAC for motor contacts of the cortex (p=0.003, 0.005 for CS and preCS contacts respectively, 

Wilcoxon signed rank, Figure 5-6-B). 
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Figure 5-6 A) Cortical PAC between the phase of cortical contacts and the amplitude of the same signal during rest and movement. 

B) Average cortical PAC between the phase of alpha/low-beta and amplitude of broadband-gamma activities during rest and 

movement. C) Thalamo-cortical PAC between the phase of VL and the amplitude of the cortical signals during rest and movement. 

D) Average thalamo-cortical PAC between the phase of alpha/low-beta and amplitude of broadband-gamma activities during rest 
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and movement. E) Resting state thalamo-cortical partial PAC between the phase of VL and the amplitude of the cortical signals 

when the confounding bias of cortical phase was removed. F) Average thalamo-cortical PAC and partial PAC between the phase 

of alpha/low-beta and amplitude of broadband-gamma activities during rest. Error boxes represent the first and third quartiles and 

error bars represent the min and max values. 

Similarly, at rest, thalamo-cortical PAC is observed between the phase of thalamic alpha/low-beta 

oscillations and the amplitude of cortical broadband-gamma activities (Figure 5-6-C, number of subjects 

with significant resting PAC were 2 for postCS, 9 for CS and 10 for preCS contact). Like that seen in the 

cortex, thalamocortical PAC is absent during movement at the group level (Figure 5-6-C, number of 

subjects with significant movement PAC were 1 for postCS (which did not have a significant resting state 

PAC) and 2 each for both CS and preCS contacts (which all had significant resting state PAC as well). Like 

cortical PAC, movement is associated with a significant decrease in thalamocortical PAC between the VL 

and peri-rolandic cortices (p=0.001, for both CS and preCS contacts, Wilcoxon signed rank, Figure 5-6-D). 

5.7.5 Validating the partial PAC method using a simulated dataset 

To evaluate the partial PAC method we generated two sets of data. Each set of data include a low 

frequency 13Hz sine wave with its phase randomized every 1 second and band pass filtered 

between 3 and 23Hz which for the sake of this paper we called thalamic signal. Each set also 

includes a combination of random phase low frequency sine wave as explained before and a high 

frequency 150Hz sine wave which we called cortical signal. A random white was also added to 

both signals. For dataset#1, each signal is partitioned in 3 segments with equal length. In the first 

and third segment there is not phase coupling or PAC in any of the signals while in the second 

segment, thalamic phase is coupled to the cortical phase and thalamic and cortical phase are both 

coupled to the cortical amplitude. Similarly dataset#2 consisted of three equal length segments 

where in the first segment thalamic phase is coupled to the cortical amplitude but there is no 

cortical PAC or thalamo-cortical phase coupling. In the second there is no thalamo-cotical or 
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cortical PAC but there is thalamo-cortival phase coupling and in the third segment there is no 

thalamo-cortical phase coupling or PAC but there is cortical PAC (Figure 5-7-A). 

Figure 5-7-B shows the result of applying thalamo-cortical PAC, cortical PAC and thalamo-

cortical partial PAC on the two dataset. As expected for both dataset there is a thalamo-cortical 

and cortical PAC between phase frequencies around 13Hz and amplitude frequencies around 

150Hz. The partial thalamo-cortical PAC cannot be observed for dataset#1 as this coupling is the 

result of the phase coupling and cortical PAC in the second segment. On the other hand partial 

thalamo-cortical PAC exists for dataset 2 as the thalamo-cortical PAC (segment 1) is independent 

of thalamo-cortical phase coupling (segment 2) and cortical PAC (segment 3). 
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Figure 5-7 A) Zoomed in segments of the simulated datasets. Simulated thalamic signal (blue) is a 13Hz sine wave and simulated 

cortical signal (red) is the combination of a 13Hz and a 150Hz sine waves. For the illustration purpose the random white noise in 

both signals is not included in this figure. Seg#2 of dataset#1 contains thalamic and cortical signals with phase synchrony cortical 

and thalamo-cortical PAC simultaneously. For dataset#2, seg#1 contains thalamo-cortical PAC, seg #2 contains thalamo-cortical 

phase coupling and seg#3 contains cortical PAC. B) Z-scores for thalamo-cortical and cortical PAC as well as thalamo-cortical 

partial PAC for the simulated datasets. 
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5.7.6 Cortical PAC has confounding bias on the observed thalamocortical PAC 

To determine the relative contribution of alpha-low beta oscillations in the cortex as opposed to 

the similar low frequency oscillations in thalamus in driving PAC, we applied the method of 

“partial PAC,” described in the methods. After accounting for the possible contributions of local 

cortical alpha-low beta phase driving PAC, residual thalamo-cortical PAC between VL and motor 

cortical contacts is significantly reduced and almost non-apparent (p=0.002, 0.001 for CS and 

preCS contacts respectively, Wilcoxon signed rank, Figure 5-6-E and Figure 5-6-F). 

5.8 Discussion 

The precise role of the thalamus in voluntary motor control remains unclear. In a prior report, we 

assessed thalamo-cortical coupling across cortical regions and found a strong correlation between 

thalamic low frequency oscillatory power, thalamo-cortical coherence, and cortical PAC 

(Malekmohammadi et al., 2015). Still, questions remain about the specific dynamics in the motor 

thalamo-cortical network and the precise causal relationships between thalamic low frequency 

oscillations and cortical high frequency activity. We aimed to use unique intraoperative 

opportunities to gain insights by analyzing the oscillatory mechanisms by which the thalamo-

cortical network transfers and processes information during a voluntary movement task. Our 

analyses confirm previously reported movement-related suppression of alpha and low-beta 

oscillations across sensorimotor cortex (N E Crone et al., 1998; Kilavik et al., 2013; Kondylis et 

al., 2016; Malekmohammadi, AuYong, Ricks-Oddie, et al., 2018) and VL (Brücke et al., 2013) as 

well as augmentation of broadband-gamma activities in cortex (N E Crone et al., 1998; Nathan E. 

Crone et al., 2006; Dalal et al., 2008; Ohara, 2000; Pfurtscheller et al., 2003). Moreover, our results 

are in line with findings of Opri et al. which demonstrates the suppression of thalamo-cortical 

coherence and PAC, and importantly provide more definitive evidence of the precise contributions 
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of thalamic oscillatory activity in modulating cortical gamma activity related movement execution 

via directed thalamo-cortical oscillatory coupling. 

Broadband-gamma activity in sensorimotor cortex have been consistently found to be temporally 

and spatially specific to movement (Brovelli et al., 2005; Brunner et al., 2009; Nathan E. Crone et 

al., 2011b; Dalal et al., 2008; Leuthardt et al., 2007; K. J. Miller et al., 2007; Pfurtscheller et al., 

2003). Hence uncovering the dynamic relationship between thalamo-cortical network oscillations 

and cortical broadband-gamma activities provides an opportunity to understand the underlying 

mechanisms of voluntary movement execution and the role of the thalamus in regulating this 

activity. Importantly, we confirm prior findings that motor cortical PAC between the phase of 

alpha/low-beta and amplitude of broadband-gamma activities in essential tremor, as reported by  

Kondylis and colleagues (Kondylis et al., 2016). Still, the precise role of the thalamus in 

contributing to or regulating cortical PAC has not been extensively investigated.   

It is important to consider that significant PAC can be observed in the absence of true physiological 

coupling (Aru et al., 2015; Ole Jensen et al., 2016). While we have followed Aru et al. suggestions 

to increase the specificity of our PAC measurement, movement-related reduction in PAC could be 

due to movement-related reduction of power in alpha/low-beta band. While we cannot rule out this 

effect,  our primary conclusion of the relative contribution of thalamus and cortex to PAC would 

still hold. In another study Cole et al. convincingly shows that PAC can arise from non-sinusoidal 

phase-encoding oscillations.  Given low freqency alpha/low-beta oscillations generally are thought 

to occur over large spatial distributions, one would expect that a PAC measurement that reflects 

non-sinusoidal waveforms would result in lack of spatial specificity. The fact that we observe PAC 

both within the cortex and across the thalamocortical network in a spatially specific manner 

suggests the observed PAC represents true cross frequency coupling rather than emerging as a 
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result of underlying non-sinusoidal low frequency oscillations. While we acknowledge the 

limitation of our methods, potential solutions such as mesuring the spike activity as a reprentation 

of broadband gamma, spatial specificity and consistency of our PAC results all point to correct 

charactarization of PAC as a method of measuring coupling between alpha/low-beta oscillations 

and broadband gamma activity. 

We confirm thalamo-cortical alpha/low beta phase coupling at rest with the first direct evidence 

of causal flow from thalamus to the motor cortex. Importantly, this coupling is significantly 

reduced during voluntary movement. We next provide evidence of alpha-low- beta thalamocortical 

phase coupling (as measured by dwPLI) and thalamocortical PAC (between the phase of VL and 

the broadband gamma power in motor cortical contact) during rest. These observations leave open 

two distinct possibilities with respect to the role of thalamus in movement execution: that thalamus 

directly modulates cortical broadband activity via thalamo-cortical afferents or that thalamus 

serves to set a system state (via propagation of network-wide low frequency oscillations) which in 

turn locally modulates cortical broadband activity. In the latter case, observed thalamo-cortical 

PAC would be an epiphenomenon of underlying thalamocortical coherence. In fact, using the 

method of partial PAC to account for the local contributions of motor cortical alpha/low beta 

oscillations significantly reduced the resting thalamo-cortical PAC, suggesting indirect thalamic 

regulation of cortical activity via induction of cortical alpha/low beta (based on causal flow 

analyses). This result and interpretation is consistent with prior theories of the function of LFOs 

as an inhibitory mechanism to facilitate routing of information across large scale brain 

regions(Hari & Salmelin, 1997; O. Jensen et al., 2005; Ole Jensen & Mazaheri, 2010; K. J. Miller 

et al., 2010). Importantly, given the results of the directional flow of signals, one can confidently 
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conclude that thalamus is not simply a barometer of cortical activity, but is in fact propagating 

low-frequency oscillatory activity that contributes to local intra-cortical modulation. 

The current results specifically address the potential role of VL thalamus in motor regulation. 

Afferents from the cerebellum are concentrated in the posterior region of ventrolateral thalamus 

(VLp aka. ViM) (Bosch-Bouju et al., 2013; Kuramoto et al., 2011; Nakamura et al., 2014; Sakai 

et al., 1996) which is preferentially interconnected with primary motor cortex (M1) (Anderson & 

DeVito, 1987; Haber & Calzavara, 2009; McFarland & Haber, 2002; Rouiller et al., 1998). On the 

other hand, animal studies show that afferents from the GPi preferentially target the anterior region 

of Ventrolateral thalamus (VLa)(Bosch-Bouju et al., 2013; Kuramoto et al., 2011; Nakamura et 

al., 2014; Sakai et al., 1996) which is mainly interconnected to premotor cortex (Anderson & 

DeVito, 1987; Haber & Calzavara, 2009; McFarland & Haber, 2002; Rouiller et al., 1998). The 

curent results may therefore not be generalizable to all thalamocortical motor circuits, especially 

in light of the fact that the exact role of each circuit in movement execution is not fully understood. 

While one model holds that thalamic nuclei serve as nodes of information integration where 

preparatory and performance aspects of the movement are “spirally” processed in an open 

feedback loop (Bosch-Bouju et al., 2013; Haber & Calzavara, 2009; McFarland & Haber, 2002), 

the current results suggest that at least one role of the VL  thalamus is to broadly influence resting 

cortical tone, perhaps changing motor network state, serving a permissive role in voluntary motor 

execution. While our block-task experiment including repetive finger tapping movements 

provided a large enough time window to accurately measure PAC, we were unable to capture more 

temporally dynamic tasks that could potentially provide more information about distinct aspects 

of movement and movement regulation and should be the focus of future work. Moreover, we 

acknowledge that the findings of this study is limited to essential tremor patients however 
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movement-related decrease in cortical PAC has also been reported in patients with Parkinson 

disease (De Hemptinne et al., 2015b) and epilepsy patients (Kai J. Miller et al., 2012) with no 

movement disorder. Therefore we do not expect that the underlying mechanism of information 

transfer in thalamocortical network of healthy individuals would be significantly different; we 

suspect that only the magnitude of the movement-related changes and frequency bands of coupling 

may differ but that the same general principles would hold. 
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6 Conclusion & future work 

We used a neurosurgical approach to refine the functional map of the visual and motor systems. 

Using unique opportunities to implant neurostimulators in blind subjects and patients with 

movement disorders we studied the mechanism of light perception and movement execution in 

human brain. While non-invasive techniques such as fMRI have depicted a broad picture of event-

related neural activation maps, our approach was motivated by therapeutic application of these 

maps. For example the anatomical template map of the primary visual cortex is only beneficial to 

the extent of general organization of the retinotopic map with respect to cortical surface and does 

not account for subject-specific variances. Moreover a structural map of the thalamocortical 

network can only identify the target for DBS lead implant and falls short on explaining the 

therapeutic mechanism in which electrical stimulation relives symptoms of movement disorders. 

We provide the first comprehensive assessment of stability, safety, and stimulation parameters of 

a chronic visual cortical prosthesis, confirming the long term feasibility and safety of this 

approach. While, previous studies on chronically implanted neurostimulators attest to the 

feasibility of cortical visual prostheses, our case study described in chapter 3 was an essential step 

towards a safe device by modern clinical standards. Furthermore our exploration of stimulation 

parameters on phosphene thresholds and intensities provided critical insight into the basis of 

conscious visual perception via cortical stimulation. After implanting four blind subjects with 

Orion we extended our efforts to provide them with a functional assistive device by developing a 

map of the visual field. 

Given the time consuming process of creating the experimental absolute map, the anatomical 

template map provided a shortcut to generate an initial phosphene map right after electrode 

implantation surgery. The differences between experimental absolute map and anatomical 
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template map motivated us to search for an evaluation technique and design the phosphene 

connection experiment. Inspired by the consistency of phosphene connection trials we were able 

to calculate an optimum map with respect to relative location phosphenes which outperformed the 

other mapping techniques. However we must our evaluation method only measures the subject 

performance in the simple task of identifying the relative location of two sequential phospehenes. 

The simulation of direction of motion experiment was our effort towards measuring the functional 

vision performance in identifying a moving object, however it did not show a significant difference 

when utilizing different mapping techniques. This can be attributed to a variety of perceptual errors 

that are not related to the mapping technique. Therefore as the next step, we aim to carefully 

understand the sources of error in identifying direction of motion and address them separately. For 

example by selecting only a few phosphenes distributed uniformly in the visual field we could 

minimize the effects of a non-uniform map with overwhelming number of phosphenes and 

examine subjects’ ability to identify direction of motion based on a short sequence of phosphenes. 

When creating a subject-specific map of the primary visual cortex we must also consider that these 

maps may not be rigid and could be “learned” by subjects. Given that visuo-motor plasticity can 

improve in sighted subjects(Roller et al., 2001) it is safe to assume blind subjects can also learn to 

improve their performance using an imperfect phosphene map. To test these hypothesis we aim to 

design experimental paradigms that provide subjects with an additional corrective nonvisual (ex. 

audio) feedback to improve their performance in a visuo-motor task. Such experiments can also 

highlight the extent in which the learning component can change the functional map of the visual 

cortex and provide another avenue to increase the performance of cortical visual prostheses. 

In our approach to to undestand the invasive correlates of thalamocortical network we recorded 

LFP signals from thalamus and moror cortex of ET patients undergoing DBS implantation surgery. 
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Using different measures of network connectivity we provided direct evidence of causal flow of 

low frequency oscillations from VL thalamus to motor cortices and that VL thalamus likely serves 

an indirect role in regulating movement-related cortical gamma activity via modulation of local 

low frequency oscillations.  This chain of oscillatory couplings could potentially be the underlying 

mechanism in which brain networks dynamically modulate task specific information processing. 

This knowledge provides us with a broad picture of the cortical-subcortical connectivity and 

interactions, providng a framework within which to identify the irregularities through which neural 

disorders emerge. 

DBS has been a conventional therapy for more than three decades however its exact therapetic 

mechanism is not well understood. Our effort to understand the movement-related thalamocortical 

oscillations was the first step to build a model of thalamocortical interactions which can be 

modulated by DBS. Hence our next step is to understand the stimulation-related behavior of this 

network particularly in the presence of therapeutic effect. Similar to our goal with blind 

individuals, we aim to enhance the DBS efficacy to improve the quality of life of patients with 

movement disorders. 

Development of neurotherapeutic technologies is closely tied to our understanding of functional 

brain mapping. While therapeutic brain stimulation has been effectively used to create prosthese 

or relive some movement disorder symptoms, our functional understanding of these therapies is 

limited. In this dissertation we aimed to use the unique opprotunities provided by invasive brain 

stimulation thearpies to depict a functional mapping of the brain particularly visual and motor 

systems. Our findings on visual cortex mapping and oscillatory dynamic of the motor system not 

only allows for development of more effective brain stimulation in these systems but also expands 



98 

 

our undersatnding of information perception, processing, and transmission in the whole cortical 

and subcortical structures. 
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