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Abstract 31 

Electrically stimulating early visual cortex results in a visual percept known as a 32 

phosphene. While phosphenes can be evoked by a wide range of electrode sizes and 33 

current amplitudes, they are invariably described as small. To better understand 34 

this observation, we electrically stimulated 93 electrodes implanted in the visual 35 

cortex of 13 human subjects who reported phosphene size while stimulation current 36 

was varied. Phosphene size increased as the stimulation current was initially raised 37 

above threshold, but then rapidly reached saturation. Phosphene size also depended 38 

on the location of the stimulated site, with size increasing with distance from the 39 

foveal representation. We developed a model relating phosphene size to the amount 40 

of activated cortex and its location within the retinotopic map. First, a sigmoidal 41 

curve was used to predict the amount of activated cortex at a given current. Second, 42 

the amount of active cortex was converted to degrees of visual angle by multiplying 43 

by the inverse cortical magnification factor for that retinotopic location. This simple 44 

model accurately predicted phosphene size for a broad range of stimulation 45 

currents and cortical locations. The unexpected saturation in phosphene sizes 46 

suggests that the functional architecture of cerebral cortex may impose fundamental 47 

restrictions on the spread of artificially evoked activity, and this may be an 48 

important consideration in the design of cortical prosthetic devices. 49 

 50 

 51 

 52 

 53 
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Significance  54 

Understanding the neural basis for phosphenes, the visual percepts created by 55 

electrical stimulation of visual cortex, is fundamental to the development of a visual 56 

cortical prosthetic.  Our experiments in human subjects, implanted with electrodes 57 

over visual cortex, show that it is the activity of a large population of cells, spread 58 

out across several millimeters of tissue, which supports the perception of a 59 

phosphene. In addition, we describe an important feature of the production of 60 

phosphenes by electrical stimulation: phosphene size saturates at a relatively low 61 

current level.  This finding implies that with current methods, visual prosthetics will 62 

have a limited dynamic range available to control the production of spatial forms, 63 

and that more advanced stimulation methods may be required. 64 

 65 

Introduction 66 

Electrical stimulation of the occipital lobe produces the perception of small flashes 67 

of light known as phosphenes. While it has long been recognized that phosphenes 68 

could be used to create a visual cortical prosthetic (VCP) (Reviewed by Lewis and 69 

Rosenfeld, 2016), our understanding of how the parameters used for electrical 70 

stimulation relate to subjects' percepts remains poor.  In this study, we focus on the 71 

location and size of perceived phosphenes because ultimately these are the key 72 

attributes that will allow phosphenes produced by stimulation of multiple 73 

electrodes to be combined into useful visual forms, akin to using pixels to make 74 

forms on a computer display. 75 
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The earliest reports of the phosphenes that result from electrical stimulation of 76 

primary visual cortex (V1) were largely qualitative in nature, and indicated that the 77 

subjects perceived something that was small and punctate, “like a star in the sky” 78 

(Brindley and Lewin, 1968; Dobelle and Mladejovsky, 1974).  Because of the 79 

apparent uniformity of phosphenes, it was even suggested that they might result 80 

from the activation of a particular class of cells that were sparsely distributed in the 81 

visual cortex (Bartlett and Doty, 1980).  However, these early reports also provided 82 

clues that the size of phosphenes changed with eccentricity, with size increasing 83 

with distance from the foveal representation (Brindley and Lewin, 1968).  While 84 

human subjects are readily able to deliver precise reports of phosphene size, the 85 

relationship between phosphene size and stimulation parameters has been reported 86 

in only one previous study (Winawer and Parvizi, 2016).   87 

 88 

While non-human primates cannot directly report the size of phosphenes, studies 89 

employing indirect reporting methods have shown that phosphene size increases 90 

with the eccentricity of the stimulation site and the magnitude of the stimulation 91 

current (Tehovnik et al., 2004; Tehovnik et al., 2005b; Tehovnik et al., 2005a; 92 

Tehovnik and Slocum, 2007b, c, a).  These studies suggest that differences in the 93 

cortical magnification factor (CMF) at different eccentricities within the map of 94 

visual space can largely account for the observed change in phosphene size with 95 

eccentricity (Tehovnik et al., 2005a; Tehovnik and Slocum, 2007b, c), and that a 96 

simple equation can be used to predict the amount of visual cortex directly activated 97 
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by a particular stimulation current, and the size of the resulting phosphene 98 

(Tehovnik et al., 2004; Tehovnik et al., 2006; Tehovnik and Slocum, 2007b, c, a).  99 

 100 

Overall, results from non-human primate experiments suggest that phosphene size 101 

can be understood by combining an estimate of the diameter of the cortical activity 102 

evoked by the stimulation, with an estimate of the CMF.  However, what remains to 103 

be established is whether these results will hold when a larger range of 104 

eccentricities and currents are sampled, and when phosphene size is directly 105 

reported by human subjects.  For example, it is not clear if the large CMFs found in 106 

human V1, and variation in CMF with eccentricity, can account for the small 107 

phosphenes commonly reported by human observers. 108 

 109 

Here we take advantage of the unique access to the visual cortex that is possible in a 110 

subset of human epilepsy patients.  We measure the size of phosphenes produced by 111 

stimulation of electrodes that lie in different parts of the map of visual space 112 

(different eccentricities), and by stimulation of the same electrodes at different 113 

current levels.  We find that phosphene size varies with eccentricity, and with the 114 

magnitude of stimulation current, as expected, but somewhat surprisingly, we find 115 

that phosphenes saturate in size when currents a small amount above threshold for 116 

phosphene production are used.  By limiting our investigation to a single stimulation 117 

parameter (current amplitude), and to only two attributes of the perceived 118 

phosphenes (location and size), we were able to explicitly examine the hypothesis 119 

that activation of limited regions of the map of visual space in V1 can explain 120 
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phosphene size.  We use our results to create a simple model that successfully 121 

accounts for most of the variance we observe in phosphene size. 122 

 123 

Materials and Methods 124 

 125 

Subjects 126 

Electrical stimulation was conducted in patients (n = 15; 10 female, 5 male; mean 127 

age = 35.5 yrs,  range = 22 - 61 yrs) with medically intractable epilepsy who had 128 

subdural electrodes implanted over various regions of the cortex for clinical 129 

purposes. Informed consent was obtained from all subjects, and the Baylor College 130 

of Medicine Institutional Review Board approved all procedures. The patients were 131 

typically kept in the epilepsy-monitoring unit for 4 to 14 days after the electrodes 132 

were implanted. Clinical monitoring continued uninterrupted during experimental 133 

sessions, which typically took place on first through fourth days post implantation.  134 

All subjects tested had normal or corrected to normal vision in the visual fields that 135 

were studied. 136 

 137 

Electrodes 138 

Although a variety of electrode types were implanted for clinical purposes, the only 139 

electrodes used for electrical stimulation in this study were research electrodes 140 

(platinum, 0.5 mm diameter) embedded in custom silastic strips (PMT Corporation, 141 

Chanhassen, MN). These custom strips were fabricated with the research electrodes 142 
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positioned in the normally empty space between the larger standard clinical 143 

recording electrodes (platinum, 2.2 mm diameter, 1 cm spacing).  144 

 145 

The electrodes used in this study were located on subdural strips that extended over 146 

the occipital cortex (Figure 1A, B). For clinical purposes, a number of surface 147 

electrode strips are typically deployed at the margins of the craniotomy used for 148 

grid placement.  These strip electrodes allow for additional clinical sampling of the 149 

brain in regions outside the primary area of interest (covered by the grid), and help 150 

to rule out the possibility of an unexpected source of epileptic activity.  For all 151 

subjects in the present study, no epileptic activity was observed from electrodes at 152 

or near the occipital pole. 153 

 154 

The area near the occipital pole and surrounding the calcarine fissure is known to 155 

correspond to the primary visual cortex (V1), and other early visual cortical areas 156 

(V2, V3). Up to 16 electrodes located over this area were tested in each hemisphere.  157 

The typical arrangement of electrodes consisted of four research electrodes spaced 158 

at 4-6 mm apart surrounding each of the first four clinical recording electrodes for a 159 

total of 16 electrodes (Figure 1A).  In some subjects, a slightly different arrangement 160 

of research electrodes was utilized, but in all cases only research electrodes of the 161 

same type and diameter (0.5 mm) were used for electrical stimulation.   162 

 163 

Electrical Stimulation General 164 

During all experiments, the patients remained seated comfortably in their hospital 165 
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bed.  A ground pad was adhered to the patient’s thigh, and all electrical stimulation 166 

was monopolar, with the ground pad connected to both the ground and return ports 167 

on the stimulator. Electrical stimulation currents were generated using a 16-channel 168 

system (AlphaLab SnR, Alpha Omega, Alpharetta, GA) controlled by custom code 169 

written in MATLAB (Version 2013b, The MathWorks Inc., Natick, MA). 170 

 171 

We first screened all electrodes to determine those sites that produced a phosphene 172 

when electrical stimulation was delivered.  For this study, a phosphene is defined as 173 

a localized, brief, visual percept (commonly described as a flash of light).  For each 174 

electrode, we typically began with a low current (0.3-1.0 mA) and gradually 175 

increased current on each trial until the patient reported a phosphene. If no 176 

phosphene was obtained with a current of 4 mA, then the site was considered 177 

unresponsive. A maximum of 4 mA was used, and the number of stimulation trials 178 

was limited, so as to maximize efficient use of time, and to limit the possibility of 179 

evoking seizures in our subjects.  After screening, we conducted more detailed 180 

studies using different stimulation currents, and interactive mapping of the size and 181 

location of the resulting phosphenes. 182 

 183 

During each stimulation trial, an auditory warning tone cued the patients to fix their 184 

gaze on a small cross on the touchscreen (Figure 1D).  This was followed by a 185 

second tone that indicated the beginning of the actual electrical stimulation period. 186 

Electrical stimulation consisting of a train of biphasic pulses (-/+), with 0.1 ms pulse 187 

duration per phase, was then delivered at a frequency of 200 Hz, with an overall 188 
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stimulus train duration of 200 or 300 ms (Figure 1E-F). Currents tested ranged from 189 

0.3 - 4.0 mA resulting in a total charge delivered of 1.2 – 24 C per trial. When 190 

multiple currents were tested for one electrode, currents were tested in a 191 

pseudorandom sequence that had been pre-selected by the investigators.  Subjects 192 

were unaware of the current being used on any individual trial.  Catch trials with no 193 

current delivered were interleaved with the actual electrical stimulation trials, and 194 

confirmed that the subjects were responding to a visual percept resulting from the 195 

stimulation and not just to the auditory cues. 196 

 197 

Reliability of phosphene size was examined in 12 of the 15 subjects.  Receptive field 198 

vs. phosphene location was examined in 13 of the 15 subjects.  For the main study, 199 

examining the relationship between phosphene size and the parameters of 200 

eccentricity and electrical stimulation current, we screened 152 electrodes from 14 201 

patients.  In 13 of those patients, we sampled from only one hemisphere, in the 202 

remaining patient, we were able to sample from electrodes in both hemispheres.  203 

We found that electrical stimulation of 113 (74.3%) of the electrodes produced 204 

single phosphenes that were easy to localize, and full testing with repeated trials 205 

was conducted using 93 electrodes from 13 subjects, (Figure 1G-I). 206 

 207 

Receptive field mapping 208 

Our receptive field (RF) mapping procedure has been previously described in detail 209 

(Yoshor et al., 2007).  Briefly, subjects performed a letter detection task at a central 210 

fixation point while checkerboard stimuli were flashed in various locations on the 211 
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screen.  In this study, the root mean square (RMS) deviation from the mean voltage 212 

during a post-stimulus time window of 100-300 ms was used as the measure of 213 

response for each stimulus position.  To make RF maps, we fit a two dimensional 214 

Gaussian function to the RMS responses for all of the sampled positions in visual 215 

space.  RF width was determined by averaging the full width at half height for each 216 

of the two axes from the fitted Gaussian. 217 

 218 

Phosphene mapping 219 

Our phosphene mapping technique is illustrated in Figure 1C. Patients viewed an 220 

LCD touchscreen that was typically located 57 cm in front of them.  The patient 221 

fixated on a cross on the display and electrical stimulation was administered 222 

following an auditory warning tone.  Patients indicated whether they saw anything 223 

by verbal report, and then drew the outline of the visual percept (phosphene) using 224 

a stylus on the touchscreen (n = 28 electrodes from 3 subjects), or by using a pencil 225 

to draw on a sheet of paper affixed to a monitor at the same viewing distance (n = 226 

65 electrodes from 10 subjects).   227 

 228 

When using the touchscreen, multiple trials were typically conducted to allow the 229 

patients to precisely adjust the size and location of the outline.  The subject was 230 

instructed to draw the shape as accurately as possible following the first stimulation 231 

trial, and then on subsequent trials they adjusted the scaling and location of the 232 

contour using a custom designed graphical user interface until it corresponded well 233 

to the phosphene they perceived. We instructed subjects in the use of the graphical 234 
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user interface, but decisions about how to graphically depict phosphenes were made 235 

entirely by the subjects without interference.  If the patient described a phosphene 236 

as a contiguous area that contained inhomogeneous elements, they were instructed 237 

to outline the entire area and this was treated as a single phosphene.  This was done 238 

since we were testing the idea that the amount of cortex activated in V1 is 239 

correlated with the overall size of the visual percept.  Electrodes that generated two 240 

completely distinct phosphenes (possibly representing an electrode spanning a 241 

sulcus) were encountered rarely (4/119), and were excluded from further testing 242 

and analysis.   243 

 244 

In cases where phosphene drawings were made on paper, all procedures were the 245 

same except that a small cross was drawn on the paper for the subject to fixate.  246 

Multiple trials were obtained using separate pieces of paper, and were then 247 

averaged to obtain final phosphene sizes in most cases.  Major results for our study 248 

were similar when using data from phosphenes that were drawn on paper, and 249 

those that were drawn on the touchscreen (phosphene size vs. eccentricity Pearson 250 

correlation: paper 0.83, touchscreen 0.74, combined 0.78; predicted phosphene size 251 

vs. actual phosphene size Spearman correlation: paper 0.89, touchscreen 0.90, 252 

combined 0.90), and therefore these two groups were combined for all analyses. 253 

 254 

Analysis of phosphene maps 255 

All phosphene drawings on the touchscreen were ellipses, and all phosphene 256 

drawings made on paper were fit with an ellipse. The center of the best-fit ellipse 257 
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was taken as the center of the phosphene. We used (major diameter + minor 258 

diameter)/ 2 as the measure of phosphene size.  Phosphene size in degrees of visual 259 

space was calculated by using the standard formula for calculating visual angles: V = 260 

2 * ATAN(S/2D) where V = visual angle in degrees, S = size of the object or stimulus 261 

in question, and D = the viewing distance. In our case: PSdeg = 2 * ATAN(PScm/2D) 262 

where PDdeg = size of the phosphene in degrees of visual space, PScm = size of the 263 

phosphene drawn on the screen in cm, and D = distance from the eye to the screen 264 

in cm. For our typical screen distance of 57 cm, this resulted in 1 cm on the screen 265 

being equal to 1° of visual angle.  The distance of the phosphene center from the 266 

fixation point (cm) was used to determine the eccentricity of the stimulation site (°) 267 

by multiplying by the same conversion factor (1°/cm).  268 

 269 

Analysis of phosphene location vs. RF location 270 

Phosphene location was compared to RF location for electrodes from 13 cases.  For 271 

this analysis, we included all electrodes that reliably generated single phosphenes 272 

when electrically stimulated, had well defined RF maps with only one responsive 273 

region of visual space, and which represented a region of visual space with an 274 

eccentricity of greater than 2  (n = 59).  Electrodes with foveal (<2  eccentricity) RF 275 

locations were excluded because of the small size of both the RFs and phosphenes.  276 

Coordinates of both RFs and phosphenes were first converted to polar coordinates 277 

(eccentricity, polar angle) prior to quantitative comparisons. 278 

 279 

Analysis of phosphene size vs. current 280 
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Phosphene size vs. current was examined quantitatively for each electrode where 281 

we sampled four or more current amplitudes (n = 10 electrodes from 3 subjects). 282 

Phosphene size vs. current curves were well fit by a sigmoidal function for seven of 283 

the ten electrodes (Examples in Figure 2A-C).  To further quantify saturation in 284 

phosphene size, all ten of the phosphene size vs. current curves were first 285 

normalized by setting the maximum size obtained for any current sampled to 1.0 286 

(Figure 2D).   We calculated the slope, or rate of change in phosphene size, between 287 

all possible pairs of adjacent points, on each of the 10 normalized curves (Figure 288 

2E).  We then determined the average slope for low (< 1.5 mA), medium (1.5 – 1.75 289 

mA), and high (>1.75 mA) current ranges (Figure 2F).   290 

 291 

Electrode Localization 292 

Electrode placements were guided solely by clinical criteria. Before electrode 293 

implantation surgery, two T1-weighted structural magnetic resonance (MR) scans 294 

were obtained. The two scans were aligned and averaged to provide maximum 295 

gray–white contrast using Analysis of Functional NeuroImages software (AFNI)(Cox, 296 

1996).  Cortical surface models were constructed using the program FreeSurfer 297 

(Dale et al., 1999; Fischl et al., 1999), and visualized using the SUMA component of 298 

AFNI (Argall et al., 2006). After electrode implantation surgery, subjects underwent 299 

whole-head computed tomography (CT). The CT scan was aligned to the pre-300 

surgical MR scan using AFNI, and all electrode positions were manually marked on 301 

the structural MR images. Subsequently, the electrode positions were assigned to 302 

the nearest node on the cortical surface model using AFNI.  303 
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 304 

To illustrate the electrode sites used to evaluate phosphene size vs. stimulation 305 

current and eccentricity, we converted electrode locations defined in original 306 

coordinates from each subject to Talaraich coordinates, and presented them over a 307 

standard brain in Talaraich space (the TT_N27 standardized brain distributed with 308 

AFNI) for 88 of the 93 electrodes used for final analyses (Figure 1 G-I).  The 309 

necessary imaging data required for electrode alignment was not available for 5 310 

electrodes from one case. 311 

 312 

Model 313 

Our model for prediction of phosphene size consists of two parts. The first part 314 

predicts the spread of cortical activity based on electrical current using a sigmoidal 315 

function (Equation 1), and the second part predicts cortical magnification factor 316 

using a previously published equation (Equation 2)(Horton and Hoyt, 1991; 317 

Dougherty et al., 2003).  Finally, the diameter of activated cortex is multiplied by the 318 

inverse magnification factor to predict phosphene size (Equation 3). 319 

 320 

Equation 1: 321 

 322 

 

 323 

AC = Diameter of activated cortex (mm) 324 

MD = Predicted maximum diameter of activated cortex; fixed at 5.3 mm across all 325 
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cases  326 

Slope = Maximum slope for increase in diameter of activity with increase in current; 327 

fixed at 5.85 mm/mA 328 

I50 = Current at which half of the saturation value is reached (mA); fit for each case 329 

I = Current used for stimulation (mA) 330 

 331 

Equation 2: 332 

 333 

 

 334 

M = Linear cortical magnification factor (mm/ ) 335 

Ecc = Eccentricity ( ) 336 

e2 = Eccentricity at which M falls to half of foveal value; fixed at 3.67  337 

A = Cortical scaling factor; fit between 15 and 45 for each case 338 

 339 

Equation 3: 340 

 341 

PS = AC * 1/M 342 

 343 

PS = Phosphene size ( ) 344 

AC = Diameter of activated cortex (mm) 345 

M = Linear cortical magnification factor (mm/ ) 346 

 347 
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We compare our results to those obtained in a series of experiments where 348 

electrical stimulation was used to alter the execution of saccades made by macaque 349 

monkeys.  In those experiments, the direct activation of cortex resulting from 350 

electrical stimulation was predicted using Equation 4 (Stoney et al., 1968; Tehovnik 351 

and Slocum, 2007b, c). 352 

 353 

Equation 4: 354 

 355 

R = (I/K)1/2 356 

 357 

R = radius of cortex activated (mm) 358 

I = Current (μA) 359 

K = Current/distance constant (μA/mm2) 360 

 361 

Explanation of Model Parameters and Fitting Procedure 362 

A sigmoidal function was used to predict cortical activation based on the results of 363 

our phosphene size vs. current testing.  The maximum slope of this function was set 364 

at 5.85 mm/mA based on examination of data from the electrodes for which we had 365 

sigmoidal fits for size vs. current (7 electrodes from 3 subjects), and was held 366 

constant at this value for all cases. The current at which the spread of activity in 367 

cortex is at half of maximum, I50, was a free parameter that was fit separately for 368 

each hemisphere, and was allowed to vary between 0.4 and 1.6 mA.  The maximum 369 

diameter of cortical activation (MD) was not measured directly in our experiments.  370 
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It is a parameter of our model that we estimated, but then held constant across all 371 

cases (explained further below). This was done to help reduce the number of free 372 

variables for fitting the model on each case. 373 

 374 

We used a previously published equation to determine inverse cortical 375 

magnification factor (1/M) based on eccentricity (Horton and Hoyt, 1991). We 376 

constrained the parameters for this equation by examining data from human fMRI 377 

experiments (Dougherty et al., 2003).  The parameter e2, which specifies the 378 

eccentricity at which the magnification factor has fallen to half of the value found at 379 

the foveal representation, was held constant at a value of 3.67 .  The cortical scaling 380 

factor, A, was a free parameter that was allowed to vary between 15-45 for each 381 

hemisphere.  This range allows for the large variations in visual field mapping that 382 

are found from subject to subject (Dougherty et al., 2003; Harvey and Dumoulin, 383 

2011).  In three cases where the range of eccentricities sampled was less than 3°, the 384 

value of A was set at 29, the approximate mean for human subjects (Dougherty et al., 385 

2003), since there was insufficient information to estimate visual field mapping 386 

parameters in those cases. 387 

 388 

In summary, there were only three parameters that were allowed to vary in our 389 

model (MD, A, I50).  To fit these parameters, we varied MD from 1 mm to 16 mm in 390 

steps of 0.1 mm.  For each value of MD tested, the best values of A and I50 were then 391 

determined for each case by minimizing the sum of the squared error between the 392 

actual and predicted phosphene sizes for that case.  Then data were combined from 393 
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all cases to determine the overall ability of the model to predict phosphene size.  The 394 

value of MD that resulted in the largest correlation between predicted and actual 395 

phosphene size (Pearson correlation) was selected as the final value for that 396 

parameter (5.3 mm).   397 

 398 

Results 399 

We performed electrical stimulation of electrodes (Figure 1A) implanted over the 400 

surface of early visual cortex (Figure 1B).  As previously reported, subjects 401 

perceived phosphenes that were easily localized with use of relatively small 402 

electrical currents (Murphey et al., 2009). We quantitatively characterized 403 

phosphenes from 15 subjects by having the subjects draw the outline of the 404 

phosphenes they perceived (Figure 1C).  405 

 406 

Reliability of the subjects reports of phosphene size and location with electrical 407 

stimulation of the same electrode at the same current amplitude was tested using 3-408 

8 trials for 67 electrodes from 12 subjects. The group mean phosphene diameter 409 

was 1.65° and mean standard deviation in phosphene diameter across trials was 410 

0.26°, confirming excellent reliability.  411 

 412 

We would expect that the phosphenes generated by electrical stimulation would 413 

overlap the RF locations for the corresponding electrodes.  This was analyzed using 414 

data from 59 electrodes from 13 subjects (Figure 2).  When RF and phosphene 415 
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locations were both plotted using polar coordinates we found that both the 416 

eccentricity (Figure 2A) and polar angle (Figure 2B) were well correlated. 417 

 418 

We quantitatively characterized how phosphene size varied with current amplitude 419 

and eccentricity using data obtained from 93 selected electrodes from 13 patients 420 

(Figure 1G-I).  Overall, the phosphenes produced by electrical stimulation across all 421 

electrodes sampled varied in diameter by about two orders of magnitude (0.13  to 422 

10.8 ; Figure 5D), and two parameters appeared to account for much of this 423 

variation.  424 

 425 

First, phosphene size increased with an increase in the amplitude of the stimulation 426 

current.  To examine this, we had subjects draw the phosphenes they observed as 427 

we varied the current magnitude that was delivered to individual electrodes while 428 

holding all other stimulus parameters constant. We found that as current was 429 

increased above the threshold for detection (mean threshold 0.81 mA), there was a 430 

rapid increase in the size of phosphenes perceived and drawn by the subjects (three 431 

examples, from three different subjects, are shown in Figure 3A-C). Unexpectedly, 432 

however, we found that this relationship quickly reached a plateau as the current 433 

was increased further. Fitting with a sigmoidal function showed that, on average, 434 

90% of the maximum phosphene size was reached at a mean current level of 1.4 mA 435 

(n = 7 electrodes from 3 subjects; Figure 3A-C black lines).  The maximum 436 

phosphene size obtained averaged 3.1 times larger than the minimum phosphene 437 

size evoked by near-threshold stimulation.   438 
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 439 

This saturation effect was observed consistently, and was not an artifact of the 440 

fitting procedure. To further test this, we examined the phosphene size vs. current 441 

curves, normalized to have equal maximum phosphene sizes, for all electrodes that 442 

had low thresholds, and sampling of four or more currents (Figure 3D; n = 10 443 

electrodes from 3 subjects).  We then calculated the slope, or rate of change in 444 

phosphene size, between all possible adjacent data points on each of the 10 size vs. 445 

current curves (Figure 3E).  Since this analysis was performed on the normalized 446 

data from Figure 3D, the units for the slope are arbitrary units per an increase of 1 447 

mA in current.  This analysis revealed that the rate of change in phosphene size 448 

averaged 1.11/mA for low currents (I < 1.5 mA, n = 14, mean = 0.82 mA), while it 449 

was only 0.28/mA for medium currents (I = 1.5 – 1.75 mA, n = 10, mean = 1.58 mA), 450 

and 0.00/mA for higher currents (I > 1.75 mA, n = 16, mean = 2.77 mA) (Figure 3F).  451 

In other words, the phosphene size vs. current function was essentially flat beyond 2 452 

mA on average.  Note, that we sampled two currents well beyond the saturation 453 

point in each of the examples shown (Figure 3A-C), so the maximum current setting 454 

of 4 mA that was used for reasons of patient safety did not impair our ability to 455 

observe saturation.  In addition, subjects were entirely unaware of the current level 456 

on each trial, and different current levels were tested in arbitrary sequences, so that 457 

the saturation effect cannot be attributed to behavioral or neural habituation, or 458 

accumulated charge deposition on the electrodes.  459 

 460 
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The second major factor affecting phosphene size was location of the electrode in 461 

the map of visual space.  This was examined by analyzing the phosphenes that 462 

resulted from electrical stimulation of different electrodes in the same subject while 463 

holding all stimulation parameters constant.  For each electrode, eccentricity was 464 

defined by measuring the distance of the center of the phosphene from the fixation 465 

point and converting to degrees of visual space (see Methods for more details).  We 466 

found that at identical stimulation currents, electrodes located near the 467 

representation of the fovea (0 – 2° eccentricity), produced smaller phosphenes than 468 

electrodes in more peripheral locations (three examples, from three different cases, 469 

are shown in Figure 4A-C). The same linear relationship for phosphene size vs. 470 

eccentricity was found when we combined the data from all electrodes, from all 471 

subjects, for which samples were obtained at currents near 1 mA (0.8 – 1.2 mA 472 

range; n = 42 electrodes from 8 subjects; Figure 4D). 473 

 474 

We developed a simple computational model to predict phosphene size by 475 

combining stimulation current and electrode eccentricity (Figure 5). In the first part 476 

of our model, the diameter of visual cortex activated for a particular level of current 477 

is estimated by using a sigmoidal activation curve (Figure 5A; Equation 1).  The 478 

sigmoidal curve is used to account for the saturation in phosphene size that we 479 

observed at higher currents (Figure 3). One parameter, the current that produces 480 

half of the maximum phosphene size (I50), was estimated separately using the data 481 

from each hemisphere. The maximum slope (5.85°/mA) of the sigmoidal curve was 482 

held constant for all cases.  We tested different values for the maximum diameter of 483 
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cortical activation (MD), but once established, this parameter was then held 484 

constant across cases.  485 

 486 

In the second part of our model, the inverse CMF is estimated based on the location 487 

of the electrode within the map of visual space (Figure 5B; Equation 2), using a 488 

previously published equation (Horton and Hoyt, 1991). One parameter, the cortical 489 

scaling factor (A), was fit for each hemisphere examined, and the allowable range 490 

was based on examination of data from human fMRI experiments (Dougherty et al., 491 

2003).  This allowed for the large subject-to-subject differences in visual field 492 

mapping that have been demonstrated by fMRI experiments in humans (Dougherty 493 

et al., 2003; Harvey and Dumoulin, 2011).  The other parameter, the eccentricity at 494 

which the CMFhas fallen to half of that found at the foveal representation (e2), was 495 

held constant based on published data from the same study (Dougherty et al., 2003). 496 

 497 

The final step in the model is to simply multiply the predicted diameter of activated 498 

cortex (mm) by the predicted inverse CMF (°/mm), to obtain the predicted 499 

phosphene size (°) (Equation 3). The predicted phosphene size generated by our 500 

model (Figure 5C, blue filled circles) was then compared with the size of the 501 

phosphenes drawn by the subject (Figure 5C, red dashed ellipses). Applying this 502 

model to phosphenes generated from stimulation of all electrodes from 13 503 

hemispheres showed that it accounted for 88.8% of the variance in phosphene size 504 

(Figure 5D).  505 

 506 
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We found that the best model performance was obtained by setting MD = 5.3 mm (r 507 

= 0.9421).  With this value for MD, the mean value for A across cases was found to 508 

be 29.8, and the mean I50 was 0.89 mA. Note that the mean value of A used in our 509 

model to best predict phosphene size is very close to the mean value found for this 510 

parameter in human fMRI experiments (29.2) (Dougherty et al., 2003).  The mean 511 

value for I50 is just above the mean current threshold for detection of phosphenes 512 

(0.81 mA). 513 

 514 

A range of values between approximately 5-6 mm for MD also results in excellent 515 

ability to predict phosphene sizes (r ≥ 0.94), and mean values for A and I50 that are 516 

very reasonable.  Values of MD in the range of 3-5 mm or 6-10 mm still results in 517 

good but slightly sub-optimal model performance (r > 0.91).   However, values of 518 

MD < 3 mm or MD > 10 mm result in poor prediction capability of the model (r < 519 

0.83), not different from using eccentricity of the stimulation site alone to predict 520 

phosphene size (r = 0.81), and also mean values for A and I50 that are either 521 

unreasonably low or high.  522 

 523 

Discussion 524 

 525 

Summary 526 

Human subjects implanted with subdural electrodes reported the size of 527 

phosphenes created by electrical stimulation of primary visual cortex. Phosphenes 528 

generated by stimulation of a single electrode, at a constant current, were reliable in 529 
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size, and had a location consistent with the measured RF.  As predicted from work in 530 

non-human primates, we observed an increase in phosphene size with both 531 

increases in eccentricity of the stimulation site, and increases in the magnitude of 532 

the stimulation current. Unexpectedly, we also found that phosphene size saturates 533 

at moderate current amplitudes, and show that incorporating this feature into a 534 

simple model can explain most of the observed variance in phosphene size.  Overall, 535 

we found that phosphene sizes can be explained based on focal activation of a region 536 

of the map of visual space in early visual cortical areas (Figure 6).   537 

 538 

Phosphene Size vs. Eccentricity 539 

We have demonstrated a strong correlation between phosphene size and 540 

eccentricity that holds across a wide range of eccentricities.  Early investigations 541 

using human subjects had suggested that phosphenes from electrodes located in the 542 

representation of the periphery might be larger (Brindley and Lewin, 1968; Dobelle 543 

and Mladejovsky, 1974), but there has been very little quantitative examination of 544 

this effect (Winawer and Parvizi, 2016). 545 

 546 

Stronger evidence for change in phosphene size with eccentricity was provided by 547 

experiments in non-human primates (Tehovnik et al., 2005a; Tehovnik and Slocum, 548 

2007b, c). In those experiments, electrical stimulation of sites in V1 delayed the 549 

execution of a subsequent saccade to a visual target, and the size of these “delay 550 

fields” varied reliably with eccentricity. A limited set of more direct measurements 551 



 

 25 

was obtained later, by having the animals compare the size of a phosphene to the 552 

size of a visual stimulus in a 2AFC task (Schiller et al., 2011).  553 

 554 

Several important attributes of the functional organization of visual cortex, 555 

including RF size, and CMF, also change with eccentricity, and hence are candidates 556 

to explain the observed changes in phosphene size (Hubel and Wiesel, 1974). We 557 

hypothesized that, as found in non-human primates (Tehovnik et al., 2005a; 558 

Tehovnik and Slocum, 2007b, c), the relationship between phosphene size and 559 

eccentricity observed in our data might be due to changes in CMF, and the success of 560 

our model provides support for this idea. 561 

 562 

Phosphene Size vs. Current 563 

Intuitively, we would expect that an increase in current would lead to the activation 564 

of more neurons, and hence to the perception of a larger phosphene.  Direct 565 

experiments examining this relationship, however, have been rare.  Consistent with 566 

our results, experiments in non-human primates have found that delay fields 567 

increase in size as current is increased (Tehovnik et al., 2004; Tehovnik and Slocum, 568 

2007b, c, a).   On the other hand, experiments that used penetrating electrodes in 569 

human subjects reported that phosphenes tended to be smaller when higher 570 

currents amplitudes were used, but larger when longer stimulus trains were used 571 

(Bak et al., 1990; Schmidt et al., 1996).  572 

 573 
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A recent study that combined ECoG recording, fMRI, and electrical stimulation, to 574 

examine phosphene sizes and cortical activation in human subjects, provided 575 

evidence that phosphene size increases with both eccentricity and the total charge 576 

delivered on single trials (Winawer and Parvizi, 2016). Furthermore, data from this 577 

study provide some evidence for saturation in phosphene size. However, on some 578 

trials, very large phosphenes, consistent with cortical activation greater than 1 cm in 579 

diameter, were observed. The exact source of these larger phosphenes is not clear.   580 

Winawer and Parvizi utilized stimulation settings of pulse width, pulse frequency, 581 

and stimulus train duration, that are commonly employed during clinical brain 582 

mapping, whereas our study utilized settings more typical of electrical stimulation 583 

experiments in non-human primates.  Further work will be required to determine 584 

the relative influence of each of these parameters. 585 

 586 

While other factors, such as use of bipolar rather than the monopolar stimulation, 587 

inter-subject differences in psychophysical thresholds, and differences in how well 588 

the electrodes are apposed to the cortical surface, could also result in differences in 589 

the absolute sizes of phosphenes measured, they are unlikely to offer a full 590 

explanation for the saturation in phosphene size that we observed. 591 

 592 

Possible reasons for saturation 593 

We cannot definitively determine the reason that phosphene size saturated in our 594 

experiments, in part because we did not directly measure cortical activity.  However, 595 

the simplest interpretation of our results is to assume that all of the current is 596 
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delivered to the cortex, and that the relationship between cortical activity and 597 

behavior is maintained, across the entire range of currents tested.  This would imply 598 

that the saturation in the size of the phosphenes is due to saturation in the diameter 599 

of the activated region of V1.   600 

 601 

Saturation in the amount of cortex activated could result from changes in the types 602 

of cells, cortical layers, and local circuits, recruited as the current is increased 603 

(DeYoe et al., 2005). Indeed, it has been demonstrated that electrical stimulation of 604 

the thalamus, or the cerebral cortex, can alter the propagation of activity within the 605 

cortex by the rapid induction of cortical inhibition (Tolias et al., 2005; Logothetis et 606 

al., 2010).  607 

 608 

Spread of activity in cortex 609 

We have shown that a novel model that combines a sigmoidal curve to estimate the 610 

diameter of visual cortex activated, combined with an estimate of the local CMF, can 611 

accurately predict phosphene sizes (Figure 6A, B).  A very similar strategy, but with 612 

a different equation to predict cortical activation, was used to explain the size of 613 

saccade delay fields in monkeys (Tehovnik and Slocum, 2007b, c).. 614 

 615 

Growing evidence suggests that cortical activity extending up to several millimeters 616 

beyond the distance predicted by passive current spread is elicited by electrical 617 

stimulation.  This has been observed by combining electrical stimulation with 618 

electrophysiological recordings (Stoney et al., 1968), fMRI (Tolias et al., 2005; 619 



 

 28 

Logothetis et al., 2010), optical imaging of intrinsic signals (Brock et al., 2013), 620 

voltage sensitive dye imaging (Seidemann et al., 2002), and two-photon calcium 621 

imaging (Histed et al., 2009). Consistent with our results, two of these imaging 622 

studies also found an increase in the diameter of cortical activation as the 623 

stimulation current was increased (Tolias et al., 2005; Brock et al., 2013), while one 624 

study found that the maximum spread of activity did not change as current was 625 

increased (Histed et al., 2009). 626 

 627 

Early reports estimated that 2-3 mm of separation between surface electrodes was 628 

required to obtain separate phosphenes (Brindley and Lewin, 1968; Dobelle and 629 

Mladejovsky, 1974).  Our results and model suggest that the exact distance required 630 

for perception of two separate phosphenes when two electrodes are stimulated 631 

simultaneously should vary depending on the amplitude of the current used for 632 

stimulation, but should be no larger than 5. 3 mm on average.  This prediction is 633 

based on an assumption of linear interactions between the electrodes, and this will 634 

be important to test in future experiments.  635 

 636 

Relationship Between Cortical Activity and Behavior 637 

Despite the fact that activity spreads for millimeters more than is predicted by 638 

passive spread, it is the central core of this activation that appears to be best 639 

correlated with behavior. As discussed by others (Tehovnik and Slocum, 2007b, c; 640 

Logothetis et al., 2010), there are a number of possible reasons for this disparity.  641 

For example, the cells in the directly activated region are likely to be activated 642 
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earlier, and could fire more synchronously as well.  Furthermore, the readout of the 643 

activity pattern in V1 by downstream circuits could be biased toward the central 644 

region of the population activity. 645 

 646 

Although we did not directly measure cortical activity, our study provides a 647 

behavioral measure of the “effective activity spread” resulting from electrical 648 

stimulation. By this, we mean the area of cortex that is both activated, and readout 649 

by downstream cortical circuits in a way that is linked to behavior.   650 

 651 

Implications for Development of Visual Cortical Prosthetic Devices 652 

Currently, there is renewed interest development of a VCP using electrical 653 

stimulation of early visual areas (Maynard, 2001; Schiller and Tehovnik, 2008; 654 

Normann et al., 2009; Fernandes et al., 2012; Lewis et al., 2015).  Understanding the 655 

parameters that govern the size of phosphenes generated by single electrodes is an 656 

important step in learning how to communicate more complicated shapes to blind 657 

subjects.  Further work will be required to examine how to reliably communicate 658 

other important visual attributes such as brightness, color, and motion. 659 

 660 

Our study makes clear that one important feature to consider in the development of 661 

these devices will be the amount of current delivered to small regions of visual 662 

cortex.  When current is increased beyond a certain value, we expect that rapid 663 

inhibition will be evoked, and lead to saturation in response.  Although saturation in 664 

phosphene size was observed here using electrical stimulation with subdural 665 
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electrodes, it seems likely that similar restrictions could be faced when a set of 666 

closely spaced penetrating electrodes is located within the same volume of tissue, as 667 

is planned for several VCP devices in development (Troyk et al., 2005; Musallam et 668 

al., 2007; Lowery et al., 2015).    669 
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Figure Legends 785 

Figure 1: Methods for electrical stimulation of visual cortex.  A) Custom 786 

electrode strips used in our subjects.  The research electrodes used for electrical 787 

stimulation were 0.5 mm in diameter and were arranged in a 4 mm by 4 mm square 788 

surrounding each of the first four clinical recording electrodes on the strip.  B) A 789 

posterior-medial view of the occipital portion of the left hemisphere of one brain 790 

showing the typical placement of one of the hybrid strips.  The strip wraps around 791 

the occipital pole, and extends into the interhemispheric fissure. C) Method for 792 

mapping phosphenes.  Subjects fixated a cross on a touchscreen monitor while 793 

electrical stimulation was delivered and then drew the outline of the phosphene 794 

they perceived using a stylus.  D) Timing of the phosphene drawing task.  An 795 

auditory tone was delivered to warn the subject of the upcoming trial and to remind 796 

them to fixate the cross in the center of the screen.  Then, a second auditory tone 797 

was played and the electrical stimulus train began. After the stimulus train, the 798 

subject was free to draw the outline of the phosphene they perceived, and this 799 

continued for a variable amount of time.  E) Structure of the electrical stimulus train.  800 

The pulse frequency was 200 Hz, and the overall duration of the stimulus train was 801 

200 ms.  F) Pulse waveform used.  Biphasic pulses (-/+) were used with 0.1 ms 802 

duration per phase.  G-I) Location of electrodes (red symbols) used for electrical 803 

stimulation from all subjects aligned to Talaraich coordinates and displayed on a 804 

standard brain.  G) Left hemisphere electrodes that were located on the medial wall 805 

of the occipital cortex.  H) Right hemisphere electrodes located on the medial wall of 806 
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occipital cortex.  I) Left and right hemisphere electrodes located on the occipital 807 

pole, and lateral occipital cortex. 808 

 809 

Figure 2: Phosphene location vs. RF location.  A) Phosphene eccentricity vs. RF 810 

eccentricity.  Square symbols show the actual data, the black line indicates linear 811 

regression (Pearson r = 0.90, p < 0.001, 95% CI = 0.84 to 0.93; Spearman r = 0.86, p 812 

< 0.001, 95% CI = 0.77 to 0.92).  B) Phosphene polar angle vs. RF polar angle.  Square 813 

symbols show the actual data, the black line indicates linear regression (Pearson r = 814 

0.98, p < 0.001, 95% CI = 0.96 to 0.99; Spearman r = 0.86, p < 0.001, 95% CI = 0.74 to 815 

0.93). 816 

 817 

Figure 3: Phosphene size vs. electrical current amplitude.  A) Phosphene size 818 

tested for six different electrical currents using one electrode (red circle, inset) 819 

located near the occipital pole in one subject (L = lateral, S = superior, A = anterior).  820 

Square symbols show the actual data, the black line shows a sigmoidal function fit to 821 

the data (Pearson correlation r = 0.98, p < 0.001).  B) Phosphene size tested for four 822 

different currents using one electrode located in the interhemispheric fissure in a 823 

different subject (Pearson correlation r = 0.99, p = 0.01).  C) Phosphene size tested 824 

for four different currents using one electrode located near the occipital pole in a 825 

third subject (Pearson correlation r = 0.98, p =0.02).  D) Normalized phosphene size 826 

vs. current curves for all electrodes that had a low threshold for producing 827 

phosphenes and for which multiple currents were tested.  E) Slope, or rate of change 828 

in the phosphene size vs. current curves, examined for all adjacent pairs of samples 829 
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on the curves shown in panel D.  For each pair, the slope is calculated as change in 830 

phosphene size (in normalized units from panel D) divided by the change in current 831 

(mA), and the data point is shown at the average current for the pair.  Data points 832 

are shaded to show three different regions: low currents (I < 1.5 mA; dark shading), 833 

medium currents (I = 1.5 – 1.75 mA; medium shading), and high currents (I > 1.75; 834 

light shading).  F) Average slope of phosphene size vs. current curve for low (dark 835 

shaded bar), medium (medium shaded bar), and high (light shaded bar) currents 836 

determined by averaging the three data groups shown in panel E. 837 

 838 

Figure 4: Phosphene size vs. eccentricity.  A) Phosphene size vs. eccentricity 839 

plotted using data from 6 electrodes in one subject (current = 2 mA).  Black line 840 

indicates linear regression (Pearson r = 0.89, p = 0.017, 95% CI = -0.38 to 0.98; 841 

Spearman r = 0.83, p = 0.058, 95% CI = 0.0 to 1.0). Data points are colored to 842 

indicate the location of the corresponding electrode on the occipital cortex (inset). 843 

B) Phosphene sizes measured for 7 different electrodes in a second subject (current  844 

= 1 mA; Pearson r = 0.87, p = 0.01, 95% CI = 0.66 to 0.97; Spearman r = 1, p < 0.001, 845 

95% CI = 1.0 to 1.0).  C) Phosphene sizes measured for 8 different electrodes in a 846 

third subject (current ~= 1 mA; Pearson r = 0.98, p  < 0.001, 95% CI = 0.31 to 1.0; 847 

Spearman r = 0.83, p = .015, 95% CI = 0.54 to 1.0).  D) Group data for phosphene size 848 

vs. eccentricity.  Data were pooled from all electrodes for which we sampled with a 849 

current near 1 mA (n = 42 electrodes; 0.8-1.2 mA).  Black line indicates linear 850 

regression (Pearson r = 0.89, p < 0.001, 95% CI = 0.76 to 0.94; Spearman r = 0.80, p 851 

< 0.001, 95% CI = 0.57 to 0.92). 852 



 

 39 

 853 

Figure 5: Model for determining phosphene size. Our model predicts phosphene 854 

size by combining an estimate of spread of activity in visual cortex, with an estimate 855 

of inverse cortical magnification factor. A) Sigmoidal function used to predict the 856 

diameter of visual cortex activated based on the electrical current delivered.  B) The 857 

linear function used to determine magnification factor based on eccentricity 858 

(Horton and Hoyt, 1991).  C) Schematic indicating the predicted spread of activity in 859 

visual cortex when a sample electrode is stimulated with six current levels. The 860 

predicted phosphene size (blue filled circles) was compared to the actual phosphene 861 

outlines for the same currents (red dashed ellipses).  D) Performance of model. 862 

Predicted phosphene size vs. actual phosphene size for data from all current levels, 863 

using all electrodes tested, in all subjects (n = 153 observations, from 93 electrodes, 864 

in 13 subjects).  The black line indicates the linear regression (Pearson r = 0.94, p < 865 

0.001, 95% CI = 0.91 to 0.96; Spearman r = 0.90, p < 0.001, 95% CI = 0.86 to 0.94).    866 

 867 

Figure 6: Relationship between predicted cortical activity and behavior. A) 868 

Schematic showing the map of visual space on a flattened human V1 (Horton and 869 

Hoyt, 1991).  The circles indicate the area of cortex that we predict would be active 870 

in our experiments when subjects are stimulated at three different points in the map 871 

of visual space, with a near threshold current (0.8 mA; 2 mm diameter activation; 872 

red circle = 1°, blue circle = 7.5°, green circle = 20°), and at two higher currents (1 873 

mA – 3.5 mm diameter activation; 2 mA – 5.3 mm diameter activation, open circles).  874 

Note that the predicted diameter of activation in V1 is the same at the three 875 
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eccentricities shown, but the magnification factor changes substantially. Also note 876 

that the predicted diameter of activated cortex is the same for any current above 2 877 

mA.  B) The phosphene location and size predicted for electrical stimulation at each 878 

of the sites shown in panel A.  Phosphenes increase in size with both eccentricity 879 

and current.  C) Predicted cortical activation during non-human primate execution 880 

of saccades following electrical stimulation (Based on Tehovnik et al., 2005a; 881 

Tehovnik and Slocum, 2007b).  The schematic indicates the map of visual space on a 882 

flattened macaque V1.  For simplicity the macaque map is a scaled replica of the map 883 

of visual space shown for human V1.  The colored circles indicate the ~750 μm 884 

diameter activation area that is predicted using 100 μA and Equation 4 with K = 675.  885 

Again, the predicted activation diameter in V1 is the same at the two eccentricities 886 

shown, but the magnification factor changes.  The inset to the right of the full map of 887 

V1 shows an expanded view of the region between 2.5  and 5  eccentricities for one 888 

sector of the map.  D) The size of saccade delay fields based on the cortical activation 889 

at the two eccentricities shown in panel A.  The delay field predicted for stimulation 890 

of the site at 4° eccentricity is larger due to the larger inverse magnification factor at 891 

this site.   892 
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