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The stimulation of the occipital cortex induces transient visual percepts, known as phosphenes. The char-
acterization and analysis of the features of these visual qualia can provide a window into the physiology
and neuroanatomy of cerebral visual networks of humans. Phosphenes can be reliably elicited in humans
by a variety of invasive and non-invasive techniques that depolarize visual cortex neurons. Nonethe-
less both research into their neural basis and categorization of their features are ultimately reliant on

Keywords: o ) subjective self-reports. A variety of methods have been employed to provide a more objective means of
Transcranial magnetic stimulation (TMS) . . . . . .

Phosphene recording the localization and morphology of neurostimulation-induced phosphenes. In spite of these
Vision attempts, phosphenes remain difficult to measure. A standard technique able to both document the
Retinotopy myriad of features characterizing phosphenes in a flexible manner and allow a systematic quantitative

comparison across groups or repeated measures is lacking. We hereby provide detailed instructions on
how to use off-the-shelf components to construct and implement the LTaP (laser tracking and paint-
ing system) system for a relatively objective and real-time documentation of the presence, shape, area,
spatial location and distribution of phosphenes in visual space. We further provide experimental data
demonstrating the feasibility and reliability of the LTaP system to accurately capture established features

of phosphenes induced by transcranial magnetic stimulation (TMS) of occipital cortex.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Stimulation of the human occipital cortex is known to elicit
circumscribed, salient and brief percepts appearing in the visual
field, referred to as ‘phosphenes’. Phosphenes can be purpose-
fully elicited by noninvasive brain stimulation technologies such
as transcranial magnetic stimulation (TMS) (Kammer, 1998; Marg,
1991; Meyer et al., 1991) or alternate current stimulation (tACS),
but not by subthreshold stimulation techniques such as transcra-
nial direct current stimulation (tDCS) (Kanai et al., 2008) that do
not directly depolarize neurons. Phosphenes typically appear as
a flash of light and can take different sizes, shapes, textures, and
in some cases even colors (Silvanto et al., 2007a). They are nor-
mally static percepts, although when induced by the stimulation
of visual motion areas such as MT/V5, phosphenes can appear
as being briefly in motion (Pascual-Leone and Walsh, 2001). The
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presence of a phosphenecan immediately precedea short period in
which a transient scotoma prevents visual perception (Kammer,
1999). Elicited phosphenes and subsequent transient scotomas are
thought to be a result of direct depolarization of neurons within the
visual cortex and the phosphene location is thought to be associated
with the aggregated receptive fields of the stimulated visual corti-
cal neurons, likely within areas V2 and V3 (Kammer et al., 2005a;
Thielscher et al., 2010).

Phosphenes represent a direct and intensity-dependent phys-
iological response to stimulation, and can therefore be utilized
as an independent and robust measure of the excitability of the
visual cortex (Amassian et al., 1989; Deblieck et al., 2008; Kammer,
2007; Silvanto and Muggleton, 2008; Silvanto et al., 2009). TMS-
induced phosphenes have been to investigate a large array of
questions involving: the functional organization and plasticity of
visual regions (Kammer et al., 2005b); the cortico-cortical inter-
actions between visual cortices (Pascual-Leone and Walsh, 2001;
Silvanto and Cattaneo, 2010; Silvanto et al., 2006, 2009); the sus-
ceptibility of the visual cortex to pathology (Afra et al,, 1998;
Aurora et al., 1998; Silvanto et al., 2007c); different aspects of
visual processing (Silvanto and Cattaneo, 2010; Silvanto et al.,
2007a; Silvanto and Pascual-Leone, 2008), and more recently, the
state-dependent nature of neurostimulation methods such as TMS
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(Silvanto et al., 2007a,b), and tACS (Kanai et al., 2010). Overall, the
use of phosphenes have been widely used to study the human
visual system and its functional interactions with other brain
networks.

An inherent hurdle in using phosphenes is the limited ability
to record and quantify a subjective phenomenological experience
in a quantifiably meaningful way. This is made even more difficult
as the observed properties of phosphenes vary in size, shape, tex-
ture and spatial location. To date, a variety of methodologies have
been employed in an attempt to accurately record the appearance,
location and different qualitative characteristics of a phosphene.
Many studies have simply relied upon a short verbal report from
their participant acknowledging the presence of any visual sensa-
tion in their visual field (Pascual-Leone and Walsh, 2001; Silvanto
et al,, 2007a,b). Often this is followed by requesting the partici-
pant to trace the location and extent of the phosphene with their
finger in the air within an imaginary visual space. Slightly more
sophisticated methods use the elaboration of a hand-drawing cap-
tured on a piece of paper or translated into a computer coordinates
using a mechanical digitizing pen from memory (Cowey and Walsh,
2000; Kamitani and Shimojo, 1999; Kammer, 1998; Kammer et al.,
2005a,b). While successful in documenting phosphenes, those
approaches have the potential to introduce several confounding
variables that could compromise an accurate documentation of a
subjective experience such as a phosphene. For example, research
questions regarding spatiotopic or retinotopic cortical organization
are intimately coupled with head orientation and gaze direction,
and it is well known that phosphenes are retinotopically anchored
and thus they change position with eye movements (Kammer et al.,
2005a,b). Hence, phosphene recordings may often become incon-
sistent due to inevitable shifts in eye, head and body positioning,
and spatial translations constrained by the mechanical require-
ments involved in drawing percepts on a sheet of paper (Bolognini
and Maravita, 2007).

Thus in order to keep track of changes in phosphene features in
response to neurostimulation, a technique capable of recording in
real-time, subtle changes in the subjective qualities of phosphenes
is required. To fill this gap and to provide a tool for the neu-
rostimulation community, we developed the laser tracking and
painting system (LTaP), an open source, low-cost, easy to build
hardware and software system that is customizable for different
research aims. This system allows participants to record informa-
tion on the phosphenes in real-time with minimal effort, while
simultaneously documenting related data such as visual field posi-
tion, shape, perimeter and surface area. We designed the LTaP to
use low-cost, off-the-shelf components which can be assembled in
24-48 h by a researcher with modest electronic skills. We believe
that the LTaP system, is an affordable, and easy to operate piece
of equipment that would benefit the toolkit of any neurostimula-
tion researcher. Although we created the LTaP in response to our
own research needs, we aimed at developing a system with broad
utility and appeal. With this in mind, we provide the research and
clinical community with a description of the real-world applica-
tions and reliability of this system. We encourage other researchers
to use our design for the LTaP (provided in the supplemental
materials)and to modify it as needed to suit their own experimental
needs.

2. Material and methods
2.1. Overview

The LTaP system was developed because there was no inclu-
sive system capable of (1) objectively recording the characteristics

of subjectively reported phosphenes evoked by TMS in our
experiments; (2) logging in real time (i.e., immediately after

the phosphene had been evoked), the appearance, spatial loca-
tion, shape, and perimeter of such percepts for the purpose of
quantitative and qualitative analysis; and (3) providing a fairly
naturalistic environment in which to document the features
of phosphenes, such that the subject’s perception is minimally
impacted by the process of depicting the percept. Additional
requirements were for the system to be open source, low-cost,
robust, portable and easy to modify or adapt to every researcher’s
needs.

While the utility of the LTaP system was developed and tested
in response to our specific projects, through modifications of its
original design, its application can be far-reaching in both related
and unrelated fields of study. We thus envisioned a system in
which subjects could manually outline their visual percepts on a
flat surface with the minimal possible amount of spatial trans-
lation. We hypothesized that the device would provide progress
over past strategies, obtaining more detail than verbal reporting
and more accuracy than drawing on a piece of paper placed on
a desk, which forces subjects to divert eyes and head from their
original position, and requires also the translation of a wide visual
field in the confined space of a sheet of paper. Further advan-
tages provided by our system would be the capture of phosphenes
in real size, the capacity to easily calculate a series of numerical
parameters characterizing those visual percepts, and the ability
to study how these characteristics change across different exper-
imental conditions and longitudinally over time. The software
we developed (LTaP) uses a standard webcam to detect a laser
pointer beam and records the position using X-Y coordinates.
As points are recorded they are redisplayed as being connected
using a visible line, which allows both the participant and
research to observe the performance and accuracy of the outlined
phosphene.

2.2. Software overview and interface

Software for the LTaP system was elaborated on the basis
of AForge NET framework (“AForge.NET:: Framework,” 2010),
published under LGPL v3 license (gnu.org, 2010). It was devel-
oped in C# using Microsoft’s Visual Studio 2008, because
the express edition is freely available for download and the
abundance of resources available for the .NET framework
(http://www.microsoft.com/express/Windows/). The LTaP soft-
ware serves to detect the brightest pixel in the webcam field of
view and then records the location as an X-Y coordinate. As coor-
dinate points are recorded they are connected in real-time and
displayed as a visible line on the projection screen. The source code
and executable are provided (see supplemental materials).

When viewing the LTaP’s graphical-user-interface (GUI) (Fig. 1)
the examiner is presented with several user controls and a win-
dow displaying a live-feed from the webcam. The live webcam feed
serves a number of useful functions (Fig. 1a); participant perfor-
mance can be observed remotely, and the state of the LTaP system
can quickly be determined. In addition to webcam’s live-feed, the
X-Y coordinate of the detected laser beam are presented in real
time.

The examiner interacts with the software via a series of user con-
trols (Fig. 1b). These are used to control options to record and then
project the coordinates for either the brightest point (see Section
2.8) or a designated color within the webcams field of view (see
Section 2.9), as well as the ability to control and clear projected
images. Additional controls, presented as track bars (Fig. 1c) can be
used to adjust the detection threshold. For example depending on
the ambient luminance and the intensity of the laser pointer the
threshold may require adjustment to ensure consistent tracking
and detection of the laser point. Other useful information such as
the webcam’s rate of recorded frames per second (fps) or acquisi-
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Fig. 1. Screen capture of the LTaP system’s graphical user interface (GUI). The window in the top left corner provides a live feed from the webcam, as well as the current X-Y
coordinates of the detected laser point (a). The controls settings (within in the dark gray box) are used to select the type of tracking (brightness, or color), to begin recording
and projecting data points, and to clear data (b). The two track bars along the bottom portion of the GUI adjust threshold levels (c). The number of recorded frames per second

is presented in the bottom right corner (d) (as seen in the screen capture).

tion frequency is also visible in real-time. This information provides
the experimenter with useful feedback to help calibrate the LTaP
system. For instance, if the frame rate is lower than required, the
examiner may adjust the webcam settings for example in an effort
to increase the image acquisition rate. Lastly there are options
to indicate the brain area being stimulated as well as fields to
enter key demographic and other pertinent information about the
phosphenes (Fig. 1e).

2.3. Hardware

The LTaP system consists of five essential hardware compo-
nents; a standard USB webcam (1), a front-and-rear projection
screen (2), a standard projector (3), a laser pointer (4) and a com-
puter running custom made LTaP software (5) (in our case a Lenovo
X60 tablet with Intel Core Duo CPU L2400 at 1.66 GHz) running
MS Windows Vista was used (Fig. 2). The standard webcam (1) is
set into position so that its field of view (FOV) is entirely filled by
the projection screen (2). A rear-view projection screen was cho-
sen because it allowed for the webcam and the projector (3) to be
placed behind the projection screen, so that no part of the pro-
jection surface was occluded by the participant. The participant is
then provided with a laser pointer (4) (532 nm 50 mW green) and
instructed to outline phosphenes as perceived in the visual field as
soon as they are evoked by neurostimualtion (i.e., TMS). In a dimly
lit room (~0.5 cd/m?) the laser pointer is visible through the projec-
tion screen and serves as the brightest point within the webcam’s
field of view. The computer (5) running the LTaP software rapidly
scans and detects the brightest point of the image provided by the
webcam. When a bright point is detected the X-Y coordinates of the
maximally illuminated pixel is saved. In this fashion, the entire path
of the laser point is tracked and recorded. A complete phosphene
can be drawn by moving the laser pointer from site to site, outlining
the shape of the percept.

2.4. The webcam

A standard off the shelf USB-webcam was used to capture
real-time video; the images were then analyzed using the LTaP
software to locate the “brightest spot”. The webcam had to be
capable of recording at up to 30 frames per second (fps). The
high frame rate provided the ability to smoothly track and detect

Fig.2. Schematicillustration of the LTaP system. Schematic drawing of the materials
and procedure allowing the LTaP (laser tracking and painting system) to document
phosphenes. A participant (a) sits in front of a rear projection screen (b). After a
pulse of noninvasive neurostimulation given in our case by means of a TMS coil
placed on the right occipital pole (c), the participant experiences the perception of a
phosphene and uses a laser pointer (d) to draw the percept on the projection screen
by outlining the outer perimeter of its shape (d). A rear-facing webcam located
behind the screen (e) records images of that screen at 30 fps. A computer (f) running
the LTaP software receives the video input. The coordinates of the detected laser
beam are then stored. Individually detected coordinates are used to draw solid line,
projected onto the projection screen via a rear-facing projector, in order to provide
the participant with feedback of their drawing (e).
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the path of the laser pointer as it was used to outline the per-
ceived phosphene path. According to our observations, when lower
frame acquisition rates were used (<15fps) the recorded laser
path appeared jerky and missed critical data points. Thus the
high frame rate (at least >25fps) is an important factor when
the duration of an individual laser path can be less than 1s.
A webcam featuring pan, tilt, zoom (PTZ) capabilities facilitated
the task of filling the entire FOV with the projection screen. The
USB-webcam used in the current experiment was the Logitech
Quickcam Orbit AF (Logitech, Fremont, CA). It was selected because
of its technical specifications and low-cost, nonetheless there is
no reason to believe that other webcams with similar capabili-
ties and frame rate acquisitions would not work equally well. An
important note is that the Quickcam Orbit AF includes proprietary
software (Logitech® RightLight™ 2 Technology) that adjusts the
image based on current lighting conditions. This feature or simi-
lar features on other cameras should be turned off as they make
the detection of a single bright point on a dark background more
difficult.

The webcam was positioned on the opposite side of the projec-
tion screen from where the participant was seated. This allowed
for a direct projection without occlusion (Fig. 2). The webcam was
placed on top of the projector approximately 200 cm away from
the projection screen at a height of 80 cm from the ground. Since
the webcam faced the projection screen opposite the participant,
the image was required to be mirrored. The Quickcam Orbit AF has
a setting to mirror the image; however this can be accomplished
through software if necessary. Before starting the real experiments,
subjects were familiarized with the system and encouraged to prac-
tice how to draw so that their laser traces were correctly recorded.
Nonetheless, the learning curve was rapid and ~5-10 min of train-
ing proved enough for them to understand how to efficiently use
the system.

2.5. Rear projection screen

A front-and-rear projection screen (127 cm x 127 cm) (Da-View
fast-fold® deluxe screen, Warsaw, IN) was chosen over a stan-
dard projection screen because it permitted for the projector and
the webcam to be placed on the opposite side of the projec-
tion screen from where the participant was located (Fig. 1). This
arrangement allowed for a clear line of site of the projection
screen, without occluding either the webcam or the participants
line of site. As the projection screen was semi-transparent the
beam of the laser pointer is clearly visible from the reverse side
(see Section 2.4). In our tests, the rear projection screen view-
ing area equaled 127 cm x 127 cm, although the image projected
onto the screen only occupied 127 cm x 95 cm. With the partici-
pant seated directly in front of the projection screen (~45 cm from
the nasion to the center of the screen) the projected image occu-
pied 108° (horizontal) and 93¢ (vertical) of visual angle. A wider
field of view, encompassing a larger portion of the visual field
could be achieved using several methods; placing the projector
further away from the projection screen in addition to using a
larger projection surface, or by positioning subject’s closer to the
screen.

For labs without access to a rear projection screen or the space
behind which to setup the webcam and projector, a standard front
projection screen may be used with the webcam and projector posi-
tioned in front of the screen, offset from the center and adjacent to
the participant. This approach would require additional calcula-
tions to infer the correct position and path of the drawings taking
into account the webcam'’s oblique point of view. If neither front
nor rear projection screens are available, any large flat and semi-
transparent surface could serve as an acceptable substitute.

2.6. The projector

The projector used for the LTaP system (Epson PowerLite
7900p Epson America, Inc., Long Beach, CA) (4000 ANSI lumens)
(1200 x 1600 pixels) was connected to the computer running the
software via a VGA port. It was used to display the laser tracing onto
the projection screen to allow the participant (under the scrutiny
of an examiner) to receive feedback and judge the accuracy of the
outlined phosphene. Additionally, the projector could be used to
display onto the projection screen computer generated landmarks,
such as a central fixation cross, a set of horizontal and vertical
meridians dividing the visual space or any other type of static or
moving landmark or visual pattern of scientific interest. Projected
landmarks may also be used to guide participant’s performance
when learning to use the LTaP system (see Section 3 for more details
on an example using such a feature).

For our purposes, the projector was positioned approximately
200 cm behind the projection screen at a vertical height of ~70 cm.
Because the projector was behind the projection screen, the image
was reversed, therefore from the prospective of the participant, the
image was correctly oriented. Any projector should suffice provided
that it is capable of mirroring/reversing the image.

2.7. Laser pointer

Amodified green laser pointer (532 nm, 50 mW) was used by the
participant for tracing the observed phosphene. The use of a 50 mW
laser was justified by the high luminance value (974 cd/m?2) com-
pared to a standard (5 mW) red laser (189 cd/m?), when measured
from behind the projection screen, under ambient light conditions
of ~0.5 cd/mZ2. As the webcam was positioned behind the projection
screen and directly facing the participant, the laser point must be
visible through the projection screen. Although the rear projection
screen is semi-transparent and the detection threshold value can
be adjusted via the LTaP software, the increased luminance of the
green laser compared to the red laser made detection easier and
more consistent overall.

The recommended duty cycle for the green laser pointer we used
is 20s on, 10 off. Despite following these recommendations and
the use of fresh batteries, the beam would quickly dim. The rapid
dimming made it difficult to consistently detect the beam through-
out the entire duration of a phosphene tracing. This issue motivated
us to modify the laser pointer by fitting it with a DC transformer
(3VDC 100 mA). This ensured that the laser pointer would be pro-
vided with a consistent power supply throughout the duration of
use. The laser pointer power source was modified by first obtain-
ing a suitable DC transformer and cutting the male plug to expose
the negative and positive leads. The case of the laser pointer was
then unscrewed and the batteries were removed. The body of the
laser pointer case was placed in a vice and a drill press was used to
drill a small hole in the bottom end (the end opposite to the laser
diode). The two leads of the wire were then threaded through the
hole that we had drilled. A knot was made in the wire so that the
wires could not be pulled out of the laser case. The negative wire
was then soldered to the negative lead of the laser circuit board
(the poles may differ in other models) and the positive wire was
grounded to the case by hot-gluing the exposed wire to the inside
of the case. The laser pointer was then screwed back together.
It should be noted that using a DC transformer to power a laser
pointer may significantly shorten the life of the laser diode or even
destroy it. If attempting to follow this method, possibly destroy-
ing the laser pointer should be an acceptable outcome. Despite the
power provided by the DC transformer being equivalent to the out-
put of 2 x 1.5V AAA batteries there was some noticeable dimming
of the laser. The small decrement of luminance output was not an
issue however because it was consistent throughout the use of the
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laser and could therefore be countered by increasing the sensitivity
of the system (see Section 2.8 for more details).

2.8. Laser point detection (brightness)

The laser beam serves as the bright point, which is detected
by scanning each pixel in each captured frame. In a for-loop
beginning at [Xp-Yp] (top left corner), the red, green, and
blue (RGB) values for each pixel is successively determined
line by line. Based upon the RGB values for each pixel the
color brightness value is calculated using the following equa-
tion: brightness=((299 x red)+(58 x green)+ (114 x blue))/1000.
The calculated color brightness (0-255) for each pixel is then com-
pared to the threshold value set up by the user (Fig. 1c). The user
defined threshold value (0-255) can be adjusted in response to
current lighting conditions or laser intensity. For example the lumi-
nance value of the laser point captured by the webcam is a function
of several factors, including the power of the laser pointer, the
material of the projection screen, webcam software or hardware
filters, and ambient luminance. The ability to adjust the thresh-
old value is thus an important feature as experimental conditions
may vary. Nonetheless the LTaP system is still capable of recording
neurostimulation induced phosphenes in a well-lit environment.

2.9. Laser point detection (on the basis of color)

In place of detecting the brightest point (i.e., the laser point),
the LTaP system is also capable in a well-lit environment of detect-
ing and tracking a user defined color value [RGB (0-255, 0-255,
0-255)]. In the color detection condition, the webcam and projec-
tor may be positioned in front of the projection screen (as indicated
in Section 2.5), that is, on the same side as the participant. There-
fore in this configuration, the webcam would face the participant
and the projector would face the projection screen. Similar to set-
ting the color brightness threshold, the color threshold for example
may be set to red (255, 0, 0). In this condition, a participant would
be seated in front of a monochromatic background (not red) with
a red sticker placed on the tip of the index finger. Therefore when
the participant is instructed to trace a neurostimulation induced
phosphene with their index finger, the LTaP system will be able
track and record the position of the red sticker.

2.10. Data coordinates

When a pixel calculated RGB value is above threshold, its X-Y
coordinate is recorded. Therefore upon the completion of a single
traced phosphene, a set of X-Y coordinates will be obtained. Each
individual traced phosphene will result in a set of X-Y coordinates.
At this point, two events are simultaneously occurring in real-time.
First, the path of the X-Y coordinates is projected or displayed onto
the projection screen. Second, the X-Y coordinates are being saved
as an XML (extensible markup language) file. Therefore, the traced
phosphenes can be observed in real-time, as well as having the
ability to perform post-analyses using the exact size and spatial
location of the recorded path for each traced phosphene.

3. Results

To showcase the capabilities of the LTaP system we imple-
mented an experimental protocol in which transcranial magnetic
stimulation (TMS) was used to evoke occipital phosphenes while
simultaneously using the LTaP system to document their feature
shifts under several experimental conditions. More specifically, we
gauged the LTaP system'’s ability to reliably and accurately record
observed phosphene tracings. We predicted that phosphene trac-
ings would be consistent with the small receptive field size and

organization of the occipital cortex. Furthermore, we aimed at doc-
umenting a well-established phenomenon, that phosphenes are
retinotopically anchored percepts. Hence the spatial location of
phosphenes should shift with changes in directed gaze, while the
perimeter and bounded area remain constant (Meyer et al., 1991).

A total of 9 participants were recruited from the Boston Uni-
versity Medical Center (BUMC) community (7 female, average age:
24.8; range: 21-36). All participants were pre-screened prior to
admission into the study against the exclusionary criteria of per-
sonal or family history of epileptiform disorders, metallic implants,
and neuroleptic medications (Rossi et al., 2009). The use of TMS in
the present study was approved by the BUSM Institutional Review
Board.

Stimulation was performed using a hand-held figure-eight coil
(70mm wing diameter) attached to a single pulse monopha-
sic magnetic stimulator (Monopulse Magstim, Carmarthenshire,
Wales, UK). Visual phosphenes were induced by single TMS pulses
(<0.2 Hz) and documented by the LTaP system. Each session began
by determining the scalp location where vivid phosphenes could
be reliably elicited (phosphene hotspot) and the intensity at which
phosphenes were detected in 50% of pulses (phosphene thresh-
old). Participants were comfortably seated in front of the projection
screen and fitted with a tight-fitting lycra swimming cap. The TMS
coil was initially positioned 2 cm dorsally and 2 cm laterally to the
right of the inion, corresponding to the approximate location 02
of the 10-20 EEG system (Herwig et al., 2003). The coil was man-
ually held tangentially to the surface of the scalp with the handle
pointing laterally away from the midline. TMS pulses were initially
delivered at 60% of TMS maximal output intensity. Following each
TMS pulse, participants were asked to report if they had perceived
a phosphene and if so, to describe the qualities of the percept and
its relative location in the visual space. If phosphenes were not
reported, the sequence was repeated with intensity increased by
~10% of the TMS machine output until a phosphene was reported
that met universally accepted criteria (Kammer et al., 2005a,b):
namely, phosphenes should be located pericentrally in the left
visual field following right occipital stimulation and should appear
regardless of whether the recipient’s eyes are open or closed. Sham
TMS pulses were delivered by tilting the coil stimulation surface
away from the scalp or by placing the coil over non-primary visual
areas such as the vertex or the anterior and superior parietal cor-
tex. Sham pulses were randomly interleaved to insure reliability of
reported phosphenes. Coil position and intensity were adjusted as
needed until phosphenes were reliably and consistently reported at
a similar location in visual space. Then the exact location in which
the TMS coil was marked on the swim cap for further reference.
Phosphene threshold values were determined by delivering a series
of TMS pulses (<0.2 Hz) while varying the intensity. This was done
in order to find the minimum intensity necessary to produce an
unambiguous phosphene report according to our criterion at least
five out of ten times (Elkin-Frankston et al., 2010). In our 9 partic-
ipants the mean phosphene values were 59 & 6%, of total machine
output.

Once the phosphene hotspot and threshold for occipital cor-
tex and had been determined, three sets of five TMS pulses were
applied at an inter-pulse frequency of 0.1-0.2 Hz (1 pulse every
~7s), which largely avoids cumulative effects. In particular, we
delivered in a pseudo-randomized order three non-sham and two
sham pulses (total of 15 pulses, 4 sham and 9 real TMS pulses) at
120% of the previously determined phosphene threshold value (the
mean TMS intensity in our population was 70 + 6%). Participants
were then instructed to fixate their gaze on one of three potential
sites within the screen: (1) on a centrally located cross hair, pre-
sented briefly prior to stimulation, at 0°; (2) at a point located 45°
above the fixation cross; and (3) on a site located 45° to the right
of the central fixation cross. Immediately following the delivery
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Fig. 3. Real data from 3 different directions of gaze. Figure displaying the LTaP output raw data (in pixels) of the phosphenes drawn by a representative participant. Each set
of colored outlines represent a series of individual phosphene tracings obtain at each of the three given directions of gaze (central fixation, yellow; upward fixation, orange
and rightward fixation, red). As indicated above, notice that the mean center of gravity but not the average surface of phosphenes shifted according to eye positions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of each pulse, participants were instructed to verbally report the
occurrence of a TMS-evoked phosphene and use the laser pointer
to outline its perceived shape (Elkin-Frankston et al.,2010). We pre-
dicted that the location of the reported phosphene in visual space
would be gaze-dependent as documented by the LTaP system. In
other words, the location of phosphenes would shift with the loca-
tion of fixation (Meyer et al., 1991) (Fig. 3). All three locations were
tested in blocks and the order of each was counterbalanced across
the nine subjects. The output of the LTaP system consisted of an
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500
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Fig. 4. Bubble graph representing the average location and mean area of
phosphenes. Bubble graph representing the average location and mean area of
phosphenes for each of the 9 participants. The location of each ‘bubble’ is the aver-
aged X-Y coordinate for each of the three direction of gaze (central fixation: 0°, 0°;
upward: 0°,45°, and rightward 45°, 0° fixation point). The size of each ‘bubble’ repre-
sents the mean phosphene area calculated using the methods described in Sections
2 and 3 of the article. The averaged center of gravity, or averaged X-Y coordinate for
each of the three gaze locations is represented by the symbols [x, A, +]. Notice that
as hypothesized, the LTaP system documented that the mean center of gravity but
not the average surface of phosphenes shifted according to eye positions, confirming
that such visual percepts are retinotopically anchored.

XML file containing time stamped X-Y coordinates for each location
recorded by LTaP. Analysis was performed using Microsoft Excel
2007. Since the number of data points depended upon the dura-
tion of the recorded tracing, each individual phosphene consisted
of anywhere between 10 and up to 200 data points.

The spatial location for each phosphene was determined by cal-
culating the center of gravity. This was achieved by averaging the
X-Y coordinates of each of the points characterizing the profile for
a given phosphene. In addition the total spatial area and perimeter
for each phosphene was also calculated. Phosphenes were typi-
cally characterized as being a closed shape, although the borders
may sometimes appear to be diffused without a circumscribed
border. Consequently those participants who traced open shapes
were later queried about the veracity of their drawing compared
to the properties of the perceived phosphene. Participants univer-
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Fig. 5. Normalized difference of phosphene location for each direction of gaze.
Figure displaying the normalized group differences (n=9 participants) in spatial
location and total area with respect to the central fixation across the three gaze
directions tested in our experiment. The center of gravity coordinates of each sub-
ject were normalized to the initial coordinates of the central fixation condition so
that the Xand Y coordinates of the latter equals X =0, Y=0 and shifts in the remaining
conditions are all relative differences (in pixels). Notice the differences in the average
location for the upper and rightward conditions, which display similar surface.
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sally reported that the perceived phosphenes were indeed closed
shapes as opposed to an open shape. Therefore, in order to accu-
rately compute the total area the values for the first X-Y coordinate
were also set as the last X-Y coordinate values. Artificially “closing”
the shape enabled us to calculate phosphenes area. A variant of
Green’s Theorem: area = (I/Z)nyl(xiym —Xi11Yi), was used to
calculate the total area of the closed shape phosphene. With both a
center of gravity and total area, phosphene location and area were
represented in a bubble graph (Fig. 4).

Visual inspection of the location phosphenes were outlined
confirmed it was dependent on the direction of fixed gaze: with
central fixation phosphenes were drawn in the left visual hemi-
field, just below the horizontal meridian; with gaze directed 45°
above and to the right of fixation, respectively, phosphene loca-
tion was shifted ~45° up and rightward. A one-way analysis
of variance (ANOVA) revealed no significant differences of the
total area of phosphenes across any of the three gaze directions,
F(2,9)=0.71, p<0.49. Participants were categorized in accordance
with their phosphene geometry as being either linear or ellipsoid.
Two of the nine participants tested were categorized as having
predominately linear shaped phosphenes. No significant interac-
tion were observed between the averaged phosphene perimeter
for any of the three gaze directions (ANOVA F(2,9)=0.32, p<0.72).
The current results are a confirmation that the LTaP system is
robust enough to document multiple neurostimulation-induced
phosphenes within a single session yet sensitive enough to cap-
ture subtle nuances such as variance in morphology or spatial
location with respect to eye movements. Furthermore, the system
can be easily implemented in an experimental setting and is capa-
ble of yielding data that is both accurate and straight forward to
analyze.

4. Discussion

In view of the growing use of neurostimulation evoked-
phosphenes to study the organization and function of the visual
systems in humans, we designed the LTaP system and offer it
to the research community. We aimed to address the lack of
an accurate, low-cost and portable system able to objectively
document phosphene features (such as spatial location, shape,
surface, and perimeter) in a quantitative manner, with mini-
mal spatial transformations and effort by the participants. We
demonstrated that the LTaP system can detect and store out-
lined drawings made by participants using a laser pointer on a
screen. The output of this system accurately represents subjec-
tive visual percepts induced by occipital noninvasive stimulation,
perceived as appearing in circumscribed areas of the visual field.
This was achieved by using hardware that can be put together
with minimal skills, and made of components, which are easily
available in research labs (laptop computer, webcam, projec-
tor, projection screen and a laser pointer) or purchased and
customized at a relatively low-cost. We developed the soft-
ware executable and source code (freely available from our
website: http://www.bumc.bu.edu/anatneuro/research/research-
labs/laboratory-of-cerebral-dynamics/) to control and optimize the
recording of phosphene traces; the code can be modified to accom-
modate individual research needs and novel applications. Finally,
we have provided a sense of the capabilities of the LTaP sys-
tem by describing an experimental protocol. In particular, focal
noninvasive stimulation by TMS was applied to evoke occipital
phosphenes, while we simultaneously used our newly developed
tool to document their location, features and changes under several
experimental conditions.

To the best of our knowledge this is the first published report of
computer vision technology used for the purposes of documenting
and quantifying not only the appearance rate, and thresholds, but

also the localization and geometrical properties of TMS induced-
phosphenes. This advance provides the possibility to follow the
modification of phosphenes over time or across experimental con-
ditions. Prior phosphene research has primarily relied on verbal
reports by participants, documented and translated into treat-
able information, or used subject-made schematic drawings, which
were later processed qualitatively or quantified numerically. All
those approaches have mainly relied on quantifying changes in
phosphene perception rates, and used such information to extract
information about potential shifts of their thresholds (i.e., the
intensity of the magnetic field at which phosphenes are evoked
in at least half of the attempts) at a given location under differ-
ent experimental circumstances. By doing so, they have provided
extremely insightful information on the organization of the visual
areas (Kammer et al., 2005a,b), the pattern of cortico-cortical inter-
actions held with extrastriate, parietal and frontal regions in both
intact (Pascual-Leone and Walsh, 2001; Silvanto and Cattaneo,
2010; Silvanto et al., 2006, 2009) and brain damaged patients
(Silvanto et al., 2007c). More recently, some of those studies have
contributed highly to the exploration of the underlying mecha-
nisms of classical and novel neurostimulation techniques such as
TMS (Silvanto et al., 2007a,b), tDCS (Antal and Paulus, 2008), and
more recently tACS (Kanai et al., 2010). Notwithstanding, the orig-
inal subjectivity of phosphene measures and their high sensitivity
to involuntary biases during the process of translating a percept
into treatable and interpretable data threatens to unfairly limit the
scope and the credibility of such valuable research. One could ulti-
mately argue that every behavioral response, recorded in terms
of performance, response reaction times, or as a verbal report to
an experimenter is in essence a subjective correlate. Nonetheless,
any attempt to limit the nature and duration of the phosphenes
translation process in time and space (and thus the likelihood of
biases and interferences by which such percepts are to be doc-
umented), advances objectivity and is thus worth the effort. The
task at hand is not simple, since as it has been well documented
that phosphenes are extremely brief percepts of light, which are
characterized by the richness and high inter-individual variabil-
ity of their features. Moreover phosphenes have been shown to be
highly dependent on attentional allocation (Blakemore et al., 2007)
and can be modulated by sensory tactile and auditory sensations
(Ramos-Estebanez et al., 2007; Romei et al., 2007). Furthermore, in
spite of the growing attempts to capture the objective correlates
of such percepts through neuroimaging techniques such as fMRI or
EEG (Taylor et al., 2010), the subjective report of its presence and
characteristics (location, shape, size etc.) remains to date necessary
and the most reliable correlate researchers have been counting on.

Our LTaP system proved to be successful in documenting
phosphenes and facilitating a rapid transfer from the visualized
percept into an “electronic drawing”. This was done on a surface,
which was ultimately a full size representation of the visual field
in which those phosphenes were perceived. As expected accord-
ing to the retinotopic organization of the visual system, our system
recorded phosphenes as being located in the left pericentral visual
field following stimulation of the right occipital pole. This can be
easily explained by the preferential depolarization of striate neu-
rons of the right occipital pole. Naive participants were satisfied
with the ease of use of the system and the procedure, which they
learned to command after only a few minutes of laser drawing prac-
tice. Similarly, naive experimenters learned quickly to set up the
components and to navigate and operate the settings and special
features provided in the software interface. In testing the LTaP sev-
eral technical advantages became evident. The system was capable
of passively recoding at 30 fps and processing data indefinitely or
at least for as long as computer storage resources remained avail-
able. It recorded phosphene information over multiple trials and
wrote them into a single XML file, which could be then easily ana-
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lyzed off-line using standard or customized data analysis software.
In our experiment, for example, a logically structured, comprehen-
sive database able to quickly treat the output files generated by
the LTaP system facilitated the execution of standardized quan-
titative analyses that would have proved much more difficult if
relying on verbal reports or handmade phosphene drawings exe-
cuted on individual paper sheets. Crucially, the documentation of
phosphenes did not require any significant change in body posi-
tion or eye movement during or in between trials that could have
clearly compromised the accuracy of the percept and the consis-
tency of the testing conditions. We were able to evoke and to record
aphosphene atleastevery 7-10 s (shorter intervals were avoided to
limit risks of TMS cumulative and modulatory effects on the occip-
ital pole), thus providing experimenters with the ability to collect
a high number of quantifiable data in a relatively short period of
time. Such an interval was also sufficient to allow the experimenter
to document additional verbally reported phosphene features such
as motion, color or texture, and store them into a LTaP-linked data
base associated with the laser drawings.

The reliability of the of the LTaP system was also further deter-
mined by means of a simple and robust experimental paradigm,
which has been used to date to demonstrate that the location of
cortically evoked visual percepts is visuotopically anchored, and
hence they change position, but not features, with eye movements
(Meyer et al., 1991). Accordingly, as the TMS coil was held in a con-
sistent right occipital position over three conditions; participants
eyes directed toward a central (0°, 0°) fixation, an upward (0°, 45°)
site or rightward (45°, 0°) fixation point presented in the screen.
As expected, the LTaP objectively documented shifts in phosphene
location within the visual field which followed the direction of
gaze (Fig. 3). Furthermore, our data provided numerical evidence
of spatial translation of the center of gravity across the three condi-
tions without changing the mean area or the total perimeter of the
phosphenes (Fig. 5). This is just an example of the type of studies in
which cortically induced phosphenes recorded by the LTaP system
would be useful to researchers and help in probing and understand-
ing the organization of the visual systems. Nonetheless, based on
its ease of use and spatiotemporal accuracy, the utility of the LTaP
system could be easily extended to more complex paradigms. In
the current report we have mainly devoted the use of this new sys-
tem to the documentation of quantitative phosphene features such
as surface area, perimeter or eccentricity, which emerge from the
laser traces made by subjects. Nonetheless, phosphenes constitute
arich visual experience with potentially interesting and sometimes
unexpected qualitative features (color, texture, intensity, motion
direction and radial diffusion if any) that might not allow a direct
quantification through laser drawings, unless very specific applica-
tions are developed. To accommodate this, the database associated
with the LTaP system allows for documentation of associated
phosphene features the subject may report spontaneously or upon
the request of the experimenter. Furthermore, customized versions
of the current system could easily include keyboard, mouse, or
laser pointer operated context menus projected onto the screen,
in which participants could choose from a list of associated qual-
ities (e.g., colors, textures and shapes) for subjects to choose from
that fit their perception”. Future applications of the LTaP system
could also help in further exploring the potential modulation of
occipital phosphene location, area and shape by altering activity in
connected regions in extrastriate (MT/V5), parietal (IPS) or frontal
(FEF) locations in intact subjects and patients (Silvanto et al., 2006,
2007c, 2009). Finally, due to its ability to project computer gen-
erated stimuli to the whole field or in specific areas of the visual
hemifields, the LTaP system could serve to shed further light on the
spatial resolution and sensitivity of phosphene features to brain
state dependency, as modulated by visual adaptation strategies
(Silvanto et al., 2007a,b, 2008).

As indicated above, the relative immediacy of the LTaP and
the minimal spatial translation in collecting phosphenes reduces
potential interferences and biases. Furthermore, it provides an effi-
cient method to store and longitudinally follow such visual percepts
across time and study the influence of experimental conditions.
It should be noted that no system, the LTaP included, completely
eliminates every potential source of interference and bias. Subjects
will still have to use their hands to draw the phosphenes, whether
by using alaser pointer projected on a screen, or in an alternate con-
figuration by moving a trackable object or even their own finger. It
might be argued the use of manual methods for translating a men-
tal “picture” of a visual percept into treatable electronic data is still
susceptible to biases related to handedness, motor planning, spa-
tial and manual abilities, and that the later three could eventually
be modified over time by experimental conditions set up to specifi-
cally influence phosphenes. Nonetheless, those biases are pervasive
in any method of documenting phosphenes, and are addressed by
control experiments. To completely circumvent these issues, the
LTaP system could be modified to rely on other types of input.
For example, a second web-cam based tracking system could allow
subjects to operate a drawing tool through head or eye movements
(e.g., through the use of eye tracking or a laser pointer mounted
on spectacle frames). Such alternatives might be more intuitive for
patients or healthy subjects, but is not exempt from new sources
of reporting biases that would also need to be addressed on a case
by case basis.

As it is currently designed, the LTaP system is affected by the
following limitations. Nonetheless, these limitations do not curtail
its ability to capture phosphenes and can eventually be overcome
by customizing or further expanding the features of the current
system. First, it is not easily compatible with the use of blindfolds.
Blindfolds are commonly worn by naive participants. Our experi-
ence has been that with training, subjects can perceive phosphenes
without the use of a blindfold in a dimly lit room. By reducing
ambient light and assuring that the projected image is of minimal-
luminance the perception of phosphenes with eyes open can be
easily facilitated. Interestingly, the projector can be used to inte-
grate a grid of white concentric circles of increasing diameter from
fixation outwards at steps of 20°, which with our subjects proved
extremely useful in guiding the accurate location of the phosphenes
and in guiding direction gaze. Second, for our purposes we assumed
the visual field to be a flat two-dimensional surface. However the
use of cylindrical or semispherical surface would represent a more
realistic model of real-world visual space. Since a flexible projection
screen could be modeled at will, this is entirely possible. Nonethe-
less additional calculations and changes in hardware would be
required to compensate for the differences in angles when draw-
ing at different positions of the space. For example, the use of a
web-cam offers a means to capture data that is both fast and reli-
able. However, a web-cam only gathers data from a selective point
of view, requiring the participant to face the camera. A possible
solution would be to incorporate the use of additional web-cams,
thereby increasing the LTaP systems total field of view. However a
more efficient solution may be replacing the web-cam altogether
with a large array of photoresistors secured to the surface that is
being used to trace phosphenes.

By way of the LTaP system, what was once a highly subjective
measure or a series of visual qualia, difficult to quantify numeri-
cally, and thus highly prone to participant’s and observer’s biases,
can now be captured and analyzed as series of perceptual quantia.
In particular, due to the system’s ability to objectively document,
analyze and compare phosphenes under various experimental con-
ditions or across time, studies using phosphenes as a measure of
visual excitability can now be more consistently undergone with
lower risk of biases. Finally, although the LTaP has been presented
as a finished product it has been created as an open and expand-
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able tool, which must be customized to integrate new applications
and features according to rapidly changing research needs and ever
evolving technological solutions. In the current manuscript, we
have advanced a series of functions, which in our opinion could
prove extremely useful in the near future. It is now the turn of any
interested researcher to openly contribute theirideas and solutions.
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