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Phosphenes are visions of light produced without light entering the eye. When
phosphenes are caused by time-varying magnetic fields or electric currents they
are called magneto- or electrophosphenes. These phosphenes are assumed to
originate from the electrical stimulation of the retina. However, the underly-
ing mechanisms and the required intensity for retinal stimulation have remained
unclear.

This thesis characterized phosphene thresholds in regards to retinal current den-
sity and electric field intensity by computationally simulating four phosphene
threshold experiments. Electric fields and currents induced by magnetic and
electric stimulation were determined using the finite element method and anatom-
ically realistic computational models of human heads.

The results of this thesis could help to uncover the mechanisms behind the phos-
phene phenomenon or be utilized in the development of retinal prostheses for
patients suffering from vision loss. Alternatively, the results could help in revi-
sion of electromagnetic field safety restrictions which aim to protect humans from
adverse health effects due to electromagnetic interference.
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Fosfeenit ovat valoaistimuksia, jotka syntyvät silmissä ilman valon vaiku-
tusta. Fosfeeneja, jotka aiheutuvat aikariippuvaisista magneettikentistä tai
sähkövirroista kutsutaan magneto- tai elektrofosfeeneiksi. Näiden fosfeenien us-
kotaan johtuvan verkkokalvon sähköisestä stimulaatiosta mutta niiden taustalla
olevat syntymekanismit ja verkkokalvon stimulaatioon vaadittavat kynnysarvot
ovat silti epäselviä.

Tässä diplomityössä määritettiin fosfeenien kynnysarvoja verkkokalvon virran-
tiheyden ja sähkökentän voimakkuuden suhteen simuloimalla neljää kokeellis-
ta fosfeenitutkimusta. Magneettisella ja sähköisellä stimulaatiolla indusoituja
sähkökenttiä ja -virtoja tutkittiin laskennallisesti käyttäen elementtimenetelmää
ja anatomisesti realistisia mallinnuksia ihmispäistä.

Työn tulokset voivat auttaa fosfeenien syntymekanismien selvittämisessä tai
niitä voidaan hyödyntää verkkokalvoproteesien kehityksessä potilaille, jotka
ovat menettäneet näkökykynsä. Tuloksia voidaan myös hyödyntää arvioitaessa
sähkömagneettisten kenttien turvamääräyksiä, joiden tarkoitus on suojata ihmi-
siä kenttien haitallisilta terveysvaikutuksilta.

Asiasanat: magnetofosfeeni, elektrofosfeeni, FEM, EMF

Kieli: Englanti
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Symbols and Abbreviations

Symbols

A [Tm] Magnetic vector potential
B [T] Magnetic flux density
E [V/m] Electric field
D [C/m2] Electric displacement
H [A/m] Magnetic field strength
J [A/m2] Electric current density
K Element matrix
N Shape function
n Normal vector
t [s] Time
σ [Ωm] Electric conductivity
φ [V] Electric scalar potential
ε [F/m] Electric permittivity
µ [H/m] Electric permeability
ρ [C/m3] Electric charge density

Abbreviations

CNS Central Nervous System
ELF Extremely Low Frequency
EMF Electromagnetic Field
FEM Finite Element Method
GM Gray Matter
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IEEE-ICES International Committee on Electromagnetic Safety
of the Institute for Electrical and Electronic Engineers

ICNIRP International Commission on Non-Ionizing Radiation
Protection

MRI Magnetic Resonance Imaging
tACS Transcranial Alternating Current Stimulation
WM White matter
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Chapter 1

Introduction

Phosphenes are visual sensations evoked by stimulus other than light. The
stimulus can be mechanical, chemical, electric or magnetic. When phosphe-
nes are produced by time-varying magnetic fields or electric currents, they
are referred to as magneto- or electrophosphenes. These phosphenes often
appear as flickering lights in the peripheral parts of the visual field. Accord-
ing to current scientific consensus, magneto- and electrophosphenes originate
from electrical stimulation of the retina. However, the exact origin of phos-
phenes and the minimum intensity of a retinal stimulus required to induce
phosphenes still remain unclear.

Research on magneto- and electrophosphenes has been utilized in the de-
velopment of retinal prostheses, which use electrical stimulation to generate
controlled visual sensations. The purpose of the prostheses is to restore vision
for patients blinded by hereditary retinal diseases or degenerative conditions
[1–3]. Additionally, electromagnetic field (EMF) safety restrictions, such as
the ICNIRP guidelines, use thresholds for phosphene production to define
limits for EMF exposure at extremely low frequencies [4]. The safety restric-
tions are designed to protect workers and the general public from adverse
EMF health effects.

This thesis aims to characterize the retinal thresholds for eliciting magneto-
and electrophosphenes. The results can then be used to determine the exact
origin of phosphenes and identify the underlying mechanisms behind them.
Furthermore, the results could be applied in the development of retinal pros-
theses or be considered during the revision of EMF safety restrictions.

8



CHAPTER 1. INTRODUCTION 9

The thesis focuses on analysing literature data on phosphenes with computa-
tional methods. The thresholds are investigated by simulating four separate
phosphene threshold experiments found in literature. The electric fields in-
duced by magnetic or electrical stimulation are calculated inside anatomically
realistic volume conductor models of human heads using an in-house algo-
rithm based on the finite element method. The phosphene thresholds are
examined in regards to the current density and the electric field intensity in
the retina and the brain.

The thesis begins by presenting the background information required to un-
derstand phosphenes. This includes a summary of the visual system, current
knowledge on the magneto- and electrophosphene origin, their relation to
EMF regulations, and the theoretical background for describing electromag-
netic interaction with biological systems mathematically. The third chapter
describes the materials and methods used to computationally simulate in-
ternal electric fields and investigate phosphene thresholds. The results of
the simulations are then presented in the fourth chapter. The fifth chapter
discusses the results and compares them to existing literature. Finally, the
last chapter summarizes the findings of this work.



Chapter 2

Background

This chapter discusses the background required to understand phosphenes
and the effects of electromagnetic stimulation on the human body. The first
section presents a brief description of the anatomical structure of the human
visual system including the eye and relevant parts of the brain. The sec-
ond section discusses the current knowledge on phosphenes, focusing on the
origin of magneto- and electrophosphenes and their relation to international
electromagnetic field guidelines. The last section explains the mathematical
equations used to describe interactions between electromagnetic fields and
biological systems.

2.1 Anatomy of the human visual system

The human eye is a fluid-filled spherical structure that forms and processes
images of the surrounding environment (Figure 2.1A). The eye is typically
divided into three anatomical tissue layers: an outer, an intermediate and an
inner layer [5]. The outer layer forms a fibrous tunic around the eye and is
made up of the sclera and cornea. The intermediate layer or the uvea consists
of a vascular layer called the choroid and parts of the iris and the ciliary body.
The innermost layer also includes portions of the iris and the ciliary body
but is largely composed of the retina. Visual information is transmitted to
the brain via an optic nerve, attached to the retina at the back of the eye.

The main function of the eye is to project the incoming light onto the retina.
The retina then converts that light to visual information and sends it forward
to the brain. The retina is a thin and transparent layer of tissue in the eye.
It’s thickness ranges between 100 and 300 µm, being thickest near the fovea
and thinnest near the front of the eye [5]. The retina and the optic nerve are

10



CHAPTER 2. BACKGROUND 11

Figure 2.1: A) The anatomical cross-section of eye. B) The laminar structure of
the retinal layers. [6, p.1302]

formed from an outpouching of the embryonic forebrain [5, 6]. Consequently,
both of them are regarded as a part of the central nervous system (CNS) and
they can be used as a conservative model for induced electric field effects on
the CNS [4, 7].

Since the retina is responsible for converting and processing the visual infor-
mation, it contains a variety of neurons [6]. The neurons are often categorized
into three main types: photoreceptors, secondary and tertiary neurons. Pho-
toreceptors convert light into electrical signals. Secondary neurons, including
bipolar, amacrine and horizontal cells, process the signals before tertiary neu-
rons, the ganglion cells, send the signals forward to the brain.

The two main categories of photoreceptors related to sight are the rods and
the cones, both of which are named after their shape. The majority of
cones are located in the central retinal zone, fovea, and are responsible for
color vision. On the other hand, the rods, which handle monochromatic
night-time vision, can be found all around the retina with varying density.
Only fovea and the base of the optic nerve, the optic disc, are devoid of
rod photoreceptors. Both rods and cones are oriented perpendicularly to the
surface and are located on the outermost layer of the retina as illustrated in
Figure 2.1B. Because of this, light has to travel through all the other layers
before reaching the photoreceptor cells. The remaining photons that are
not utilized by photoreceptors are completely absorbed by the pigmented
epithelium layer. In addition to rods and cones, the retina has a another



CHAPTER 2. BACKGROUND 12

type of cell that reacts to light called the photosensitive retinal ganglion cell
(pRGC). However, by current understanding pRGCs do not affect vision but
instead influence the circadian clock [5, 6].

After primary processing in the retinal neurons, the generated signals leave
the eye via a single nerve bundle, the optic nerve. The nerves from the left
and right eye cross each other in the optic chiasm and are divided into optic
tracks. Optic tracks carry the information forward to the lateral geniculate
nucleus (LGN) in the thalamus. [5, 6] Visual information is transferred from
the LGN via optic radiation to the visual cortex, which is responsible for
processing the visual information. The visual cortex is located in the occipital
lobe at the back of the head on both hemispheres of the brain. The visual
cortex of the left hemisphere receives signals from the right half of the field
of view (i.e. visual field) and the right hemisphere from the left half as shown
in Figure 2.2. The area where the information arrives initially is referred to
as the primary visual cortex. From there, visual information is distributed
to separate sections of the visual cortex. All of these sections are highly
specialized for processing of a specific aspect of vision, such as motion, color
and form. Most of these sections contain retinotopic maps of the retina, so
that spatial mapping of the visual field is maintained during visual processing.

Figure 2.2: Schematic illustration of the visual pathways between the eyes and
the visual cortex [5, p.160]. Information from the right visual field is delivered
to the left hemisphere and information from the left field is delivered to the right
hemisphere.
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2.2 Phosphenes

Visual sensations of light perceived without light actually entering the eye are
called phosphenes. They are caused by an external stimulus such as physical
pressure, an electromagnetic field or a chemical agent. When phosphenes are
generated by an electromagnetic stimulus, they are called magneto- or elec-
trophosphenes. Magnetophosphenes are produced by time-varying magnetic
fields, and electrophosphenes are generated by electric currents [8–10]. This
section discusses the origin of phosphenes and their influence on international
EMF safety regulations.

2.2.1 Origin of magneto- and electrophosphenes

Magnetophosphenes were first reported in 1890 by d’Arsonval, who demon-
strated the effect by placing a subject’s head inside a changing magnetic
field [11, 12]. Study of phosphenes gained more interest in the early 1900s,
when separate studies of Thompson [13] and Dunlap [14] experimented using
alternating electromagnets. In 1911, Magnusson and Stevens carried out ex-
periments with a movable coil generating the field [15]. According to their
findings, phosphenes appeared strongest at the peripheral parts of the visual
field and when the frequency of the magnetic field was between 20 and 30
Hz.

The first report describing electrophosphenes was an article by Le Roy [16]
in 1755, where a discharge from Leyden jar was passed through the orbit of
a blind patient. Upon discharge the man reported seeing flashes of light. In
the 1900s, electrophosphenes were studied by many and were discovered to
depend on the frequency similarly to magnetophosphenes. In 1977, Adrian
[17] tested 25 different frequencies in the ELF range and found the required
current to produce phosphenes was lowest at 18 to 22 Hz.

Barlow et al. were the first to compare the properties of electro- and magne-
tophosphenes in 1947 [18]. Their findings showed that both were induced in
frequencies below 90 Hz. The phosphenes appeared colorless and strongest
in the peripheral visual field. More importantly, they found the phosphene
perception for both was prolonged by eye movements and abolished by ap-
plying pressure on the eyeball. This resulted in the hypothesis that electro-
and magnetophosphenes were activated by stimulation on the same neural
pathway, which Barlow et al. suggested to be the retina.
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The hypothesis was followed in the studies of Abe and Brindley. Abe ex-
amined the strength-frequency dependence of electrophosphene thresholds
(i.e. the minimum intensity of a stimulus required for induction of phosphe-
nes) in different light-adaptation states of the eye [19]. The results showed
different frequency dependencies for light- and dark-adapted eyes. Brindley
reliably generated phosphenes by passing alternating current through bipolar
electrodes attached directly on the anaesthetized conjunctiva [20]. Applying
pressure on the eye was again concluded to prevent the perception of phosphe-
nes. Brindley concluded that the invoked phosphenes resulted from electrical
stimulation of the retina. They also stated that the retina was most sensitive
to stimulation by radial current [21]. Both Abe and Brindley suggested that
the stimulated structures were most likely retinal cells.

In 1980, Lövsund et al. compared magneto- and electrophosphene thres-
holds under identical experimental conditions in frequency range 10-45 Hz
[9]. The threshold stimulus intensities changed similarly as a function of
frequency and the minimum thresholds for both were recorded at 20 Hz.
Below and above 20 Hz the thresholds increased rapidly (Figure 2.3). The
results agreed with the assumption of phosphenes originating in the retina.
The study by Lövsund et al. was one of the first to document the frequency

Figure 2.3: Strength-frequency curves of magneto- and electrophosphenes from
the study of Lövsund et al [9].
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dependence of magnetophosphenes and has remained as one of the most de-
tailed magnetophosphene experiments.

Kanai et al. proposed an another theory that electrical currents stimulated
the occipital cortex directly below the stimulating electrode [22]. In their
study phosphenes were evoked using transcranial alternating current stimu-
lation (tACS) applied over the visual cortex. The phosphene thresholds were
found dependent on the frequency of the current and light-adaptation state
of the eyes. In the light, the minimum threshold value was recorded at 20
Hz, whereas it was found at 10 Hz in the dark. Kanai et al. hypothesized
that the stimulation affected the ongoing cortical activity.

However, it was suggested that the phosphenes reported by Kanai et al. were
caused by volume conduction from the occipital electrode to the retina, since
moving the electrodes closer to the eyes caused the thresholds to decrease
[23]. Kar and Krekelberg investigated this claim using three different elec-
trode arrangements, referred to as montages [10]. They confirmed thresholds
increased with distance from the eye and that there is no difference in the
time it takes to evoke phosphenes with stimulation near the eye or the vi-
sual cortex. Thus, their results supported the hypothesis that phosphenes
originated from the retina.

Based on the experimental results of magneto and electrophosphenes, their
most likely origin is the retina. Phosphene studies have hypothesised that
phosphenes arise from stimulation of specific retinal neurons, such as pho-
toreceptor, bipolar or ganglion cells [20, 24]. However, the underlying mech-
anisms still remain unclear.

Experimental studies have evaluated phosphene thresholds in regards to the
intensity of the source stimulus, for example the magnetic flux density or
stimulation current. However, if magneto- and electrophosphenes originate
from the retina as hypothesized, it would be more accurate to determine the
intensity of stimulation affecting the retina. Despite this, there is no simple
way to measure the current or electric field directly on a real retina.

To better understand retinal phosphene thresholds, magneto- and electro-
phosphenes have also been investigated with computational methods [25–28].
In 2012, Laakso and Hirata investigated the magnetophosphene experiment
of Lövsund et al. with anatomically realistic voxel models of the head and
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the eyes [27]. Their results indicated that a significant portion of induced
current inside the head flows through the eyes and stimulates the retina.
The maximum radial current density varied from 9 to 14 mA/m2 between
different models. Later, Laakso and Hirata simulated different montages
from multiple electrophosphene studies [28]. Again, the results showed that
a portion of the current flowed through the eyes. This time the maximum
radial current densities were between 8 and 30 mA/m2. In both studies, the
radial component of the current in the retina was estimated to be strong
enough to elicit phosphenes [27, 28]. However, the mentioned computational
studies used only a few different anatomical models and internal electric field
patterns are known to vary due to individual anatomical features [29].

2.2.2 Phosphenes and EMF safety guidelines

As stated in the previous section, magneto- and electrophosphenes are caused
by electromagnetic fields (EMFs) interacting with the retina. Additionally,
the retina can be used as a conservative model for neuronal circuitry of the
CNS. Because of those reasons, phosphenes are regarded as a sign of an
EMF interfering with the CNS [4]. Thus, phosphene thresholds are used as
an estimate for the field strength required to interfere with brain functions.

Since phosphenes are one of the more easily observed signs of electromagnetic
interference, EMF exposure limits below 100 Hz are in part set to avoid
generation of retinal phosphenes [4]. Though phosphenes themselves are
transient and generally considered harmless, they are usually accompanied
by adverse CNS reactions, such as tiredness, headaches and muscle spasms
[8, 30]. As such, avoiding phosphenes should also protect against any effects
on brain functions.

One of the major organizations responsible for publishing exposure guide-
lines is the International Commission on Non-Ionizing Radiation Protection
(ICNIRP). ICNIRP guidelines aim to protect workers and general members
of the public from adverse effects caused by EMFs. ICNIRP exposure lim-
its are partially based on magnetophosphene thresholds. The thresholds are
noted to be lowest around 20 Hz and rise at lower and higher frequencies.
At 20 Hz, the threshold strength of the induced electric field in the retina is
estimated to lie somewhere between 50 and 100 mV/m [4]. Hence, the limit
for occupational exposure is set at 50 mV/m and for general public exposure
at 10 mV/m. The limits rise at lower and higher frequencies, as can be seen
in Figure 2.4.
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Figure 2.4: Basic ICNIRP restrictions for EMF exposure in terms of internal
electric field strength in central nervous system (CNS) and the peripheral nervous
system (PNS) [4].

One other major organization that regularly publishes EMF guidelines is the
International Committee on Electromagnetic Safety of the Institute for Elec-
trical and Electronic Engineers (IEEE-ICES). The IEEE-ICES standard is
developed to protect against painful electrostimulation within the frequency
range of 0 to 5 MHz [30]. Since magneto- and electrophosphenes are sus-
pected to result from excitation of retinal receptor and neuron cells, they
count as a well-documented effect of electrostimulation. The IEEE-ICES in-
ternal electric field limits at 20 Hz are 5.89 mV/m for the general public and
17.7 mV/m for people working in restricted environments. The limits are
in part based on the work of Lövsund et al. on magneto- and electrophos-
phene thresholds. Using a homogeneous, ellipsoidal model of the head with
constant conductivity, the estimated internal electric field strength at 20 Hz
was 75 mV/m in the brain and 53 mV/m on the retina [30].
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2.3 Electromagnetic interaction with biologi-

cal systems

EMFs are known to interact with the biological systems and can cause effects
on all levels from a single cell to an entire human body. At frequencies
below 100 Hz, EMFs can cause phosphenes by interacting with the CNS [8].
EMFs are combinations of electric and magnetic fields that vary in space and
time. Electric fields are generated by electrical charges and expressed in a
volt per meter (V/m). On the other hand, magnetic fields are the result of
moving electric charges (currents). They are described either by magnetic
flux density B or magnetic field strength H, which are expressed in tesla (T)
and ampere per meter (A/m), respectively.

When exposed to time-varying EMFs, electric fields and currents are in-
duced inside the conductive body. The body also absorbs energy from the
field, but exposure to low frequency fields (below 100 kHz) results in negligi-
ble absorption of energy and undetectable increase in temperature. Interac-
tions between the field and the body can be described mathematically using
Maxwell’s equations:

∇×H = J +
∂D

∂t
, (2.1)

∇× E = −∂B

∂t
, (2.2)

∇ ·D = ρ, (2.3)

∇ ·B = 0, (2.4)

where J is current density, E is an electric field, D is electric displacement,
ρ is electric charge density and t denotes time. Also, for linear and isotropic
materials, the following constitutive relations hold:

D = εE, (2.5)

B = µH. (2.6)

Here, ε is the permittivity and µ the permeability of the material in question.
Lastly, the induced electric field is related to the current density J by Ohm’s
law:
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J = σE, (2.7)

where σ denotes the electric conductivity.

At extremely low frequencies (ELF), the equations governing EMF interac-
tions with biological tissues can be simplified with three assumptions [31, 32]:

1. The time-varying magnetic and electric field interactions with the body
are quasistatic. In other words, the field changes at such a low time
rate, that propagation time through the body is negligible.

2. The ratio between displacement and conduction current is much less
than 1. The ratio is characterized by σ/ωε, where σ is the material
conductivity, ω the angular frequency and ε the permittivity. Thus,
the displacement current is much smaller than the conduction current
and can be ignored.

3. The magnetic skin depth is significantly greater than the characteristic
dimensions of the conductive body and the induced currents do not
affect the original field. Therefore, the internal magnetic field can be
well be approximated with the magnetic vector potential (A) of the
external field.

When the field inside the body is caused by purely magnetic field, it is easiest
to describe using the electric scalar potential (φ) and the magnetic vector
potential (A). First, the combining the Faraday’s law with the representation
of the magnetic field as a curl of the vector potential (B = ∇×A) yields the
equation for the induced field:

E = −∇φ− ∂A

∂t
. (2.8)

Then, since current density is required to be solenoidal (∇·J = 0), combining
equations (2.1) and (2.7) results in a partial differential equation for the scalar
potential:

∇ · σ∇φ = −∇ · σ∂A

∂t
. (2.9)
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This equation assumes that the normal component for the current density
vanishes at the surface (n · J = 0).

The electric field can also result from volume conduction from a contact cur-
rent. In other words, the field is generated by an electric current flowing
through the body starting from a current source and disappearing at a cur-
rent sink. Based on Maxwell’s equations (2.1– 2.4) the electric field without
magnetic induction can be written as

E = −∇φ. (2.10)

The total current density now can be defined as J = Js + σE, where Js
denotes the source and sink current density. Additionally, we know that
∇ · J = 0 and ∇ · Js = −∂ρ

∂t
. Thus, while applying the boundary condition

n · J = 0, the partial differential equation describing the electric field in the
body is

∇ · σ∇φ = −∇ · σJs = −∂ρs
∂t

. (2.11)

In order to define the scalar potential inside a body composed of various
tissues, additional interface conditions are required. At a interface of two
separate tissues, the tangential component of the electric field and the nor-
mal component of current density are assumed to be continuous. These
assumptions can be written in mathematical form as n× (E1 − E2) = 0 and
n · (J1 − J2) = 0.

To summarize, the electric scalar potential inside the body can be described
with the partial differential equations (2.9) and (2.11) depending on the type
of stimulation. If the conductivity and stimulation source have known values,
the potential can be calculated. After that, the related field properties can
be solved according to the known relations. The next chapter describes
the numerical approximation of the electric scalar potential with the finite
element method.



Chapter 3

Materials and computational met-
hods

This chapter reports the computational methods and literature materials
used to simulate phosphene threshold experiments. The chapter starts by
explaining the finite element method and the methods used to calculate reti-
nal phosphene thresholds. Section 3 then describes how the realistic head
models were created while Section 4 discusses the conductivity values for
selected each tissue. The last section focuses on the experimental phosphene
studies, which were recreated in the simulations.

3.1 Finite-element method for determination

of the electric field

As explained in Section 2.3, the electric field inside the head can be solved
from the partial differential equation

∇ · σ∇φ = f, (3.1)

where f = ∂ρs
∂t

or f = ∇ · σ ∂A
∂t

with suitable boundary and interface condi-
tions. This is called a boundary value problem. However, due to the complex
geometry of the head, the problem cannot be solved analytically. Instead,
the solution can be approximated using numerical methods, such as the finite
element method (FEM) or the finite difference method. Out of the two men-
tioned methods, FEM is the better at approximating complex boundaries,
such as interfaces between different tissues. It is also the standard method
for eddy current calculations [33]. In this work, an in-house MATLAB algo-
rithm based on the finite element method was used to determine the electric

21
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scalar potential inside an anatomically realistic volume conductor model of
the human head.

Finite element method finds an approximate solution to a boundary value
problem by dividing a large, continuous domain into a finite number of
smaller subdomains. Inside the subdomains, the governing equation is rep-
resented by a set of simple shape functions with unknown coefficients. Then,
all sets of functions are combined systematically into a system of equations.
Finally, the solution to the problem is obtained by solving the system of
equations. Therefore, the FEM is composed of four main steps: division of
the domain into subdomains, selection of shape functions, formulation of the
system of equations and finally, finding a solution to the system.

As the first step, the domain is divided into small subdomains. The process
is referred to as discretization. The subdomains are called finite elements
and a collection of elements forms a mesh. In three dimensional problems,
the elements are often tetrahedrons or cubes. Tetrahedrons are best for
approximating arbitrarily shaped surfaces but the division process is more
difficult and time consuming. On the other hand, cubical elements are easier
to create but worse at approximating curved surfaces [34, 35]. The problem
is solved at nodes associated with the elements. A cubical element has eight
nodes at each of its corners. In this work, the domain was discretized into
0.5 mm3 cubical elements. The elements correspond with the cubical voxels
of the anatomical models described further in Section 3.3.

The second step is to select appropriate shape functions. These functions are
used to approximate the solution within an element by using a continuous and
differentiable set of polynomials. The number of shape functions required is
the same as the degrees of freedom of the element. For example the set for a
cubical element, which has 8 degrees of freedom, would consist of 8 functions.
The sum of the shape functions is always 1 inside an element and 0 outside
it. The chosen functions are usually a simple linear polynomials, since higher
order polynomials result in complicated formulations [34, 35]. Because the
elements in this case were linear and cube-shaped, trilinear shape functions
were used. The value of the unknown potential φ anywhere within an element
with n nodes can be expressed according to the equation

φ =
n∑
j=1

φejN
e
j , (3.2)
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where N e
j is the shape function j and φej the potential at a node j of an

element e.

The third step is to compose a system of the equations through the assembly
of all elements. One method for this is the weighted-residual method. First, a
residual is formed by transferring all terms of the partial differential equation
to one side. The residual is then multiplied with a weight function and
integrated over the volume of an element. When the weight function is the
same as the basis function, the approach is referred to as the Galerkin’s
method, which was used in this work. Thus, the weighted residual for an
element e is

∫
e

N e
j∇ · σ∇φN e

j f dV =

∫
e

N e
j f dV, (3.3)

which can be written in a discretized and written in the form

n∑
j

∫
e

σ∇N e
j · ∇N e

i dV φj =

∫
e

N e
i fi dV, i = 1...n, (3.4)

and then transformed to a matrix equation

Keφe = f e. (3.5)

Here, Ke is a matrix, which contains information of each node in the element
and vector φe is composed of the unknown potentials at each node. Each
row of Equation (3.5) represents a single node. The global system can then
be obtained as a sum of all the individual elements:

Kφ = f. (3.6)

In this case, the cubical elements form a regular grid where the surroundings
of each node are geometrically identical (Figure 3.1). Therefore, Equation
(3.4) can be solved analytically. For each node, corresponding to a row in
the matrix K, the equation has the form

1

h2
(
8

3
σ12345678 −

1

6
(σ12φ12 + ...+ σ78φ78)−

1

12
(σ1φ1 + ...+ σ8φ8)) = f,

(3.7)
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Figure 3.1: Node j and the eight elements it belongs to. The neighboring nodes
are labeled according to their respective elements. The surroundings of all nodes
are geometrically identical due to the regularity of the grid.

where h is the length of a voxel, subindexed σ is the arithmetic average of
conductivity of the specified neighboring nodes, and subindexed φ are the
potentials at nodes of elements the node is connected to.

The last step of FEM is to find a numerical solution to the linear system of
equations by using one of the various algebraic methods. For this work the
selected method was the geometric multigrid method. Multigrid methods
are algorithms used to solve finely discretized problems by utilizing multiple
levels of coarser discretizations. The geometric multigrid method achieves
faster convergence to a solution than others, including iterative and direct
solution methods. A detailed description of the geometric multigrid method
used in this work can be found in the article by Laakso and Hirata [36].

Following the steps described above, the electric scalar potential inside the
head can be solved numerically using FEM. Afterward, the electric field can
be calculated from the gradient of the scalar potential with the equations
described in Section 2.3. As the solution at each point is an approximation
of the real field, the result will always contain some amount of error. The
error naturally depends on the grid size and the quality of the mesh. However,
some error also arises from the last step of FEM. The error of the geometric
multigrid method is defined with the relative residual norm. In this work, the
linear system was solved repeatedly until the value of the residual was below
10−6. Therefore, the error in the electric field resulting from the solution
method was less than 0.1% [36].
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3.2 Analysis of induced fields and currents

After the electric scalar potential within each element was approximated
with FEM, electric field and current density were computed according to
the relations described in Section 2.3. The eye is composed of several thin
tissue layers with different conductivities that might also be radially inho-
mogeneous or uncertain [21, 37]. As these conductivities should have only a
slight effect on the radial component of the current density and the tangen-
tial component of the electric field due to specified interface conditions, these
values were reported along with the total current density and electric field
values. Assuming that phosphenes are elicited when an unknown threshold
is reached, the retinal current densities are evaluated in regards to their max-
imum and the 99th percentile values. Additionally, the total current flowing
through the retina was obtained by integrating the radial components of
current density on the surface of the retina.

In addition, the strength of the internal electric field was compared to interna-
tional EMF guidelines and standards. Comparison with ICNIRP guidelines
[4] required first determining the vector average of the field over cubical vol-
umes of 2×2×2 mm3 and then calculating the 99th percentile of the field in
each tissue. In this work, the vector average was calculated with a numerical
convolution over the specified volume, which consisted of 64 voxels. The ex-
amined brain tissues were gray matter (GM), white matter (WM), cerebellar
GM and cerebellar WM. While averaging the electric field in a specific tissue,
the field in other tissues was set to zero. The retinal electric field could not be
calculated according to the cubical averaging process because the thickness
of the retina was insufficient. Instead, the retinal electric field was derived
from the current density using a constant conductivity of 0.7 S/m.

Electric fields and current densities were investigated with 14 unique volume
conductor models of human heads. The aforementioned maximum and 99th
percentile values in both the retina and the brain were first calculated sep-
arately for each of the models in each of the simulation scenarios. Then,
the average maximum and 99th percentile values of the whole group were
computed in order to evaluate the differences between different scenarios.
The average current flowing through the retina was calculated similarly. Ad-
ditionally, the average current density distribution images were created by
calculating the average absolute radial current density at every point of the
retina across all models.



CHAPTER 3. MATERIALS AND COMPUTATIONAL METHODS 26

3.3 Anatomical models

Anatomically realistic volume conductor models were used to simulate the
internal electric fields and currents that are generated during phosphene
threshold experiments. The conductors were modeled after real heads of
14 volunteers [38]. An example of a three dimensional model is presented in
Figure 3.2.

The models were created based on magnetic resonance images of the heads of
the volunteers. Magnetic resonance imaging (MRI) is a noninvasive technique
most often used to form images of anatomical structures. During an MRI
scan, a strong static magnetic field is applied around the area of interest, and
magnetic moments of protons in hydrogen atoms align with the field. Next,
a radiofrequency pulse is used to excite the protons to a different alignment.
The protons return to the original alignment via relaxation processes and
emit energy signals. The signals are recorded and used to form MR images.

Both T1- and T2-weighted MR images were used to differentiate between
the various tissues inside the head. MR images are monochrome and each
tissue has a different intensity. The contrast between tissues depends on
whether the MR image was T1- or T2-weighted [39], as can be seen in Figure
3.3. Fatty tissues appear bright in T1-weighted images while tissues with
more water appear dark. On the other hand, in T2-weighted images tissues
with high water content appear brighter and fatty tissues darker. The con-
trast between gray and white brain matter also changes depending on the
weighting.

Figure 3.2: Three dimensional head model showing the segmentation of various
tissues and structures inside it.
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Figure 3.3: Axial (top) and sagittal (bottom) MRI images. Images on the left
side are T1-weighted and images on the right are T2-weighted.

Next, tissue segmented head models were created based on the MR images.
The process is described here briefly. However, a more detailed description
of the steps and tools can be found in the dissertation of Mikkonen [40].

Before segmentation, the MR images are preprocessed starting with image
resampling to the resolution of the final volume conductor model. The images
are also reoriented and resliced, if needed. After this, various methods and
tools are used to segment different tissues according to their intensities in the
T1- and T2-weighted images with the help of template models of anatomical
structures. Tissues within the skull are segmented into gray matter, white
matter, cerebrospinal fluid, blood or meninges while the skull itself is divided
into cancellous and cortical bone. The eyes are created by using a template
model as an initial guess. Their shape and size are modified based on the MR
images. The voxels on the outer surface, which are not part of the eyes or the
skull, are marked as scalp tissue. Fat and muscle, which includes ligaments
and tendons, are segmented separately but due to similar intensity values
often contain parts of each other. The nasal cavity is added to the skull by
using a template model and is lined with a mucous membrane. Finally, the
individually segmented tissues are combined to create a volume conductor
model with a voxel size of 0.5×0.5×0.5 mm3. A slice of the segmented model
is show in Figure 3.4.

For more accurate approximation of retinal currents, the original eyes were
replaced after segmentation with more realistic models. The new eyes con-
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Figure 3.4: Slice of a volume conductor model before the original eyes are re-
placed. Left side presents a view of the all tissues inside the head, while right side
illustrates the resolution of the model.

sisted of sclera, vitreous humor, retina and cornea. The replacement was
done with an automatic algorithm that kept the volume of the eyes intact.
The outer voxel layers of the eyeball were divided into cornea and sclera, as
shown in Figure 3.5. The sclera included the posterior surface from −150°
to 150° with a thickness varying linearly between 1 mm in the center to 0.5
mm near the edge. The cornea consisted of the remaining anterior surface
with a thickness ranging from 0.5 mm in the center to 1 mm in the periphery.
The retina was modeled underneath the sclera, in the posterior 3/4 of the
eye (−135°– 135 °), and it had a constant thickness of 0.5 mm. The layer
thicknesses were based on literature [5, 41]. The voxels inside of the eye were
grouped together as the vitreous humor. Thus, the model did not include a
model of the lens. In addition, the ciliary muscle, iris and choroid were not
modeled due to their thinness.

Figure 3.5: Diagram of the eye model and its tissues: sclera (light gray), cornea
(dark gray), retina (dark blue) and the vitreous humor (light blue).
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3.4 Conductivity of biological tissues

During the FEM discretization process, each voxel was assigned a discrete
electrical conductivity depending on the tissue inside it, as shown in Figure
3.6. Conductivity refers to a material’s ability to conduct electricity and its
SI unit is siemens per meter (S/m). The values used in this work are listed
in Table 3.1.

For calculations, the electrical conductivities of biological tissues and fluids
were assumed to be homogeneous and isotropic. In other words, the conduc-
tivity in tissue is the same everywhere and does not depend on the direction
of the current flow. The chosen values are based on literature data. When
possible, the values chosen had measurement conditions that resembled ex-
perimental phosphene studies. This mainly included tissue temperature near
37°C and applied frequency below 100 Hz. Still, it should be noted that values
reported in literature vary depending on the measurement method, applied
frequency, tissue temperature and whether the measurement was done in vivo
or in vitro [42]. Additionally, literature describing tissue conductivity below
1 MHz is limited and measurements have larger than average uncertainties
[43].

Figure 3.6: Slice of the model, where each tissue has been assigned a discrete
conductivity. Note especially the changing conductivity near the edge of the eye.
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The skull consisted of cortical and cancellous bone, and the conductivities
were from an article by Akhtari et al. [44]. Because the values were ob-
tained at room temperature, they were increased by 25 % to account for the
temperature difference [44]. Gray matter conductivity was selected as the av-
erage of multiple sources [45–47] and white matter conductivity was chosen
to be 70% of gray matter [47]. The conductivity of the scalp varies greatly
in literature. The value here was from an article by McCann [42], which
reported the weighted average of multiple separate studies. Due to difficulty
in segmentation of muscle and fat, both were assigned the same conductivity
value, which was a weighted average with 2/3 weight to muscle [42, 47] and
1/3 weight to fat [43, 48]. Blood conductivity was from Gabriel et al. [47]
and cerebrospinal fluid conductivity from Baumann et al. [49]. To prevent
current flow through the nasal cavity, mucous membrane was assigned the
same conductivity as cortical bone. The remaining tissue conductivities were
derived from previously mentioned values.

The model of the eye was composed of different tissues with their own con-
ductivity values. The conductivities of the sclera, cornea and vitreous humor
were from the study of Lindenblatt and Silny [50]. Lindenblatt and Silny did
not measure the conductivity of the retina but deduced that it should have
high conductivity value similar to vitreous humor. On the other hand, Wood
[24] argued that retina should use the same value as the sclera, because of
the thinness of the retinal layer. Here, the retinal conductivity is the same as
blood, since it falls between the two approximations. Even though the tissues
in this work were assumed as homogeneous throughout the eye, it should be
noted that experimental evidence suggests their conductivities might vary
radially [21].

Table 3.1: The electrical conductivities of tissues used in this work.

Tissue S/m Tissue S/m
Blood 0.7 Fat 0.08
Bone (Cancellous) 0.027 Glands 0.5
Bone (Cortical) 0.008 Muscle 0.35
Brain (Gray matter) 0.2 Nerve and spinal cord 0.03
Brain (White matter) 0.14 Scalp 0.4
Cartilage 0.18 Tendon 0.3
Cerebellum 0.2 Trachea 0.3
Cerebrospinal fluid 1.8 Vitreous humor 1.55
Cornea 0.5 Retina 0.7
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3.5 Simulation scenarios

Phosphene thresholds in the retina were investigated by replicating the condi-
tions of four separate phosphene experiments in computational simulations.
One magnetophosphene and three electrophosphene experiments were se-
lected. Multiple scenarios were chosen as the reported phosphene thresholds
vary between studies due to different environmental conditions, such as en-
vironmental lighting, number of subjects, electrode types and definitions of
a phosphene threshold. In order to compare simulation results, phosphene
thresholds were selected as the average threshold stimulus intensity at 20 Hz.
The thresholds of all experiments are listed in Table 3.2.

Scenario 1: Lövsund et al. (1980)

The first scenario was the magnetophosphene study by Lövsund et al [8].
The experiment has greatly influenced EMF guidelines and still remains as
one of the most detailed studies on magnetophosphenes. In their experiment,
a special U-shaped magnet was used to create a time-varying magnetic field
around the head with the poles of the magnet placed on the temples of the
volunteer. The flux density between the poles was inhomogeneous and varied
from 0 to 40 mT. The flux density was measured near the eye, 2 cm from the
pole. The average phosphene threshold for 11 subjects was 10 mT (r.m.s) at
20 Hz. The pole magnet and the relative flux density are shown in Figure
3.7.

Figure 3.7: The electromagnet used in the experiment of Lövsund et al. and the
relative flux density within the head of the subject [8].
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Figure 3.8: Diagram of the magnetic stimulation scenario. The dipoles used as
the source of the magnetic field were placed near the temples of the models with 5
cm between the model surface and the dipole. The magnetic field originates from
a single point at the center of each red circle. The arrows indicate the direction of
the magnetic moment, which was same for both dipoles.

In this work, the electromagnet was replaced by two magnetic dipole sources
placed near the temples of the subject as shown in Figure 3.8. To ensure
the flux density inside the head matched with the experiment of Lövsund et
al., the dipoles were separated from the surface of the model by 5 cm. The
magnetic flux density was set to be 10 mT (r.m.s.) near the eyes 2 cm from
the temple.

Scenario 2: Kanai et al. (2008)

The second scenario was the electrophosphene study by Kanai et al [22].
In the experiment, phosphenes were induced using transcranial alternating
current stimulation (tACS). The experiment used only one electrode arrange-
ment with the reference electrode placed above the vertex and the stimulat-
ing electrode 4 cm above the inion. The arrangement is referred to as the
occiput–vertex or the Oz-Cz montage (Figure 3.9C) according to the in-
ternational 10–20 system of electrode placement. The size of the reference
electrode was 9 cm × 6 cm and the stimulation electrode was 3 cm × 4 cm.
In the light condition, the average threshold current intensity measured for
four subjects at 20 Hz was 550 µA.

For this and the next two simulation scenarios, the electrodes were assumed
to be sponge-type electrodes with either a rectangular or circular shape. An
electrode consisted of a 6 mm thick, saline-saturated sponge with a 1 mm
thick rubber sheet in the middle of it. In the center of the rubber was a
connector disk. The connector disk contained uniformly distributed current
point sources or sinks depending on whether the electrode was an anode or a
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cathode. The conductivities of the rubber and the saline soaked sponge were
set as 0.1 S/m and 1.6 S/m, respectively. The electrodes were attached to
the head models before the discretization step of FEM.

Scenario 3: Kar and Krekelberg (2012)

The third scenario was based on the experiments by Kar and Krekelberg
[10] in 2012. They studied tACS induced electrophosphenes with three mon-
tages: the occiput–vertex (Oz–Cz), parietotemporal–vertex (T5–Cz), and
frontalis–vertex (Fpz–Cz). These montages are illustrated in Figure 3.9.
Both electrodes had a circular shape with a diameter of 7.62 cm and a surface
area of 45.6 cm2. The average threshold current intensities for five subjects
were 230 µA, 150 µA and 60 µA for 20 Hz, respectively.

Scenario 4: Evans et al. (2019)

The fourth and last scenario was from the study by Evans et al. [51] pub-
lished in 2019. This experimental study was included because it had a large
number of subjects and clearly defined the environmental conditions during
the experiments. Similarly to the previous electrophosphene scenarios, they
also used tACS for stimulation. The study was conducted with 24 subjects
for Oz-Cz and Fpz-Cz montages. The reference electrode was circular with a
diameter of 5.6 cm and the stimulation electrode was rectangular with a 3 ×
4 cm contact surface. Unlike the other experiments, Evans et al. reported the
minimum threshold at 16 Hz for both montages. However, for comparison
with the other scenarios, the calculations in this work will use the average
threshold currents 560 µA and 150 µA reported at 20 Hz.

Figure 3.9: The electrode montages used for electrical stimulation scenarios. A)
Frontalis-vertex B) Parietotemporal–vertex C) Occiput–vertex. In all examined
scenarios, the electrode on vertex (Cz) was the reference electrode.
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Table 3.2: The reported phosphene thresholds at 20 Hz per each experiment as
an average of multiple subjects. The magnetic flux density of the Lövsund et al.
scenario was reported as a root mean square (r.m.s.) value. The threshold data of
the other three scenarios were assumed to be peak values of sinusoidal alternating
current.

Experimental
scenario

Electrode montage/
Magnetic field sources

Average
phosphene
threshold

Number of
subjects

Lövsund et al. Temples 10 mT 11
Kanai et al. Oz-Cz 550 µA 4

Kar &
Krekelberg

Fpz-Cz 60 µA
T5-Cz 150 µA 5
Oz-Cz 230 µA

Evans et al.
Fpz-Cz 150 µA

24
Oz-Cz 560 µA



Chapter 4

Results

This chapter presents the main results of the simulations. The electric field
and current produced by electric or magnetic stimulation were simulated
inside 14 unique, anatomically realistic volume conductor models of human
heads. Naturally, anatomical features are slightly different in each model,
and thus the induced electric fields and currents also differed between them.
These differences can be seen in Table 4.1, which shows the numerical current
density values in the retina resulting from Lövsund et al. scenario for each
of the models. Figure 4.1 shows the differences in the path of the induced
current between the four scenarios for one model.

Table 4.1: Current density in the whole retina (0°–135°) for all 14 models. The
values are from Lövsund et al. simulation scenario and the magnetic flux density
was set to be 10 mT (r.m.s.) near the eyes.

Model
Current density

(mA/m2)
Radial current density

(mA/m2)

Maximum
99th

percentile
Maximum

99th
percentile

1 12,8 12,1 10,8 9,9
2 12,3 11,6 11,0 9,8
3 13,8 13,0 13,5 12,4
4 13,3 12,0 10,9 9,9
5 13,8 12,8 11,9 10,9
6 13,3 12,3 10,9 9,9
7 13,6 12,8 11,3 10,3
8 13,1 12,3 11,6 10,5
9 13,0 11,2 9,9 9,0
10 16,3 14,6 14,7 12,7
11 12,4 11,7 11,6 10,5
12 11,9 11,0 9,1 8,5
13 11,9 11,2 9,6 8,8
14 12,8 11,9 11,4 10,3

Average 13,2 12,2 11,3 10,2

35
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Figure 4.1: The path of the current inside one model resulting from the four
different stimulus arrangements. Streamlines were chosen randomly and their color
shows the magnitude of the current density when the stimulation current was 100
µA or the flux density of the magnetic field was 10 mT.

In order to compare different simulation scenarios and phosphene thresholds,
the average current density and electric field values across all models were
calculated. Section 4.1 describes the average distribution of the current across
the retina. Then, Section 4.2 compares average threshold current densities
in different scenarios. Lastly, Section 4.3 reports the average intensities of
the threshold electric fields in both the retina and CNS, and compares them
to international standards.

4.1 Current distribution in the retina

Figure 4.2 displays the average distribution of radial current density across
the retina in the different stimulation arrangements. For electric stimulation,
the intensity of the stimulation current was 100 µA and for magnetic stim-
ulation the magnetic flux density near the eye was 10 mT. In this section,
Fpz-Cz, T5-Cz and Oz-Cz montages used electrode models from the Kar and
Krekelberg simulation scenario. Changing the electrodes to match the Kanai
et al. or Evans et al. scenarios had no observable effect.
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Figure 4.2: Average distribution of radial current density across the whole retina
(0°–135°) resulting from magnetic or electric stimulation. The magnetic flux den-
sity was 10 mT and the intensity of the electric current was 100 µA. The black
circles denote the angle from posterior pole of the orbit
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In all cases, distributions in the left and right eye were almost perfectly sym-
metrical. The only exception being the T5-Cz montage in which the current
density of the left eye was slightly higher. Apart from Fpz-Cz montage, the
maximum current density was located in the inferior side of the orbit and a
secondary maximum was on the superior side. Both primary and secondary
maxima were within an angle of 120 degrees from the center. The radial
current distribution of Fpz-Cz montage had a primary maximum at the su-
peroanterior edge of the retina, between 120 and 135 degrees. However, a
secondary maximum was visible near the center, around 30 to 60 degrees.
The secondary maximum can be seen better in Figure 4.3, which focuses on
the central section of the orbit.

When the electrical stimulus was the same for all montages, the retinal cur-
rent density was higher with the stimulation electrode placed closer to the
eyes, as expected. The highest values of total and radial current density
within 135 and 90 degree angles from the posterior pole are listed in Table
4.2. For the whole retina, the values of Fpz-Cz montage were nearly ten
times higher than for the T5 and Oz montages. The secondary maximum of
Fpz-Cz located within 90 degrees from the center was only five times higher.

As mentioned previously, there were some differences between the models.
Table 4.3 reports the variation in the 99th percentile values of radial current
density. The amount of variation depended on the stimulus location and
type. For the electrical Fpz-Cz montage, values varied from −40% to +40%
while T5-Cz and Oz-Cz montages ranged from −30% to +20%. Current
density values of the magnetic stimulation, which had magnetic field sources

Figure 4.3: Average distribution of radial current density in Fpz-Cz montage
within 90 degrees from the center of the retina with a 100 µA stimulus current.
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near the temples, varied from −20% to +30%. Across both the entire retina
and its central section, the standard deviation (SD) of all models was roughly
15% in all simulation scenarios.

Table 4.2: Current density on the retina resulting from 100 µA electrical stimulus
current. Electrode models were from the Kar and Krekelberg simulation scenario.

Angle
from the
posterior
pole

Montage
Current density Radial current density

( mA/m2) ( mA/m2)

Maximum
99th

percentile
Maximum

99th
percentile

0°– 135°
Fpz-Cz 44.5 39.6 44.2 38.5
T5-Cz 4.7 4.4 4.6 4.3
Oz-Cz 3.7 3.4 3.6 3.2

0°– 90°
Fpz-Cz 21.7 19.5 16.5 15.5
T5-Cz 4.5 4.1 4.4 4.0
Oz-Cz 3.2 2.9 3.2 2.8

Table 4.3: Comparison of the highest radial current density values of the 14
individual head models of the subjects in each scenario. The differences are re-
ported in terms of group minimum, maximum, mean and standard deviation (SD)
of the 99th percentile. Intensities for electric and magnetic stimulation were 100
µA (current) and 10 mT (magnetic flux density).

Angle from the
posterior pole

Montage or
magnetic field
sources

99th percentile of
radial current density

(mA/m2)
Min. Max. Mean SD

0°– 135°

Fpz-Cz 24.5 56.2 38.5 8.5
T5-Cz 3.3 5.0 4.3 0.5
Oz-Cz 2.3 3.9 3.2 0.4
Temples 8.5 12.7 10.2 1.2

0°– 90°

Fpz-Cz 11.3 18.3 14.0 2.1
T5-Cz 2.8 4.8 4.0 0.6
Oz-Cz 2.0 3.4 2.8 0.4
Temples 8.3 12.9 9.6 1.4
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4.2 Threshold current density

Next, current densities in the retina were computed using threshold intensity
stimuli, which can be found in Table 3.2 of the previous chapter. The results
are presented in Table 4.4 for the whole retina and in Table 4.5 for the central
section. Average current flowing through the retina is also reported in Table
4.4.

For the total surface of the retina, the maximum current density varied
greatly between all scenarios. For the Evans et al. scenario, both radial
and total current densities of Fpz-Cz montage were three times higher than
for Oz-Cz. Same was true for Kar and Krekelberg montages. The value of
Oz-Cz current density was similar in Evans et al. and Kanai et al. scenar-
ios, but much smaller in the Kar and Krekelberg simulation. Since Kar and
Krekelberg had reported lower phosphene thresholds than the other studies,
all values of the scenario were smaller. The current density of Lövsund et al.
magnetophosphene scenario was similar in magnitude to the Oz-Cz montage
values of Kanai et al. and Evans et al scenarios.

The amount of current passing through the retina also varied depending on
the stimulation location. In electrical simulations with T5 or Oz electrodes,
the current flowing through the retina was approximately 5 to 7 % of the
total stimulation current. For montages that included the Fpz electrode, the
amount of current was 40 %. Magnetically induced current in the Lövsund
et al. scenario was similar to the currents produced by electrical stimulation.

Table 4.4: Comparison of retinal current densities, radial components and total
currents for each experimental setup with threshold intensity stimuli (table 3.2).
The values are averages over 14 individual models and included the entire retina
(0°– 135°).

Scenario
Montage or

magnetic field
sources

Current density
( mA/m2)

Radial
current density

( mA/m2)

Current
in the retina

(µA)

Maximum
99th

percentile
Maximum

99th
percentile

Left eye Right eye

Evans et al. Fpz-Cz 65.1 58.4 64.6 56.9 59.2 59.0
Oz-Cz 20.3 18.7 20.0 18.0 31.2 28.6

Kanai et al. Oz-Cz 19.7 17.4 19.4 17.5 30.2 27.7
Kar & Fpz-Cz 26.7 23.8 26.5 23.3 24.6 24.3
Krekelberg T5-Cz 7.1 6.6 6.9 6.4 11.2 8.5

Oz-Cz 8.4 7.7 8.2 7.5 12.9 11.8
Lövsund et al. Temples 17.4 16.0 15.3 13.7 22.9 21.4
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Table 4.5: Comparison of current densities and their normal components at the
back of the retina (0 to 90 degrees).

Scenario
Montage or

magnetic field
sources

Current density Radial current density
( mA/m2) ( mA/m2)

Maximum 99th percentile Maximum 99th percentile
Evans et al. Fpz-Cz 32.7 28.2 24.4 22.3

Oz-Cz 18.0 16.3 17.7 15.6
Kanai et al. Oz-Cz 17.4 15.7 17.1 15.1
Kar & Fpz-Cz 13.1 11.4 9.9 9.3
Krekelberg T5-Cz 6.7 6.2 6.6 6.0

Oz-Cz 7.4 6.7 7.3 6.4
Lövsund et al. Temples 14.0 12.3 13.2 11.5

Considering only the area of the retina within 90 degrees from its center (Ta-
ble 4.5), the total and radial current density varied less. Especially the radial
current densities of different montages within the same scenario differed only
slightly. Compared to values on the entire retina, the maxima of T5-Cz, Oz-
Cz and magnetic stimulation decreased only slightly while maximum current
density of Fpz-Cz simulation was reduced by half.

4.3 Electric field in the retina and the brain

Lastly, the electric field values were calculated and compared. Differences in
the internal electric fields can be seen in Figure 4.4. The maximum strength
of the internal electric field in the left retina and the brain are presented
in Tables 4.6 and 4.7. All scenarios used threshold intensity stimuli. For
brain tissues, in other words the gray and white matter of cerebrum and

Figure 4.4: Electric field intensities inside one model for the different montages:
A) Fpz-Cz, B) T5-Cz, C) Oz-Cz. The stimulus current intensity was 100 µA. For
better visualization of the field inside the brain, the color scale was limited to
range 0 – 40 mV/m.
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Table 4.6: Maximum and 99th percentile values of the threshold retinal electric
field and its tangential component. All values are reported in mV/m.

Scenario
Montage or

magnetic field
sources

Tangential
electric field

Total
electric field

Maximum
99th

percentile
Maximum

99th
percentile

Evans et al. Fpz-Cz 43.3 40.0 91.7 83.0
Oz-Cz 18.2 16.0 29.1 26.7

Kanai et al. Oz-Cz 17.7 15.5 28.1 25.8
Kar & Fpz-Cz 18.1 16.7 38.0 34.2
Krekelberg T5-Cz 6.1 5.4 10.1 9.4

Oz-Cz 7.5 6.6 12.0 11.0
Lövsund et al. Temples 15.5 14.1 18.8 17.4

cerebellum, the reported values are 99th percentile averaged electric fields.
The electric field in the retina was calculated based on the retinal current
density.

As a reminder, the ICNIRP internal electric field restrictions were 10 mV/m
for the general public and 50 mV/m for occupational exposure [4], while
the IEEE-ICES restrictions were 5.89 mV/m and 17.7 mV/m, respectively
[30]. The 99th percentile of the retinal electric field did not exceed the
ICNIRP occupational limit in any scenario except for the Evans et al. Fpz-
Cz montage. Similarly, three cases were below the occupational IEEE-ICES
limit and two were only slightly above it. Excluding the T5-Cz and Oz-
Cz montages of Kar and Krekelberg, all scenarios were clearly above the
general public restrictions for both ICNIRP and IEEE-ICES. Inside the brain,
intensity of the electric field varied greatly depending on the location of the
stimulus. Almost all values were above the general public restrictions. In the
cerebrum gray and white matter, the electric fields were all above the IEEE-
ICES occupational guideline. Comparisons with the EMF safety restrictions
are summarized in Table 4.8.
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Table 4.7: Threshold electric field 99th percentile values in the gray matter (GM)
and white matter (WM) of cerebrum and cerebellum. The electric field intensities
for tissues were averaged over 8 mm3 cubes. All values are reported in mV/m.

Scenario
Montage or

magnetic field
sources

Averaged electric field in brain tissue

GM WM
Cerebellar

GM
Cerebellar

WM
Evans et al. Fpz-Cz 49.9 50.7 11.4 16.0

Oz-Cz 188.7 189.4 105.7 110.9
Kanai et al. Oz-Cz 183.8 210.4 103.6 108.6
Kar Fpz-Cz 18.3 18.8 4.5 6.3
Krekelberg T5-Cz 45.6 51.1 31.8 26.4

Oz-Cz 66.0 75.4 40.3 42.7
Lövsund et al. Temples 19.4 17.9 7.7 7.7

Table 4.8: Summary of whether the 99th percentile value of the retinal threshold
electric field exceeded the EMF safety restrictions of ICNIRP and IEEE-ICES.
The electric field intensities were compared with both the occupational and general
public exposure limits.

Scenario
Montage or
magnetic field
source

ICNIRP IEEE-ICES
Occupational

exposure
General
public

Occupational
exposure

General
public

Evans et al. Fpz-Cz Yes Yes Yes Yes
Oz-Cz No Yes Yes Yes

Kanai et al. Oz-Cz No Yes Yes Yes

Kar &
Krekelberg

Fpz-Cz No Yes Yes Yes
T5-Cz No No No Yes
Oz-Cz No Yes No Yes

Lövsund et al. Temple to temple No Yes No Yes
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Discussion

This thesis aimed to characterize the thresholds for eliciting phosphenes in
the retina by computationally simulating four phosphene threshold experi-
ments. The finite element method was used to calculate induced electric fields
and currents inside anatomically realistic volume conductors. The threshold
radial current density on the retina was determined to be in the range of 6.4
– 56.9 mA/m2 on the entire retina and 6.0 – 22.3 within 90 degrees from
its center. The standard deviation of the radial current density was 15% for
14 models. The threshold retinal electric field varied between 9.4 and 83.0
mV/m depending on the simulated scenario.

The retinal current density distributions showed maxima around the periph-
ery for T5-Cz and Oz-Cz montages. This agrees with experimental studies
where phosphenes were mostly observed in the peripheral parts of the visual
field [22, 23]. The maximum of the magnetic scenario was also located on
the peripheral retina. Though Lövsund et al. did not report where on the
visual field magnetophosphenes where observed, other studies have stated
that magnetophosphenes appear strongest in the periphery [18, 25]. The
current density distribution of the Fpz-Cz montage had a primary maximum
in the periphery and a secondary maximum in the center. This could be the
reason why experimental studies that used the same montage reported both
peripheral and central phosphenes [23, 51]. All in all, the distributions and
retinal current densities were similar to predictions of computational studies
by Laakso and Hirata [27, 28]. Yet, the total current flowing through the
retina was higher than in those studies. This could result from the missing
lens, which has a lower conductivity than the rest of the eyes [50], or from
the higher conductivity of the skin. Because of these factors, eyelids and the
anterior segments of the eyes have higher conductivities causing more current
to flow through them and consequently through the retina.

44
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Experimental studies suggest that the retina is more sensitive to stimulation
from radial current [20]. Therefore, it should be appropriate to define retinal
thresholds in terms of radial current density. Assuming also that the Fpz-Cz
montage can in fact evoke phosphenes near the center of the visual field, the
central current densities might provide a more accurate estimate of the retinal
phosphene thresholds. Across all scenarios the average threshold current
density was roughly 12 mA/m2. This result is similar in magnitude to the
estimations of other computational studies [25, 27, 28] and to the estimate
based on the magnetophosphene data by Lövsund et al. [9].

In addition, the retinal electric field intensities were compared to the EMF
exposure restrictions of ICNIRP and IEEE-ICES. ICNIRP guidelines have
used the retinal electric field at minimum phosphene threshold as a conser-
vative estimate of the field strength required to affect the CNS. ICNIRP has
stated also that prevention of retinal phosphenes should protect against any
effects on brain functions. Similarly, IEEE-ICES has set EMF restrictions
to avoid any adverse health effects resulting from electrostimulation, which
includes phosphenes. The occupational exposure restriction of ICNIRP is
50 mV/m at 20 Hz while it is 17.7 mV/m for IEEE-ICES. The results of
this thesis indicate that the retinal electric field at phosphene threshold does
not exceed these limits depending on the simulated threshold experiment.
Therefore, phosphenes could possibly be induced in the retina by internal
electric fields weaker than previously estimated.

The threshold electric fields and current densities were scaled according to
phosphene thresholds from four experimental phosphene studies [8, 10, 22,
51]. However, each study had reported significantly different thresholds,
despite some of them using the same electrode montages. The variations
in thresholds are due to different experimental conditions, which include
differences in environmental lighting, duration of stimulation and even the
definition of a phosphene threshold. Additionally, two out of the four studies
had only a few subjects. Therefore, comparing phosphene thresholds between
separate experimental studies is not straightforward.

The results are also affected by the limitations of computational modeling.
The simulations used tissue segmented, anatomically realistic head models
with tissue conductivities based on literature data. Consequently, possible
errors in tissue segmentation and selected conductivity values can influence
the accuracy of the results. Similarly, though the model of the eye included
separate tissues for the sclera, cornea and retina, it did not include the lens or
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the optic nerve, which might affect the distribution of current in the retina.
Furthermore, since the results are based purely on simulations, they require
experimental evidence to support them.

Further studies are required to determine the accuracy of the simulations
by combining computational methods with experimental measurements. For
example, studies could first determine the threshold intensity of the magnetic
or electrical stimulus experimentally and then calculate the retinal thresholds
individually for each subject. Thus, it could be seen how differences in stimu-
lus thresholds between subjects correlate with individual anatomical features
and the variations in the retinal threshold current density. In addition, the
eye models could be enhanced to include the previously mentioned missing
anatomical structures and separate experiments could be conducted to assess
the accuracy of selected tissue conductivities.



Chapter 6

Conclusions

Magneto- and electrophosphenes are visual sensations produced by time-
varying magnetic fields or electric currents interfering with the central ner-
vous system. Though these phosphenes are assumed to originate from the
electric stimulation of the retina, the mechanisms behind the phenomena
and the threshold intensity of a stimulus required to induce phosphenes have
remained unclear. This master’s thesis aimed to characterize the thresholds
for eliciting phosphenes in the retina by simulating four different magneto-
and electrophosphene threshold experiments. Threshold electric fields and
currents in the retina and the brain were calculated using the finite element
method and 14 unique, anatomically realistic computational models of hu-
man heads.

Based on the results of this thesis, the threshold radial current density in the
retina is in range 6.0 – 22.3 mA/m2 and the threshold intensity of the retinal
electric field varies from 9.4 to 83.0 mV/m at 20 Hz. These results agree with
estimations of previous experimental and computational phosphene studies.
Additionally, the threshold electric field intensity was compared with the
EMF safety restrictions set by ICNIRP guidelines and IEEE-ICES standards,
which aim to protect humans from adverse EMF health effects. In many
of the simulated phosphene threshold experiments, the highest intensity of
the electric field was found to be lower than occupational exposure limits of
ICNIRP and a few were below the IEEE-ICES limit. This could indicate that
phosphenes can be induced by internal electric fields weaker than previously
thought.

The characterization of retinal electric fields and currents at phosphene thresh-
old could be used to determine the underlying mechanisms of retinal phos-

47
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phenes and provide better understanding of the sensitivity of the retina.
Furthermore, these results could be utilized in the development of visual
prostheses for people suffering from vision loss due to retinal diseases or de-
generative conditions. Additionally, the results could be considered in the
future when EMF safety restrictions are revised. However, the results are
based purely on computational analysis of literature data and additional re-
search is required to validate the results experimentally. Further studies
could also examine variations in retinal threshold values due to differences
in individual anatomical features.



References

[1] E. Bloch, Y. Luo, and L. da Cruz, “Advances in retinal pros-
thesis systems,” Therapeutic advances in ophthalmology, vol. 11,
p. 2515841418817501, 2019.

[2] D. Nanduri, I. Fine, A. Horsager, G. M. Boynton, M. S. Humayun, R. J.
Greenberg, and J. D. Weiland, “Frequency and amplitude modulation
have different effects on the percepts elicited by retinal stimulation,”
Investigative ophthalmology & visual science, vol. 53, no. 1, pp. 205–
214, 2012.

[3] F. Gekeler and K. U. Bartz-Schmidt, “Electrical stimulation—a thera-
peutic strategy for retinal and optic nerve disease?,” 2012.

[4] ICNIRP, “Guidelines for limiting exposure to time-varying electric and
magnetic fields (1 hz to 100 khz),” Health Physics, vol. 99, no. 6, pp. 818–
836, 2010.

[5] P. Artal, Handbook of Visual Optics, Volume I - Fundamentals and Eye
Optics. CRC Press, 2017.

[6] R. Goebel, L. Muckli, and D.-S. Kim, “Chapter 35 - visual system,” in
The human nervous system (G. Paxinos and J. K. Mai, eds.), pp. 1280
– 1305, San Diego: Academic press, 2nd ed., 2004.

[7] ICNIRP, “Guidelines for limiting exposure to time-varying electric, mag-
netic and electromagnetic fields (up to 300 ghz),” Health Physics, vol. 74,
no. 4, pp. 494–522, 1998.
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