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A B S T R A C T   

Background: Virtually everyone is exposed to power-frequency MF (50/60 Hz), inducing in our body electric 
fields and currents, potentially modulating brain function. MF-induced electric fields within the central nervous 
system can generate flickering visual perceptions (magnetophosphenes), which form the basis of international MF 
exposure guidelines and recommendations protecting workers and the general public. However, magneto
phosphene perception thresholds were estimated 40 years ago in a small, unreplicated study with significant 
uncertainties and leaving open the question of the involved interaction site. 
Methods: We used a stimulation modality termed transcranial alternating magnetic stimulation (tAMS), deliv
ering in situ sinusoidal electric fields comparable to transcranial alternating current stimulation (tACS). Mag
netophosphene perception was quantified in 81 volunteers exposed to MF (eye or occipital exposure) between 
0 and 50 mT at frequencies of 20, 50, 60 and 100 Hz. 
Results: Reliable magnetophosphene perception was induced with tAMS without any scalp sensation, a major 
advantage as compared to tACS. Frequency-dependent thresholds were quantified using binary logistic re
gressions hence allowing to establish condition dependent probabilities of perception. Results support an 
interaction between induced current density and retinal rod cells. 
Conclusion: Beyond fundamental and immediate implications for international safety guidelines, and for iden
tifying the interaction site underlying phosphene perception (ubiquitous in tACS experiments), our results 
support exploring the potential of tAMS for the differential diagnosis of retinal disorders and neuromodulation 
therapy.   

1. Introduction 

In 1896, Jacques-Arsène d’Arsonval (a French physician) experi
enced a magnetophosphene from a 42-Hz magnetic field (MF) of unre
ported magnitude [1]. Subsequent studies in humans confirmed electro- 
and magneto-phosphene phenomena with maximal sensitivity at about 
20 Hz2–8, with some examining effect details (e.g., ambient lighting ef
fects) [2,3] and their interaction site using various laboratory prepara
tions (e.g., frog retina) [4,5–7]. The perception of phosphenes is also 
common in transcranial alternating current stimulation (tACS) 

experiments, which is a key issue since this can compromise blinding to 
the stimulation condition, in addition to be a confounding factor when 
attempting as disentangling the effects of tACS on brain circuits. This has 
motivated studies quantifying precisely the perception of (electro-) 
phosphenes as a consequence of tACS in various montages in humans 
[8]. Since phosphene perception is ubiquitous in tACS experiments, our 
identification of the underlying interaction site has significant implica
tions for this field. 

Electro and magneto-phosphenes are the most reliable indicators of 
the central nervous system’s (CNS) response to MF, and they have 
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accordingly been adopted by international bodies as a basis for low- 
frequency (~<400–760 Hz) MF exposure limits [9,10]. The percep
tion of magnetophosphenes is indeed the most reliable, reproducible 
biological (and not adverse per se) effect occurring in humans as a 
consequence of ELF MF with the lowest possible MF flux density. 
Therefore, magnetophosphene perception is at the core of the interna
tional guidelines and recommendations that protect the general public 
and workers worldwide, while the underlying assumption that adverse 
effects would occur at higher MF flux densities than this physiological, 
non-adverse reproducible biological response. 

Although recent studies investigated the threshold for phosphene 
perception and associated frequency response [11–14], the threshold for 
magnetophosphenes at domestic frequencies (i.e. 50 and 60 Hz) is only 
extrapolated since no experimental data at this frequency in humans are 
available yet, contributing to the remaining uncertainties regarding 
magnetophosphene perception threshold in humans at power-frequency 
[15,16]. Furthermore, it has been and still is argued that magneto
phosphene perception could occur from direct visual cortex activation 
[11,17], despite dosimetric inconsistencies [18,19], leaving the question 
still unresolved. 

Here, to establish a sound basis for further study of magneto
phosphenes, their interaction site and relationship with the visual sys
tem, we went beyond the state-of-the-art by addressing two major 
unresolved issues, using a stimulation modality that we term trans
cranial alternating magnetic stimulation (tAMS). First, while previous 
studies had not exposed subjects to frequencies greater than 45 Hz, 
leaving extrapolations as the only way to evaluate response character
istics for power frequency environmental MFs (60 Hz in North America; 
50 Hz in Europe, generated by power lines, sources within residences 
etc.), here we explicitly tested power frequency MF for magneto
phosphene perception. Second, with respect to modality, Kanai et al. 
reported that exposures of the occipital cortex to tACS produced phos
phenes, suggesting a pathway for current to spread from the occiput to 
the retina [11], despite conflicting results from a later dosimetry study 
which suggested direct retinal stimulation by the MF [19]. Here, we 
included three distinct modalities to either confirm or refute these pre
vious findings, along with dosimetric analyses using an anatomically 
accurate 3D head model to differentiate induced electric field patterns 
for each modality. Let us mention that tAMS should not been confused 
with TMS, since tAMS is based on sinusoidal, low-magnitude MFs (as 
opposed to pulsed, high-magnitude MFs in the case of TMS). 

Overall, we establish magnetophosphene thresholds in humans 
exposed to MFs up to 50 mT between 20 and 100 Hz using tAMS, while 
confirming the site of interaction leading to magnetophosphene 
perception (e.g., retina or visual cortex). Providing precise and reliable 
thresholds for magnetophosphene perception in humans at power- 
frequencies and shedding light on their site of generation will be 
instrumental in the current process of re-evaluating international Stan
dards and Guidelines protecting the public and workers from potential 
adverse effects of ELF exposures. Furthermore, those results support the 
use of tAMS to achieve neuromodulatory effects comparable to tACS in 
humans, while providing notable practical advantages. 

2. Materials and methods 

Eighty-one (81) healthy volunteers were recruited and tested in the 
Human Threshold Research Facility at St. Joseph’s Hospital in London, 
Ontario, Canada. Volunteers with eye or retinal problems, history of 
claustrophobia, head injury, neurological and cardiovascular diseases 
were excluded. Furthermore, volunteers having permanent metal de
vices above the neck or stimulators (i.e., implanted neural stimulator, 
implanted cardiac pacemaker, auto-defibrillator, cochlear implants, and 
insulin pump) were ineligible. Finally, participants were instructed to 
refrain from exercise and alcohol, caffeine, or nicotine for 24 h pre
ceding their exposure sessions. Study subjects were distributed 
randomly into four (4) groups: n = 20 at 20, 60 and 100 Hz; n = 21 at 50 

Hz. 

2.1. Magnetic field exposure systems 

The systems consisted of an MRI gradient amplifier powering two 
systems of coils: one for local exposures (RET and OCC) and one for GLO. 
The system generates flux densities of up to 80 mTrms at frequencies 
between 20 and 100 Hz. Here, the maximum flux density used was 50 
mTrms. 

2.2. The MRI gradient amplifiers 

Three MTS 0106475 MRI gradient amplifiers (MTS Automation 433 
Caredean Dr. Horsham PA, USA – now owned by Performance Control 
Inc. 151 Domorah Drive, Montgomeryville, PA 18936 USA) were used to 
power the coil systems. These MTS amplifiers have an output impedance 
of 0.15 Ohms and are rated for 208 V, 3 phases, 80 A inputs with an 
output of 345 V, 200 Arms for durations of over 300 s. The maximum 
current output is limited to ~180 Arms when a rise time limitation is 
imposed for frequencies between 20 and 100 Hz. 

2.3. Exposure coil systems 

RET and OCC systems each consisted of a single coil, (the “local 
exposure coil”). The second coil system, the “global head exposure 
system,” was designed for exposure of the entire head. Both systems 
were classified “Medical Grade” by the Canadian Standard Association 
(CSA: QFE-12061-3 and QFE-12061-6 respectively), which is the regu
latory agency for hospital-based equipment in Canada. 

Both the GLO and local systems (RET and OCC) consisted of hollow 
copper wire, with outer dimensions of 6.35 and 5 mm, respectively, and 
inner circular diameters of 3.5 and 3 mm, respectively. Coolant circu
lated within the windings to partially dissipate the heat generated by the 
currents. Cold water at ≈ 10 ◦C circulating through the copper tubing at 
a flow rate of 0.8 L/min drained ~1800 W of excess heating. To mini
mize coil vibration, the copper tubing was impregnated with thermal 
epoxy. This “wet winding technique” was outsourced to Stimple & Ward 
Co. (Pittsburgh Pa., USA). The resulting coils were therefore a compact 
solid circular assembly of wire with no air gap between windings. The 
coils were then mounted and bonded to custom-made PVC frames 
including brass ports designed and fabricated to facilitate plumbing and 
the coils’ access to electrical connections. 

2.4. Local retinal and occipital exposure 

RET and OCC exposures were delivered using the same local expo
sure system (Supp. Fig. 3, Panels A and C), consisting of a single 176-turn 
coil (11 turns of 16 layers over a thickness of 6.2 cm, with an inner 
diameter of 6 cm, and an outer diameter of 22 cm). For RET, the center 
of the coil was tangential to the external side of the eye, centered on the 
eyeball (Fig. 3, Panel A), whereas for OCC, the center of the coil was 
centered on the occiput, at the back of the head (Supp. Fig. 3, Panel C). 

2.5. Global head exposure 

The GLO system consisted of a pair of 99-turn coils of 21.425 cm 
average radius each (11 layers of 9 turns each, 35.6 cm of inner diameter 
and 50.1 cm of outer diameter). The two coils were assembled into a 
Helmholtz-like configuration, spaced 20.6 cm from center to center 
(Supp. Fig. 3, Middle Panel). The coil array weighed about 80 kg and 
was secured by a motorized platform above the participant’s shoulders. 
This platform, designed in-house, was fabricated from non-ferrous ma
terials, and outsourced to the Engineering Machine Shop at Western 
University (London, ON, Canada) for assembly and certification. For 
additional security, we added a safety lock system supporting twice the 
coils’ weight. The system enabled vertical positioning of participants 
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without any contact with the coil system. 

2.6. LabVIEW-driven MRI gradient amplifiers 

The currents flowing in the coil systems were controlled, using of a 
LabVIEWTM script (LabVIEW 2014 version 14.0.1 (32 bit), National In
strument, Austin, Texas) feeding a 16-bit National Instruments A/D Card 
output channel (National Instruments, Austin, TX), driving 3 MRI 
gradient amplifiers (one for each coil - MTS Automation Model No. 
0105870, Horsham, PA, USA). These amplifiers operated in a controlled 
current mode, which is ideal for driving inductive loads by matching the 
coil current to the input signal voltage. This had enabled the generation 
of high-fidelity complex waveforms. Both the measured MF and button 
press data were recorded using the LabVIEWTM script. 

2.7. Experimental procedure 

For each frequency-modality (4x3 combinations), each subject was 
exposed to 11 MF levels (0–50 mT with 5 mT increments) presented in 
random order, as assigned by the LabVIEW program, following a double- 
blinded protocol. Subjects were seated and tested after a 5-min adap
tation period to the darkness, which maintained through the exposure 
session. A volunteer was exposed to 5 Trials of each MF field level, each 
5-s long separated by a 5-sec rest period. During each Trial, a subject had 
the opportunity to register perception of the field by pressing a button on 
a pad attached to the right armrest adjacent to the right index finger. 
Thus, each Trial resulted in a binary (yes/no or 1/0) response. This 
protocol was approved by the Health Sciences Research Ethics Board of 
Western University (HSREB #18882). 

2.8. Exposure-response analysis 

The MF at all frequencies (f) is sinusoidal expressed as: 

B=B0 sin(2πft)

With B0 = field amplitude (mT) 
The convention in this paper is to express the RMS quantities, as 

exposure guidelines and standards typically express exposure and dose 
limits in these terms. 

The key dosimetric parameters are the current density (J) and the 
electric field (E-field) induced in brain or retina. This quantity is directly 
proportional to dB/dt, such that, 

(dB/dt)RMS =2πfBRMS 

The use of dB/dt as a metric has several key advantages. First, since 
the induced electric field (per Maxwell-Faraday’s law) is proportional to 
dB/dt, this provides us with a metric that takes frequency into account 
(since the derivative of a sine is a cosine with frequency as a multipli
cative factor). Second, this facilitates comparisons with previous liter
ature, where dB/dt has been widely used as a metric (as done in 
Supplementary Fig. 2). 

For each frequency, the 1/0 binary responses were entered into a 
mixed logistic regression model with predictor (or independent) vari
ables (1) the dB/dt (with RMS implied) and (2) the coil position (RET, 
OCC or GLO), and a random intercept for each participant. With 1’s or 
0’s as dependent variables the model was formulated as: 

PResponse =1
/
(1+ exp( − (a+b*[dB /dt])))

)
(1) 

The coefficients, b permits an estimate of the response odds ratio per 
increment of dB/dt. 

Mixed logistic regression modelling was performed using R (v. 
4.3.2); implemented with the lme4 package [20–22]. The glmer function 
of the lme4 package was used for the model and each coil position was 
used as the reference condition to calculate the estimates using the 
following formula:  

Model = glmer(dependent variable ~ Coil position + dBdt + (1|Sub
ject), family = binomial, data = data, glmerControl (optimizer =
"bobyqa"))                                                                                           

In order to differentiate the effect of dB/dt between the different coil 
positions, a similar model was fitted separately for each coil position, 
with the 1/0 binary response as dependent variable, and dB/dt as a fixed 
effect, and a random intercept for each participant. Before fitting these 
coil-specific models, we verified for each frequency-specific full model 
(containing both coil position and dB/dt as fixed effects) that a coil 
position x dB/dt interaction was significantly present, which was the 
case for all frequencies (all interaction pvalues <0.01). 

The glmer function calculates significance of the estimates was 
calculated by asymptotic Wald tests. Finally, a Bonferroni correction 
was applied, resulting a threshold for significance of 0.05/12 (12 being 
the number of models fitted), i.e. a threshold of p = 0.0041. 

2.9. Dosimetric analysis 

The methods were described previously in Nissi and Laakso [23]. 
Briefly, magnetically induced electric field and current density were 
calculated with an algorithm based on the finite element method used in 
Hirata & Laakso [19] inside anatomical head models created from 
magnetic resonance images [24]. Global and local coils were modeled 
with thin wire approximations and were positioned as in the experi
ments. Comparison of the measured and modeled magnetic fields 
confirmed the validity of the coil models (Supp. Fig. 3). 

Fourteen head models were used with a resolution of 0.5 mm and 
tissue conductivities shown in Table 3. Those head models were the 
same than those used in Nissi and Laakso [25] in order to enable com
parisons of their induced current density values to those of the present 
study. The tissues were assumed homogeneous and isotropic with 
respect to conductivity. The models for the eyes included separate tis
sues for the sclera, cornea, retina, vitreous humor, lens, and optic nerve. 
The retina was modeled as a layer with a constant thickness of 0.5 mm. 
The 99th percentile value of the radial current density was calculated on 
the retinal surface within 90◦ and between 90◦ and 135◦ from the pos
terior pole of the eye as described in Nissi and Laakso [23]. Radial 
current densities (Jn) were first determined separately for all the models 
with means and standard deviations calculated for the sample. The 
radial current density is reported instead of the electric field, as it is 
continuous over the retina, and is thus unaffected by the retinal con
ductivity value [23], which is still uncertain. Due to the thinness of the 
retina, the radial electric field can be estimated by dividing the reported 
radial current density values with the retinal conductivity. 

3. Results 

The results broken out by each frequency-exposure modality com
bination are shown as regression curves in Fig. 1. For these same com
binations, Table 1 shows the regressed coefficient values; their 
respective p-values; odds ratios (ORs) per unit increment of dB/dt, with 
their respective 95 % CIs; and Conditional r-squared, which reports the 
percentage of variance accounted for by the model. 

Table 1 indicates that for both GLO and RET exposure modalities, the 
field coefficients dB/dt are all statistically significant, indicating ORs 
that exclude the null hypothesis. For GLO and RET, the Conditional r- 
squared indicates that the model predicts relatively high values of 
explained variance of between 24 % and 70 %. For OCC, no magneto
phosphene perception was evoked significantly at 20 and 50 Hz, but the 
dB/dt coefficients were statistically significant at 60 and 100 Hz, with 
the full model accounting for levels of 37 % and 23 % variance 
explained, respectively. 

Finally, to the question “can you describe what you perceived when 
you pressed the button? Did it have a specific color?”, all subjects but 
one out of 81 reported “white” (colorless) phosphenes. Both 
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observations hint at a retinal origin for magnetophosphene perception 
mediated in the rod photoreceptors. 

3.1. Dosimetry 

To gain a better understanding of the potential underlying substrate 
in the head involved in the phosphene response, a dosimetric analysis 
was performed of B-field induced current densities (J) and E-fields, using 
14 anatomically accurate 3D-models of the human head. These models 
featured a realistic geometry and conductivity for each tissue. The scalar 
values and radial components of the two quantities were calculated with 
methods similar to those in Nissi and Laakso [23]. 

Fig. 2 illustrates the distributions of J in the head and Jn in the retina 
for each exposure modality. The right panel shows the induced contours 
of current flow in the head as dependent on the coils’ respective ori
entations. The left panel displays the distribution of Jn across the retina 
by modality. The regions with the highest Jn are “crescent-shaped” and 
are present toward the retina’s outer perimeter. For GLO, the regions 
with maxima occur on the retina’s inner and outer lateral surfaces either 
straddling the equator (90◦) for the left and right outer regions and 
concentrated beyond the equator for the inner regions. RET and OCC 
display similar patterns of maxima on the retina’s caudal surface, with 
the areas with the highest Jn concentrated beyond the equator. 

For the three exposure modalities, the means of the 99th percentile Jn 
across the 14 head models (± std dev) for inner (0◦–90◦) and outer 
(90◦–135◦) retina are shown in Table 2. For GLO, the 99th percentile Jn 
is ~15–18 % greater in the outer retina compared to the inner retina, 
and for RET and OCC ~40–50 % and ~20–30 % greater, respectively. 
The 50 % response rate thresholds at 20 Hz pooled across Trial were 
4.71 T/s for GLO and 7.80 T/s for RET. The corresponding Jn (all values 
RMS w/std dev) normal to the retinal surface are for GLO with both eyes 
averaged 51.2 ± 8.7 mA/m2 for the inner retina and 58.3 ± 6.2 mA/m2 

for outer. For RET, the corresponding Jns are 61.5 ± 15.1 mA/m2 (Left 
eye) and 52.9 ± 11.0 mA/m2 (Right eye) for the inner retina and 93.1 ±
15.4 mA/m2 (L) and 74.2 ± 9.1 mA/m2 (R) for the outer. For OCC, B- Ta
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Table 2 
The mean 99th percentile RMS radial current density (Jn) (i.e., normal to retinal 
surface) in the retina within 90◦ and between 90◦ and 135◦ from the posterior 
pole of the eye averaged across 14 head models (± standard deviation). Values 
were normalized to a dB/dt of 1 T/s.  

Modality Segment |Jn| ± sd [(mA/m2)/(T/s)] 

Left Eye Right Eye 

GLO 0◦–90◦ 11.01 ± 1.74 10.71 ± 1.95 
90◦–135◦ 12.69 ± 1.21 12.67 ± 1.41 

RET 0◦–90◦ 7.90 ± 1.93 6.77 ± 1.41 
90◦–135◦ 11.93 ± 2.01 9.52 ± 1.20 

OCC 0◦–90◦ 1.24 ± 0.20 1.13 ± 0.23 
90◦–135◦ 1.47 ± 0.17 1.45 ± 0.22  

Table 3 
Electrical conductivity of tissues used for dosimetric analysis.  

Tissue Conductivity (S/ 
m) 

Tissue Conductivity (S/ 
m) 

Blood 0.7 Glands 0.5 
Bone (Cancellous) 0.027 Muscle 0.35 
Bone (Cortical) 0.008 Lens 0.32 
Brain (Gray matter) 0.2 Scalp 0.4 
Brain (White 

matter) 
0.14 Sclera 0.56 

Cartilage 0.18 Spinal cord 0.03 
Cerebellum 0.2 Tendon 0.3 
Cerebrospinal fluid 1.8 Trachea 0.3 
Cornea 0.5 Vitreous 

humor 
1.5 

Fat 0.08 Retina 0.7  
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fields on the order of 300 mT RMS would be required to induce 50 mA/ 
m2 RMS, well beyond the exposure system’s capabilities. 

Since rod cells are located mainly at the retinal periphery and cone 
cells are mostly absent from this region, the greater Jn in the outer 
compared to the inner retina at perception threshold is consistent with 
the participants’ report of colorless magnetophosphenes. Furthermore, 
it suggests that direct modulation of the rod cells is a possible expla
nation underlying the perception of magnetophosphenes (see 
Discussion). 

4. Discussion 

This is the first study linking thresholds of B-field-induced phos
phenes to anatomically realistic dosimetry of the head (those thresholds 
being specific to the B-fields generated by the exposure system’s coils). 
Our overriding goals were to inform the science of phosphenes, which 
are commonly induced by tACS experiments, and strengthen the basis 
for ELF B-field health and safety exposure limits. As in previous studies 
of electro- and magneto-phosphenes [26,4,27,28], response peaked at 
20 Hz. The B-field exposure-response was statistically significant in all 
but two conditions (OCC/20 and 50 Hz). The response rate decreased 
significantly with Trial in in the GLO modality at (20 and 50 Hz) and RET 

Fig. 1. Top 4 Rows: For each frequency-exposure modality combination, the colored dots represent the mean observed magnetophosphene perception rates vs dB/dt 
(bottom x-axes) and B (top x-axes) pooled across Trials. These data points are shown with the logistic regression curves broken out by Trial with their collective 95 % 
CI. Bottom Row: The mean magnetophosphene perception curves pooled across Trials for each frequency. Vertical axis: probability (or rate) of perception; bottom x- 
axis: dB/dt in Tesla per second (T/s); top x-axis: B in Tesla (T). The field values shown along the bottom (top) x-axes indicate dB/dt (B) corresponding to a 50 % 
response rate. 
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(20 and 60 Hz) suggesting adaptation to repeated presentation of the 
stimulus, darkness, or both. Our objectives were reached with a novel 
magnetic field exposure system that can achieve tACS-like levels of in 
situ electric field, fully designed in house, powered by MRI amplifiers, 
featuring water-cooling enabling long exposures (several minutes using 
continuous sinusoidal fields), and motorized, capable of producing 
magnetic flux density levels surpassing previous experimental systems 
(~0.1 T at power-line frequencies), a stimulation modality that we 
named tAMS. We emphasize that, from a technology perspective, while 
TMS employs high-amplitude (in the Tesla range) magnetic fields 
delivered in pulses (less than 1 ms each); tAMS is fundamentally 
different since it uses sinusoidal magnetic fields of lower intensity. 
Furthermore, from a neurophysiological perspective, TMS induces 
suprathreshold electric fields in brain tissue, while the electric field 
induced in situ by tAMS is on the order of 1 V/m from our dosimetric 
analysis (Fig. 3), which is considerably lower than the >100 V/m that 
are induced with TMS. Therefore, it is unlikely (but not impossible, due 
to dosimetric uncertainties) that tAMS is able to induce neuronal firing. 

Current B-field ELF exposure limits are based on small-sample 

magnetophosphene experiments reported by Lövsund et al. over 40 
years ago [4,27], and key results of the earlier studies with ours are 
shown in Supp. Table 1 and Supp. Fig. 2, respectively. Our study 
attempted to improve several aspects of these earlier studies, especially 
those from the Lövsund studies, as highlighted in the Supp. Table 1 (e.g., 
field heterogeneity to homogeneity, small n-sizes to bigger groups, 
improved method for phosphenes perception, frequencies tested, 
various to consistent light conditions). Here, by avoiding biases (e.g., 
switching transients) present in this older data, we provide data that is 
key both in terms of tACS mechanistic understanding and EMF exposure 
guidelines. From the tACS perspective, we provide evidence for, while 
not being definitive proof of, phosphene generation resulting exclusively 
through interaction with the retina, favoring this hypothesis as 
compared to a direct stimulation of occipital cortex neurons. In terms of 
direct contribution to EMF exposure guidelines, this supports that the 
required electric field to generate magnetophosphene is higher than 
previously thought, indicating that the current threshold limit is too 
conservative (i.e., unnecessarily high), and thereby confirmed to be safe. 
Indeed, we provide the first data on magnetophosphene thresholds due 

Fig. 2. Anatomically-based dosimetry of induced currents normalized to a dB/dt of 1 T/s. On the left are intensities of the current density radial components (|Jn|) in 
the retina viewed from behind (0◦ at the posterior pole of the eyeball, 90◦ degrees at the equator, and 135◦ beyond). On the right are the visualized paths of the 
induced current within the head. A: Global exposure (GLO). B: Local, retinal exposure (RET). C: Local, occipital exposure (OCC). 
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exposure to a uniform magnetic field at utility frequencies. Currently, 
the exposure limits to, e.g., magnetic fields emitted from electrical ap
pliances and industrial applications, have been derived directly by 
applying reduction/safety factors to estimated magnetophosphene 
thresholds [13,14], extrapolating 10–45 Hz localized exposure data to 
uniform fields at 50 and 60 Hz. We also provide new data on the induced 
dosimetric quantities corresponding to the measured phosphene 
thresholds, which can be directly relevant for the development of 
exposure limits, which are given in terms of in situ electric field values 
estimated using simplified models [28]. 

A lingering question is whether neural input from the occipital cortex 
alone produces a phosphene response. Transcranial alternating current 
stimulation (tACS) experiments with alpha- and beta band (8–30 Hz) 
currents applied into various sites, including the occipital cortex [11,13, 
17,29,30], have documented phosphene responses, with some sugges
tions [11,13,17] (but not concrete evidence) of a direct effect. Laakso 
and Hirata demonstrated that tACS current from the scalp through the 
retina can exceed the phosphene threshold [19]. If the phosphene re
sponses originate from the retina, we would expect that the threshold in 
terms of dB/dt for the RET condition would be on average 40–50 % 
higher than that for the GLO modality, given that the current density 
values for the same dB/dt are lower for RET than for GLO (0◦–90◦

segment in Table 2). The measured dB/dt thresholds (Fig. 1) for the GLO 
and RET modalities agreed with this estimated relationship. Similarly, 
the dB/dt threshold for the OCC modality should be on average 6–9 
times that for the RET or GLO modalities, which would require magnetic 
flux densities exceeding the maximum of 50 mT RMS used in the mea
surements. Consistently with this prediction, the phosphene thresholds 
could not be determined for the OCC modality, even though the coil 
system delivered E-fields to the occipital cortex (Fig. 3) equivalent to the 
E-fields delivered by tACS [31]. Thus, our data does not substantiate 
phosphenes as originating from the visual cortex alone without retinal 
contribution. Furthermore, given the levels of in situ electric field in the 
occipital cortex from 50 mT RMS (<1 V/m), and the small polarizability 
of neuron membranes by electric fields (on the order of 0.2 mV per V/m 
of applied electric field, as reviewed in Modolo et al. [32]), it is physi
ologically implausible for occipital cortex neurons to trigger action po
tentials from the OCC modality. 

In terms of biophysical mechanisms of magnetophosphene 

perception, dosimetry together with the subjects’ reports of phosphenes 
in their peripheral visual field (Table 2) strongly suggest rod cells, - 
concentrated in the retina’s periphery - as the sensory transducer. As 
reflected in Fig. 2 and Table 2, current density doses to the retina in its 
90◦–135◦ segment were greater compared to the 0◦–90◦ segment (17 % 
for GLO; 40–50 % for RET), an observation that is consistent with - but 
does not prove - rod involvement. Also, with maximum sensory response 
at 20 Hz, magnetophosphene perception is in line with the frequency 
sensitivity of rods [33]. Further, rod signaling is graded, as opposed to 
all-or-none, thus encoding small changes in membrane potential, and an 
action potential is not required for downstream neuromodulatory effects 
(e.g., in bipolar cells). Also, Lövsund et al. reported the magneto
phosphene threshold increasing with time during dark adaptation [4], 
and Schwarz (as displayed in Schwiedrzik, 2009 [34]) observed the ef
fect with electrophosphenes. 

5. Conclusion 

Our results expand the understanding of electric and magnetic 
stimulus interactions with the visual system, and also inform health and 
safety standard development. The basic and applied aspects of the study 
benefited from the “marriage” of the response behavior with modality- 
specific dosimetry. Although current evidence in the tACS literature 
does not rule out the possible contribution of occipital cortex-to-eye 
neural pathways, our data support generation of phosphenes locally. 
Uncertainty remains with respect to the specific loci of interactions 
within the retina. Further, a ready explanation for the positive responses 
observed at 60 and 100 Hz for OCC exposure remains unknown, but the 
responses were very weak relative to GLO and RET, and false positives 
due to any number of possible unrelated factors cannot be automatically 
ruled out. 

Finally, it is important to highlight once again the unique technical 
innovations that enabled this study. Indeed, the MF exposure system 
developed for these experiments was able to induce of E-fields similar in 
intensities to those produced by tACS, but without contact with the 
head, and without well-known tACS limitations, which include skin 
sensations beneath the stimulation electrodes, the difficulty to cope with 
the skin and bone and current shunting. These overall, and as pointed as 
by some previous works, these effects cloud the ability to discriminate 

Fig. 3. Anatomic dosimetry of induced electric fields in the cortex normalized to a dB/dt of 1 T/s. The induced E-field was also determined on the surface of the 
cortex at a depth of 2 mm. A: Global exposure. B: Retinal exposure. C: Occipital exposure. 
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the effects of injected currents from peripheral sensory effects. We argue 
that MF induction overcomes such difficulties and should be considered 
as an alternative to tACS. 
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[20] Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-effects models 
using lme4. J Stat Software 2015;67. 

[21] lme4 citation info. https://cran.r-project.org/web/packages/lme4/citation.html. 
[22] R Core Team. R A language and environment for statistical computing. Vienna. - 

References - Scientific Research Publishing: R Foundation for Statistical 
Computing; 2023. https://www.scirp.org/reference/referencespapers?reference 
id=3582659. 

[23] Nissi J, Laakso I. Magneto- and electrophosphene thresholds in the retina: a 
dosimetry modeling study. Phys Med Biol 2022;67:015001. 

[24] Soldati M, Laakso I. Computational errors of the induced electric field in voxelized 
and tetrahedral anatomical head models exposed to spatially uniform and localized 
magnetic fields. Phys Med Biol 2020;65. 

[25] Nissi J, Laakso I. Magneto- and electrophosphene thresholds in the retina: a 
dosimetry modeling study. Phys Med Biol 2022;67:015001. 

[26] Gebhard JW. Thresholds of the human eye for electric stimulation by different 
wave forms. J Exp Psychol 1952;44:132–40. 
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