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Abstract
Inconsistencies have been found in the relationship between ambient lighting conditions and frequency-
dependence in transcranial electric current stimulation (tECS) induced phosphenes. Using a within-
subjects design across lighting condition (dark, mesopic [dim], photopic [bright]) and tECS stimulation
frequency (10, 13, 16, 18, 20 Hz), this study determined phosphene detection thresholds in 24 subjects
receiving tECS using an FPz-Cz montage. Minima phosphene thresholds were found at 16 Hz in mesopic,
10 Hz in dark and 20 Hz in photopic lighting conditions, with these thresholds being substantially lower
for mesopic than both dark (60% reduction) and photopic (56% reduction), conditions. Further, whereas
the phosphene threshold-stimulation frequency relation was linear in the dark (increasing with frequency)
and photopic (decreasing with frequency) conditions, a quadratic function was found for the mesopic
condition (where it followed the linear increase of the dark condition from 10-16 Hz, and the linear
decrease of the photopic condition from 16-20 Hz). The results clearly demonstrate that ambient lighting
is an important factor in the detection of tECS-induced phosphenes, and that mesopic conditions are
most suitable for obtaining overall phosphene thresholds.

Introduction
Many aspects of neural processing rely on frequency-speci�c oscillations in the cortex [1]. As a result, the
possibility of exploring and/or manipulating these frequency-based neural functions using a noninvasive
technique like transcranial electric current stimulation (tECS) has proven popular. Applying electric current
to the brain using tECS has been demonstrated to be successful in modulating cognitive, sensory, and
motor functions in a frequency-dependent manner across the surface of the cortex (for reviews see [2, 3]).
Although tECS can modulate cortical activity, it can also induce phosphenes (i.e., perceptions of light that
are not the product of external visual stimuli [4, 5, 6]). These phosphenes are generally considered to be a
product of electrical stimulation of the retina [6, 7, 8, 9, 10, 11, 12].

It is important to understand both the biological mechanisms responsible for inducing phosphenes, and
any environmental factors that in�uence their appearance, as they can confound tECS studies,
interventions and interpretations [13]. For example, the ‘threshold’ for inducing phosphenes is currently
used by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) for deriving
exposure restrictions [14], and that information can only be obtained if the effect of stimulation frequency
and ambient lighting conditions are also known. Without that knowledge, experimentally-derived
‘threshold’ values may merely represent the lowest stimulation levels required to induce phosphenes in a
particular insensitive scenario, which would limit the ability of exposure restrictions based on them to
protect against phosphenes in other situations. Indeed, recent research suggests that our understanding
of phosphenes may be particularly limited in terms of their relation with stimulation frequency and
ambient lighting conditions.

It has commonly been held that thresholds for phosphenes induced by transcranial alternating current
stimulation (tACS) are lowest when stimulation is applied at 20 Hz in photopic (i.e., intense) lighting
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conditions and at 10 Hz in complete darkness [15]; sensitivities that closely match the dominant
frequencies of the visual cortex oscillations observed under these respective lighting conditions (e.g., [16,
17]). These �ndings have been taken as evidence that tECS, tuned to the dominant cortical oscillation
frequency, can be used to maximally modify cortical activity at similar rhythms.

However, recent research suggests that under mesopic (dim) lighting conditions, tECS phosphenes are
induced with considerably less current using 16 than 20 Hz stimulations [18, 19], which suggests that 20
Hz does not provide the lowest stimulation level required to induce phosphenes. This raises concerns
about the relative veracity of these new reports. The only research available for comparison explicitly
testing phosphene threshold levels in mesopic conditions is the Schwarz [20] study. Schwarz [20]
reported lower phosphene detection thresholds for 20 Hz stimulation in both photopic (i.e., 8-9550
candela per square meter; cd/m2) and mesopic (i.e., 2.4 cd/m2) conditions. However, those �ndings were
based on only a single subject and used poorly controlled lighting conditions; e.g. the 2.4 cd/m2 condition
was produced by having the subject look at “her own shadow on the wall”, and the 9550 cd/m2 condition
was produced by having the subject look at “a white cloud in the sky”. This makes it di�cult to draw
conclusions from such a comparison. In contrast to Schwarz’s [20] research, more recent studies [18, 19]
used considerably larger samples (either 24 or 22 participants in each of these studies) with tightly
controlled lighting (consistent 0.6 cd/m2 lighting across the entire �eld of view). Furthermore, the
consistency of the initial [18] and replication [19] study suggests that their results are indeed reliable. This
conclusion, however, would appear (at face value) to contradict the view that the greatest sensitivity to
tECS occurs at the stimulation frequency that matches the dominant cortical oscillation frequency. That
is, whereas the dominant cortical oscillation frequencies for photopic and dark conditions are
approximately 20 and 10 Hz respectively, and the lowest current required to induce phosphenes is at 20
and 10 Hz respectively, there is no corresponding dominant frequency for mesopic conditions.

One potential explanation for lower thresholds at 16 Hz stimulation is that this represents an overlap
point between the threshold-stimulation frequency relations for photopic and dark conditions. That is, as
a dim lighting condition represents a degree of photic energy that is greater than in the dark, but less than
in a photopic scenario, it may be relevant to the threshold-stimulation frequency of both the dark and
photopic conditions. To test this possibility, threshold-stimulation frequency relations need to be
assessed under each of dark, mesopic and photopic conditions.

The present study was designed to determine the following. First, by testing the threshold-frequency
stimulation relation in each of dark, mesopic and photopic conditions, it examined whether the overall
phosphene detection threshold occurs at 16 Hz stimulation, rather than 20 Hz. Second, it extended the
results of previous studies [18 19], which found lower thresholds at 16 Hz stimulation in mesopic
conditions (and which increased for higher and lower frequencies), compared to dark and photopic
lighting conditions. Third, it determined whether the phosphene threshold-stimulation frequency relation
under mesopic conditions could be explained by the overlap of that relation across dark and photopic
conditions.
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Methods
Twenty-four healthy participants (even gender split, age range 20-40 years, M = 25.2 years, SD = 5.4)
completed this study after passing a modi�ed safety screening checklist [21]. Participants were excluded
if they reported any form of neural injury or illness, metal implants in the head or medical implant
elsewhere in the body, or non-corrected visual impairment. After being informed about the experimental
procedure as well as potential adverse effects of tECS, subjects gave written and informed consent prior
to any participation. This research was conducted in accordance with the guidelines of the Declaration of
Helsinki, and approved by the Human Research Ethics Committee of the University of Wollongong
(approval #HE2017/454).

Phosphene thresholds were obtained as a function of stimulation frequency (“Frequency”: 10, 13, 16, 18,
and 20 Hz) and lighting condition (“Lighting Condition”: dark, mesopic, photopic), using a repeated
measures design. Testing was conducted over two, 70-min sessions (on separate days) at similar times
of day and usually within one week of each other. The order of these sessions, the order of the tECS
montages within these sessions, and which electrode was the cathode or anode within each montage,
were counterbalanced across participants (see Fig. 1b). The order of the lighting conditions was
randomised independently for each participant, as was the order of stimulation frequency within each
lighting condition.

tECS was administered using a Magstim NeuroConn DC Stimulator Plus MOP15-EN-01 (Magstim,
Carmarthenshire, UK) operating in sinusoidal mode (with no DC offset or ramp) through conductive-
rubber electrodes (dimensions: 3 x 4 cm) placed on sponges saturated with a saline solution mixed with a
hypoallergenic amphoteric surfactant and held in place at FPz and Cz with rubber straps.

The photopic lighting condition was generated by using typical ceiling-mounted �uorescent lights,
positioned outside the participants’ direct line of sight. Under these lighting conditions, luminance at the
eye was measured at 77.1 ± 0.05 cd/m2 using a J6523 Tektronix luminance probe (Tektronix, London,
Canada). This lighting level was chosen due to its applicability to everyday experience, as it represents
the luminance typically found in o�ce environments. The mesopic lighting condition was created using
the Neewer T120 dimmable LED panel illuminating the areas in front of the participant (see Fig. 1a),
resulting in luminance at the eye measured at 0.6 ± 0.05 cd/m2. This lighting level was chosen in order to
match that of previous studies [18, 19] and thus to enable replication of their results. No light entered the
testing room during the dark condition, resulting in zero cd/m2. In order to prevent dark adaptation effects
during the trials in the dark condition, lighting was set to 1.1 cd/m2 while the stimulator was not active;
lighting was turned off 2 s prior to stimulation onset and turned on immediately after the stimulation had
ended.

Participants were seated on a chair facing a 1.8 m wide by 2.62 m high white wall, in a position that
ensured that the wall in front of them �lled their entire �eld of view, and lighting was arranged so that no
shadows were visible to the participant (see Fig. 1a). When participants were comfortable and the
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electrodes put in position, they were informed about phosphenes (their nature and what they might
perceive) whilst their skin and hair were saturated from the saline in the sponges. Once impedance
between the electrodes was at 15 kΩ or below (as indicated by the stimulator), lighting was set to 2 ±
0.05 cd/m2 and participants were familiarized with the appearance of phosphenes using 10 s of
sinusoidal tECS at 1000 µA, �rstly at 11 Hz and then at 22 Hz, to demonstrate both the visual appearance
of phosphenes, and how their appearance changes by simply varying the stimulation frequency. These
frequencies were chosen to avoid using the same stimulation frequencies as in the experiment itself.

Once participants were familiarized with phosphenes, their phosphene detection thresholds were
determined at each stimulation frequency and lighting condition. They were informed when each
stimulation began and when it ceased, but they were not informed of the frequency or current intensity of
the stimulation. Stimulations lasted for 5 s, and participants were instructed to keep their eyes open
throughout the entire stimulation. Throughout the experiment participants were asked how bright the
phosphenes appeared to be compared to the background lighting, and where the phosphenes appeared in
their �eld of view. Many participants also spontaneously volunteered information concerning their
experience during the interval between trials. To detect false positive responses at lower current intensity
levels, four sham stimulations were given at random points during each session where the participant
was given all the audible signs of a stimulation (the usual button presses on the stimulator as well as
verbal indications that the stimulation had started and �nished) without actually generating an electric
current. None of the participants reported seeing phosphenes during any of the sham trials.

Thresholds for phosphene induction (in µA) were determined for each frequency by varying the current
intensity using a QUEST-based Bayesian adaptive staircasing procedure [22] in MATLAB’s PsychToolbox
[23]. The tECS, which started at 700 µA, was bound between 25 µA and 1500 µA. The step-size between
possible stimulation levels was 25 µA. Based on the Rapid Estimation of Phosphene Threshold system
validated by Mazzi et al. [24], this adaptive threshold measurement method determined the lowest current
intensity that was signi�cantly more likely than chance to evoke phosphene perceptions. Each of the two
sessions provided a threshold for each lighting and frequency condition, and for each combination of
lighting condition and stimulation frequency, the average threshold across both sessions was taken as
the �nal threshold.

Statistical Analysis
As signi�cant levels of skewness, kurtosis or heterogeneity of variance were not found, parametric
analyses were conducted. Huynh-Feldt adjustments were used to account for violations to sphericity
(Frequency; Frequency by Lighting Condition), with the adjusted degrees of freedom shown.

To assess threshold reliability across the two testing sessions, for each of the Lighting Condition
(photopic, mesopic, dark) / Frequency (10, 13, 14, 16, 18, 20 Hz) combinations, Pearson’s r was
determined.
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To describe the relations between phosphene thresholds, lighting conditions and stimulation frequency, a
repeated measures ANOVA was used where threshold was the dependent variable, and Lighting Condition
and Frequency the independent variables. Where signi�cant, data were further explored using repeated
measures t-tests with Bonferroni comparison-wise adjustments (Lighting Condition: each level was
compared to each other level; Frequency: each level was compared to each other level; Interaction: for
each frequency, each level of Lighting Condition was compared to each other level). Adjusted p-values are
shown.

To determine the lowest absolute phosphene thresholds across the lighting conditions, a repeated
measures ANOVA was used where Lighting Condition was the independent variable, and the dependent
variable was the lowest algebraic threshold across the frequencies, for each lighting condition separately.
Where the main effect was signi�cant, t-tests with Bonferroni comparison-wise adjustments (Lighting
Condition: each level was compared to each other level) were conducted. Adjusted p-values are shown.

To determine whether the phosphene threshold-stimulation frequency relation in the mesopic condition
could be adequately explained by the summation of the relations in the dark and photopic conditions,
regression equations were calculated as follows. To provide an estimate of the phosphene threshold-
stimulation frequency relation for each of the lighting conditions separately, regression analyses were
conducted for each lighting condition separately where threshold was the dependent variable (normalized
across all tested frequencies, within each subject and lighting condition separately), and Frequency the
independent variable. These were hierarchical, such that a constant and a Frequency (linear) regressor
were entered �rst, followed by the addition of Frequency (quadratic); the linear term was only retained if
the initial model’s r-squared value was signi�cant, and the quadratic term only retained if it added
(relative to the linear model) signi�cant variance to the resultant r-squared value.

Results
Thresholds at each Frequency/Lighting Condition combination can be seen in Figure 2a. The interpolated
regression functions relating threshold to Frequency, for each lighting condition separately, can be seen in
Figure 2b. Corresponding means and standard errors are given in Table 1.

Table 1
Means (and standard errors) of the phosphene thresholds for

each frequency and lighting condition tested. n = 24.
Frequency (Hz) Photopic Mesopic Dark

10 655.2 (39.2) 270.8 (19.2) 328.1 (26.9)

13 516.1 (32.7) 203.6 (16.0) 394.3 (30.6)

16 366.1 (31.0) 130.2 (10.2) 449.0 (34.5)

18 347.4 (28.3) 163.0 (12.5) 490.1 (33.8)

20 294.3 (28.6) 206.3 (14.9) 553.6 (37.5)
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Phosphene thresholds were highly reliable across the two testing sessions, with Pearson’s r coe�cient
values ranging from .91 to .99 (p < .001) across the 15 Frequency/Lighting Condition combinations.

Phosphene thresholds were affected by lighting condition (main effect: F(1.96,45.16) = 59.15, p < .001),
with post hoc analyses showing that this was due to lower thresholds in the dim lighting condition
relative to both the photopic (p < .001) and dark (p < .001) conditions; no difference was observed
between the photopic and dark conditions (p > .999). Phosphene thresholds (for the combined lighting
conditions) were also affected by Frequency (main effect: F(1.69,38.91) = 26.46, p < .001). The frequency
with the lowest threshold (16 Hz) was lower than each other frequency (all p < .049), and the frequency
with the highest threshold (10 Hz) was higher than each other frequency (p < .004). Of the remaining
comparisons, thresholds for 13 Hz were higher than 18 Hz (p = 0.038) but did not differ from 20 Hz (p =
.795), and 18 Hz was lower than 20 Hz (p = 0.003).

The interaction between Frequency and Lighting Condition was also signi�cant F(4.63,106.50) = 117.60,
p < .001). Follow-up analyses for the signi�cant interaction demonstrated the following: 10 Hz
Stimulation. Thresholds were lower for both the mesopic (p < .001) and dark (p < .001) conditions than
photopic conditions (p < .001), whereas mesopic and dark conditions did not differ (p = .102). 13 Hz
Stimulation. Thresholds were lower for mesopic than both dark (p < .001) and photopic (p < .001)
conditions, and dark lower than the photopic condition (p < .001). 16 Hz Stimulation. Thresholds were
lower for mesopic than both the photopic (p < .001) and dark (p < .001) conditions, whereas dark and
photopic conditions did not differ (p = .055). 18 Hz Stimulation. Thresholds were lower for the mesopic
than both photopic (p < .001) and dark (p < .001) conditions, and photopic less than the dark condition (p
= .001). 20 Hz Stimulation. Thresholds were lower for the mesopic than both photopic (p = .001) and dark
(p < .001) conditions, and photopic less than dark condition (p < .001).

The lowest thresholds within each lighting condition (across all frequencies) differed as a function of
Lighting Condition (main effect: F(2,46) = 34.84, p < .001), with lower thresholds found in the mesopic
condition (at 16 Hz) relative to each of the dark (at 10 Hz; p < .001) and light (at 20 Hz; p < .001)
conditions. No difference was found between the lowest light and dark condition thresholds (p = .772).

The regression analyses (predicting threshold as a function of frequency) resulted in the following
equations:

Dark

Threshold = -3.130 + 0.203*Frequency; = .65, p < .001

Mesopic

Threshold = 13.682 - 1.800*Frequency + 0.056*Frequency2; = .63, p < .001

Photopic
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Threshold = 3.636 - 0.236*Frequency; = .88, p < .001

The quadratic function for the mesopic condition distribution is therefore consistent with the view that it
is representing the linear dark condition relation up to 16 Hz, and the linear photopic condition relation
above 16 Hz.

Participants consistently reported that phosphenes in the mesopic and dark conditions increased in
luminosity (compared to their background) as the stimulation intensity increased. Under photopic
conditions, participants consistently reported that the �ashing of the phosphene appeared to make their
�eld of view seem darker compared to pre-stimulation perceived luminance levels, where the �ashing
alternated between a visible �ash and the previous level of general luminosity. This distinction became
stronger as stimulation intensity increased. Four participants reported seeing coloured phosphenes,
however these reports were not consistent across those individuals, nor within individuals across
sessions.

Discussion
The aim of the study was to determine the relations between phosphene detection thresholds and both
ambient lighting and tECS stimulation frequency. Those relations enabled us to test whether: 1/ the
recently reported evidence of greater sensitivity to tECS-induced phosphenes at 16 Hz [18, 19, 25], as
opposed to the standard view that sensitivity is greatest at 20 Hz, and 2/ whether this apparent
contradiction in the literature was due to ambient lighting.

As can be seen in Figure 2, each of the ambient lighting conditions had a unique phosphene threshold
relation with stimulation-frequency, whereby thresholds increased linearly with frequency in the dark
condition, reduced linearly with frequency in the photopic condition, and reduced linearly with frequency
from 10 Hz to 16 Hz and increased linearly from 16 Hz to 20 Hz in the mesopic condition. Corresponding
to this, threshold minima under dark, mesopic and photopic conditions were found at 10 Hz, 16 Hz and
20 Hz respectively. This demonstrates that both ambient lighting condition and stimulation frequency are
important for determining the minimum current required to induce phosphenes.

The lowest thresholds overall were found under mesopic conditions (at 16 Hz), with thresholds
signi�cantly higher under both dark (at 10 Hz) and photopic (at 20 Hz) conditions. This means that
‘thresholds’ obtained using the standard photopic or dark conditions, regardless of frequency, will
overestimate the current required to induce phosphenes. It follows that guidelines using phosphene
detection to set exposure restrictions based on data obtained in dark or photopic conditions (e.g., [14]),
may underestimate the effect of electric current on neural processes (by 56-60%). It is important to note
that even though such exposure guidelines typically rely on research using magnetic �elds (rather than
tECS) to induce phosphenes, in both cases the cause of the phosphene is the current �owing through
neural tissue [11], which stimulates the same physiological processes. It follows that the present results
are also applicable to research using magnetic �elds to induce phosphenes, and thus to low frequency
electromagnetic �eld exposure guidelines.
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The present data also resolve the apparent discrepancy between recent research, which found thresholds
for phosphene detection at 16 Hz [18, 19, 25], and studies reporting thresholds at either 10 or 20 Hz [e.g.
[15, 20]. That is, the present �ndings demonstrate that mesopic conditions result in greatest sensitivity at
16 Hz [18, 19], whereas dark and photopic conditions (similar to those in past studies) result in greatest
sensitivity at 10 and 20 Hz tECS respectively. There is thus no inconsistency, only predictable differences
due to the differing ambient lighting conditions used.

Although it is tempting to suggest that different physiological processes are being engaged during tECS
in the mesopic relative to dark and photopic conditions, a simpler explanation may be su�cient to
explain the results. That is, as can be seen in Figure 2, the shape (quadratic) of the distribution of
thresholds in the mesopic condition matched that of the dark condition at frequencies below the
approximate crossover point at 16 Hz, and also matched that of the photopic condition at frequencies
above the 16 Hz crossover point. Taken together, it would thus appear that the mesopic condition may
simply represent the combination of physiological processes normally engaged in each of the dark and
photopic conditions.

Consistent with this hypothesis, there is evidence that the observed frequency dependence in tECS-
induced phosphene research can be explained by differences in the relative activity of rod-based and
cone-based vision [26, 27]. Cells related to rod vision, which are primed to respond in dark conditions, are
maximally sensitive to stimulation at circa 10 Hz [28, 29, 30], whereas cells related to cone vision, which
are primed to respond in photopic conditions, are maximally sensitive to stimulation at circa 20 Hz [27,
31]. In itself this would not explain the magnitude of threshold reduction in the mesopic condition (60%
and 56%, relative to the dark and photopic conditions respectively), particularly given that 16 Hz is far
from the ideal stimulation frequency for either rod- or cone-related cells. However, when coupled with
what is known about the rod-cone processing delay, this would appear a viable hypothesis. That is, there
is a delay between rod- and cone-related cell processing under mesopic conditions [32], but as the
stimulation frequency reaches circa 15 Hz, rods and cones start to �re in phase, which increases the
signal at both rods and cones, and enhances the perceptibility of the stimulation [33]. Further research
would be required to test this hypothesis.

While high levels of current can result in discomfort or pain at the site of stimulation [34], these effects
are typically found at stimulation strengths exceeding the maximum used in this study. The maximum
strength of stimulation (1500 µA) in the present study was selected in order to avoid such side effects.
One subject reported an unpleasant itching-like sensation at stimulation levels above 900 µA, however the
sensation immediately ceased upon termination of the stimulation. Despite multiple enquiries during
each testing session, no other participant reported any negative side effects, either during or after
stimulation. Indeed, as the study deliberately kept current levels low to identify thresholds, this reduced
the opportunity to obtain meaningful information about the phosphene experience more generally, which
may otherwise have helped shed light on the underlying physiology responsible for phosphene induction.
Of particular relevance is the degree to which phosphenes were perceived in chromatic (as opposed to
achromatic) colour, as that could provide evidence for the relative mechanistic roles of rods and cones, as
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a function of frequency and lighting condition. However, given the low current strengths used in the study,
only four participants reported seeing chromatic colour, and reports were not consistent across those
individuals, nor within each individual across sessions. We thus do not believe that these anecdotal
reports are su�cient to enable interpretation.

Conclusion
The present study has shown that the apparent contradiction in the literature, in terms of tECS
stimulation frequency and phosphene detection threshold, was due to the different ambient lighting
conditions used across past studies. That is, whereas thresholds under dark and photopic conditions are
lowest for 10 and 20 Hz stimulation respectively, they do not represent overall thresholds, which occur at
16 Hz in mesopic conditions. The magnitude of threshold overestimation was very large (60 and 56% for
dark and photopic conditions respectively), and thus important for application of tECS research.
Physiological considerations suggest that the lower thresholds in mesopic conditions, and particularly at
16 Hz stimulation, may be due to the involvement of both rod and cone photoreceptors, but further
research is required to determine this. Importantly, our research also shows (for the �rst time) that dark,
mesopic and photopic lighting conditions each have their own unique phosphene threshold relation with
stimulation-frequency.
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Figure 1

A) Positioning of lighting and test subject. The test subject was seated so that the front wall �lled their
entire �eld of view (no parts of either side wall were visible). The light stand was positioned so that no
shadows were visible in the subject’s �eld of view. The photopic lighting condition was achieved by
activating the �xed �uorescent ceiling light with no light stand used, while all other lighting conditions
(the mesopic condition and the brief periods requiring light in the dark condition) were achieved using the
light stand only. B) Example sequence of the block design across both sessions. For the �rst session,
each lighting condition block was presented in a random order, as were the frequencies within it. In order
to account for potential within-subject order effects due to possible light adaptation, in the second
session the order of the lighting blocks was reversed and the frequencies within those blocks were
reversed.

Figure 2

A) Phosphene thresholds and standard errors for each ambient lighting condition at each frequency
tested (10, 13, 16, 18 and 20 Hz). B) Regression-based estimates of normalised phosphene thresholds, as
a function of stimulation frequency, for each ambient lighting condition.
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