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Abstract. Several studies emphasize the great potential of rhythmic light stimu-
lation to evoke steady-state visual evoked potentials (SSVEPs) measured via elec-
troencephalographic (EEG) recordings as a safemethod tomodulate brain activity.
In the current study, we investigated visual event-related potentials (ERPs) and
oscillatory power evoked by perceptible (above a previously estimated individ-
ual threshold) and non-perceptible (below the individual threshold) frequency-
modulated rhythmic light stimulation at 10 Hz via a light-emitting diode. Further-
more, we examined the effect of overt and covert attention by asking participants to
(1) directly focus on the light source (overt attention condition) and (2) indirectly
attend it (covert attention condition). Our results revealed entrainment effects
reflected in both ERPs and oscillatory power in the EEG even for a stimulation
intensity below the individual perceptibility threshold and without directly fixat-
ing the light source. This non-invasive stimulation method shows strong potential
for naturalistic non-clinical applications.

Keywords: Neuroergonomics · Electroencephalography · Oscillatory power ·
Event-related potentials · Non-perceptible and perceptible stimulation ·
Attention · Steady-state visual evoked potentials

1 Introduction

In the last decades, the phenomenon of synchronized neuronal firing, so-called steady-
state visual evoked potentials (SSVEPs; e.g., [1]), evoked by rhythmic light stimulation
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has been intensively researched. SSVEPs are neurophysiological responses that can be
measured via the electroencephalography (EEG) and are well suited for brain computer
interface (BCI) applications due to their high signal-to-noise ratio (SNR) [2, 3]. More-
over, such rhythmic light stimulations are suggested to be a safemethod tomodulate brain
activity and seem to have effects comparable to other non-invasive brain stimulation [4,
5]. Especially, frequency-modulated (FM) stimulations are promising protocols allow-
ing for less perceptible visual stimulation and, thus, decrease of potential eye fatigue and
user discomfort [6–8]. During a FM stimulation, the carrier frequency (usually a high
frequency, e.g., 40 Hz) is modulated by a second frequency (i.e., the modulation fre-
quency, e.g., 30 Hz) and SSVEPs are evoked at the frequency of the difference (40–30=
10 Hz). Some studies indicate that strongest EEG power modulations are elicited when
the stimulation source is positioned in the center of the visual field and directly fixated
[1, 9]. However, it is of particular importance for real-world applications to explore pro-
tocols characterized by (1) high user comfort (e.g., by using less perceptible rhythmic
stimulation) and (2) feasibility; especially when aiming to integrate the stimulation in
everyday life environments (e.g., in a car interior [3]) as well as their respective pro-
cesses of action (e.g., by using a protocol which does not require direct fixation on the
light source, c.f., [7, 8]). Therefore, we investigated topographical modulations (time
domain) by measuring ERPs and modulations of oscillatory power (frequency domain)
for the four rhythmic light conditions: (1) perceptible FM stimulation with amplitudes
of the flickering intensity above a previously estimated individual threshold and (2) non-
perceptible FM stimulation with amplitudes below the individual threshold with either
(a) direct fixation on the stimulation source (overt attention) or (b) fixation on a crosshair
presented 10 cm below the light source (covert attention) in each stimulation condition.

2 Methods

2.1 Participants

EEG data from 12 participants from the same dataset used in [8] were reanalyzed
(ten men, mean age of 26.83, SD = 3.80). Participants were screened to have nor-
mal or corrected-to-normal vision and a visual acuity above 0.71. Furthermore, they
were excluded when reporting neurological deficits, central effective medication, drug
consumption, or psychiatric disorders. Participants were informed about risk of epileptic
seizure due to the rhythmic visual stimulation and signed an informed consent according
to recommendations of the declaration of Helsinki. The studywas approved by the ethics
committee of the Medical Faculty, University of Tuebingen, Germany.

2.2 Apparatus and Stimuli

As in [8], a white-colored light-emitting diode (LED; 2800 K with a peak at 600 nm,
diameter 0.5 cm,ModelNSPL500DS,Nichia Corporation)with a homogeneous diffusor
covering 1.14° of the visual fieldwasmounted in front of a black screenwith 1mdistance
to the nasion. A crosshair was positioned 10 cm below the LED as fixation point in the

1 It was measured via the Freiburg Visual Acuity Test [10].
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covert condition covering 5.7° of the visual field. The LED was driven by a close-to-
real-time capable industrial PC (10 µs; 16-bit). The stimulation and EEG recordings
were synchronized via a parallel port and CANopen interface. The rhythmic stimulation
was generated with a Beckhoff Framework programmed by AIOCAS S.a.r.l. using a FM
stimulation protocol adapted from [6, 7]:

signal = A + FV ∗ sin ( 2 ∗ π ∗ Fc ∗ t + (M ∗ sin( 2 ∗ π ∗ Fm ∗ t))). (1)

A represents the amplitude of the current intensity and was estimated individually
to define the perceptibility threshold (IPT). FV is the fluctuation of the current intensity
span with 0.2 mA, Fc the carrier frequency (40 Hz), Fm the corresponding modulation
frequency (30 Hz), M the modulation index (M = 2) (2), t the time vector. Hence, to
entrain brain activity, the LED was driven by FM signals at 10 Hz calculated by the
difference of Fc and Fm (40 Hz–30 Hz)2.

EEG Data Acquisition. EEG potentials were recorded according to the international
10–20 system from the following 32 positions3 (actiCAP and BrainAmp, BrainProducts
GmbH, Germany). The EEG was grounded to FCz and the left mastoid was used as
common reference. The impedance was kept below 20 k� at the onset of the experiment.
The data was digitized at 1000 Hz, high-pass filtered with a time constant of 10 s,
and saved for off-line analysis via the BrainVision Recorder (BrainProducts GmbH,
Germany).

2.3 Procedure

Participants were seated in a mock-up vehicle interior in a dark recording chamber.
First, a 3 min EEG resting state baseline (eyes open and fixated on a crosshair under a
shallowly illuminated static light condition; M = 20 cd/m2) was recorded (cf. [8]).

To investigate perceptibility, we designed stimuli either perceptibly flickering above
the individual perceptibility threshold intensity (i.e., IPT + 2 mA; A-IPT) or non-
perceptibly below the threshold (i.e., IPT - 2 mA; B-IPT). The threshold intensity was
estimated prior to the main session with the method of constant stimuli [11] separately
for the overt and covert attention condition using 10 repetitions of 14 stimuli (total of
280) with 10 flickering4 and four static control stimuli without flickering5. To cue the
attention-based condition, either an arrow signalizing the participant to focus on the
LED (overt condition) or a crosshair (covert condition) was presented 8 s before the
stimulation onset. In this pre-session, the stimulus was presented for a maximum of 8 s
up to 30 s and participants were asked to decide whether the stimulus was flickering or

2 Since we used a LED with a linear current-to-luminosity curve for the current range used in the
experiment, we prevented additional harmonics in the signal due to the fact that the sinusoidal
current variations translate into a non-sinusoidal (distorted) light intensity variation.

3 Positions: Fp1, Fp2, AFz, F7, F3, Fz, F4, F8, FT9, FC5, FC1, FC2, FC6, FT10, C3, Cz, C4, T7,
T8, CP5, CP1, CP2, CP6, TP10, P7, P3, Pz, P4, P8, O1, Oz, O2

4 Flickering stimuli: 0.5 mA, 1 mA, 2 mA, 3 mA, 4 mA, 5 mA, 6 mA, 7 mA, 8 mA, 9 mA
5 Static control stimuli: 1 mA, 3 mA, 5 mA, 7 mA
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not by button press as soon as possible and within 30 s of the stimulation. Each trial was
followed by an inter-stimulus interval (ISI) of 10 s.

In the main session, 252 stimuli were presented in 2 (attention; overt - covert) ×
3 (perceptibility; A-IPT – B-IPT – static) conditions with 42 repetitions per condition.
The conditions were presented block-wise with seven randomized conditions as trials
within each block (ISI of 30 s) and six repetitions of the condition within each trial (ISI
of 8 s). The attention-based condition was cued 2 s (either with the crosshair or arrow)
followed by an 8 s stimulation interval. We Latin-square counterbalanced the order of
the conditions within a block with the constraint that the attention-based conditions
are (1) alternated and b) equally balanced and pseudo-randomized among participants
regarding their order and starting condition. In total, each run lasted 108 s with a break
of 30 s afterwards. Each block was followed by a 2 min break. Figure 1 provides an
overview of the procedure of the main session.

Fig. 1. Experimental procedure of the main session. RS: resting state, Q: questionnaire; STIM:
stimulation; CUE: cue before the stimulation signaling the attention-based condition; ISI: inter-
stimulus interval, S: static condition, A-IPT: above the individual threshold condition, B-IPT:
below the individual threshold condition; C: covert; O: overt.

2.4 Data Analysis

EEG Pre-processing. EEG signals were de-trended, zero-padded, and re-referenced to
mathematically linked mastoids [12]. We excluded five EEG channels (FT9, FT10, T7,
T8, and CP1) from analysis due to artifact contamination. All EEG signals were filtered
with a first order zero-phase lag finite impulse response (FIR) filter using a narrow
frequencybandof 0.5 to 22Hz for theERPs and aband-passfilter between0.5 to 40Hz for
the oscillatory power analysis. The continuous EEG signals were segmented separately
for the four conditions with a time window of (1) [−200 to 600 ms] for the ERPs, and 2)
[2000 to 6000 ms] for the oscillatory power analysis. Segments containing a maximum
deviation above 200 µV in any of the frontal EEG channels (Fp1, Fp2) were rejected.
We performed an independent component analysis (ICA) using the logistic infomax
algorithm [13] to remove further ocular movement, cardiac, and muscular artifacts via
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visual inspection of the topography, time course, and power spectral intensity of the
components [14, 15]. Furthermore, the resting stateEEGdata later used for normalization
from each participant was pre-processed as described above for the oscillatory power
analysis and divided into non-overlapping epochs of 2 s.

ERP Analysis. For the ERP analysis in the time domain, EEG segments were baseline
corrected by subtracting themean amplitude of a 200ms time interval before stimulation
onset. Signals were then averaged over trials, occipital electrodes (O1, O2), and partic-
ipants to calculate the grand averages of the ERPs for each condition (see Fig. 2A). To
study the topographical changes of the ERPs, three components were statistically eval-
uated based on [16] (see Fig. 2B and 2C): the (1) P90 [75 to 145 ms], (2) N180 [170 to
245ms], and (3) P300 [280 to 400ms].We used a cluster-based non-parametric random-
ization approach with multiple comparisons correction [17, 18]. A multiple dependent
sample t-test on the level of individual electrodes was conducted on the ERP components
of the comparisons (1) covert vs. overt condition for A-IPT and B-IPT and (2) A-IPT vs.
B-IPT for covert and overt [cf., 19]. Hence, t-values exceeding the a priori threshold of p
< .05 (uncorrected) were spatially clustered based on neighboring electrodes. The clus-
ter level statistics were defined as the sum of t-values within each cluster. We corrected
for multiple comparisons by calculating the 95th percentile (two-tailed) of the maximum
values of summed t-values estimated from an empirical reference distribution. t-values
exceeding this threshold were, thus, considered as significant at p < .05 (corrected).
Reference distribution of maximum values was obtained by means of a permutation test
(1000 permutations).

Oscillatory Power Analysis. For the calculation of power, we defined regions of inter-
est (ROIs): frontal (F3, Fz, and F4), parietal (P3, Pz, and P4), and occipital electrodes
(O1, Oz, and O2). We calculated the power spectra (2–35 Hz) of (1) the resting state and
(2) stimulation conditions per ROI for each participant via the fast Fourier transforma-
tion (FFT). For the statistical analysis, power was transformed to a dB scale, normalized
per condition with the resting state, and binned to frequency bands of interest with alpha
(8 to 12 Hz) and beta (18 to 22 Hz) as the first harmonic response. We used a within-
subject designwith two factors perceptibility (A-IPT andB-IPT) and attention (overt and
covert) with non-parametric Friedman’s Q-tests to statistically analyze the oscillatory
power. Subjects revealing extreme reactions to the stimulation were identified as outliers
by M + −2 * SD and excluded (one participant in the beta band power). Significant
differences between conditions were further analyzed with non-parametric, FDR cor-
rected post-hoc Wilcoxon signed rank tests. Data analyses were performed with custom
written scripts in MATLAB® and pythonTM.

3 Results

ERP Results. We observed strongest deflection of the components in electrodes over-
lying occipital regions in the overt attention condition especially during perceptible
stimulation (Fig. 2 A). Comparing the spatio-temporal dynamics of the attention-based
conditions (Fig. 2 B), there were reduced positive deflections in electrodes overlying
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parieto-occipital regions in the P90 and P300 and increased negative deflection in the
N180 during the B-IPT stimulation in the covert (fixation 11.3 deg below the LED)
compared to the overt condition (fixation on the LED; upper row). Interestingly, the
P300 was enhanced in electrodes overlying the frontal regions in the covert condition
under non-perceptible (B-IPT) stimulation. During A-IPT stimulation, reduced positive
deflections in electrodes overlying parieto-occipital regionswere observable only in early
and late components (i.e., P90, P300; lower row). Comparing the perceptibility condi-
tions, significant differences between perceptible (A-IPT) and non-perceptible (B-IPT)
stimulations were already present in early components during covert attention (Fig. 2
C, upper row, left). The P90 and P300 were significantly reduced, whereas the N180
was enhanced in electrodes overlying fronto-central regions for the B-IPT (negativity
in Fig. 2 C, upper row, due to the contrast non-perceptible vs. perceptible). Further, we
found stronger negative deflections in the N180 for the perceptible (A-IPT) stimulation
in electrodes overlying the parieto-occipital regions for the covert (positivity in Fig. 2
C, upper row, middle) and overt condition (Fig. 2 C, lower row, middle).

Fig. 2. A) Grand averages of the ERPs in electrodes overlying the occipital regions (O1, O2) for
the four conditions. Shades represent the standard error (±SE) of the mean. B) and C) t-value
topography differences of the P90 (left), N180 (middle), and P300 (right). Electrode clusters show-
ing significant differences in the non-parametric randomization test are indicated by filled black
circles. B-IPT: below the individual threshold condition; A-IPT: above the individual threshold
condition.

Oscillatory Entrainment Results. Oscillatory entrainment in the alpha and beta band
frequency did not differ between the perceptibility conditions in electrodes over occipital,
frontal, and parietal regions.We observed similar power entrainment not only in the overt
but also covert attention condition. There was only a significant difference in electrodes
overlying occipital regions, χ (3) = 2.692, p = .021, between the attention conditions in
the non-perceptible stimulation with increased beta band power for the covert condition,
p = .014 (FDR corrected).

4 Discussion

We observe similar oscillatory power modulations for the four stimulation protocols.
In line with [9], we found increased oscillatory power in the first harmonic response
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(beta band power) in electrodes overlying occipital regions for the covert compared to
the overt condition during non-perceptible stimulation. This finding might be especially
interesting for BCI applications [20].

Regarding the ERP results, early exogenous and lately induced ERPs (likely rep-
resenting the P300 complex [21]) were elicited (cf. [16, 22]). While early components
(predominantly located in the primary visual cortex due to the retinotopic activation)
indicate processing of psychophysical stimulus features (e.g., contrast, motion, and color
[23, 24]), the later represent rather cognitive information processing.

In line with [25–27], we found a clear attention effect reflected in enlarged positive
deflections when the stimulation source was overtly attended compared to the covert
attention condition. This phenomenon is suggested to reflect attention-related sensory
gain control mechanisms in the extrastriate visual cortex associated with enhanced SNR
of visual inputs and, thus, improved acuity of visual perception within the spotlight of
attention [25–27]. In addition to the reduced P300 deflection in electrodes overlying the
centro-parietal/occipital cortex, we observed enhanced frontal P300 deflections for the
non-perceptible unattended stimulation. It might point to attentional mechanisms and
attempts to identifywhether the stimulus is flickering or not. The P300 complex typically
associatedwith the oddball-paradigm is sensible to infrequent, deviant stimuli indicating
stimulus recognition/discrimination, task-relevant information, and selective attentional
processing [21]. It is further associatedwithworkingmemory capacity and updating pro-
cesses [21]. Contrary to [27], the N180 deflection was enlarged in electrodes overlying
parieto-occipital regions when the non-perceptible stimulation was unattended com-
pared to the overt attention condition. The N180 complex (originally N135 but slightly
shifted due to the rhythmic light stimulation [16]) activates magnocellular pathways
of the visual system associated with processing of luminance, non-color, and motion
related information [22–24]. A possible explanation could be cortical hyperexcitation
due to reduced inhibitory activity of cortical pyramidal cells during non-perceptible and
unattended stimulation [28].

5 Conclusion

Our findings indicate entrainment effects represented in both ERPs and power even
for a non-perceptible stimulation and without directly fixating on the light source.
This non-invasive stimulation method shows strong potential for naturalistic applica-
tions to enhance neuronal activity and cognitive processes. Especially for safety-critical
situations, the possibility to enhance alertness, concentration, or/and performance is
appealing. However, a complete understanding of rhythmic light stimulation is a pre-
condition for application in traffic and other safety relevant areas. The work contributes
to understanding and potential use of non-invasive and non-perceptible rhythmic light
stimulation.
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