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� TMS effects are modulated by the current brain state.
� TMS-evoked potentials were stronger after adaptation to high luminance.
� This study provides the first neural evidence on the interactions between TMS and visual adaptation.

a b s t r a c t

Objective: The impact of transcranial magnetic stimulation (TMS) has been shown to depend on the ini-
tial brain state of the stimulated cortical region. This observation has led to the development of para-
digms that aim to enhance the specificity of TMS effects by using visual/luminance adaptation to
modulate brain state prior to the application of TMS. However, the neural basis of interactions between
TMS and adaptation is unknown. Here, we examined these interactions by using electroencephalography
(EEG) to measure the impact of TMS over the visual cortex after luminance adaptation.
Methods: Single-pulses of neuronavigated TMS (nTMS) were applied at two different intensities over the
left visual cortex after adaptation to either high or low luminance. We then analyzed the effects of adap-
tation on the global and local cortical excitability.
Results: The analysis revealed a significant interaction between the TMS-evoked responses and the adap-
tation condition. In particular, when nTMS was applied with high intensity, the evoked responses were
larger after adaptation to high than low luminance.
Conclusion: This result provides the first neural evidence on the interaction between TMS with visual
adaptation.
Significance: TMS can activate neurons differentially as a function of their adaptation state.
� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The effects of transcranial magnetic stimulation (TMS) are mod-
ulated by the initial activation state of the stimulated region (state-
dependency). For example, suppression or facilitation of neural
activity with transcranial direct current stimulation (tDCS) in the
motor cortex modulates the impact of subsequent repetitive TMS
(Siebner et al., 2004; Lang et al., 2004). Furthermore, TMS-evoked
potentials (TEPs) depend on the state of neuronal activity in the
stimulated area in the motor cortex and change in relation to
preparation and execution of unilateral motor action (e.g.,
(Nikulin et al., 2003; Kičić et al., 2008)) with high reproducibility
and sensitivity of TEPs (Lioumis et al., 2009; Casarotto et al.,
2010; Kerwin et al., 2018).

In the visual domain, several studies have studied state-
dependency using visual adaptation, a phenomenon in which
changes in neural tuning and excitability are induced by prolonged
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exposure to sensory stimulation (Gibson and Radner, 1973; Mather
et al., 1998; Grill-Spector et al., 2006). These studies have con-
cluded that TMS is more effective in activating adapted than
non-adapted perceptual representations; for example, after adap-
tation to a uniform colored background, phosphenes induced from
the early visual cortex take on the color qualities of the adapting
stimulus (Silvanto et al., 2007; Silvanto and Pascual-Leone, 2012).
Furthermore, adaptation not only modulates phosphene appear-
ance, but also increases the proportion of trials in which phos-
phenes are reported (Guzman-Lopez et al., 2011). Similar effects
have been found in a wide range of cognitive domains, including
numerical magnitude (Cohen Kadosh et al., 2010) and action
encoding (Cattaneo et al., 2011, 2010), and form the basis of the
TMS-adaptation paradigm.

However, the neural basis of how responses to TMS in the visual
cortex are affected by adaptation has not been investigated. In the
present study, we utilized electroencephalography (EEG) to inves-
tigate the neural basis of this state-dependency. Since the pioneer-
ing work of Ilmoniemi et al., (1997) (Ilmoniemi et al., 1997), the
combination of TMS–EEG has become widely used in cognitive
neuroscience (e.g., (Thut et al., 2003a, 2003b; Romei et al., 2007,
2010; Thut and Miniussi, 2009; Taylor et al., 2008; Reichenbach
et al., 2011)). We used the behavioral paradigm of Silvanto et al.
(2007), in which participants were adapted to visual stimuli prior
to the application of single neuronavigated TMS (nTMS) pulses
over the visual cortex. In the study of Silvanto et al. (2007), partic-
ipants were presented with uniform colors. This leads to adapta-
tion at retinal level, leading to a reduced level of input to the
early visual cortex. Consequently, cortical neurons receiving input
from the adapted cells are discharging less than in the absence of
adaptation; this reduced activity level increases excitability (i.e.,
susceptibility to a TMS pulse (Siebner et al., 2009). In the present
study, we used high luminance adaptation to induce a similar
adaptation effect at retinal level. We hypothesized that this would
increase susceptibility to TMS in the high luminance vs. low lumi-
nance condition, and result in larger evoked responses in the for-
mer condition. To study the interaction between adaptation and
nTMS effects, we concurrently recorded EEG to examine TEPs. Fur-
thermore, in order to explore whether such effects are stimulus
intensity-dependent, nTMS was applied at either ‘‘high” (80% of
maximum stimulator output, MSO) or ‘‘low” (60% of MSO)
intensity.
2. Methods

2.1. Participants

Eleven healthy volunteers (mean ± standard deviation; age
27 ± 2 years, 3 women, all right-handed) participated in the study,
but only seven of them completed the data collection for both TMS
conditions. This resulted in a final sample of 11 participants for
high TMS intensity and 7 participants for low TMS intensity. All
experimental procedures were approved by the ethical committee
of the Helsinki University Central Hospital and were in accordance
with the Declaration of Helsinki. All participants gave their written
informed consent before the experiments, and none of them had
any contraindication to TMS or any neurological, psychiatric, or
other relevant medical problems (Rossi et al., 2009).
2.2. Transcranial magnetic stimulation

TMS was performed with a figure-of-eight coil with a 70mm
outer diameter of each wing (Nexstim Ltd, Finland). The position-
ing of the TMS coil was navigated with the eXimia 3.2 navigation
brain system (Nexstim Ltd, Finland) using a three-dimensional
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reconstruction of the individual magnetic resonance images
(MRI; Fig. 1). TMS was applied in the vicinity of the calcarine sulcus
in the left hemisphere. The coil orientation was lateral-to-medial,
as this orientation is the most effective in visual cortex stimulation
(Kammer et al., 2001). To ensure accurate targeting of the V1/V2
visual cortex, we applied nTMS, in which the location of the TMS
coil is shown over the individual MRI reconstruction of the sub-
ject’s brain in real-time. Monophasic TMS pulses were adminis-
tered in the region of the calcarine sulcus, between the
electrodes Oz, POz, and PO3 (Fig. 1B). In experiment 1, nTMS was
applied at an intensity of 80% MSO, inducing an average induced
electric field (E-field) of 122 V/m (high TMS), the highest intensity
well tolerated by all the participants. In experiment 2, TMS was
applied at an intensity of 60% MSO with an average induced E-
field of 92 V/m (low TMS). Experiments 1 and 2 were separated
by at least 7 days and their order was counterbalanced across par-
ticipants. 216 TMS pulses were delivered in each experiment (108
pulses for each luminance condition). We initially aimed at adjust-
ing TMS intensity according to the individual phosphene threshold,
but they were too high for comfortable stimulation. The use of the
EEG cap increased the distance to the cortical surface from the coil.
This reduces the stimulation strength at the cortex, decreasing the
probability of phosphene induction. Our participants perceived
phosphenes on average 15% of the high TMS condition trials; the
intensity was thus clearly below the phosphene threshold.

2.3. EEG recordings

The TMS-evoked EEG responses were recorded with a 60-
channel TMS-compatible Nexstim eXimia EEG device (Nexstim
Ltd., Helsinki, Finland). The electrodes were placed according to
the 10–20 system. The signals were referenced to the right mas-
toid; the ground electrode was over the right cheekbone. Electro-
oculography (EOG) was recorded from electrodes placed on the
frontal process of the zygomatic bone and under the eye. The impe-
dance of all electrodes was kept below 5 kX. The signals were
band-pass filtered from 0.1 to 350 Hz and digitized at 1450 Hz.
During the TMS pulse, the EEG amplifier was blocked by a
sample-and-hold circuitry for 2 ms to remove most of the TMS-
induced artifacts (Virtanen et al., 1999).

2.4. Visual stimulation protocol

The experimental setup is shown in Fig. 1. Participants were
adapted (for 40 s), to a uniform computer display that was either
white (high luminance; 98 cd/m2) or black (low luminance;
0.5 cd/m2) at the viewing distance of 57 cm to the monitor. Partic-
ipants were asked to fixate their eyes close to the left edge of the
screen (Fig. 1) to adapt the right visual field (as nTMS was applied
over the left visual cortex). After the end of the adaptation, the
screen turned to black and a fixation cross (presented for 1–1.5
sec) appeared on the screen. Each adaptation period was followed
by a block of 12 TMS pulses. There was a 3 s delay between the
response and the onset of the next trial. A total of 18 adaptation
conditions (9 with adaptation to the high luminance display, and
9 with adaptation to the low luminance display), and a total of
108 nTMS responses were collected for each adaptation condition
and each subject. Earplugs were used to attenuate the acoustic
click produced by the TMS coil.

2.5. Data analysis

All analysis was carried out offline with Matlab (The Math-
works, Inc., Natick, Massachusetts, USA). The EEG recordings were
visually inspected. The epochs with amplitudes larger
than ± 100 mV or containing excessive spontaneous muscle activity



Fig. 1. Experimental setup. (A) The timeline of the experimental trial. A 40-sec period of adaptation to either high luminance (white screen) or low luminance (black screen)
was followed by a block of 12 transcranial magnetic stimulation (TMS) pulses. (B) Neuronavigated TMS (nTMS) and the electroencephalography (EEG) electrode montage
shows that TMS was applied in the region of the calcarine sulcus, between the cluster of electrodes Oz, POz, and PO3 (red), and the cluster of electrodes PO4, P4, and P8 that
were used as a control (green). The current orientation was lateral-to-medial. The positions of the electrodes were co-registered with each participant’s MRI scan. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(i.e., from the scalp, neck muscle, or blinks) were removed from the
analysis. The bad channels (e.g., those with strong muscle/eye
movements or poor electrode contact) were excluded from the
analysis. On average, 70 trials per condition were included into
the analysis for each subject. The data were baseline corrected
from –300 to –10 ms, and the TMS induced artifacts were sup-
pressed from 0 to 30 ms with a method of principal components
(PCs) suppression (Hernandez-Pavon et al., 2012; Ilmoniemi
et al., 2015). On average, 6 to 7 PCs were suppressed in each sub-
ject. This method has been validated in recorded and simulated
TMS–EEG data and has shown to effectively suppress the artifacts’
amplitude, leaving the neurophysiological signals intact. After that,
the data were average referenced and filtered with a band-pass fil-
ter (1–40 Hz) and a notch filter (48–52 Hz) to remove high-
frequency and the remaining power-line interference, respectively.
Both filters were fourth-order, Butterworth, and zero-phase.

2.6. TEPs

For the TMS-evoked potentials (TEPs), the data were averaged
separately for the different TMS intensities and luminance, result-
ing in four data sets (high TMS intensity low luminance vs. high
TMS intensity high luminance; low TMS intensity low luminance
vs. low TMS intensity high luminance). To assess the effects of
the TMS-evoked global cortical activity, the global mean field
power (GMFP) was computed from 200 ms before to 400 ms after
the TMS pulse (Lehmann and Skrandies, 1980). The local effects
induced by TMS over the left occipital area were assessed by the
averaged TEPs across a cluster of electrodes in a region of interest
(ROI) surrounding the stimulated target. The averaged TEPs were
analyzed in two ROIs, the left occipital cortex (Oz, POz, PO3), which
contained the electrodes surrounding the TMS pulse, and a control
area in the right occipital cortex (PO4, P4, P8) containing electrodes
away from the TMS pulse. The signals from the same ROIs were
averaged for each volunteer to compute the averaged TEPs. We
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then compared the effects of low vs. high luminance during high
TMS intensity and low vs. high luminance during low TMS inten-
sity on the GMFP and averaged TEPs. Fig. 1 depicts the experimen-
tal setup and the distribution of the electrode groups over the scalp
that were grouped in the analyses. We aimed at recording each
participant with two TMS intensities. Unfortunately, all partici-
pants were not available for both TMS experiments. We compared
the results obtained from 11 participants in experiment 1 with 7
participants in experiment 2. We also compared the results from
the 7 participants participating in both experiments 1 and 2. To
increase statistical power, values at individual EEG electrodes were
entered into the ANOVA.

2.7. Statistical analyses

The EEG data analysis was carried out in five-time windows: –
150 to –50 ms (T0), 15–50 ms (T1), 50–150 ms (T2), 150–250 ms
(T3), and 250–350 ms (T4). The time windows (T1–T4) were based
on peaks visible in the grand average data and GMFP
(Figs. 2 and 3A). Some of these responses are consistent with prior
work showing brain activation in these time windows (Taylor
et al., 2010). T0 was used to assess possible changes induced by
the adaptation condition in the baseline, prior to TMS being
applied on each trial.

We assessed the effects of adaptation conditions in the global
cortical excitability by comparing the GMFP in the time windows.
For this aim, we used a 2-way repeated-measures ANOVA with
main factors ‘‘adaptation condition” (low luminance, high lumi-
nance) and ‘‘time window” (T0, TI, T2, T3, and T4).

The statistical analysis of averaged TEPs within the ROIs was
performed for peak amplitudes, peak latencies, and area under
the curves separately for each subject and condition in the time
windows (T0, T1, T2, T3, and T4). A 3-way repeated-measures
ANOVA analysis with main factors ‘‘adaptation condition” (low
luminance vs. high luminance), ‘‘time window” (T0, T1, T2, T3,



Fig. 2. Grand average transcranial magnetic stimulation (TMS)-evoked responses and topographies for high and low TMS intensity conditions the same 7 participants that
completed both Visits. (A) TMS-evoked potentials from all channels in response to single TMS pulses as a function of high TMS intensity (adaptation to high luminance and
adaptation to low luminance). Four peaks of activity were observed in the time windows: 15–50 ms (T1), 50–150 ms (T2), 150–250 ms (T3), and 250–350 ms (T4). The
topographies were calculated in peak time windows. The topographies at T2 and T3 showed fronto-occipital and centro-parietal responses, respectively. (B) TMS-evoked
potentials from all channels in response to single TMS pulses as a function of low TMS intensity (adaptation to high luminance and adaptation to low luminance). Similar
peaks of activity were observed in the same time windows as in A), and the topographies at T2 and T3 displayed similar activity patterns. All topographies have the same
scale.
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and T4), and ‘‘ROI” (left vs. right occipital area) was carried out for
the TEPs. All ANOVAs, for GMFP and TEPs, were performed sepa-
rately for high and low TMS intensity conditions because not every
participant completed both conditions. For post-hoc tests, pairwise
comparisons were corrected by the Bonferroni method. The signif-
icance level was set at 5% (p < 0.05).

3. Results

3.1. Global cortical excitability

TMS to the left occipital area evoked positive and negative
deflections with amplitudes lasting up to � 350 ms for all condi-
132
tions (Fig. 2). GMFP peaks of activity were identified for both
TMS intensities from the grand average GMFP within the five time
windows (see Fig. 3.)

The 2-way ANOVA analyses conducted on the individual GMFP
for the low and high TMS conditions revealed a main effect of
adaptation in the global cortical excitability for low TMS intensity
(F (1,6) = 7.98; p = 0. 030) but not for high intensity (F (1,10) = 0.718;
p = 0.417). However, most importantly, there were no significant
interactions between adaptation and time intervals for either high
(F (4,40) = 0.749; p = 0.565) or low (F (4,24) = 1.2; p = 0.324) intensity
TMS condition. The same results were obtained for the GMFP for
the same 7 participants who completed both TMS conditions (i.e.,
high TMS intensity and low TMS intensity). The main effect of



Fig. 3. Grand average global cortical excitability for high and low luminance adaptation conditions for the same 7 participants that completed both Visits. (A) Global cortical
excitability for high transcranial magnetic stimulation (TMS) intensity. (B) Global cortical excitability for low TMS intensity. Non-significant differences in the adaptation
condition between low and high luminance conditions or TMS intensities were observed.
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adaptation in the low TMS intensity condition indicates that adap-
tation did have a general effect on global cortical excitability, how-
ever what is relevant for the present study is that adaptation did
not interact with time window. This indicates that adaptation did
not modulate TMS effects for this measure. As the analysis in the
next section shows, statistically significant adaptation and time
window effects are only observed in the TEPs where analysis was
restricted to electrodes in the proximity of the TMS coil, indicative
of relative local effects.
3.2. TEPs

The TEPs induced by stimulation of the left occipital area con-
sisted of four peaks: N15, P100, N180, and P270. Fig. 4 shows TEPs
for high and low luminance adaptation conditions as a function of
the two ROIs.

The 3-way ANOVA revealed a main effect of adaptation for the
area under the curve for high TMS intensity (F (1,10) = 9.3,
p = 0.012), but no main effect of adaptation condition for low
TMS intensity (F (1,6) = 0.505, p = 0.504). The key finding was that
for the high intensity TMS condition there was an interaction
between TEP time peak window and adaptation condition (F
(4,40) = 3.6, p = 0.012), but not significance between area, time peak
window, and adaptation condition (F (4,40) = 1.34, p = 0.271). For
the low intensity condition, no such interaction was observed. This
indicates that the magnitude of the TEPs is modulated by adapta-
tion condition at the high TMS intensity.

Bonferroni-corrected post-hoc comparisons revealed a signifi-
cant difference between the two adaptation conditions for the left
ROI (i.e., the ROI where the coil was placed) in the 50 to 150 ms
(p = 0.01) and 150 to 250 ms time windows (p = 0.01) but not in
the other time windows (as highlighted in Fig. 4A). This indicates
that the TMS-evoked response is larger after high luminance than
low luminance condition. Fig. 4C illustrates the difference in the
amplitude of evoked responses as a function of adaptation for this
significant main window. None of the responses were significant
for any TMS intensity and ROI for the peak latency and peak
amplitude.

In the data of the 7 participants who completed both the low
and high TMS intensity conditions, the 4-way repeated-measures
ANOVA with TMS intensity, adaptation condition, electrode, and
time interval showed a significant interaction between TMS inten-
sity, time interval, and adaptation condition (F (4,80) = 8.45,
p = 0.0001). The presence of this interaction supports the view that
TEPs are modulated by adaptation in an intensity-dependent
manner.
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4. Discussion

We used luminance adaptation to investigate how the activa-
tion state of the visual cortex affects TMS-evoked activity as
assessed with EEG. TEPs were significantly affected by the state
of the visual cortex at the time of stimulation, reflected in a signif-
icant interaction between adaptation condition and 50–150 ms
and 150–250 ms time windows. Interestingly, TEPs after adapta-
tion to high luminance were larger in amplitude than TEPs induced
after dark adaptation. The effect also depended on the TMS inten-
sity; the observed TEP enhancements were found in the high but
not low TMS intensity condition (however it is important to note
that this could reflect smaller sample size in this condition). More-
over, while no significant adaptation effects were observed in the
TEP analysis for Low TMS intensity, GMFP did show a significant
main effect of adaptation in this condition. It is difficult to conclu-
sively explain these results. One potential explanation is in terms
of lack of power; it is possible that low sample size (n = 7 for low
intensity TMS) underlies the lack of significant effects in the TEP
analyses. An alternative explanation is it reflects adaptation occur-
ring outside the visual cortex, as the TEP analysis included only the
electrodes surrounding the coil. However, this view is difficult to
reconcile with the finding that in the high TMS intensity condition
(where visual stimulation was identical), adaptation � time win-
dow interaction was observed in the TEPs (but not in the GMFP),
indicative of adaptation localised to visual cortex.

The impact of TMS has been shown to depend on the level of
visual adaptation in the visual system. Luminance adaptation (or
light adaptation) modifies the gain and dynamics of retinal neu-
rons to maintain visual sensitivity and avoid response saturation
when the mean illumination level changes (e.g., (Shapley and
Enroth-Cugell, 1984; Walraven et al., 1990)). This logarithmic pro-
cess normalizes local variations of ambient light intensity so that
the retinal output faithfully represents the contrast of objects
viewed in different lightings (Troy and Enroth-Cugell, 1993). The
mechanisms responsible for this sensitivity adjustment exist both
within the photoreceptor cells and the retinal network (e.g.,
(Purpura et al., 1990; Pugh et al., 1999)). Although some adaptation
involving static stimuli occur in regions of the V1/V2 visual cortex
(McLelland et al., 2010; Wade and Wandell, 2002), we assume that
the main adaptation in our experiment occurred in the retina.
However, in turn, this adaptation also then modifies the activity
of higher visual relays.

The TMS results of the present study mirror those found in the
behavioral domain, where TMS has been shown to facilitate attri-
butes encoded by adapted neural populations (Silvanto et al.,
2007) and to increase neural susceptibility to TMS (Guzman-



Fig. 4. Grand average amplitudes of transcranial magnetic stimulation (TMS)-evoked potentials (TEPs) as a function of adaptation condition and region of interest (ROI) for
high and low TMS intensities across the same 7 participants that completed both Visits. (A) TEPs in the left ROI for high and low TMS intensities and high and low luminance.
The grey shaded area depicts the time windows where the area under the curve values were statistically significant different (50–150 ms, and 150–250 ms). (B) TEPs in the
right ROI for high and low TMS intensities and high and low luminance. (C) Area under the curve values for the grey shaded area depicted for left ROI at high TMS intensity
(means with standard error of the mean (SEM) error bars), the areas were statistically different for times T2 (50–150 ms) and T3 (150–250 ms).
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Lopez et al., 2011). To understand our results, the impact of this
adaptation at the cortical level needs to be considered. Although
the actual adaptation is likely to reflect retinal processes, it also
modulates the input to the early visual cortex V1/V2. At the end
of adaptation, the high luminance adapter is turned off, and the
participants are viewing the ‘‘baseline” display (i.e., a dark screen
with a fixation cross). The luminance range in which the visual sys-
tem operates after light adaptation is out of range for the post-
adaptation visual environment. In this circumstance, the activity
of the retinal network will be lower, and less input will be trans-
mitted to the visual cortex resulting in reduced baseline activity
134
in V1/V2. Thus, neurons in the early visual cortex are less likely
to be firing after visual adaptation and are thus more likely to be
activated by TMS. Consequently, TMS is likely to activate a large
population of neurons (as a larger proportion of neurons is likely
to be in a state ready to be activated). A similar explanation has
been previously put forward to explain the effects of color adapta-
tion on TMS-induced phosphenes (Guzman-Lopez et al., 2011).
Neuronal adaptation increases the susceptibility to TMS-induced
facilitation, and the effects on visual adaptation are observed only
when TMS and the adapting stimulus overlap spatially (Guzman-
Lopez et al., 2011). TMS–EEG studies have also investigated the
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neural basis of longer-lasting adaptation protocols, such as dark
adaptation, where participants undergo 30 minutes of adaptation
(e.g., (Zazio et al., 2019)). Such long adaptations are likely to differ
from those generally used in state-dependent TMS studies, where
the period of adaptation is usually up to 60 seconds.

The effect of adaptation on TMS-induced neural activity
depended on the TMS intensity (although this may have been
partly due to the lower number of participants in the low TMS
intensity condition). Such an effect would not be surprising in light
of a prior TMS–EEG study that reported such effects in TMS
interaction- and visual evoked potentials (Reichenbach et al.,
2011). Furthermore, the presence of nonlinearities in behavioral
effects of TMS have been demonstrated by distinct intensity ranges
for facilitatory and suppressive behavioral effects of TMS which are
shifted by state manipulations such as adaptation (Silvanto and
Cattaneo, 2017, 2008). Moreover, the facilitatory effect of TMS on
adaptation would only occur at specific TMS intensities – with very
low intensities unable to activate adapted neurons and very high
intensities inducing their suppression. Future studies are needed
to parametrically examine the interaction between adaptation
state and TMS intensity to test this idea explicitly.

5. Conclusion

Our study provides neural evidence for the view that TMS-
induced neural activity is modulated by neural adaptation (in this
case, high luminance vs. low luminance adaptation). This supports
the view that adaptation of the visual system can increase the sus-
ceptibility of the cortex to a TMS pulse. Specifically, this is likely to
occur due to a reduction in neural discharge in the visual cortex,
increasing the likelihood of a TMS pulse to induce action potentials
(Siebner et al., 2009). An implication of this finding is that any pro-
tocol (e.g., in the clinical domain) aiming to maximize the impact
of TMS should consider the initial neural activation state.
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Nikulin VV, Kičić D, Kahkonen S, Ilmoniemi RJ. Modulation of
electroencephalographic responses to transcranial magnetic stimulation:
evidence for changes in cortical excitability related to movement. Eur J
Neurosci 2003;18(5):1206–12.

Pugh EN, Nikonov S, Lamb TD. Molecular mechanisms of vertebrate photoreceptor
light adaptation. Curr Opin Neurobio 1999;9(4):410–8.

Purpura K, Tranchina D, Kaplan E, Shapley RM. Light adaptation in the primate
retina: analysis of changes in gain and dynamics of monkey retinal ganglion
cells. Vis Neurosci 1990;4(1):75–93.

Reichenbach A, Whittingstall K, Thielscher A. Effects of transcranial magnetic
stimulation on visual evoked potentials in a visual suppression task.
NeuroImage 2011;54(2):1375–84.

Romei V, Brodbeck V, Michel C, Amedi A, Pascual-Leone A, Thut G. Spontaneous
fluctuations in posterior alpha-band EEG activity reflect variability in
excitability of human visual areas. Cereb Cortex 2007;18(9):2010–8.

Romei V, Gross J, Thut G. On the role of prestimulus alpha rhythms over occipito-
parietal areas in visual input regulation: correlation or causation? J Neurosci
2010;30(25):8692–7.

Rossi S, Hallett M, Rossini P, Pascual-Leone ATSoTCG. Safety, ethical considerations,
and application guidelines for the use of transcranial magnetic stimulation in
clinical practice and research. Clin Neurophysiol 2009;120(12):2008-39.

Shapley R, Enroth-Cugell C. Visual adaptation and retinal gain controls. Prog Retin
Eye Res 1984;3:263–346.

Siebner HR, Hartwigsen G, Kassuba T, Rothwell JC. How does transcranial magnetic
stimulation modify neuronal activity in the brain? Implications for studies of
cognition. Cortex 2009;45(9):1035–42.

Siebner H, Lang N, Rizzo V, Nitsche M, Paulus W, Lemon R, Rothwell J.
Preconditioning of low-frequency repetitive transcranial magnetic stimulation
with transcranial direct current stimulation: evidence for homeostatic plasticity
in the human motor cortex. J Neurosci 2004;24(13):3379–85.

Silvanto J, Cattaneo Z. Time course of the state-dependent effect of transcranial
magnetic stimulation in the TMS-adaptation paradigm. NeuroReport
2008;443:82–5.

Silvanto J, Cattaneo Z. Common framework for ‘‘virtual lesion” and state-dependent
TMS: The facilitatory/suppressive range model of online TMS effects on
behavior. Brain Cogn 2017;119:32–8.

Silvanto J, Muggleton N, Cowey A, Walsh V. Neural adaptation reveals state-
dependent effects of transcranial magnetic stimulation. Eur J Neurosci 2007;25
(6):1874–81.

Silvanto J, Pascual-Leone A. Why the assessment of causality in brain–behavior
relations requires brain stimulation. J Cogn Neurosci 2012; 24:775-777.

Taylor PCJ, Walsh V, Eimer M. Combining TMS and EEG to study cognitive function
and cortico-cortico interactions. Behav Brain Res 2008;191(2):141–7.

Taylor PCJ, Walsh V, Eimer M. The neural signature of phosphene perception. Hum
Brain Mapp 2010;31(9):1408–17.

Thut G, Miniussi C. New insights into rhythmic brain activity from TMS-EEG studies.
Trends Cogn Sci 2009;13(4):182–9.

Thut G, Northoff G, Ives JR, Kamitani Y, Pfennig A, Kampmann F, Schomer DL,
Pascual-Leone A. Effects of single-pulse transcranial magnetic stimulation
(TMS) on functional brain activity: a combined event-related TMS and evoked
potential study. Clin Neurophysiol 2003a;114(11):2071–80.

Thut G, Théoret H, Pfennig A, Ives J, Kampmann F, Northoff G, Pascual-Leone A.
Differential effects of low-frequency rTMS at the occipital pole on visual-
induced alpha desynchronization and visual-evoked potentials. NeuroImage
2003b;18(2):334–47.

Troy J, Enroth-Cugell C. X and Y ganglion cells inform the cat’s brain about contrast
in the retinal image. Exp Brain Res 1993;93(3):383–90.

https://doi.org/10.1371/journal.pone.0010281
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0015
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0015
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0015
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0015
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0020
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0020
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0020
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0025
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0025
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0025
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0030
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0030
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0035
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0035
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0040
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0040
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0040
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0045
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0045
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0045
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0050
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0050
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0050
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0055
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0055
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0055
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0060
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0060
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0060
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0065
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0065
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0070
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0070
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0070
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0070
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0075
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0075
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0075
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0075
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0080
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0080
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0080
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0085
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0085
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0085
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0090
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0090
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0095
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0095
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0095
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0100
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0100
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0100
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0100
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0105
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0105
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0110
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0110
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0110
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0115
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0115
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0115
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0120
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0120
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0120
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0125
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0125
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0125
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0135
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0135
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0140
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0140
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0140
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0145
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0145
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0145
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0145
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0150
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0150
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0150
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0155
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0155
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0155
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0155
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0160
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0160
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0160
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0170
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0170
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0175
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0175
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0180
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0180
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0185
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0185
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0185
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0185
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0190
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0190
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0190
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0190
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0195
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0195


J. Guzmán López, J.C. Hernandez-Pavon, P. Lioumis et al. Clinical Neurophysiology 134 (2022) 129–136
Virtanen J, Ruohonen J, Näätänen R, Ilmoniemi R. Instrumentation for the
measurement of electric brain responses to transcranial magnetic stimulation.
Med Biol Eng Comput 1999;37(3):322-6.

Wade AR, Wandell BA. Chromatic light adaptation measured using functional
magnetic resonance imaging. J Neurosci 2002;22(18):8148–57.

Walraven J, Enroth-Cugell C, Hood D, MacLeod D, Schnapf J. The control of visual
sensitivity: Receptoral and postreceptoral processes. In: Spillmann L, Werner JS,
136
editors. Visual perception: The neurophysiological foundations. Academic
Press; 1990. p. 53–101.

Zazio A, Bortoletto M, Ruzzoli M, Miniussi C, Veniero D. Perceptual and
Physiological Consequences of Dark Adaptation: A TMS-EEG Study. Brain
Topogr 2019;32(5):773–82.

http://refhub.elsevier.com/S1388-2457(21)00736-7/h0205
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0205
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0210
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0210
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0210
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0210
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0215
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0215
http://refhub.elsevier.com/S1388-2457(21)00736-7/h0215

