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Abstract

Existing literature on sensory deprivation suggests that short-lasting periods of dark adaptation (DA) can cause changes in
visual cortex excitability. DA cortical effects have previously been assessed through phosphene perception, i.e., the ability to
report visual sensations when a transcranial magnetic stimulation (TMS) pulse is delivered over the visual cortex. However,
phosphenes represent an indirect measure of visual cortical excitability which relies on a subjective report. Here, we aimed at
overcoming this limitation by assessing visual cortical excitability by combining subjective (i.e., TMS-induced phosphenes)
and objective (i.e., TMS-evoked potentials - TEPs) measurements in a TMS-EEG protocol after 30 min of DA. DA effects
were compared to a control condition, entailing 30 min of controlled light exposure. TMS was applied at 11 intensities
in order to estimate the psychometric function of phosphene report and explore the relationship between TEPs and TMS
intensity. Compared to light adaptation, after DA the slope of the psychometric function was significantly steeper, and the
amplitude of a TEP component (P60) was lower, only for high TMS intensities. The perceptual threshold was not affected
by DA. These results support the idea that DA leads to a change in the excitability of the visual cortex, accompanied by a
behavioral modification of visual perception. Furthermore, this study provides a first valuable description of the relationship

between TMS intensity and visual TEPs.
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Introduction

Chronic visual deprivation alters functional organization and
excitability of the occipital cortex, as shown by deafferenta-
tion studies in animals (Gilbert and Wiesel 1992) and by
evidence from blind patients (Glass et al. 1977; Gothe et al.
2002; Kremlacek et al. 2013; Théoret et al. 2004). Existing
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literature suggests that even short-lasting periods of light
deprivation (minutes/hours) can cause functional changes in
cortical activity (Boroojerdi et al. 2000; Fierro et al. 2005;
Marjerrison and Keogh 1967). For example, after 60 min
of dark adaptation (DA), functional magnetic resonance
imaging showed an increased response of visual cortex to
incoming visual input (Boroojerdi et al. 2000), while electro-
encephalography (EEG) recordings revealed a slowdown of
occipital alpha-band activity (Marjerrison and Keogh 1967).

In humans, modulations of cortical excitability can be
assessed non-invasively through transcranial magnetic
stimulation (TMS). When applied to the visual cortex,
TMS can induce phosphenes, illusory visual percepts that
have been proposed as an index of visual cortex excitability
(Merabet et al. 2003). Previous studies suggest an increase
in cortical excitability following short-lasting periods (i.e.,
45 min) of DA, as shown by a reduction in phosphene
threshold (Boroojerdi et al. 2000, 2001; Fierro et al. 2005).
On the contrary, longer periods of DA have been associ-
ated with a reduction of cortical excitability, as indicated by
an overall increase in phosphene threshold after 5 days of
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visual deprivation in healthy volunteers (Pitskel et al. 2007),
consistently with what has been observed in blind patients
(Gothe et al. 2002).

Although TMS-induced phosphenes offer a unique oppor-
tunity for testing visual cortex excitability non-invasively,
this measure presents a few limitations. First, it relies on
a subjective report, and it can be influenced by response
criterion (i.e., the individual tendency toward a “yes” or
“no” response) as well as other experimental factors, such
as instructions given to participants (Mazzi et al. 2017). Fur-
thermore, typically phosphenes can be elicited in around
60% of the tested participants (Romei et al. 2008; Taylor
et al. 2010), thus limiting the investigation of cortical excit-
ability in a broader population.

Concurrent TMS-EEG recording may overcome these
limitations, by providing an objective and reliable measure
of neural activity (Casarotto et al. 2010; Lioumis et al. 2009;
Thut and Miniussi 2009). TMS-evoked potentials (TEPs)
are indeed considered quantifiable markers of cortical excit-
ability (Komssi and Kidhkonen 2006; Miniussi et al. 2012;
Miniussi and Thut 2010).

In the present study, we aimed to assess changes in visual
cortex excitability as a function of environmental light by
means of both phosphene perception and TMS-EEG. Unlike
previous studies that focused either on measures of brain
activity (e.g., BOLD activity; Boroojerdi et al. 2000) or
phosphene reports, here we combined subjective report (i.e.,
phosphenes) with an objective measure of cortical excitabil-
ity (i.e., TEPs). In addition, since our protocol entailed the
application of TMS at different intensities, we decided to
conduct an exploratory analysis to investigate the relation-
ship between this parameter and the amplitude of each TEP
component.

Methods
Participants

Fifteen young healthy participants gave written informed
consent to participate in the study. One-third of them could
not reliably report TMS-induced phosphenes, a proportion
consistent with previous literature (Romei et al. 2008; Tay-
lor et al. 2010). Two further participants could not report
phosphenes reliably during the training block (see procedure
below). The remaining 8 participants (5 females, 6 right-
handed, mean age + SD: 23 + 3 years) took part in the TMS-
EEG experiment. All participants had no contraindication
for TMS application (Rossi et al. 2009), they all had normal
or corrected-to-normal vision and no history of neurological
disorders. The study was run in accordance with the decla-
ration of Helsinki, the TMS safety guidelines (Rossi et al.
2009) and approved by the local Ethics Committee of the
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IRCCS San Giovanni di Dio Fatebenefratelli, Brescia (Italy),
where the experiment took place.

Experimental Procedure

Participants were comfortably seated in a sound-attenuated
room. At the beginning of the experiment, the center of the
TMS coil was placed 1 cm above and 2 cm lateral to the
inion to target V1/V2 and it was moved in steps of- 0.5 cm
until the stimulation hotspot was identified. The hotspot was
defined as the scalp location over the left hemisphere where
TMS could reliably induce stable phosphene perception in
the right visual field. Information about the individual hot-
spot location was not stored. A training block, identical to
phosphene perception assessment (see next section), was
run to familiarize participants with the task and to assess
their reliability in reporting phosphenes. To confirm that
participants authentically perceived phosphenes, we checked
on two criteria (Mazzi et al. 2017): the dependence of phos-
phene perception on the stimulated hemisphere (i.e., phos-
phenes must be localized in the right visual field when stim-
ulating the left hemisphere) and on the stimulation intensity
(i.e., the number of perceived phosphenes must increase as
a function of TMS intensity).

After the training block, participants underwent two con-
ditions (30 min each) in counterbalanced order (Fig. 1a).
During the DA condition, participants were blindfolded
using eye patches with an adhesive edge. Once participants
wore the patches and had their eyes closed, we switched off
the main light in the room and turned on a low light lamp
(this was used by the experimenter to read the questionnaire,
see below). Participants were asked whether they could
detect any change (lamp on/off) in the environmental light,
to ensure that they were carefully blindfolded (de Graaf et al.
2017). None of the participants was able to report any dif-
ference. Conversely, during the control condition, hereafter
referred to as light adaptation (LA), participants had their
eyes open and the environmental light was kept constant at
390 Ix, as in Boroojerdi et al. (2000). During both adapta-
tion periods, participants were asked to relax and to answer
the Temperament and Character Inventory (Cloninger 1994;
Fossati et al. 2007), whose items were read aloud by the
experimenter. This was done to avoid mind-wandering or
drowsiness. Data from the inventory were not stored nor
analysed. At the end of both adaptation periods, phosphene
perception was assessed concurrently to EEG recording (see
the following section for details).

Phosphene Perception Assessment
During the assessment of phosphene perception (“MOCS

& TMS-EEG” blocks in Fig. 1a), participants were blind-
folded with their eyes closed (de Graaf et al. 2017), using
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the same procedure as in the DA, and were asked to fixate
an imaginary point in front of them. Each trial started with
a warning tone (1000 Hz; 150 ms), followed (at a variable
interval between 1 and 2 s) by a TMS pulse. One second
following the TMS pulse, a second sound, identical to the
previous one, indicated participants to report whether they
perceived a phosphene or not, by pressing one of two buttons
on a conventional computer keyboard with the index and
middle finger of the right hand (Fig. 1b).

Phosphene perception was assessed through the Method
Of Constant Stimuli —- MOCS (Kammer et al. 2001; Mazzi
et al. 2017), by applying single TMS pulses over the left
visual cortex at 11 different intensities (from 46 to 76% of
the maximal stimulator output - MSO, in steps of 3%; 20
trials for each TMS intensity). The intensity was randomly
selected in each trial and both intensity and pulse delivery
were controlled automatically through a Matlab program
(The MathWorks; Abrahamyan et al. 2011). The stimulation
was delivered by means of a figure-of-eight 70 mm wind-
ing coil connected to a bi-phasic Magstim Rapid Stimulator
(Magstim Company, Whitland, Dyfed, UK). The coil was
positioned such that the handle pointed upwards and was
parallel to the subject’s spine. The coil position was moni-
tored by a stereotaxic neuronavigation system (SofTaxic,
Electro Medical Systems, Bologna, Italy) throughout the
experiment.

EEG

During the MOCS procedure, EEG was continuously
recorded (sampling rate: 5 kHz; online bandpass filter:
between 0.1 and 1 kHz) from 30 electrodes (Fpl, Fp2, F7,
F3,Fz,F4,F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P§, PO9,
PO7, PO3, POz, PO4, PO8, PO10, O1, Oz, 02, 11, Iz, 12)
using a TMS-compatible EEG system (BrainAmp 32MR
plus, Brain Products). The ground was placed on AFz and
all channels were referenced online to the right mastoid.

To monitor eye movements, electrooculogram was recorded
in a bipolar montage, by placing two additional electrodes
above and below the lateral canthus of the left and the right
eye, respectively. Skin/electrode impedance was below 5 kQ.

Analysis
Phosphenes Report

Phosphene perception across TMS intensities was assessed
by fitting a Weibull function (lapse rate at 4%) for each con-
dition (DA and LA) and participant, by using the maximum
likelihood procedure implemented in Palamedes toolbox
(Prins and Kingdom 2009) in Matlab (The MathWorks).
From the individual psychometric function, we extracted
the threshold (i.e., the TMS intensity at which participants
reported phosphenes in 50% of the trials) and the slope
(i.e., a parameter indicating the steepness of the function).
In order to investigate the effect of different adaptation con-
ditions (DA and LA) on phosphene report, we ran a two-
tailed Student’s paired ¢ test on the phosphene threshold and
slope separately (statistical significance set at p <0.05). The
normality of the distributions was confirmed by the Kol-
mogorov—Smirnov test (Statistica for Windows, version 10,
StatSoft).

TMS-Evoked Potentials

EEG data analysis was performed using BrainVision
Analyzer 2 (Brain Products GmbH, Munich, Germany).
The EEG signal was re-referenced offline to the average
of the two mastoids and high-pass filtered at 2 Hz (But-
terworth zero phase filter; 12 dB/oct). The TMS-induced
artifact was removed by interpolating the signal from 2 ms
before to 10 ms after the pulse. Independent component
analysis (ICA) was applied to identify and remove compo-
nents reflecting eye movements and residual TMS-related
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artifacts (ICA algorithm: infomax). After visual inspection,
signal from corrupted electrodes (range 0-3; mean + SE:
0.94 +1.12) was interpolated. Line noise was removed
(50 Hz notch filter) and the signal low-pass filtered at 40 Hz
(Butterworth zero phase filter; 12 dB/oct). The EEG signal
was segmented into epochs ranging from 105 ms before to
1000 ms after the TMS pulse and baseline corrected for the
100 ms preceding the TMS pulse. Epochs were rejected if
the signal amplitude was higher than+70 pV in any channel
or if eye movements and/or muscle artifacts were detected
by visual inspection (range 3-28%; mean + SD of rejected
epochs: 22 +8%). The grand-average across trials (regard-
less of TMS intensity and condition) and participants was
used to identify TEP components. Components within the
first 60 ms were considered as measure of visual cortex
excitability, whereas later components (N100, P150 and
P280) were not considered for further analyses since they
could be likely contaminated by auditory and somatosensory
processing (Herring et al. 2015; Nikouline et al. 1999; but
see Conde et al. 2019; Gordon et al. 2018). TEP amplitude
was measured by pooling the signal recorded from 8 elec-
trodes (POz, PO3, PO7, PO9, Oz, O1, Iz, I1) which covered
the stimulated visual cortex, over a fixed time-window of
5 ms around the peak of each component.

Dark Versus Light Adaptation First, we aimed at testing
the effects of adaptation conditions on TEP amplitude and
their interaction with TMS intensity. Specifically, we were
interested in evaluating if the effects of adaptation, if any,
could be intensity-dependent. To this aim, we averaged
TEPs based on three levels of intensities: low (46-52%
MSO), medium (58-64% MSO) and high (70-76% MSO).
Low and high intensities were below and above the aver-
age phosphene threshold, respectively (averaged threshold:
62.98 +1.54% MSO). Then, a separate repeated-measures
analysis of variance (rm-ANOVA) was performed for each
component with Condition (DA, LA) and Intensity (low,
medium, high) as factors. The Kolmogorov—Smirnov test
confirmed the normality of the distributions; the Tukey hon-
est significant difference was applied in order to correct for

Fig.2 Two-step trend analysis:
example on P25. a Step1: non-
parametric smoothing spline
analysis on single-subject data,
after LA (red) and DA (black).
b Step2: parametric fitting
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multiple comparisons (Statistica for Windows, version 10,
StatSoft).

TEP Amplitude as a Function of TMS Intensity To investi-
gate if our results could be explained by a change in the
stimulus—response relationship, we considered the ampli-
tude of each TEP component as a function of TMS intensity
and ran a trend analysis for the two adaptation conditions,
separately. This analysis allowed us to explore the relation-
ship between TMS intensity and TEP amplitude, extend-
ing findings on intensity-amplitude relationship previously
described within the motor cortex (Komssi et al. 2004) to
the visual system. Because of the exploratory nature of this
analysis, we adopted a data-driven approach to look at the
relationship between TMS intensity and TEP amplitude.
Despite expecting TEP amplitude to increase as a func-
tion of TMS intensity (Komssi et al. 2004; Kdhkonen
et al. 2005), we did not have any a priori hypotheses about
the parametric function which would best describe this
positive relationship (e.g., linear, quadratic, etc.). For this
reason, we performed a two-step analysis. In the first step,
the amplitude of each TEP component from all partici-
pants was submitted to a non-parametric smoothing spline
analysis, a data-driven procedure that facilitates the detec-
tion of the type of relationship between variables without
any a priori assumptions (Ramsay and Silverman 2005;
Pellicciari et al. 2016; R, version 3.3.1 - R Core Team
2016; Fig. 2a). The degree of smoothing in the spline
analysis is defined by the span parameter (span range
0-1; the higher the value, the smoother the fitted curve).
The span value was selected using the Akaike Informa-
tion Criterion (AIC) method, which allows models com-
parison on the basis of their maximum-likelihood fit to
the data, taking into account model complexity (Burnham
and Anderson 2002, 2004). In the second step of the trend
analysis, aimed at identifying the best parametric function
from step one, we fitted a set of parametric functions of
increasing complexity (i.e., increasing number of param-
eters: linear, logarithmic, exponential, quadratic, cubic) to
the spline results (Fig. 2b). For components in which TEP
amplitude was negative, data were linearly transformed to
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positive values in order to apply the exponential fitting.
The coefficient of determination R’ was used to evaluate
the goodness of fit of each function to the spline results.
In this step, we always selected the function with a lower
number of parameters that fitted the spline results. A
function with a higher number of parameters was selected
only if R? increased by 10%. This second step allows mak-
ing predictions about TEP amplitude beyond the range of
tested TMS intensities (i.e., 46—-76% of MSO).

Results
Phosphene Report

The slope of the psychometric function was significantly
higher after DA compared to LA (DA: 11.56 +1.74; LA:
9.35+1.64; ¢t (14)=2.61, p=0.035; Fig. 3a, b), indicat-
ing a greater visual sensory reliability (i.e., the steeper
the function, the lower the variability around threshold;
Parker and Newsome 1998). The estimated threshold for
phosphene perception did not change between conditions
(DA: 62.77 £2.24% MSO; LA: 63.20+2.25% MSO:; ¢
14=0.44, p=0.675), suggesting that DA did not modu-
late visual cortex sensitivity (Fig. 3a—c).

TMS-Evoked Potentials

From the grand-average across TMS intensities, we identi-
fied five main components within the first 60 ms peaking
over the parieto-occipital electrodes (group-averaged peak
latency indicated in brackets): P25 (23 ms), N35 (34 ms),
P40 (43 ms), N50 (52 ms), and P60 (66 ms), see Fig. 4.

—_
Q

-~
N

Dark Versus Light Adaptation

The rm-ANOVA performed for each component with fac-
tors Condition (DA, LA) and Intensity (low, medium, high)
revealed a main effect of Intensity for N35 and P40 (N35:
F o 14=13.77, p<0.001, n§=0.66; P40: F (5 14=7.48,
p=0.006, 11; =0.52). This effect was explained by an
increase in peak amplitude as a function of TMS intensity
(N35: low < medium, low < high, p <0.017; P40: low < high,
p=0.005). For the remaining TEP components, we observed
a trend towards significance in the same direction, which may
be due to the low sample size (P25: F (, 14)=3.57, p=0.056,
;1;:0.34; N50: F (5, 14y=3.51, p=0.058; P60: F (5 14y=3.52,
p=0.058, n; =0.33). Furthermore, the rm-ANOVA revealed
a significant interaction between Condition and Intensity
for P60 (F (5 14)=6.19, p=0.012, 175:0.47). Post-hoc com-
parisons showed a significant difference between DA and
LA at high intensities (¢ (14)=2.25; p=0.030), with the P60
amplitude after DA being significantly lower compared to
LA (DA=5.12+1.08 uV; LA=8.65+1.67 uV; Fig. 5). For
completeness, supplementary Fig. S1 shows the effect of
TMS intensity on later TEP components.

TEP Amplitude as a Function of TMS Intensity

As expected, the relationship between TEP amplitude and
TMS intensity was positive (Fig. 6). The first step of the
trend analysis (non-parametric spline analysis), performed
to identify the degree of smoothing (AIC method), showed
a consistent span value across TEP components (span:
0.86+0.01). Following the span calculation, we identified
the best parametric fitting. The goodness of fit we observed
in the selected function was higher than 97% for all compo-
nents (R’ range 97-100%). Figure 6 shows the best model
fitting for each component in both conditions (DA and LA).
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Fig.3 Phosphene perception assessment. a Weibull function fitted to
subjective report of perceived phosphenes averaged across subjects as
a function of TMS intensity, after LA (red) and DA (black). b The

slope of the psychometric function after DA is significantly steeper
than after LA (p=0.035). ¢ No significant difference in phosphene
threshold between DA and LA
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Fig.4 Grand-average TEP after
DA regardless of TMS intensity
(data after LA are comparable).
Signal from parieto-occipital
electrodes pooling in thick-
colored line. Topographical
maps of main components
(upper row: all electrodes; lower
row: occipital view); amplitude
range as shown in colorbar
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Fig.5 Interaction between Intensity (low, medium and high) and Condition (LA, red; DA, black): in high TMS intensities, P60 after DA is sig-
nificantly lower compared to LA (p=0.030). Shaded areas represent the SE

Importantly, for each component, the selected parametric
function was consistent between adaptation conditions. The
relationship between TEP amplitude and TMS intensity was
linear only for N35 (DA and LA: R?*=0.98). We observed a
quadratic trend with the parabola opening downwards (i.e.,
negative a parameter) for P25 (DA: R’=0.97, LA: R?=0.98),
and an exponential trend for P40 (DA: R’=0.98,LA: R°=1).
Finally, both N50 (DA and LA: R’=0.98) and P60 (DA and

@ Springer

LA: R’=0.99) best fitted to a quadratic function with the
parabola opening upwards (i.e., positive a parameter). Cor-
roborating findings from the rm-ANOVA (i.e., a significant
interaction between Intensity and Condition for P60), confi-
dence intervals calculated for spline values showed that the
only case in which DA and LA did not overlap was repre-
sented by the amplitude of P60 at highest TMS intensities
(Fig. 6).
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Fig.6 Best model fitting (continuous line) to spline results (dashed
line), for each component separately (dots: original TEPs amplitude
averaged across subjects), after LA (red) and DA (black). X-axis:

Discussion

In the present study, we investigated the effects of DA on
visual cortex excitability using TMS-induced phosphenes
and simultaneous TMS-EEG recording. After 30 min of
DA, the psychometric function describing the relationship
between the number of perceived phosphenes and TMS
intensity was steeper (i.e., higher slope) compared to the
control condition (Fig. 3a, b). Such modulation in phos-
phene perception was accompanied by a lower amplitude of
a positive TEP component peaking around 60 ms after TMS
pulse, only for high TMS intensities (Fig. 5). The interaction
between adaptation condition and TMS intensity could not
be explained by an effect of DA on the type of relationship
between TEP amplitude and TMS intensity, which was linear
for N35, quadratic for P25, N50, P60 and exponential for
P40, in both adaptation conditions (Fig. 6).

At behavioral level, the slope of a psychometric function
provides information about the rate of perceived phosphenes
as a function of TMS intensity. A higher slope suggests a
greater visual sensory reliability, i.e., the variability around
the threshold is reduced, and participants are more likely to
report the presence of a phosphene at high TMS intensities,
and, conversely, less likely to report phosphenes at lower
intensities (Parker and Newsome 1998). A previous find-
ing about the DA effects on phosphene perception found a
positive relation between TMS intensity and perceived phos-
phenes, which was steeper after 180 min of DA (Boroojerdi
et al. 2000). However, the authors did not perform a sta-
tistical test for this observation, because the low number

N35 - LINEAR

46 49 52 55 58 61 64 67 70 73 76

P40 - EXPONENTIAL

5
46 49 52 55 58 61 64 67 70 73 76

P60 - QUADRATIC

DA
LA

5
46 49 52 55 58 61 64 67 70 73 76

TMS intensity (% MSO); y-axis: TEP amplitude (uV); shaded areas
represent confidence intervals

of tested TMS intensities prevented a function fitting, from
which the slope parameter can be obtained. Conversely, the
parametric function fitting applied here to phosphene per-
ception rate enabled us to test slope modulation statistically.

Previous studies reported an increase in visual cortex
excitability after DA, indexed by a reduction in phosphene
threshold (Boroojerdi et al. 2000; Fierro et al. 2005), which
we did not observe here. Nonetheless, the studies mentioned
above (Boroojerdi et al. 2000; Fierro et al. 2005) tested
longer periods of DA (i.e., a minimum of 45 min), therefore
it might be that 30 min of DA, as used in the present study,
are insufficient to affect phosphene threshold. Moreover, it
should be noted that in those studies (Boroojerdi et al. 2000;
Fierro et al. 2005) phosphene threshold has been estimated
differently. Here, phosphene threshold was calculated by
using the MOCS, a reliable procedure commonly used in
psychophysics (Kammer et al. 2001; Mazzi et al. 2017),
whereas in previous studies (Boroojerdi et al. 2000; Fierro
et al. 2005), the threshold was defined less systematically as
the minimum intensity able to elicit a phosphene in 3 out of
5 trials (Boroojerdi et al. 2000; Fierro et al. 2005).

At neurophysiological level, we found a decrease in P60
amplitude after DA compared to LA. A recent study within
the motor cortex reported an increase of P60 amplitude
as a consequence of low cortical excitability, obtained by
applying an inhibitory low-frequency repetitive-TMS pro-
tocol (Casula et al. 2014). The P60 increase described by
Casula et al. (2014) has been linked to the involvement
of inhibitory mechanisms underlying this component,
likely modulated by slow GABA-(gamma-aminobutyric
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acid)-mediated inhibitory post-synaptic potentials
(Rogasch et al. 2013). Despite the differences between the
visual and motor cortex, we speculate that in our study we
observed an opposite, but congruent, pattern; i.e., P60 was
lower after DA compared to LA, which may suggest an
increase in cortical excitability after DA, consistently with
the existing literature on DA (Boroojerdi et al. 2000, 2001;
Fierro et al. 2005). It is worth noting that the P60 modula-
tion we observed after DA only occurred when TMS was
applied at high intensities. Similarly, a recent TMS-EEG
study on the motor cortex has shown that the effects of two
different antiepileptic drugs known to alter cortical excit-
ability as assessed by TEP amplitude (i.e., lamotrigine and
levetiracetam), cannot be disentangled by applying TMS
at motor threshold, but only at higher intensities (Premoli
et al. 2017). Taken together, the present result and exist-
ing literature on TEPs highlight that supra-threshold TMS
intensities might be a key element to effectively stimulate
the cortex and detect modulations of cortical excitability
(Gordon et al. 2018; Premoli et al. 2017). Our finding is
also consistent with evidence that different TMS intensi-
ties may selectively activate different neural populations
in the motor cortex. For example, supra-threshold and sub-
threshold TMS can lead to opposite effects by inducing
short-interval intracortical facilitation (SICF) or inhibition
(SICI) (Ili¢ et al. 2002; but see also Voineskos et al. 2010).
Moreover, motor-evoked potentials (MEPs) are suscepti-
ble to specific pharmacological interventions (Paulus et al.
2008) or ongoing oscillations (Schaworonkow et al. 2019)
in an intensity-dependent manner. Therefore, it may be
possible that intensity-specific effects revealed by TEPs
may reflect the modulation of specific neural populations,
although this remains a hypothesis to be tested in further
studies.

TEP components recorded in the present experiment
are comparable to previous findings in the visual cortex in
terms of TEPs polarity and latency (Herring et al. 2015;
Taylor et al. 2010; Bagattini et al. 2015). To the best of
our knowledge, only one paper has described visual TEPs
within the first 50 ms (Herring et al. 2015), whereas in the
other two studies (Bagattini et al. 2015; Taylor et al. 2010)
the signal in the first tens of milliseconds has been interpo-
lated to remove the TMS artifact. While early components
reported by Herring et al. (2015) are consistent with our
findings (P20-P25, N40-N35, respectively), the authors did
not observe the P40 and N50. We argue that the difference
in TMS intensity between the two studies can account for
this difference. Indeed, Herring et al. (2015) applied TMS
intensity below the phosphene threshold (i.e., 80%). In our
data, the P40-N50 complex was absent at low intensities
(which on average were below phosphene threshold) consist-
ently with Herring et al. (2015), while it emerged at medium
intensities and became detectable at high intensities (Fig. 5).
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TEP amplitude has been repeatedly shown to scale with
TMS intensity (Casarotto et al. 2010; Kidhkonen et al. 2005;
Komssi et al. 2004; Rosanova et al. 2009), with previous
studies indicating a non-linear and linear relationship for the
motor (Komssi et al. 2004), and prefrontal cortex (Kdhkonen
et al. 2005), respectively. However, the limited number of
TMS intensities applied in these studies (Kdhkonen et al.
2005; Komssi et al. 2004) prevented a systematic investiga-
tion of the relationship between TEPs and TMS intensity.
Here, we extend previous findings not only by investigat-
ing TEP amplitude as a function of TMS intensity within
the visual cortex but also by exploring their relationship
through a parametric function fitting, through a wide range
of TMS intensities (Fig. 6). Among TEP components, P25
appeared to be the only one in which the parametric fitting
(i.e., quadratic function with the parabola opening down-
wards) did not predict a further increment in peak amplitude
at higher intensities beyond the tested range. The differences
in the intensity-amplitude functions suggest that different
mechanisms may underlie the generation of these compo-
nents (Komssi et al. 2004), although the scarcity of studies
characterizing visual TEPs makes impossible to hypothesize
what these mechanisms might be.

The present study provides evidence of cortical excit-
ability changes after short-lasting DA. We are aware of its
limitations: First, out of the 15 participants tested we could
analyze data only from 8 (a proportion consistent with pre-
vious phosphene literature), which may account for mar-
ginally significant results and restricts the generalization
we can draw from the data. In this respect, characterizing
TEPs evoked by visual cortex TMS appears of particular
interest because they could become a valuable alternative
to phosphenes, which can only be perceived by a popula-
tion subgroup. Second, the limited number of trials for each
TMS intensity prevented us from performing more detailed
analyses on single-intensity TEPs (e.g., analysis on latency).
However, despite these limitations, we believe the present
study can be informative at least regarding two points. First,
it provides a way for parametrically testing both behavioral
and visual cortex excitability non-invasively. Second, the
present study provides, for the first time, valuable informa-
tion about the relationship between TMS intensity and visual
TEPs, which can be capitalized on by future hypothesis-
driven studies on cortex excitability.

In conclusion, our findings provide evidence of a cortical
modulation after a short-lasting period of DA in humans,
as revealed by TMS-EEG recording combined with phos-
phene perception assessment. Importantly, the present study
highlights that testing a wide range of TMS intensities is
informative both at behavioral and neurophysiological level.
Indeed, the psychometric function parametrization unveiled
a modulation in phosphene perception as a consequence of
DA (i.e., higher slope), even in the absence of a change in
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phosphene threshold. At neurophysiological level, different
TMS intensities might impinge on different cortical lay-
ers and neuronal populations and might be very informa-
tive on their distinct functional roles in cortical circuits. In
this respect, the application of several stimulation intensi-
ties allowed us to identify an interaction between DA and
TMS intensity, with DA effects (a lower P60 amplitude) only
evident when TMS was applied at high intensities, and to
show that one TEP complex (P40-N50) is absent at low TMS
intensities.

Acknowledgements We would like to thank Clarissa Ferrari for her
valuable help and suggestions about statistics.

References

Abrahamyan A, Clifford CWG, Ruzzoli M, Phillips D, Arabzadeh
E, Harris JA (2011) Accurate and rapid estimation of phos-
phene thresholds (REPT). PLoS ONE 6(7):e22342. https://doi.
org/10.1371/journal.pone.0022342

Bagattini C, Mazzi C, Savazzi S (2015) Waves of awareness for
occipital and parietal phosphenes perception. Neuropsycho-
logia 70:114-125. https://doi.org/10.1016/j.neuropsychologi
a.2015.02.021

Boroojerdi B, Bushara KO, Corwell B, Immisch I, Battaglia F,
Muellbacher W, Cohen LG (2000) Enhanced excitability of the
human visual cortex induced by short-term light deprivation.
Cereb Cortex (New York, N.Y.: 1991) 10(5):529-534. https://
doi.org/10.1093/cercor/10.5.529

Boroojerdi B, Battaglia F, Muellbacher W, Cohen LG (2001) Mecha-
nisms underlying rapid experience-dependent plasticity in the
human visual cortex. Proc Natl Acad Sci USA 98:14698-14701.
https://doi.org/10.1073/pnas.251357198

Burnham KP, Anderson DR (2002) Model selection and multimodel
inference: a practical information-theoretic approach (2nd ed).
Ecol Model 172:109-139. https://doi.org/10.1016/j.ecolm
0del.2003.11.004

Burnham KP, Anderson DR (2004) Multimodel inference: under-
standing AIC and BIC in model selection. Sociol Methods Res
33(2):261-304. https://doi.org/10.1177/0049124104268644

Casarotto S, Romero Lauro LJ, Bellina V, Casali AG, Rosanova M,
Pigorini A, Defendi S, Mariotti M, Massimini M (2010) EEG
responses to TMS are sensitive to changes in the perturbation
parameters and repeatable over time. PLoS ONE 5(4):e10281

Casula EP, Tarantino V, Basso D, Arcara G, Marino G, Toffolo GM,
Rothwell JC, Bisiacchi PS (2014) Low-frequency rTMS inhibitory
effects in the primary motor cortex: Insights from TMS-evoked
potentials. Neurolmage 98:225-232. https://doi.org/10.1016/j.
neuroimage.2014.04.065

Cloninger CR (1994) The temperament and character inventory (TCI):
a guide to its development and use. Center for Psychobiology of
Personality, Washington University, St. Louis

Conde V, Tomasevic L, Akopian I, Stanek K, Saturnino GB, Thielscher
A, Bergmann TO, Siebner HR (2019) The non-transcranial TMS-
evoked potential is an inherent source of ambiguity in TMS-EEG
studies. NeuroImage 185:300-312. https://doi.org/10.1016/j.neuro
image.2018.10.052

de Graaf TA, Duecker F, Stankevich Y, Oever S, Sack AT (2017) Brain
stimulation seeing in the dark: phosphene thresholds with eyes
open versus closed in the absence of visual inputs. Brain Stimul
10(4):828-835. https://doi.org/10.1016/j.brs.2017.04.127

Fierro B, Brighina F, Vitello G, Piazza A, Scalia S, Giglia G, Daniele
O, Pascual-Leone A (2005) Modulatory effects of low- and high-
frequency repetitive transcranial magnetic stimulation on visual
cortex of healthy subjects undergoing light deprivation. J Physiol
565(Pt 2):659-665. https://doi.org/10.1113/jphysiol.2004.080184

Fossati A, Cloninger CR, Villa D, Borroni S, Grazioli F, Giarolli L,
Battaglia M, Maffei C (2007) Reliability and validity of the Italian
version of the temperament and character inventory-revised in an
outpatient sample. Compr Psychiatry 48(4):380-387. https://doi.
org/10.1016/j.comppsych.2007.02.003

Gilbert CD, Wiesel TN (1992) Receptive field dynimics in adult pri-
mary visual cortex. Nature 365:150-152

Glass JAYD, Crowder JV, Kennerdell JS, Merikangas JR (1977) Visu-
ally evoked potentials from occipital and precentral cortex in
vsually deprived humans. Electroencephalogr Clin Neurophysiol
43:207-217

Gordon PC, Desideri D, Belardinelli P, Zrenner C, Ziemann U (2018)
Brain stimulation comparison of cortical EEG responses to real-
istic sham versus real TMS of human motor cortex. Brain Stimul
11(6):1322-1330. https://doi.org/10.1016/j.brs.2018.08.003

Gothe J, Brandt SA, Irlbacher K, Roricht S, Sabel BA, Meyer BU
(2002) Changes in visual cortex excitability in blind subjects
as demonstrated by transcranial magnetic stimulation. Brain
125(3):479-490. https://doi.org/10.1093/brain/awf045

Herring JD, Thut G, Jensen O, Bergmann TO (2015) Attention
modulates TMS-locked alpha oscillations in the visual cortex. J
Neurosci 35(43):14435-14447. https://doi.org/10.1523/JINEUR
OSCI.1833-15.2015

Ili¢ TV, Meintzschel F, Cleff U, Ruge D, Kessler KR, Ziemann U
(2002) Short-interval paired-pulse inhibition and facilitation of
human motor cortex: the dimension of stimulus intensity. J Phys-
iol 545(1):153-167. https://doi.org/10.1113/jphysiol.2002.030122

Kéhkonen S, Komssi S, Wilenius J, [lmoniemi RJ (2005) Prefrontal
transcranial magnetic stimulation produces intensity-dependent
EEG responses in humans. Neurolmage 24(4):955-960. https://
doi.org/10.1016/j.neuroimage.2004.09.048

Kammer T, Beck S, Erb M, Grodd W (2001) The influence of current
direction on phosphene thresholds evoked by transcranial mag-
netic stimulation. Clin Neurophysiol 112(11):2015-2021. https://
doi.org/10.1016/S1388-2457(01)00673-3

Komssi S, Kéhkonen S (2006) The novelty value of the combined
use of electroencephalography and transcranial magnetic stimu-
lation for neuroscience research. Brain Res Rev 52:9. https://doi.
org/10.1016/j.brainresrev.2006.01.008

Komssi S, Kidhkonen S, Ilmoniemi RJ (2004) The effect of stimulus
intensity on brain responses evoked by transcranial magnetic stim-
ulation. Hum Brain Mapp 21(3):154-164. https://doi.org/10.1002/
hbm.10159

Kremlacek J, Radovan 5, Miroslav K, Jana S, Zuzana K, Jana L
(2013) Spared cognitive processing of visual oddballs despite
delayed visual evoked potentials in patient with partial recovery
of vision after 53 years of blindness. Vis Res 81:1-5. https://doi.
org/10.1016/j.visres.2012.12.013

Lioumis P, Kici¢ D, Savolainen P, Mikel4d JP, Kdhkonen S (2009)
Reproducibility of TMS—Evoked EEG responses. Hum Brain
Mapp 30(4):1387-1396. https://doi.org/10.1002/hbm.20608

Marjerrison G, Keogh RP (1967) Electroencephalographic changes
during brief periods of perceptual deprivation. Percept Mot Skills
24:611-615

Mazzi C, Savazzi S, Abrahamyan A, Ruzzoli M (2017) Reliability
of TMS phosphene threshold estimation: toward a standardized
protocol. Brain Stimul 10(3):609-617. https://doi.org/10.1016/].
brs.2017.01.582

Merabet L, Theoret H, Pascual-Leone A (2003) Transcranial magnetic
stimulation as an investigative tool in the study of visual function.
Optom Vis Sci 80(5):356-368

@ Springer


https://doi.org/10.1371/journal.pone.0022342
https://doi.org/10.1371/journal.pone.0022342
https://doi.org/10.1016/j.neuropsychologia.2015.02.021
https://doi.org/10.1016/j.neuropsychologia.2015.02.021
https://doi.org/10.1093/cercor/10.5.529
https://doi.org/10.1093/cercor/10.5.529
https://doi.org/10.1073/pnas.251357198
https://doi.org/10.1016/j.ecolmodel.2003.11.004
https://doi.org/10.1016/j.ecolmodel.2003.11.004
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1016/j.neuroimage.2014.04.065
https://doi.org/10.1016/j.neuroimage.2014.04.065
https://doi.org/10.1016/j.neuroimage.2018.10.052
https://doi.org/10.1016/j.neuroimage.2018.10.052
https://doi.org/10.1016/j.brs.2017.04.127
https://doi.org/10.1113/jphysiol.2004.080184
https://doi.org/10.1016/j.comppsych.2007.02.003
https://doi.org/10.1016/j.comppsych.2007.02.003
https://doi.org/10.1016/j.brs.2018.08.003
https://doi.org/10.1093/brain/awf045
https://doi.org/10.1523/JNEUROSCI.1833-15.2015
https://doi.org/10.1523/JNEUROSCI.1833-15.2015
https://doi.org/10.1113/jphysiol.2002.030122
https://doi.org/10.1016/j.neuroimage.2004.09.048
https://doi.org/10.1016/j.neuroimage.2004.09.048
https://doi.org/10.1016/S1388-2457(01)00673-3
https://doi.org/10.1016/S1388-2457(01)00673-3
https://doi.org/10.1016/j.brainresrev.2006.01.008
https://doi.org/10.1016/j.brainresrev.2006.01.008
https://doi.org/10.1002/hbm.10159
https://doi.org/10.1002/hbm.10159
https://doi.org/10.1016/j.visres.2012.12.013
https://doi.org/10.1016/j.visres.2012.12.013
https://doi.org/10.1002/hbm.20608
https://doi.org/10.1016/j.brs.2017.01.582
https://doi.org/10.1016/j.brs.2017.01.582

Brain Topography

Miniussi C, Thut G (2010) Combining TMS and EEG offers new pros-
pects in cognitive neuroscience. Brain Topogr 22(4):249-256.
https://doi.org/10.1007/s10548-009-0083-8

Miniussi C, Brignani D, Pellicciari MC (2012) Combining transcra-
nial electrical stimulation with electroencephalography: a multi-
modal approach. Clin EEG Neurosci 43(3):184—191. https://doi.
org/10.1177/1550059412444976

Nikouline V, Ruohonen J, Ilmoniemi RJ (1999) The role of the coil
click in TMS assessed with simultaneous EEG. Clin Neurophysiol
110(8):1325-1328. https://doi.org/10.1016/S1388-2457(99)00070
-X

Parker AJ, Newsome WT (1998) Sense and the single neuron: probing
the physiology of perception. Annu Rev Neurosci 21(1):227-277.
https://doi.org/10.1146/annurev.neuro.21.1.227

Paulus W, Classen J, Cohen LG, Large CH, Lazzaro V Di, Nitsche M,
Pascual-Leone A (2008) State of the art: pharmacologic effects
on cortical excitability measures tested by transcranial magnetic
stimulation. Brain Stimul 1(3):151-163. https://doi.org/10.1016/j.
brs.2008.06.002

Pellicciari MC, Miniussi C, Ferrari C, Koch G, Bortoletto M (2016)
Ongoing cumulative effects of single TMS pulses on corticospi-
nal excitability: an intra- and inter-block investigation. Clin
Neurophysiol 127(1):621-628. https://doi.org/10.1016/j.clinp
h.2015.03.002

Pitskel NB, Merabet LB, Ramos-Estebanez C, Kauffman T, Pascual-
Leone A (2007) Time-dependent changes in cortical excitability
after prolonged visual deprivation. NeuroReport 18(16):1703—
1707. https://doi.org/10.1097/WNR.0b013e3282{0d2c1

Premoli I, Costantini A, Rivolta D, Biondi A, Richardson MP (2017)
The effect of lamotrigine and levetiracetam on TMS-evoked
EEG responses depends on stimulation intensity. Front Neurosci
11(585):1-7. https://doi.org/10.3389/fnins.2017.00585

Rogasch NC, Daskalakis ZJ, Fitzgerald PB (2013) Mechanisms under-
lying long-interval cortical inhibition in the human motor cor-
tex: a TMS-EEG study. J Neurophysiol 109:89-98. https://doi.
org/10.1152/jn.00762.2012

Romei V, Brodbeck V, Michel C, Amedi A, Pascual-Leone A, Thut
G (2008) Spontaneous fluctuations in posterior alpha-band EEG

Affiliations

activity reflect variability in excitability of human visual areas.
Cereb Cortex 18(9):2010-2018. https://doi.org/10.1093/cercor/
bhm229

Rosanova M, Casali AG, Bellina V, Resta F, Mariotti M, Massimini
M (2009) Natural frequencies of human corticothalamic circuits.
J Neurosci 29(24):7679-7685. https://doi.org/10.1523/JINEUR
0OSCI.0445-09.2009

Rossi S, Hallett M, Rossini PM, Pascual-Leone A, The Safety of
TMS Consensus Group (2009) Safety, ethical considerations,
and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clin Neurophysiol
120(12):2008-2039. https://doi.org/10.1016/j.clinph.2009.08.016

Schaworonkow N, Triesch J, Ziemann U, Zrenner C (2019) Brain Stim-
ulation EEG-triggered TMS reveals stronger brain state-depend-
ent modulation of motor evoked potentials at weaker stimulation
intensities. Brain Stimul 12(1):110-118. https://doi.org/10.1016/j.
brs.2018.09.009

Taylor PCJ, Walsh V, Eimer M (2010) The neural signature of phos-
phene perception. Hum Brain Mapp 31(9):1408-1417. https://doi.
org/10.1002/hbm.2094 1

Théoret H, Merabet L, Pascual-Leone A (2004) Behavioral and neu-
roplastic changes in the blind: evidence for functionally relevant
cross-modal interactions. J Physiol Paris 98(1-3):221-233. https
://doi.org/10.1016/j.jphysparis.2004.03.009

Thut G, Miniussi C (2009) New insights into rhythmic brain activity
from TMS-EEG studies. Trends Cognit Sci 13(4):182-189. https
://doi.org/10.1016/j.tics.2009.01.004

Voineskos AN, Farzan F, Barr MS, Lobaugh NJ, Mulsant BH, Chen
R, Fitzgerald, PB, Daskalakis ZJ (2010) The role of the corpus
callosum in transcranial magnetic stimulation induced interhemi-
spheric signal propagation. Biol Psychiatry 68(9):825-831. https
://doi.org/10.1016/j.biopsych.2010.06.021

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Agnese Zazio'? - Marta Bortoletto' - Manuela Ruzzoli® - Carlo Miniussi*' - Domenica Veniero®

Cognitive Neuroscience Section, IRCCS Istituto Centro San
Giovanni di Dio Fatebenefratelli, Brescia, Italy

Department of Psychology, University of Milano-Bicocca,
Milan, Italy

Center for Brain and Cognition, Universitat Pompeu Fabra,
Barcelona, Spain

@ Springer

Center for Mind/Brain Sciences — CIMeC, University
of Trento, Rovereto, Italy

Institute of Neuroscience and Psychology, University
of Glasgow, Glasgow, UK


https://doi.org/10.1007/s10548-009-0083-8
https://doi.org/10.1177/1550059412444976
https://doi.org/10.1177/1550059412444976
https://doi.org/10.1016/S1388-2457(99)00070-X
https://doi.org/10.1016/S1388-2457(99)00070-X
https://doi.org/10.1146/annurev.neuro.21.1.227
https://doi.org/10.1016/j.brs.2008.06.002
https://doi.org/10.1016/j.brs.2008.06.002
https://doi.org/10.1016/j.clinph.2015.03.002
https://doi.org/10.1016/j.clinph.2015.03.002
https://doi.org/10.1097/WNR.0b013e3282f0d2c1
https://doi.org/10.3389/fnins.2017.00585
https://doi.org/10.1152/jn.00762.2012
https://doi.org/10.1152/jn.00762.2012
https://doi.org/10.1093/cercor/bhm229
https://doi.org/10.1093/cercor/bhm229
https://doi.org/10.1523/JNEUROSCI.0445-09.2009
https://doi.org/10.1523/JNEUROSCI.0445-09.2009
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.brs.2018.09.009
https://doi.org/10.1016/j.brs.2018.09.009
https://doi.org/10.1002/hbm.20941
https://doi.org/10.1002/hbm.20941
https://doi.org/10.1016/j.jphysparis.2004.03.009
https://doi.org/10.1016/j.jphysparis.2004.03.009
https://doi.org/10.1016/j.tics.2009.01.004
https://doi.org/10.1016/j.tics.2009.01.004
https://doi.org/10.1016/j.biopsych.2010.06.021
https://doi.org/10.1016/j.biopsych.2010.06.021

	Perceptual and Physiological Consequences of Dark Adaptation: A TMS-EEG Study
	Abstract
	Introduction
	Methods
	Participants
	Experimental Procedure
	Phosphene Perception Assessment
	EEG
	Analysis
	Phosphenes Report
	TMS-Evoked Potentials
	Dark Versus Light Adaptation 
	TEP Amplitude as a Function of TMS Intensity 



	Results
	Phosphene Report
	TMS-Evoked Potentials
	Dark Versus Light Adaptation
	TEP Amplitude as a Function of TMS Intensity


	Discussion
	Acknowledgements 
	References




