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ABSTRACT

Experience-dependent modulation of the visual evoked potential (VEP) is a promising proxy measure of synaptic plasticity in the cerebral cortex. However, existing
studies are limited by small to moderate sample sizes as well as by considerable variability in how VEP modulation is quantified. In the present study, we used a
large sample (n = 415) of healthy volunteers to compare different quantifications of VEP modulation with regards to effect sizes and retention of the modulation
effect over time. We observed significant modulation for VEP components C1 (Cohen’s d = 0.53), P1 (d = 0.66), N1 (d=-0.27), N1b (d=-0.66), but not P2 (d = 0.08),
and in three clusters of total power modulation, 2-4 min after 2 Hz prolonged visual stimulation. For components N1 (d=-0.21) and N1b (d=-0.38), as well for the
total power clusters, this effect was retained after 54-56 min, by which time also the P2 component had gained modulation (d = 0.54). Moderate to high correlations
(0.39<p<0.69) between modulation at different postintervention blocks revealed a relatively high temporal stability in the modulation effect for each VEP component.
However, different VEP components also showed markedly different temporal retention patterns. Finally, participant age correlated negatively with C1 (y2=30.4),
and positively with P1 modulation (y2=13.4), whereas P2 modulation was larger for female participants (y?=15.4). There were no effects of either age or sex on
N1 and N1b potentiation. These results provide strong support for VEP modulation, and especially N1b modulation, as a robust measure of synaptic plasticity, but
underscore the need to differentiate between components, and to control for demographic confounders.

1. Introduction

Due to the essential role of synaptic plasticity in learning and mem-
ory (Takeuchi et al., 2013), as well as its likely role in the etiology
of a range of psychiatric disorders (Schizophrenia Working Group of
the Psychiatric Genomics Consortium, 2014; Stephan et al., 2006), sev-
eral non-invasive methodologies for studying long term potentiation
(LTP)-like synaptic plasticity in humans have been developed. Among
these approaches, the application of high frequency or prolonged visual
stimulation to manipulate visual evoked potentials (VEPs) measured
using electroencephalography (EEG) has proven especially promising
(Cooke and Bear, 2012). Supporting the utility of this experimental
paradigm in clinical research, modulation of VEP components after high

frequency or prolonged visual stimulation appears to be altered in mood
(Elvsashagen et al., 2012; Normann et al., 2007) and psychotic illnesses
(Cavus et al., 2012). However, the specific VEP components exhibiting
robust modulation effects and differences between patients and controls,
as well as the retention of modulation effects, have varied between stud-
ies, highlighting a need for further characterization of VEP modulation
induced by prolonged visual stimulation in a large sample of healthy
individuals.

In a standard VEP modulation paradigm, subjects are exposed first to
VEP eliciting checkerboard (e.g. Normann et al., 2007) or grating stim-
uli (e.g. McNair et al., 2006), presented either as a phase reversal (e.g.
Normann et al., 2007) or as a pattern onset with interstimulus inter-
vals (e.g. Teyler et al., 2005). Then, subjects are exposed to a prolonged
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Table 1

Overview of VEP modulation studies.
Author, year?® N® P  Intervention Modulation?
Teyler et al., 2005 6 po 2 min 9 Hz checkerboard N1b*
McNair et al., 2006 10 po 2 min 8.6 Hz grating N1b!
Normann et al., 2007 32 pr 10 min 2 Hz checkerboard C1%, P11, N1+
Ross et al., 2008 18 po 2 min 8.6 Hz grating N1b*
Cavus et al,, 2012 41 po 2 min 8.87 Hz checkerboard C1Y, N1bt
Elvsashagen et al., 2012 66 pr 10 min 2 Hz checkerboard P17, N1¢
Forsyth et al., 2015 65 po 2 min 8.87 Hz checkerboard C1t, p2!
de Gobbi-Porto et al,, 2015 17  po 2 min 9 Hz checkerboard N1b*
Kloppel et al., 2015 37 pr 10 min 2 Hz checkerboard c1t, p1t
Smallwood et al., 2015 21 po 2 min 8.6 Hz grating N1b!
Forsyth et al., 2017 45 po 2 min 8.87 Hz checkerboard C11, p2!
Jahshan et al., 2017 64  po 2 min 8.87 Hz checkerboard N1b!, P21e
Wilson et al., 2017 24  po 2 min 9 Hz checkerboard N1b!
Spriggs et al., 2017 49 po 2 min 8.6 Hz grating N1b!, P2a'
D’Souza et al.,, 2018 47  po 2 min 8.87 Hz checkerboard f
Spriggs et al., 2018 40 po 2 min 9 Hz grating C1¢, N1, P21
Sumner et al., 2018 20 po 2 min 9 Hz grating p2!
Zak et al., 2018 58 pr 10 min 2 Hz checkerboard C1t, P11, N1+
Abuleil et al., 2019 47  po 2 min 9 Hz checkerboard P1', N1b!
Spriggs et al., 2019 28 po 2 min 8.6 Hz grating N1b*
Wynn et al., 2019 65 po 4 min of 10 Hz grating, on/off 55  P1!, N1b', P2'e
Sumner et al., 2020 30 po 2 min 9 Hz grating N1!, P21

Table of studies using high frequency or prolonged visual stimulation to manipulate visual evoked
potentials in humans.? Details in references. ® Results for some participants may have been re-
ported in more than one paper. ¢ Presentation (P.) is either pattern onset (po), or phase reversal
(pr). ¢ Due to differing methods of analysis between studies, the exact nature of the modulated
components can vary, and due to differences in statistical analysis between studies, the probabil-
ity of actual modulation having been observed can also vary. Arrows denote direction of change
pre-post intervention in the amplitude of a component (e.g. an upward arrow for a component
that is negative at baseline means that the component became less negative or even positive after
intervention). ¢ The authors do not directly perform a component analysis. Component annotation
is therefore tentative. f No significant modulation of the reported component.

(e.g. Normann et al., 2007) or high-frequency version (e.g. Teyler et al.,
2005) of the checkerboard or grating stimulus. Lastly, after some delay,
subjects are exposed to the initial stimulation again, which now typ-
ically evokes a significantly modulated visual potential. Importantly,
the mechanisms underlying such experience-dependent VEP modula-
tion seem to share many characteristics with LTP, thus having earned
the placeholder epithet LTP-like plasticity. In mice, both N-methyl-D-
aspartate receptor (NMDAR) antagonists like 3-(2-carboxypiperazin-4-
yD)-propyl-1-phosphonic acid (CPP), and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) insertion-inhibitor GluR1-
CT prevent experience-dependent VEP modulation from occurring
(Frenkel et al., 2006). Also, electrical stimulation-induced LTP at tha-
lamocortical synapses in the primary visual cortex (V1) enhances vi-
sual evoked potentials and inhibits further experience-dependent VEP
modulation (Cooke and Bear, 2012). In humans, the spatial frequency-
and orientation-specific receptive fields of V1 neurons have been ex-
ploited to demonstrate a specificity of experience-dependent VEP mod-
ulation that is consistent with the synaptic specificity characteristic of
LTP (McNair et al., 2006; Ross et al., 2008).

Although most published studies have reported experience-
dependent VEP modulation, the exact time windows and components
modulated and the duration of modulation have varied between exper-
iments (Table 1). In humans, the VEP is characterized by components
separated in time, voltage polarity, and likely neural generators, with
the largely negative C1 probably originating in the primary visual cor-
tex (Di Russo, Martinez, Sereno, Pitzalis, and Hillyard, 2002) and oc-
curring at ~50-90 ms post-stimulus, the positive P1 at ~80-120 ms
and the negative N1 at ~130-200 ms, both probably originating in stri-
ate and extrastriate areas (Di Russo et al., 2002), and the positive and
likely very complex P2 at ~200-300 ms post-stimulus. While some re-
searchers (McNair et al., 2006; Ross et al., 2008; Teyler et al., 2005)
demonstrated modulation of the relatively late-occurring N1b compo-

nent exclusively, others have demonstrated an effect that is earlier
and more widespread, with modulation of the P1 and N1 components
(Elvsashagen et al., 2012), and even of the C1 component (Cavus et al.,
2012; Normann et al., 2007). However, in these two studies demonstrat-
ing C1 modulation, opposite directions of effect were observed. The du-
ration of VEP modulation has also varied between studies. Among the
studies measuring VEP within the time range of classical LTP, that is,
at least 30 min (Lisman, 2017) after prolonged or high frequency visual
stimulation, one demonstrated retention of the modulation (Teyler et al.,
2005), while another did not (Ross et al., 2008). Thus, it is also unclear
to which extent early (< 30 min after high frequency or prolonged stim-
ulation) and late (> 30 min after high frequency or prolonged stimula-
tion) VEP modulation are associated, such that early VEP modulation
could be taken as indicative of late VEP modulation. A substantial pro-
portion of the observed differences between studies may be attributable
to variations in experiment characteristics such as the specific visual
stimulus used (grating or checkerboard), the presentation of the visual
stimulus (pattern onset or phase reversal), the duration and frequency
of stimulation at the intervention and at baseline assessments, as well as
in the method of analysis employed. However, heterogeneity of results
between studies that are similar in these respects seems to implicate
error variance.

Indeed, some of the studies at hand may have been underpowered
with respect to differentiation between modulation of separate VEP
components, and may not have controlled for adequate confounders.
Potential confounders of the VEP modulation effect include the age and
sex of participants. With age, there is a general decline in neural plas-
ticity in animals (Burke and Barnes, 2006). Using the VEP modulation
paradigm in humans, visual cortical plasticity has been demonstrated in
older individuals in one sample (de Gobbi-Porto et al., 2015), but not
in another (Spriggs et al., 2017), and the relationship could be further
elucidated with a continuous age distribution among participants. Fur-
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ther, sex differences in anatomical features such as cortical gyrification
(Luders et al., 2004) might impact orientation of neural tissue, electrical
conduction, and ultimately scalp EEG signals. Another factor that could
impact observed VEP modulation is the level of attention afforded the
visual stimulus, especially during high frequency or prolonged visual
stimulation, which might be indexed by visual stimulation-driven steady
state responses (Cavus et al., 2012). The impact of such potential con-
founders should be further characterized to adequately evaluate effects
of high frequency or prolonged visual stimulation in different popula-
tions.

There are multiple possible ways of quantifying VEP modulation. For
instance, while some researchers have focused on the N1b component of
the VEP, which is typically operationalized as mean amplitude between
the first negative and halfway to the first positive peak after P1 (e.g.
McNair et al., 2006; Spriggs et al., 2017), others have focused on the N1
component, operationalized as the amplitude of the first negative peak
after P1 (Elvsashagen et al., 2012). Quantifications of VEP modulation to
consider include changes from baseline amplitudes to postintervention
amplitudes in the C1, P1, N1, N1b, and P2 components, as well as in the
peak to peak difference P1-N1.

Since VEP modulation is likely to occur also outside of the electrodes
and time windows to which classical VEP components are sensitive,
some researchers have substituted or complemented component anal-
yses with analyses across all channels and post-stimulus time points,
while keeping false discovery rates low using permutation based infer-
ential statistics (Jahshan et al., 2017; Wynn et al., 2019). Moreover,
since some non-phase locked modulation, above and beyond the phase
locked VEP modulation, might be present in the EEG after prolonged vi-
sual stimulation, time-frequency analyses of the post-stimulus EEG can
be employed, complementing time-domain analyses, to further increase
sensitivity.

Modulation of VEP components C1, P1, N1, N1b, and P2, as well as
continuous modulations in the time and time-frequency domains have
not been directly compared in a large sample of healthy individuals.
It is therefore currently unknown which of the many potential indices
of LTP-like synaptic plasticity is most sensitive and robust. Moreover,
typical sample sizes within the field might make some studies vulner-
able to winner’s curse and random effects (loannidis, 2008). Here, we
conducted the largest study of VEP modulation to date in 415 healthy
volunteers and directly compared several quantifications of VEP modu-
lation, enabling us to obtain realistic effect sizes and to determine which
quantifications are best suited for indexing LTP-like synaptic plasticity
in humans.

The present study had three main aims: first, to determine which EEG
measures exhibit robust modulation following prolonged visual stimula-
tion; second, to assess the retention of such VEP modulation effects over
intervals reaching the time range of LTP, and the correlations between
the magnitude of early and late VEP modulation; and third, to examine
the extent to which age, sex, and markers of attention might influence
VEP modulation.

2. Methods
2.1. Participants

415 participants were recruited to this study from Statistics Norway
and announcements in national news outlets, and included after screen-
ing for psychiatric and somatic disorders in a semi-structured interview.
We used the following exclusion criteria: a) a history of schizophrenia,
bipolar disorder, or major depressive disorder, b) a history of chronic
medical disorders, including cancer, cardiovascular disease, diabetes,
and untreated hypertension, c) a history of neurological disorders, such
as Parkinson’s disease, epilepsy, and stroke, d) a history of moderate
and severe head injuries with loss of consciousness >10 min, and e) first
degree relative with SCZ, BD, or MDD. 59% of participants were female
— their ages ranged from 18 to 83 years (mean = 49.7, sd = 16.2), while
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the ages of male participants ranged from 18 to 88 years (mean 47.9,
sd = 17.8, see also Fig. 5). All participants had normal or corrected-
to-normal vision. The experiment was approved by the Regional Ethical
Committee of South-Eastern Norway, and all participants provided writ-
ten informed consent.

2.2. Experimental procedures

The VEP modulation paradigm was adopted from
Normann et al. (2007). Over a period of 67 min, 11 VEP blocks,
i.e., 2 baseline blocks, 1 intervention block of prolonged visual stim-
ulation, and 8 postintervention blocks, were presented on a 24 inch
144 Hz AOC LCD screen with 1 ms gray-to-gray response time (Fig. 1).
All blocks, including the intervention block, consisted of a reversing
checkerboard pattern with a spatial frequency of 1 cycle/degree over a
~28° visual angle. The reversal frequency was fixed at 2 reversals per
second for the intervention block, whereas the baseline and postinter-
vention blocks had jittered stimulus onset asynchronies of 500-1500 ms
(mean = 1000 ms). All baseline and postintervention blocks lasted
~40 s (i.e., 40 checkerboard reversals), while the stimulation block
lasted 10 min (i.e.,, 1200 reversals). Postintervention blocks were
presented at 2 min, 3 min 40 s, 6 min 20 s, 8 min, ~30 min, ~32 min,
~54 min, and ~56 min after the intervention block. Through all
blocks, the participants fixed their gaze on a red dot in the center
of the screen, and pressed a key on a gaming controller when its
color changed from red to green. Between the seventh and eight, and
between the ninth and tenth blocks, participants underwent mismatch
negativity (Nddtdnen et al., 1978) and prepulse inhibition (Graham and
Murray, 1977) tasks, respectively.

2.3. Data acquisition

EEG recordings were acquired using a 64 channel BioSemi Ac-
tiveTwo amplifier, with Ag-AgCl sintered electrodes distributed across
the scalp according to the international 10-20 system. External elec-
trodes were placed at the outer canthi of both eyes (LO1, LO2), and be-
low and above the left eye (I01, SO1) in order to acquire horizontal and
vertical electro-oculograms for eye movement and eye blink correction.
Potentials at electrode sites were measured with respect to a common
mode sense, with a driven right leg electrode minimizing common mode
voltages, and sampled at 2048 Hz.

2.4. Signal processing

Signal processing was performed using MATLAB and the EEGLAB
toolbox for MATLAB (Delorme and Makeig, 2004), while statistical anal-
ysis was performed using R version 3.6.0 (R Core Team, 2019). Offline,
files were downsampled to 512 Hz. Noisy channels were identified with
PrepPipeline algorithms (Bigdely-Shamlo et al., 2015) using default cri-
teria, and removed. Remaining channels were first referenced to their
common average voltage, before interpolation of removed channels
from surrounding channel potentials, and finally all channels were reref-
erenced to the new common average after interpolation of bad channels.
Data destined for time domain analysis were band-pass filtered between
0.1 and 40 Hz, while data for spectral analysis were high-pass filtered
at 0.1 Hz. A fixed 20 ms delay in the visual presentation relative to the
event markers was detected using a BioSemi PIN diode placed in front of
the screen while running the paradigm, and event markers were adjusted
offline to account for this. Next, epochs were extracted at 200 ms pre- to
500 ms post-stimulus. Muscle, eye blink and eye movement artifactual
components were removed with SASICA defaults (Chaumon et al., 2015)
after subjecting the epoched data to independent component analyses
with the SOBI algorithm (Belouchrani et al., 1993). Then, epochs with
amplitude diversions exceeding 100 x4V were removed. Finally, all chan-
nels were referenced to the AFz electrode (however, one of the channel
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Fig. 1. Experimental timeline. VEP: visual evoked potential paradigm, MMN: mismatch negativity paradigm, PPI: prepulse inhibition paradigm, REST: resting state

EEG.

by poststimulus latency analyses was performed directly on average ref-
erenced data).

2.5. Data analysis

Three different modes of EEG analysis were pursued: time domain
analyses at group and individual levels, frequency domain analyses at
the individual level, and time-frequency analyses at group and individ-
ual levels. Since the baseline consisted of two VEP blocks, postinterven-
tion blocks were also collapsed into series of two blocks for equal com-
parison, resulting in one baseline assessment and four postintervention
assessments.

For time domain analysis, C1 was defined as minimum amplitude
between 50 and 100 ms post-stimulus, P1 as maximum amplitude be-
tween 80 and 140 ms, N1 as the amplitude of the first negative peak after
P1, N1b as mean amplitude between the first negative and halfway to
the first positive peak after P1 (effectively 150-190 ms post-stimulus),
and P2 as mean amplitude in the 50 ms after and including the first
positive peak after P1 (effectively 228-278 ms post-stimulus), reflect-
ing increased latency variabilities with later components. For a sensitiv-
ity analysis, and for all regression models, outliers in postintervention
change from baseline were identified, within each component, accord-
ing to the median absolute deviation procedure implemented in R pack-
age ‘Routliers’ (Delacre and Klein, 2019), yielding 28 outliers for C1,
19 for P1, 44 for N1, 19 for N1b, and 20 for P2, and removed within
each component. Further, all channels were subjected to group-level
component analysis, and the channel with highest amplitudes and most
pronounced VEP component modulation (i.e., Oz) was selected for all
later analyses (Fig. 3). In addition to these component analyses, we per-
formed a completely data-driven, exploratory analysis, where voltages
at each channel and each post-stimulus time point were calculated and
assessed for postintervention changes, then subjected to permutation
test-based (2000 simulations) strong control of the family wise error
rate (Groppe et al., 2011).

For frequency domain analyses, entire continuous stretches of in-
tervention block EEG were subjected to a Fast Fourier Transform
(Cohen, 2014) before extraction of mean power within the narrow
steady state band centered on the 2 Hz visual stimulation frequency
(1.8-2.2 Hz).

For time-frequency analyses, high-pass filtered epochs from all
participants were convolved with 5-cycle complex Morlet wavelets
(Cohen, 2014) at each integer frequency between 10 and 120 Hz. Fre-
quencies below 10 Hz were ignored due to the paradigm’s relatively
short stimulus onset asynchronies. Total power was then calculated as
the median length of the resulting inner products within assessments,
and inter-trial phase coherence was calculated as the length of the mean,
within assessments, of el? of the resulting inner product angles 6. In-
duced power was calculated as total power, except that each partici-
pant’s ERP at each assessment was subtracted from each trial within that
assessment before convolution. Total and induced power were then deci-
bel converted with a baseline between 150 and 100 ms pre-stimulus. Fi-
nally, evoked power was calculated for each time and frequency within
each assessment for each participant by subtracting decibel converted
induced power from decibel converted total power. T-values for the
change from baseline to the first postintervention assessment for all re-

sulting pixels (representing a specific time-frequency combination) in
total, evoked, and induced power, and inter-trial phase coherence, were
then calculated, then subjected to permutation test-based (2000 simula-
tions) strong control of the family wise error rate (Groppe et al., 2011).
At the individual participant level, average values within the resulting
clusters of modulation in total power, induced power, evoked power,
and inter-trial phase coherence, were then extracted at all postinterven-
tion assessments.

2.6. Outcomes

Primary outcomes were i) modulation of components C1, P1, N1,
N1b, and P2, and in the P1-N1 composite, between baseline and each
postintervention assessment, as well as pairwise differences in modula-
tion of components C1, P1, N1, N1b, and P2, ii) modulation, between
baseline and postintervention assessments, in amplitudes at each chan-
nel and each post-stimulus latency between 0 and 500 ms, iii) modu-
lation of within time-frequency clusters total power between baseline
and each postintervention assessment, and a linear model for the ef-
fects of induced and evoked power for such differences, iv) correlations
between baseline to postintervention amplitude changes for all compo-
nents at all postintervention assessments, and v) effects of age, gender,
and steady-state band powers during prolonged visual stimulation on
the subsequent modulation of components C1, P1, N1, N1b, and P2.

Raw values are reported along with standard errors, calculated as
standard deviations over the square root of the sample size. Baseline to
postintervention changes (i.e., modulation effects), as well as differences
in modulation between VEP components, are expressed as Cohen’s d,
(henceforth denoted d), calculated as difference means over difference
standard deviations (Cohen, 1988). In addition, modulation effects are
expressed as response rates (rr), defined as the proportion of partici-
pants exhibiting the direction of baseline to postintervention changes
that would be expected from average changes across participants. Pair-
wise comparisons between the modulation of different components was
performed by permuting modulation scores, from throughout all postin-
tervention assessments, across components, with switched polarity for
components with negative mean modulation (i.e. N1 and N1b). Correla-
tions are expressed as Spearman’s p. Five regression models for C1, P1,
N1, N1b, and P2 modulation scores were fitted using the general linear
model, function glm() in R, with time (Post 1-4), age, gender, and in-
tervention block steady state power as predictors. To avoid redundancy,
since the effects of time are reported in other tests, we refrain from re-
porting regression model time effects. Further, one regression model for
modulation of the first cluster of total power modulation was fitted,
with corresponding clusters of evoked and induced power modulation
as predictors. Model fit is indexed using Nagelkerke R2, and effect is ex-
pressed as y2. P-values were calculated using the functions perm.test()
or perm.cor.test() of R package muOutlier’ (Garren, 2019), for differ-
ences and correlations, respectively, and the Anova function of R pack-
age ‘car’ (Fox and Weisberg, 2019) for regression models. Alpha levels
were adjusted to control for multiple comparisons according to the effec-
tive number of independent comparisons, derived using eigenvalues of
the correlation matrix of the entire continuous data set (Li and Ji, 2005),
yielding an experiment-wide significance threshold at a« = 7.2 x 1074,
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Table 2
VEP component amplitudes and latencies at
baseline.
Component Latency (ms) Amplitude (uV)
C1 66.6 + 0.51 -3.91+0.24
P1 99.0 + 0.41 8.42+0.30
N1 140.3 + 0.81 -5.92+0.24
N1b NA -1.65+0.20
P2 NA 1.41+0.17
Table of VEP component amplitudes and laten-
cies at baseline, measured at the occiput (0z)
with anterior reference (AFz). NA: not applica-
ble.
3. Results

3.1. VEP modulation after prolonged visual stimulation

The checkerboard reversal stimulation evoked the expected C1, P1,
N1, and P2 components of the VEP (Fig. 2; see Table 2 for latencies
and amplitudes). Initial group level analyses demonstrated that, across
VEP components, the highest amplitudes and the largest modulation
effects were exhibited at the occipital Oz electrode (Fig. 3A-B), which
was accordingly selected for individual level analyses.

When testing for modulation effects across all timepoints of the VEP
at the first postintervention assessment after prolonged visual stimula-
tion, significant changes at latencies of 55-127 ms, 141-231 ms, and
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Fig. 2. A. Grand average visual evoked po-
tentials measured at the occiput (Oz) with

Assessment anterior reference (AFz) at baseline, post
B i 1 (2-4 min after prolonged visual stim-
aseline ulation), post 2 (6-8 min), post 3 (30-
== Post 1 32 min), and post 4 (54-56 min). B. Co-
== Post 2 hen’s d from baseline VEP to the postin-
tervention assessments. C. P-values for the
— Post 3 difference between baseline VEP and each
== Post 4 of the postintervention assessments, thresh-
olded (i.e. significant if non-zero) accord-
ing to permutation test-based (2000 simu-
lations) strong control of the family wise er-
ror rate, and log transformed for visualiza-
tion purposes.
Assessment
== Post 1
== Post 2
== Post 3
== Post 4
Assessment
== Post 1
== Post 2
== Post 3
== Post 4

264-369 ms were observed at the occiput (Oz) (Fig. 2), with related
changes at other channels at comparable time windows (Fig. 4). Cor-
respondingly, experience-dependent VEP modulation was apparent as
amplitude changes from baseline to the first postintervention assess-
ment for both the C1 (d = 0.53, rr = 0.70), P1 (d = 0.66, rr = 0.76),
N1 (d = -0.27, rr = 0.62), N1b (d = —-0.66, rr = 0.77), but not P2
(d =0.08, p = 0.10, rr = 0.53) components, with highly similar effects
for both the C1 (d = 0.44, rr = 0.67), P1 (d = 0.55, rr = 0.72), N1
(d=-0.26, rr = 0.61), N1b (d = —0.71, rr = 0.77) and the P2 (d = 0.08,
p = 0.10, rr = 0.54) components at the immediately following second
postintervention assessment. Some, but not all, changes after prolonged
visual stimulation were retained at the third and fourth postinterven-
tion assessments. C1 modulation was significant at the third postinter-
vention assessment (d = 0.20, rr = 0.58), but failed to pass corrected
alpha thresholds at the fourth postintervention assessment (d = 0.16,
p = 0.001, rr = 0.56). The P1 component did not retain modulation at
the third (d = 0.04, p = 0.36, rr = 0.54), nor at the fourth (d = —0.06,
p = 0.22, rr = 0.48) postintervention assessment. The N1 component
retained modulation at the third (d = —0.17, rr = 0.60), and fourth
(d =-0.21, rr = 0.66) postintervention assessment. The N1b component
retained modulation at both the third (d = —0.53, rr = 0.75), and the
fourth (d = —0.38, rr = 0.68) postintervention assessment. Finally, the
P2 component gained modulation at the third (d = 0.30, rr = 0.65) and
the fourth (d = 0.54, rr = 0.75) postintervention assessment (Table 3,
Fig. 3). Almost all of these results, the only exception being retention
of C1 modulation at the third postintervention assessment, were repro-
duced with outliers removed (Table S1).
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Data-driven time-domain analyses revealed a cluster of positive mod-
ulation to which components C1 and P1 would be sensitive, and a clus-
ter of negative modulation to which components N1 and N1b would be
sensitive. Further, a large cluster of positive modulation was centered
at a latency around ~300 ms poststimulus, to which the P2 component
would only be partially sensitive (Fig. 4).

Permutation of modulation scores in a pairwise manner, across com-
ponents C1, P1, N1, N1b, and P2, demonstrated significant differences
in modulation in 5 out of 10 comparisons. First, P1 modulation was
larger than P2 modulation (d = 0.09, p = 0.0001). Further, N1b mod-
ulation was larger than modulation of all other components, including
C1(d=0.18,p <5x107°),P1 (d=0.12,p <5x 1073), N1 (d = 0.34,
p<5x107°),and P2 (d = 0.20,p < 5 x 107°).

The P1-N1 composite exhibited significant modulation at the first
(d =0.70, rr = 0.80), second (d = 0.60, rr = 0.78), and third (d = 0.19,
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Fig. 3. A. Scalp topographical distribution of
C1, P1, N1, N1b, and P2 unscaled amplitude
differences (in uV) from baseline to postin-
tervention assessments 1 (2-4 min after pro-
longed visual stimulation), 2 (6-8 min), 3 (30—
32 min), and 4 (54-56 min). B. Scalp topo-
graphical distribution of C1, P1, N1, N1b, and
P2 amplitudes at baseline and each of the
postintervention assessments 1-4.

Fig. 4. Four panels displaying VEP modulation (expressed
as t-scores, thresholded according to permutation test-based
strong control of the family wise error rate) across post-
stimulus latencies (x-axis) and channels (y-axis). The first col-
umn of panels display modulation at postintervention assess-

ment post 1 (2-4 min after prolonged visual stimulation). The
second column of panels display modulation at postinterven-
tion assessment post 4 (54-56 min). The first row of panels
display modulation with an AFz reference. The second row of
panels display modulation with an average reference. Chan-
nels are ordered from nasion to inion.
t
15
- 10
5
0
-5
' 10

rr = 0.61), but not the last (d = 0.14, rr = 0.60) postintervention assess-
ment.

3.2. Within assessments changes in the VEP

There were also differences between component amplitudes within
assessments (Fig. 6), with significant changes from the first to the second
baseline block (i.e. within the baseline assessment) for components P1
(d=0.21),N1 (d = —0.32), N1b (d = —0.28), and P2 (d = 0.17), from the
first to the second postintervention block (i.e. within the first postinter-
vention assessment) for components C1 (d = 0.18), N1 (d = 0.24), and
from the seventh to the eighth postintervention block (i.e. within the
fourth postintervention assessment) for components C1 (d = 0.24), P1
(d = 0.31), N1 (d = —0.19), and N1b (d = —0.35). These effects were
weaker than effects of the prolonged visual stimulation for components
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Table 3
VEP component modulation after prolonged visual stimulation.
C1 P1 N1 N1b P2
Post 1 (2-4 min) d 0.53 0.66 -0.27 —-0.66 0.08
T 0.70 0.76 0.62 0.77 0.53
p <5x10° <5x10°5 <5x10°% <5x10-> 0.10
-log(p*) 231 33.7 7.1 33.7 1
Post 2 (6-8 min) d 0.44 0.55 -0.26 -0.71 0.08
T 0.67 0.72 0.61 0.77 0.54
p <5x10° <5x10° <5x10% <5x10-> 0.10
log(p*) 169 246 6.8 37.8 1
Post 3 (30-32 min) d 0.20 0.04 -0.17 -0.53 0.30
T 0.58 0.54 0.60 0.75 0.65
p <5x 107> 038 0.0003 <5x 107> <5x 107
log(p*) 4.16 0.4 3.2 23.0 8.9
Post 4 (54-56 min) 0.16 -0.06 -0.21 -0.38 0.54
T 0.56 0.48 0.66 0.68 0.75
p 0.001 0.22 <5 x 10-° <5 x 107° <5 x 10-°
log(p*) 2.9 0.7 4.8 12.9 24.3

Table of VEP component modulation after prolonged visual stimulation. d: Cohen’s d, rt: response rate, p:
p-value after 20,000 permutations, -log(p*): negative decimal logarithm of t-test p-value (for illustration,

not all modulations are normally distributed).

Table 4

Time-frequency cluster modulation after prolonged visual stimulation.
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Al A2 A3 11 El ITPC1 ITPC2
Post 1 (2-4 min) d -0.51 -0.26 -0.27 -0.27 -0.23 -0.41 -0.33
T 0.73 0.66 0.61 0.62 0.59 0.64 0.62
p <5x 107 <5x107° <5x10° <5x10° <5x10° <5x10° <5x107°
“log(p*) 209 6.6 7.0 7.0 52 142 96
Post 2 (6-8 min) d -0.55 -0.21 -0.18 -0.32 -0.29 -0.39 -0.26
T 0.74 0.58 0.58 0.62 0.64 0.68 0.64
p <5x 10 <5x10° 0.0003 <5x 10 <5x107° <5x10° <5x 10>
“log(p*) 238 46 34 93 79 129 6.6
Post 3 (30-32 min) d -0.48 -0.32 -0.29 -0.23 -0.20 -0.31 -0.24
T 0.72 0.61 0.63 0.60 0.57 0.63 0.62
p <5x 10 <5x10 <5x10° <5x 10  0.0001 <5x 10 <5x 107
“log(p*) 19.1 9.4 7.74 5.0 40 8.7 55
Post 4 (54-56 min) d -0.38 -0.24 -0.29 -0.08 -0.27 -0.32 -0.10
T 0.66 0.61 0.64 0.54 0.62 0.62 0.56
p <5%x 1075 <5x105 <5x10°° 0.12 <5x 105 <5x10° 0.046
“log(p*) 12.4 5.7 7.9 0.9 6.8 9.1 13

Table of cluster power modulations after prolonged visual stimulation. d: Cohen’s d, rr: response rate, p: p-value after 20,000 per-
mutations, -log(p*): negative decimal logarithm of t-test p-value (for illustration, not all potentiations are normally distributed),
A1-3: Total power modulation clusters, I1: Induced power modulation cluster, E2: Evoked power cluster. ITPC1-2: Intertrial phase

coherence clusters.

Cl (p=2.1%107%),N1b (p =3.0 x 10~14), and P2 (p = 2.6 x 107°), but
not for components P1 (p = 0.10) or N1 (p = 0.004; two-tailed tests).

3.3. Clusters of time-frequency power modulation after prolonged visual
stimulation

The time-frequency analysis exploring the main effect of prolonged
visual stimulation yielded three clusters of significant modulation of to-
tal power, the first centered around ~26 Hz and 65 ms post-stimulus, the
second centered around ~15 Hz and 245 ms post-stimulus, and the third
centered around ~12 Hz and 229 ms post-stimulus (Fig. 7). Results from
analyses using individual participants’ values averaged within clusters
of modulation of total power, as well as induced power, evoked power,
and inter-trial phase coherence, are presented in Table 4. These analy-
ses revealed that modulation of the first total power cluster was signifi-
cant at all postintervention assessments, including the first (d = —0.51,
rr = 0.73), second (d = —0.55, rr = 0.74), third (d = —0.48, rr = 0.72), and
fourth (d = —0.37, rr = 0.66). Further, modulation of the second total
power component was also signficant at the first (d = —0.26, rr = 0.62),
second (d = —0.21, rr = 0.58), third (d = —0.32, rr = 0.61), and fourth
(d = —0.24. rr = 0.61) postintervention assessments. Finally, modula-
tion of the third total power component was significant at the first,

second, and fourth, but not the third, postintervention assessment. The
first total power cluster overlapped with an induced power cluster and
a separate evoked power cluster, and the power reduction within this
cluster after prolonged visual stimulation was reasonably well modelled
(R? = 0.38) by power changes in the corresponding evoked (y2 = 26.4,
p = 2.8 x 1077) and especially induced (3% = 154.3, p = 2.0 x 1073%)
cluster.

3.4. Associations between VEP modulation across components and
assessments

Correlations across assessments for baseline to postintervention
modulation effects were moderate within components C1 (0.47 < p <
0.69), P1 (0.39 < p<0.67), N1 (0.42 < p < 0.62), N1b (0.44 < p < 0.66),
and P2 (0.45 < p < 0.60) (Fig. 8). All correlations above and including
r = 0.17 remained significant after multiple comparison correction.

3.5. Associations between VEP modulation and age, sex, and intervention
block steady state power

The regression model for C1 modulation revealed effects of age
(x? = 30.4, p = 3.5 x 1078), with modulation decreasing with higher
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age (Fig. 5), but not of sex (p = 0.07) or intervention steady state power
(p = 0.76). The regression model for P1 modulation revealed effects
of age (y2 = 13.4, p = 2.6 x 10~%), with modulation increasing with
higher age, but not of sex (p = 0.10) or intervention steady state power
(p = 0.76). The regression model for N1 modulation revealed no sig-
nificant effects of either age (p = 0.05), sex (p = 0.88) or intervention
steady state power (p = 0.03). Similarily, the regression model for N1b
modulation revealed no significant effects of either age (p = 0.03), sex
(p = 0.05), or intervention steady state power (p = 0.21). Finally, the re-
gression model for P2 modulation revealed no significant effects of age
(p = 0.002), but significant effects of sex (y2 = 15.4, p = 8.5 x 107°),
and intervention steady state power (y2 = 11.7, p = 6.2 x 10~%), with
greater modulation for female participants and participants with higher
intervention steady state power, respectively. For the attentional task,
we only obtained hit rate data for 45.8% of participants, due to error
in the gaming controller. Thus, we performed a set of control analyses
to ensure that the participants for which attentional data was not ob-
tained did not differ from the participants for which attentional data
was obtained. These showed that there was no difference between these
groups in P1, N1, N1b, or P2 modulation, but only a nominal differ-
ence in C1 modulation (p = 0.04), and that clear VEPs were evoked for
96% of participants for which attentional data was not obtained. Among
participants for which attentional data was obtained, the mean hit rate
was 98.4%. Together, these results indicate overall satisfying levels of
attention.

4, Discussion

The current study yielded four main findings. First, we demonstrate
robust experience-dependent modulation of the visual evoked potential
in a large sample of healthy volunteers (n = 415). Second, the reten-
tion of this modulation effect over time varied across VEP components,
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Fig. 5. Distributions of amplitude differences (in xV) between
baseline and postintervention assessments post 1 (2-4 min af-
ter prolonged visual stimulation), post 2 (6-8 min), post 3 (30—
32 min), and post 4 (54-56 min), and their associations with
age (in years) by sex, for VEP components C1, P1, N1, N1b,
and P2. Linear regression showed significant associations be-
tween age and C1 modulation (y2 = 30.4, p = 3.5 x 1078), age
and P1 modulation (32 = 13.4,p = 2.6 x 10~*), and sex and P2
modulation (y? = 15.4, p = 8.5 x 107°). Outliers not included.

Sex

— Female
— Male

strongly suggesting that VEP modulation is not a unitary phenomenon
and likely involves several different plasticity mechanisms. Third, age
and sex, as well as intervention steady state power, emerged as signif-
icantly associated with some, but not all, quantifications of VEP mod-
ulation. Finally, we identify the N1b component as the most sensitive
quantification of VEP modulation.

4.1. Experience-dependent modulation of visual evoked potentials

At the first and second postintervention assessments, respectively 2
and 6 min after prolonged visual stimulation, moderate to strong modu-
lation was observed in VEP components C1, P1, N1, and N1b, as well as
in the composite P1-N1. Such experience-dependent modulations have
previously been shown to share many characteristics with LTP, includ-
ing NMDAR-dependence (Frenkel et al., 2006), post-synaptic AMPAR
insertion dependence (Frenkel et al., 2006), and stimulus specificity
(McNair et al., 2006; Ross et al., 2008), and have therefore been re-
garded as indices of LTP-like cortical synaptic plasticity.

In the present study, some widely used quantifications of VEP modu-
lation — modulations of the C1, P1, N1, and N1b components — coincide
in latency with clusters of modulation as revealed by data-driven time
domain analyses. On the other hand, we have shown that a large time-
domain cluster of modulation, centered around a post-stimulus latency
of ~300 ms and expanding in time in later postintervention assessments,
is not very well captured by the P2 component. An important caveat,
however, is that such results might not be immediately generalizable to
different VEP modulation paradigms, such as those using pattern onset
sine gratings rather than checkerboard reversals.

Time-frequency analyses also revealed modulation of total power in
three time-frequency clusters, all of which exhibited effects of prolonged
visual stimulation that were comparable to effects seen on time domain
VEP components, and that, like N1 and N1b modulation, were retained
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at ~54-56 min postintervention. The first cluster of time-frequency
modulation, centered at ~65 ms and 26 Hz, overlapped with both clus-
ters of evoked and clusters of induced modulation. Since modulation in
induced power made the strongest contribution to modulation in total
power, it is likely that the observed total power modulation might re-
flect neural dynamics to which time domain VEP modulations are not
sensitive.

4.2. Experience-dependent VEP modulation: retention slopes and
correlations

We observed differential response patterns between quantifications
of VEP modulation, indicating differences in underlying mechanisms.
Retention at the third and fourth postintervention assessments, i.e.,
~30-32 and ~54-56 min after prolonged visual stimulation, was ob-
served for components N1 and N1b. In contrast to N1 and N1b mod-
ulation, C1 modulation was not significantly retained at ~54-56 min
postintervention. The retention of N1 and N1b modulation at 30 and
54 min postintervention is consistent with LTP-like synaptic processes
as underlying mechanisms, since this duration goes beyond the usual
decay of presynaptic short-term potentiation (Citri and Malenka, 2008;
Regehr, 2012). Spearman correlations around 0.42-0.49 between N1
and N1b modulations at 2 and ~54-56 min postintervention sug-
gest a connection between early and later modulation effects, which
has been established for most forms of synaptic plasticity (Citri and
Malenka, 2008), further corroborating the claim that N1 and N1b mod-
ulations reflect LTP-like cortical plasticity.

With a sharp voltage increase in the intervention block and subse-
quent return to near baseline in the first two postintervention assess-
ments, and renewed amplitude increases in the third and last postin-
tervention assessments (Figs. 5,6), the response pattern for the P2 com-
ponent, similar to what has been observed previously (Forsyth et al.,
2015; Forsyth et al., 2017), constitutes a clear exception. There is, al-
ready in the first two postintervention assessments, detectable modu-
lation in the time-domain cluster adjacent to and partially overlapping
with P2, but since this cluster is also expanding in time and in effect sizes
from early to late postintervention assessments, the picture of growing
effect is not contradicted. Although NMDAR-dependent LTP typically
exhibits a gradual decay (Citri and Malenka, 2008), the response pat-
tern for the P2 component is, however, not inconsistent with NMDAR-
dependent LTP as a mechanism, since P2 modulation might summate
across synaptic potentiation and depression with differential time ranges
(Forsyth et al., 2015). Indeed, NMDAR agonist D-cycloserine has previ-
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Fig. 6. Component amplitudes at separate
checkerboard stimulation blocks, normalized
to the first block, with error bars showing stan-
dard error of measurement. The polarity of
N1 and N1b modulation has been flipped for
easy comparison with modulation of the other

Component components. Asterisks denote significant (p <
- C1 7.2 x 10~%) amplitude change within assess-
= P1 ments, that is, within the baseline assessment

N1 (from the block at —12 min 40 s to the block
= Nib at —11 min), within the first postintervention
- P2

assessment (from the block at 2 min 40 s to the
block at post at 4 min 20 s, and so on.

ously been shown to increase P2 modulation (Forsyth et al., 2015). Fur-
ther, the P2 component appears to lack input specificity for some VEP
modulation paradigms (Sumner et al., 2018), although this does not nec-
essarily preclude input specificity for other, similar paradigms. Thus, we
can not based on the present data exclude the possibility that the effect
of time on P2 amplitudes might involve NMDAR-dependent LTP as a
mechanism. Along similar lines, the retention slope of P1, with a com-
plete decay between 6 and 30 min after prolonged visual stimulation,
is also consistent with synaptic plasticity as underlying mechanism. For
example, P1 modulation might reflect some short-term plasticity such as
post-tetanic potentiation (Citri and Malenka, 2008). Further, the early
P1 modulation might reflect an early phase of LTP, that at later stages
present in a qualitatively different manner (Bosch et al., 2014), both at
molecular and electrophysiological levels. For example, P2 modulation
could potentially be related to later phases of the complex gene expres-
sion patterns and synaptic changes underlying LTP (Bosch et al., 2104),
However, while these speculations might provide testable hypotheses
for future research, it should be noted that they cannot be directly ad-
dressed in the present data. Indeed, the current results could be compat-
ible with many different patterns of interaction between different forms
of plasticity with opposing effects on the EEG.

4.3. Age, sex, and steady state power are associated with some, but not all,
VEP components

Linear regression showed a negative main effect of age on C1 mod-
ulation, and a positive main effect of age on P1 modulation, suggest-
ing that C1 modulation across postintervention assessments is reduced
with age, while P1 modulation is increased with age. No effects of age
were observed on modulation of either the N1, N1b, or the P2 compo-
nents. These results are in line with a previous demonstration of robust
VEP modulation among older individuals (de Gobbi-Porto et al., 2015).
On the other hand, they seem to contrast with the lack of N1b modula-
tion previously observed in older participants (Spriggs et al., 2017), and
with the more general decline in neural plasticity associated with ag-
ing (Burke and Barnes, 2006). Further, regression models demonstrated
larger increase in P2 amplitudes among female participants than among
male participants. Together, these results underscore the need to dif-
ferentiate between VEP components, and to control for demographic
variables like age and sex, especially in case-control studies of VEP mod-
ulation.

Linear regression models also revealed an effect of intervention
steady state power on P2 modulation, with higher P2 modulation among
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participants with higher steady state power, but not on modulation of
any of the other components. In a previous study of VEP modulation
using 8.7 Hz visual stimulation (Cavus et al., 2012), intervention block
steady state power was associated with N1b modulation in healthy con-
trols. Together, these results indicate that the degree of neural entrain-
ment to prolonged or high frequency visual stimulation might impact
the magnitude of VEP modulation.

4.4. Robust and enduring modulation of component N1b

Our quantifications of VEP modulation seem to be relatively specific
in that they exhibit distinct effects, retention slopes and associations
with age and sex. Modulation of the N1b component after prolonged vi-
sual stimulation was overall the strongest effect. Effect size differences,
relatively high correlations, and comparable associations with age and
sex between components N1 and N1b suggest that N1b quantifications
of VEP modulation might be preferable, at least under conditions sim-
ilar to those present in this study. Although some observed effects of
time might have been caused by other experimental characteristics than
the prolonged visual stimulation, the N1b component has repeatedly
been shown to increase in amplitude with high frequency visual stimu-
lation, and not without (Teyler et al., 2005), and not with visual stimu-
lation of a different orientation (Ross et al., 2008) or spatial frequency
(McNair et al., 2006), supporting the notion that at least N1b modula-
tion is due to the high frequency or prolonged visual stimulation.

4.5. Possible influence of postintervention blocks on retention

In the present study we observed modulation of components C1,
P1, N1, N1b, and P2 even between blocks of short duration checker-
board stimulation. Thus, there is reason to question whether the reten-
tion, especially for components N1 and N1b which exhibit long duration
modulation, could have been increased by the postintervention stimulus
blocks. Postintervention blocks have been shown to decrease retention

. Induced power modulation

Evoked power modulation
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Fig. 7. Changes at the occiput (0z) in to-
tal power, induced power, phase coherence,
and evoked power, in frequencies 10-120 Hz,
before to after prolonged visual stimulation,
given as t-scores for each pixel. Significant clus-
ters circumscribed with black lines.

200 400
ms

of N1b modulation (Teyler et al., 2005), but with frequency differences
between intervention and postintervention blocks (i.e. 9 vs 1 Hz) that
were greater than in the present study (same mean frequency), so some
influence in favor of retention cannot be ruled out with the present data.

4.6. Limitations

A limitation of this study is that frequencies below 10 Hz were not
considered in the time-frequency analyses, due to the paradigm’s rel-
atively short stimulus onset asynchronies. Further, as we have only
studied VEP modulation in one of several potential VEP modulation
paradigms, generalization to other, similar paradigms, should be done
with caution.

4.7. Conclusion

The results of the current study show robust modulation after pro-
longed visual stimulation in VEP components C1, P1, N1, and N1b,
as well as in three time-frequency clusters of total power modulation.
Moreover, we observed differential retention slopes, effect sizes, and
associations to age and sex for the modulation of VEP components,
strongly suggesting that VEP modulation is not a unitary phenomenon.
Taken together with results from a series of invasive studies in rodents,
our current results support the use of prolonged visual stimulation in-
duced VEP modulation, and especially N1b modulation, as a robust, non-
invasive index of LTP-like cortical plasticity in humans.
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Fig. 8. Spearman’s p correlations between modulations of VEP components C1, P1, N1, N1b, and P2 at postintervention assessments 1-4. Since these are correlations
between raw modulation effects, some could, in principle, have been negative, but no negative correlations were found.
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