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Abstract

The ability to preferentially deploy neural resources to the visual space is an important component
of normative cognitive function, however, the population-level cortical dynamics that sub-serve
this ability are not fully understood. Specifically, rhythmic activity in the occipital cortices (e.g.,
theta, alpha, and gamma oscillations) has been strongly implicated in this cognitive process, but
these neural responses are difficult to non-invasively manipulate in a systematic manner. In this
study, transcranial direct-current stimulation (tDCS) was used to modulate brain activity, while
high-density magnetoencephalography (MEG) was employed to quantify changes in rhythm-
specific neural activity in the occipital cortices of 57 adults performing a visuospatial processing
paradigm. All MEG data was analyzed using advanced source reconstruction and oscillatory
analysis methods. Our results indicated that basal levels of occipital alpha activity were increased
by an occipital-anodal/supraorbital-cathodal tDCS montage, while basal gamma levels in the same
cortices were decreased by tDCS using the same montage with its polarity reversed (occipital-
cathodal/supraorbital-anodal). In other words, stimulation with the occipital-anodal montage
increased local spontaneous alpha (10-16 Hz) activity, while stimulation with the occipital-
cathodal montage selectively decreased local gamma (64-90 Hz) activity. Neither polarity affected
stimulus-induced oscillations in the alpha or gamma range. Additionally, these modulations
strongly predicted the subsequent formation of fronto-visual functional connectivity within distinct
oscillatory rhythms, as well as behavior on the visuospatial discrimination task. These findings
provide insight into the multifaceted effects of tDCS on cortical activity, as well as the dynamic
oscillatory coding of salient information in the human brain.
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Introduction

Multiple neuronal populations within the occipital cortices are known to serve visuospatial
processing, and frequency-specific oscillatory neural responses among these populations
have been directly linked to differing aspects of visual perception in the human brain. For
example, theta (4-7 Hz) frequency oscillations have been implicated as a vital coding
scheme for the temporal organization and transmission of visual stimulus sampling (Busch,
Dubois, & VanRullen, 2009; Jensen & Tesche, 2002; Landau & Fries, 2012; Landau,
Schreyer, van Pelt, & Fries, 2015; Verbruggen, Aron, Stevens, & Chambers, 2010),
synchronization in the alpha band has been found to index the inhibition of incoming visual
information in occipital regions (Handel, Haarmeier, & Jensen, 2011; Spaak, de Lange, &
Jensen, 2014), and gamma (30 Hz+) activity in visual cortices is increased during visual
attention (Doesburg, Roggeveen, Kitajo, & Ward, 2008; Edden, Muthukumaraswamy,
Freeman, & Singh, 2009; Tallon-Baudry, Bertrand, Henaff, Isnard, & Fischer, 2005; Vidal,
Chaumon, O’Regan, & Tallon-Baudry, 2006) and modulated by top-down signals from
attention-related frontal areas (Baldauf & Desimone, 2014; Doesburg et al., 2008; T. R.
Marshall, O’Shea, Jensen, & Bergmann, 2015). Recent work utilizing the high temporal
precision of magnetoencephalography (MEG) has also found that functional connectivity
between these spectrally-specific responses in occipital areas and specific prefrontal regions
is important to attention function (Baldauf & Desimone, 2014; Doesburg et al., 2008;
Szczepanski et al., 2014) and highly dynamic (Wiesman, Heinrichs-Graham, Proskovec,
McDermott, & Wilson, 2017), although functionally dissociating these networks has proved
challenging.

One potential solution to this challenge is to use neuromodulatory methods, such as
transcranial direct-current stimulation (tDCS), to alter neural activity in specific brain
regions. Generally speaking, tDCS creates a semi current-loop running from the anode,
through the intermediate brain tissues, to the cathode following a path strongly modulated by
electrical resistance. Relatively little is known regarding the effects of tDCS on
neurophysiology, but early models suggest that anodal stimulation functions to decrease
local GABAergic activity, thereby increasing regional neuronal excitability, while cathodal
stimulation decreases local excitability through a decrease in local glutamate (Coffman,
Clark, & Parasuraman, 2014; Fertonani & Miniussi, 2016; Filmer, Dux, & Mattingley, 2014;
Nitsche et al., 2003; Nitsche & Paulus, 2000, 2001). However, there are other views on the
source of tDCS-induced excitability changes (Jackson et al., 2016; Lafon, Rahman, Bikson,
& Parra, 2017) and knowledge of the cellular and molecular neurobiology of tDCS
continues to evolve. Previous systems-level studies have shown that tDCS can also modulate
the neuronal and behavioral correlates of multiple cognitive domains, perhaps most
prominently attention and memory (Coffman et al., 2014). Importantly, tDCS has also been
found to differentially affect specific rhythms in local neuronal populations simultaneously
(e.g., increase alpha and decrease gamma; Heinrichs-Graham, McDermott, Mills, Coolidge,
& Wilson, 2017; T. R. Marshall, Esterer, Herring, Bergmann, & Jensen, 2016; Wilson,
McDermott, Mills, Coolidge, & Heinrichs-Graham, 2018). While this capacity is potentially
powerful for examining basic circuit function, little is known about how this frequency-
modulation might affect visuospatial perception and related behavioral abilities. Further,
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although promising, tDCS has also been found to produce extremely variable effects on
cognitive performance (Hill, Fitzgerald, & Hoy, 2016; Horvath, Forte, & Carter, 2015a,
2015b; Mancuso, Ilieva, Hamilton, & Farah, 2016), and thus studies examining the spectral,
temporal, and spatial alterations following stimulation are desperately needed to delineate
the nature of these neural effects.

Herein, we combine tDCS and MEG to modulate and image frequency-specific population-
level neuronal activity in the human brain during a visuospatial discrimination task, which
has previously been shown to reliably elicit strong occipital oscillations in the theta, alpha,
and gamma bands (Wiesman et al., 2017; Wiesman et al., 2018). Essentially, after
stimulating the visual cortex in one of three distinct electrode configurations (i.e., occipital-
anodal/supraorbital-cathodal, occipital-cathodal/supraorbital-anodal, and sham), we
recorded neural activity using MEG during performance of the visuospatial task, and
examined the frequency-specific modulation of visual cortical neurons by tDCS, as well as
behavioral indices. Consistent with previous findings, we hypothesized that basal levels of
occipital alpha activity (i.e., spontaneous alpha) would be increased by stimulation with the
occipital-anodal montage (Heinrichs-Graham et al., 2017; Wilson et al., 2018), and that
basal gamma levels in the same cortices would be decreased by stimulation with the
occipital-cathodal montage (T. R. Marshall et al., 2016). Further, we hypothesized that
functional connectivity between prefrontal and visual cortices in the theta range, found
previously to sub-serve performance of this task (Wiesman et al., 2017), would be
significantly modulated by tDCS, and that this modulation would impact performance and
be strongly affected by the polarity of stimulation.

2. Methods:

2.1 Participants

We enrolled 57 healthy adults (54 right-handed; 33 males) for this study. All participants
were between the ages of 20 and 32 years (Mean = 24.04; SD = 2.78). Exclusionary criteria
included any medical illness affecting CNS function (e.g., HIVV/AIDS), any neurological
disorder, history of head trauma, and current substance abuse. The Institutional Review
Board of the University of Nebraska Medical Center reviewed and approved this
investigation. Written informed consent was obtained from each participant following a
detailed description of the study. Once participants were consented, they were randomly
assigned to sham (21 participants, 8 female), occipital-anodal/supraorbital-cathodal montage
(19 participants, 8 female), and occipital-cathodal/supraorbital-anodal (17 participants, 8
female) montage groups. A between-subjects design was selected for this study, to rule out
any potential learning and longer-term after-effects that might be introduced by a repeated
measures design. Such between-subjects experimental designs are relatively standard in
major clinical trials, especially for pharmaceuticals. Participants were blinded to their group
identification, as were all researchers associated with data analyses. The three groups did not
statistically differ on age (sham: 23.86 years; occipital-anodal montage: 24.42 years;
occipital-cathodal montage: 23.75 years), sex, handedness, ethnicity, or educational level.
With the exception of stimulation condition, all participants completed the same
experimental protocol. Importantly, MEG data collected during two different cognitive tasks
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completed by the participants assigned to the occipital-anodal and sham montage groups has
been analyzed and reported previously (Heinrichs-Graham et al., 2017; Wilson et al., 2018),
although for these studies participants performed only passive viewing of stimuli. Thus, the
MEG and behavioral data reported here is 100% new and not included in the previous
studies.

2.2 Transcranial Direct Current Stimulation (tDCS)

Across all three groups, a 5 x 7 cm pad was positioned over midline occipital cortex near the
calcarine fissure, and a second 5 x 7 cm pad was positioned over the right prefrontal cortices
near the area generally referred to as supraorbital in most tDCS studies (Figure 1A). Each
tDCS sponge was soaked in saline solution and positioned on the head using the
International 10/20 system (Jasper, 1958), which is commonly employed in EEG, fNIRS,
and tDCS studies (e.g., Wilson, Kurz, & Arpin, 2014). In our experiment, the occipital pad
was positioned on the midline and centered about 12.5% above the inion, which corresponds
to ~2.5% superior to Oz. The right frontal pad was centered directly lateral to Fp2 by ~7.5%,
which is one of the most common areas for cathodal placement (Filmer et al., 2014).
Importantly, Okamoto et al. (Okamoto et al., 2004; Okamoto & Dan, 2005) have developed
a method for transforming the scalp-based International 10-20 coordinate system to
Montreal Neurological Institute (MNI) based coordinates. Briefly, using data from a large
sample of healthy adults, they developed a probabilistic distribution of the cortical projection
points in MNI space that corresponds to input coordinates from the International 10-20
system. Based on their data, coordinates in the International 10-20 system (i.e., scalp-based)
can be estimated in MNI space with an average standard deviation of 8 mm, which is
negligible given the size of our tDCS sponges. Thus, we computed the coordinates of each
sponge in the International 10-20 system, and then used the transformation methods
provided by Okamoto et al. to obtain the MNI coordinates that corresponded to these scalp
based locations. These data indicated that the occipital pad was near the calcarine fissure,
while the frontal pad was over right supraorbital cortices. For the occipital-anodal montage,
the midline occipital pad served as the anode and the supraorbital pad served as the cathode.
For the occipital-cathodal montage, the polarity was reversed so that the midline occipital
pad served as the cathode, while the anode was positioned over the right supraorbital. In the
sham condition, the sponges were in the same locations but were only briefly activated (see
below).

Participants in each active stimulation group (i.e., the occipital-anodal and occipital-cathodal
montages) underwent 20 minutes of 2.0 mA direct-current stimulation, plus ~30 s ramp-up
and ramp-down periods, while passively viewing an animated movie. Three dimensional
current density modeling of this stimulation was performed using finite-element modeling
(FEM) of current flow to verify that the occipital cortices were being targeted effectively
(Kempe, Huang, & Parra, 2014; Ruffini, Fox, Ripolles, Miranda, & Pascual-Leone, 2014).
The sham group received the same passive visual experience for 20 minutes, but no
stimulation outside of the ~30 s ramp periods. A Soterix Medical (New York, New York,
USA) tDCS system was used for stimulation. Following active/sham stimulation,
participants were prepared for MEG recording and seated with their head positioned within
the MEG helmet. The overall setup took about 45 minutes from the stop of stimulation to the
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initiation of the MEG session, which was by design given the findings of Kuo et al. (Kuo et
al., 2013). Briefly, this study found that the level of cortical excitability peaks about 20
minutes after the cessation of tDCS, and then slowly dissipates over the next 70 to 90
minutes. Consistent with these data, Bachtiar et al. (Bachtiar, Near, Johansen-Berg, & Stagg,
2015) reported that local GABA decreases following 20 minutes of anodal tDCS peaked
about 20 minutes after stimulation, and remained decreased for an extended time period
thereafter. Thus, we aligned our MEG recording session to coincide with this period of
heightened neuronal excitability.

2.3 MEG Experimental Paradigm

The paradigm used was an established visuospatial discrimination task intended to tap visual
perceptual processing (Figure 1C; Wiesman et al., 2017; Wiesman et al., 2018). During this
task, the participants were seated and told to fixate on a crosshair presented centrally. After a
variable ISI (range: 1900-2100 ms), an 8x8 grid was presented for 800 ms at one of four
positions relative to the fixation: above right, below right, above left, or below and to the left
(Figure 1C). The left/right orientations were defined as a lateral offset of 75% of the grid
from the center of fixation. Before the task began, participants were instructed to respond via
button press with their right hand whether the grid was positioned to the left (index finger)
or right (middle finger) of the fixation point upon presentation of the grid. The task was
designed to be easy enough for all participants to have high accuracy, while demanding
enough to require sustained attention to the visual stimulus throughout the recording. Each
participant performed 240 repetitions of the task concurrent with MEG recording.

2.4 MEG Data Acquisition

All recordings were conducted in a one-layer magnetically-shielded room with active
shielding engaged for environmental noise compensation. With an acquisition bandwidth of
0.1- 330 Hz, neuromagnetic responses were sampled continuously at 1 kHz using an Elekta
MEG system (Helsinki, Finland) with 306 sensors, including 204 planar gradiometers and
102 magnetometers.. Each MEG dataset was individually corrected for head motion and
subjected to noise reduction using the signal space separation method with a temporal
extension (Taulu & Simola, 2006).

2.5 MEG Coregistration with Anatomy & Data Pre-Processing

MEG data were preprocessed using an established pipeline (Heinrichs-Graham, McDermott,
Mills, Coolidge, & Wilson, 2016; Kurz, Wiesman, Coolidge, & Wilson, 2017; McDermott,
Wiesman, Proskovec, Heinrichs-Graham, & Wilson, 2017; Wiesman, Heinrichs-Graham,
McDermott, et al., 2016; Wilson et al., 2018; Wilson et al., 2017), which included
coregisteration to structural MRIs, epoching around stimulus onset (—400 to 2200 ms),
rejection of artifacts, transformation into the time-frequency domain, and non-parametric
permutation testing (Ernst, 2004; Maris & Oostenveld, 2007) to identify the MEG sensor-
level time-frequency windows with significant changes relative to the baseline. After artifact
rejection, an average of 217.11 (SD = 6.36) trials per participant were used for further
analysis, and the mean number of trials per participant did not differ by group (sham:
219.43; occipital-anodal montage: 215.79; occipital-cathodal montage: 215.63; p> 0.1).
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2.6 MEG Source Imaging and Statistics

Cortical networks were imaged through an extension of the linearly constrained minimum
variance vector beamformer (Gross et al., 2001). Grand averages were then computed using
the pseudo-t maps from all participants, consistent with established methodology (Cheyne,
Bakhtazad, & Gaetz, 2006; Jurkiewicz, Gaetz, Bostan, & Cheyne, 2006; Kurz et al., 2017;
Wiesman, Heinrichs-Graham, Coolidge, et al., 2016; Wiesman, Heinrichs-Graham,
McDermott, et al., 2016). Virtual sensors (i.e., voxel time series) were then computed from
the peak voxel of each cluster in the occipital cortices, which was defined as the voxel with
the maximum amplitude value within each spatially defined cluster. Since theta activity in
the bilateral inferior frontal cortices was previously found to be essential to performance of
this task (Wiesman et al., 2017), we also computed virtual sensors for these regions, using
MNI coordinates corresponding to the peak voxel from that experiment. The same
coordinates were used for all participants.

Virtual sensors were computed by applying the sensor weighting matrix derived through the
forward computation to the preprocessed signal vector, which yielded a time series for the
specific coordinate in source space. Note that virtual sensor extraction was done per
participant individually, once the coordinates of interest were known. To determine whether
stimulation condition significantly affected basal levels of activity at each spatially- and
spectrally-defined peak, values from the absolute amplitude time series from each peak were
averaged across the baseline period (—400 to 0 ms). Further, to probe whether task-related
responses (relative to baseline) were significantly modulated by stimulation condition,
values from the relative amplitude time series from each peak were averaged across the task-
active period, defined as the time window from onset of the visual stimulus to the time bin
preceding the mean reaction time across all participants (0 to 500 ms). Since no effect of
hemisphere was hypothesized, bilateral activity values were averaged within participants.
These computed values were then compared between groups using one-way ANOVAs, with
post-hoc testing using Fisher’s LSD. For all statistical testing, outliers were excluded based
on a fixed threshold of + two standard deviations from the mean.

2.7 Functional Connectivity Analyses

In order to evaluate dynamic connectivity between visual perception-related neural regions,
we computed phase coherence within the respective frequency bands of our statistically-
defined clusters. To compute phase coherence, we extracted the phase-locking value (PLV)
using the method described by Lachaux et al (Lachaux, Rodriguez, Martinerie, & Varela,
1999). The PLV reflects the inter-trial variability of the phase relationship between pairs of
brain regions as a function of time. Values close to 1 indicate strong synchronicity (i.e.
phase-locking) between the two brain regions within the specific time window across trials,
whereas values close to 0 indicate substantial phase variation between the two signals, and
thus, weak synchronicity (connectivity) between the two regions. To determine whether
task-related functional connectivity differed significantly between groups, values from the
extracted PLV time series per pair of peaks were averaged across the task-active period. No
effect of hemisphere for visual responses was hypothesized, however extensive literature
substantiates the functional laterality of the prefrontal cortices. To account for this, task-
active PLV values were averaged within participants across the visual sources, but not across

Cortex. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiesman et al.

Page 7

the frontal sources. These values were then compared using one-way ANOVAS, with post-
hoc testing using Fisher’s LSD. Once again, outliers were excluded based upon a fixed
threshold of + two standard deviations from the mean.

2.8 Linear Regression Analyses

To examine the hypothesized predictive capacity of basal (baseline) neural activity on task
performance, linear regression models were computed using reaction time and accuracy,
respectively, on basal amplitude in the alpha and gamma frequency bands. Further, a linear
regression of right inferior frontal-visual PLV on basal alpha amplitude was also computed,
to determine whether modulations in alpha activity affected dynamic communication in the
brain. All regression analyses were performed in SPSS (Chicago, Illinois, USA).

3. Results:

3.1 Current Modeling and Behavioral Effects

Participants were stimulated using one of three current configurations (i.e., an occipital-
anodal montage, an occipital-cathodal montage, or sham; see Methods), with each having an
identical spatial configuration for electrode placement (Figure 1A; see Figure S1 for
experimental design). Three-dimensional current distribution modeling showed that the field
intensity was strongest in occipital cortex for both occipital-anodal and occipital-cathodal
configurations, particularly around the occipital poles (Figure 1B). After stimulation,
participants completed a visuospatial discrimination task (Figure 1C) during MEG, which
had been previously shown to elicit robust, multi-spectral activity in occipital cortices
(Wiesman et al., 2017; Wiesman et al., 2018). In regard to behavioral performance, a
significant effect of group was observed for task accuracy (Figure 1D; A2,50) = 6.20, p=.
004), and post-hoc analyses revealed that participants who received stimulation with the
occipital-anodal montage were significantly less accurate than participants stimulated with
the occipital-cathodal montage and participants in the sham group (o < .05). No main effect
of group was found for reaction time (Figure 1D), although a strong trend was observed
(A2,50) = 2.93, p=.063), and follow-on t-tests revealed that participants stimulated with the
occipital-anodal montage were significantly slower than participants who received sham
tDCS (p < .05).

3.2 Frequency-specific Responses in Visual Processing Circuits

One participant in the occipital-cathodal montage group was excluded from all analyses due
to a technical error during the MEG recording, leaving a remaining 56 participants in total
(53 right-handed; 32 males). In agreement with previous studies, presentation of the visual
stimulus elicited robust oscillations in the occipital cortices across three distinct rhythms
(Figure 2). The specific time-frequency windows for follow-on analyses were determined
using stringent statistical methods (Figure S2). Specifically, in bilateral parieto-occipital
sensors, an early, transient increase in neural-ensemble activity occurred in the theta (4-8
Hz) range between 100 and 350 ms, and this was followed by a more sustained decrease in
alpha power (10-16 Hz) between 150 and 750 ms (Figure 2B, lower). Concurrent with these
lower frequency oscillations, power in the gamma range (64-90 Hz) increased in sensors
more posterior between 100 and 600 ms (Figure 2B, upper). To clarify the potential impact
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of evoked activity on the theta and alpha responses, we re-ran these analyses after removing
the evoked signal and the results remained the same. The same was true for the virtual
sensor analyses described below.

We next investigated the spatial origin of these sensor-level responses using a beamformer.
The robust decrease in alpha power was found to have originated in bilateral parieto-
occipital regions, while the theta and gamma increases were generated by more posterior-
medial primary visual areas (Figure S3). Virtual sensors (i.e., voxel time series) were
computed for the peak voxel in each of these bilateral regions, which subsequently allowed
us to examine the evolution of these responses on a precise temporal scale. Due to the
importance of theta coupling between frontal and parieto-occipital nodes during attention-
demanding visual tasks, (Fellrath, Mottaz, Schnider, Guggisberg, & Ptak, 2016; Kwon,
Watanabe, Fischer, & Bartels, 2017; Liebe, Hoerzer, Logothetis, & Rainer, 2012; Wiesman
et al., 2017) we also computed dynamic phase coherence between inferior frontal and
primary visual nodes at this bandwidth (Figure S4).

3.3 Frequency-specific tDCS Modulation of Basal Neuronal Activity

Once we had identified the brain regions and circuits involved in processing of the
visuospatial stimulus, we examined the effects of tDCS on these dynamics. Importantly, we
examined how the different stimulation montages (polarities) affected not only the dynamics
following the onset of the stimulus, but also the spontaneous levels of neural activity in these
“task-relevant” regions prior to the onset of the stimulus. This is essential, as we have shown
in previous studies that changes in spontaneous activity during the baseline often affect the
amplitude of neural oscillations in response to a stimulus (Heinrichs-Graham & Wilson,
2016; Wilson, Heinrichs-Graham, & Becker, 2014). Stimulation with both the occipital-
anodal and occipital-cathodal montages significantly altered basal amplitude (i.e.,
spontaneous activity during the baseline) in occipital regions, but intriguingly they did so in
opposing directions and within distinct rhythms (Figure 3, bottom). Specifically, a
significant effect of group was found for basal alpha amplitude (H2,48) = 4.22, p=.021) in
lateral occipital regions, and post-hoc analyses revealed that participants stimulated with the
occipital-anodal montage exhibited increased basal alpha during the baseline relative to
those who received stimulation with the occipital-cathodal and sham montages (0 < .05). A
significant effect of group was also found in basal gamma levels (A2,50) = 11.44, p< .001)
within primary visual cortices, but in contrast to the alpha findings it was driven by
stimulation with the occipital-cathodal montage and reflected decreased basal gamma during
the baseline compared to stimulation with both the occipital-anodal montage and sham (o< .
05). Importantly, these modulations were frequency-specific, as basal activity in the occipital
cortices at another critical bandwidth, theta, was unaltered by either stimulation montage.
Further, these modulations were specific to spontaneous or resting (i.e., basal) activity, as
there was no significant effect of group on oscillatory responses following the onset of the
visual stimuli in any of these frequency bands (Figure S5).

To determine whether the basal neural activity differences predicted behavioral performance
on the visual processing task, we computed a linear regression of accuracy and reaction time
on basal amplitude levels for all participants using the gamma, alpha, and theta data.
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Spontaneous alpha amplitude significantly predicted reaction time (A1,46) = 10.35, p=.
002, R=.43; Figure 4A), such that as basal alpha increased, so did reaction time (i.e., more
alpha was related to worse behavioral performance). Basal amplitude in the theta band also
predicted reaction time (A1,46) = 7.90, p=.007, R=.39; Figure 4B), such that as
spontaneous theta increased, so did reaction time. In contrast, basal gamma did not
significantly predict reaction time. Neither basal theta, alpha, nor gamma activity levels
significantly predicted accuracy on the task.

3.4 tDCS Modulation of Dynamic Functional Connectivity

In contrast to the negative basal amplitude findings for theta, phase coherence in the theta
range was significantly modulated by both stimulation conditions (Figure 5) during the
visual processing period. Specifically, a significant effect of group was found in fronto-
visual connectivity involving the right (A2,50) = 5.40, p=.008), but not the left, inferior
frontal cortices. Post-hoc testing revealed significantly weaker functional connectivity
between the right inferior frontal cortex and the right and left visual cortices following onset
of the visual stimulus in the group stimulated with the occipital-anodal montage compared to
those stimulated with the occipital-cathodal montage and the sham group (p < .05). Bilateral
functional connectivity between inferior frontal nodes was also significantly modulated by
stimulation (A2,50) = 5.82, p=.005), and post-hoc analyses revealed that the participants
stimulated with the occipital- cathodal montage had increased functional connectivity during
visual processing, as compared to those stimulated with the occipital-anodal montage or the
sham group (p < .05).

Finally, since increased alpha activity is thought to act as an inhibitor of incoming visual
information (Jensen & Mazaheri, 2010), it is possible that high basal alpha activity in visual
cortices, prior to the onset of the visual stimulus, would impair the dynamic functional
connections formed between these cortices and other regions during visual processing. To
test this hypothesis, we computed linear regressions of theta functional connectivity between
the right inferior frontal cortex and the bilateral primary visual cortices on alpha basal
amplitude levels. As expected, basal alpha levels did significantly predict functional
connectivity (A1,47) =5.15, p=.028, R=-.31; Figure 6).

4. Discussion:

By stimulating the cortex with tDCS and imaging the resulting neural modulations with
MEG, we have demonstrated that frequency-specific neural activity sub-serving visuospatial
processing can be differentially modulated depending on the local polarity of tDCS, and that
this modulation also has rhythm-specific effects on behavior. In particular, stimulation with
the occipital-anodal montage significantly increased basal alpha activity during the pre-
stimulus baseline (i.e., spontaneous alpha), and the amplitude of such alpha activity strongly
predicted one’s ability to discriminate the position of stimuli in visual space. In contrast,
basal gamma was only modulated by stimulation with the occipital-cathodal montage, and
this involved a significant decrease in spontaneous gamma that was not predictive of task
performance. Finally, theta activity in occipital cortices was found to be unaffected by tDCS,
highlighting the spectral-specificity of these modulations. In addition, we showed that
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transient functional connections in the theta band were differentially affected by the
stimulation montage, and that functional connections in the theta range formed with visual
cortices were impacted by basal modulations at a different frequency (alpha).

The notion that tDCS modulates distinct population-level neuronal rhythms is supported by
a breadth of literature (Groppa et al., 2010; Hanley, Singh, & McGonigle, 2016; Heinrichs-
Graham et al., 2016; Hsu, Tseng, Liang, Cheng, & Juan, 2014; L. Marshall, Mélle,
Hallschmid, & Born, 2004; T. R. Marshall et al., 2016; Wilson et al., 2018), however few
studies have demonstrated this effect dissociably within a single experiment (i.e., modulated
two distinct frequencies simultaneously). Further, until now it has remained unclear how
these frequency-specific effects relate to behavioral performance, or to the dynamic changes
in functional connectivity that sub-serve complex cognitive processes such as visuospatial
perception. Since heightened levels of alpha activity have been reliably found to represent an
endogenous source of inhibition in the visual pathway (Foxe & Snyder, 2011; Handel et al.,
2011; Kelly, Lalor, Reilly, & Foxe, 2006; Klimesch, 2012; Klimesch, Sauseng, &
Hanslmayr, 2007; Spaak et al., 2014; van Dijk, Schoffelen, Oostenveld, & Jensen, 2008;
Worden, Foxe, Wang, & Simpson, 2000), it is intuitive that the observed elevations in basal
alpha levels would predict reaction time on our task, signaling heightened inhibition within
the visual pathway upon presentation of task-relevant stimuli. Indeed, similar findings of
impaired behavioral performance due to heightened pre-stimulus alpha activity have been
reported previously (HansImayr et al., 2007; Romei, Brodbeck, et al., 2008; Romei, Gross,
& Thut, 2010; Romei, Rihs, Brodbeck, & Thut, 2008). Interestingly, such alpha changes in
our study also affected the ability of these cortices to functionally interact with higher-order
frontal regions. There are at least two possible explanations for this finding: either the
oscillatory dynamics of increased alpha levels act to functionally inhibit the transmission of
information in a neighboring frequency band (theta; e.g., through signal leakage), or
diminished stimulus representations in the visual cortices (caused by alpha inhibition)
require less phase synchronization for information transfer. Further study is required to fully
elucidate this process, but in either case the functional result is the same; increased
spontaneous alpha activity in occipital cortices hinders the formation of functional
connections with frontal regions.

The reduction we observed in basal gamma-frequency activity following stimulation with
the occipital-cathodal montage is also a very pertinent finding, although this modulation had
no significant relationship to behavior. This may be a result of the task design, as gamma
oscillations are most commaonly associated with appraisal of stimulus representations
(Busch, Debener, Kranczioch, Engel, & Herrmann, 2004; Hoogenboom, Schoffelen,
Oostenveld, Parkes, & Fries, 2006; Muthukumaraswamy & Singh, 2013; Siegel, Donner,
Oostenveld, Fries, & Engel, 2007), and our task required only the localization of stimuli in
visual space (as opposed to the appraisal of the stimuli themselves). Thus, the inhibition of
these representations would not likely have affected our behavioral outcomes as robustly.

Dynamic functional connectivity between bilateral frontal and fronto-visual cortices in the
theta band has been found to support the deployment of neural resources to the visual space
(Wiesman et al., 2017). In this study, we found that the formation of these transient
connections is modulated by transcranial stimulation, and that a likely cause of this altered
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functional connectivity is elevated basal alpha activity levels in visual cortex. Since theta-
frequency activity is commonly associated with the temporal organization of lower-order
stimulus information, and the right inferior frontal cortex with integration of lower and
higher order information processing (Fox, Corbetta, Snyder, Vincent, & Raichle, 2006; He et
al., 2007; Wiesman et al., 2017), this disruption by tDCS likely signals a transient deficiency
in the participants’ ability to transfer salient stimulus information to higher-order regions
involved in cognitive control.

Although these findings are intriguing, this research is not without limitations. For one, with
a between-groups study design it is never possible to completely rule out the possibility of
pre-existing differences between groups. This concern is at least partially mitigated by our
careful counterbalancing of groups on important demographic factors such as age and
education. Further, due to the position of our “reference electrode” over the supraorbital,
there remains the possibility for confounding retinal stimulation effects. Although to our
knowledge no long-lasting effects of retinal stimulation on visual perception have been
reported, this remains a possible confound. This research also does not investigate the
potential effects of tDCS on anticipatory networks, which are intimately linked with the
processing of visual perception and attention. Future studies should follow this line of
inquiry. Finally, although the effects reported here are intriguing, due to the relative lack of
research examining the effects of tDCS on neural oscillations, they remain relatively
unexplained at this time. Additional studies will be essential, not only to replicate these
results, but also to investigate their underlying mechanisms at the cell-circuit and bio-
molecular levels.

En masse, our findings highlight the dynamic, multi-spectral nature of visuospatial
processing in the human brain, as well as the multifaceted effects of transcranial electrical
stimulation on these systems. Importantly, until now, no studies have demonstrated
frequency-specific, dissociable modulation of these systems using parallel experimental
methods, and so the experimental procedure documented here may prove invaluable to
future research focusing on multi-spectral activity in the visual cortex.
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Figure 1.

Experimental paradigm, current distribution modeling, and behavioral results. (A) Spatial
representation of the stimulation electrodes. (B) Results of the current distribution modeling
in occipital cortices for the stimulation montage, represented as field intensity (V/m). (C) An
illustration of the visuospatial discrimination task paradigm. (D) Behavioral results from the
visuospatial task, with stimulation condition denoted on the x-axes. Reaction time (in
milliseconds) is displayed on the y-axis of the graph on the left, and accuracy (in % correct)
is displayed on the y-axis of the graph to the right#*p < .10, *p < .05, **p< .01
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Figure 2.
Spectral time course of occipital neural responses at the sensor level. (A) Spatial location of

the representative sensors used for (B), with the gamma response represented in the sensor
on the lower-right, and the alpha and theta responses represented in the sensor on the upper-
left. (B) Two depictions of occipital spectral responses to the visual processing task. For the
spectrograms on the left, time (in milliseconds) is denoted on the x-axes, with 0 ms defined
as the onset of the visual stimulus, and frequency (in Hz) shown on the y-axes. The color
scale bar for percent change is shown beneath each plot. The 3D spectrograms on the right
display time on the x-axes, relative power (in %) on the y-axes, and frequency on the z-axes.
All signal power data is expressed as a percent difference from baseline (=400 to 0 ms). All
spectrograms represent group-averaged data from gradiometer sensors that were
representative of the significant neural response in each region. The same sensors were
selected in all
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Figure 3.
The polarity of tDCS differentially affects baseline amplitude in a frequency-specific

manner. Axial slices (top) show group mean beamformer images of the bilateral visual
responses at each frequency. The respective color legend for each image is displayed to the
right. Peak voxel time series for each set of visual responses were extracted, averaged across
hemisphere, and are displayed below their respective spatial map, with time (in
milliseconds) denoted on the x-axes, and absolute amplitude (in nAm) denoted on the y-
axes. Shaded regions (from —400 to 0 ms) represent the baseline period, over which average
values were obtained for each participant. Inlaid bar graphs represent these baseline values
averaged across participants per stimulation group, with significance levels of post-hoc
analyses indicated by asterisks above the bars. *p < .05, **p < .01
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Figure 4.

Spontaneous (basal) alpha and theta during the baseline predicts behavior. Scatterplots
displaying the relationship between reaction time on the y-axes and spontaneous alpha
activity (in nAm) during the baseline on the x-axis of (A), and spontaneous theta (in nAm)
during the baseline on the x-axis of (B). The respective line of best fit and & value for each
simple regression is overlaid on each plot.
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Figure 5.
tDCS selectively modulates the strength of functional connectivity among prefrontal and

visual regions in the theta band. The glass brains under each plot represent the functional
connections interrogated. Time series represent dynamic functional connectivity for each
stimulation group, with time (in milliseconds) denoted on the x-axes and phase locking
value (PLV) represented on the y-axes. In the fronto-occipital plots (left and middle panels)
the time series has been averaged over the two pathways shown in the glass brain below.
Shaded regions represent the “task-active” period over which PLV was averaged for each
participant prior to statistical analyses, and inlaid bar graphs represent the average PLV for
each stimulation condition. Significance levels of post-hoc statistical tests are indicated by
asterisks above. *p < .05, **p< .01
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Figure 6.
Spontaneous (basal) alpha activity at baseline predicts theta functional connectivity.

Scatterplots displaying the relationship between spontaneous alpha amplitude (in nAm)
during the baseline on the x-axis and fronto-visual connectivity (in PLV) on the y-axis. The
respective line of best fit and /2 value for the simple regression is overlaid on the plot.
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