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Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimula-
tion technique that involves application of low intensity direct currents at the
scalp for the modulation of central nervous system excitability in humans (Woods
et al. 2016). tDCS is an increasingly important tool, being used in a wide range
of human neuroscience applications, as well as a potential adjunct therapy for a
range of neurological and psychiatric disorders including chronic stroke recov-
ery, depression and migraine. However, despite its obvious promise, the potential
of tDCS cannot as yet be fully exploited as there is still a lack of understanding
of the neural mechanisms underpinning stimulation. A key methodological
advance toward bridging the gap in our understanding of the neural mechanisms
of tDCS effects involves integration of tDCS with modern clinical and cognitive
neuroscience techniques. This chapter will discuss integration of tDCS with
three major neuroscience techniques: magnetic resonance imaging/spectroscopy
(MRI/MRS), near infrared spectroscopy (NIRS) imaging, and human electroen-
cephalography (EEG).

MRI provides a high degree of spatial resolution regarding both brain structure
and function, with the ability to assess brain-behaviour questions across the entire
brain. However, the temporal resolution of magnetic resonance methods is limited.
In contrast, EEG provides a high degree of temporal resolution for neural pro-
cesses, but overall poor spatial resolution. NIRS provides both spatial and tempo-
ral resolution for brain activity, but typically only for tissue near the cortical
surface. Each method has both strengths and weaknesses regarding the types of
hypotheses that can be tested. From an observational perspective, these techniques
provide novel insight into the relationship between brain structure/function and
behaviour. However, when combined with tDCS, a wide variety of novel questions
and hypotheses can be tested. tDCS provides a method for directly intervening on
brain tissue, altering the resting membrane potential of stimulated neurons. Thus,
integration of tDCS with these methods provides the ability to evaluate not only
correlations between brain function and behaviour, but also experimentally manip-
ulate brain activity in stimulated brain regions and assess how these observational
relationships between the brain and behaviour change. Thus, integration of tDCS
with modern neuroscience methods has the potential to providing greater causal
insight into the brain-behaviour relationship in contrast to observational studies
using these methods in isolation. In addition, these integrated methods may also
provide critical insight for understanding how, where and when stimulation is most
effective in the context of tDCS treatment studies (e.g., pain, cognitive aging,
dementia, etc.). This information may prove critical in optimizing treatment effi-
cacy and outcome.

The chapter will review the current state of the art in efforts to integrate MRI/
MRS, NIRS, and EEG methodologies and discuss technical challenges commonly
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faced with integration. In addition, the chapter will give the reader a better under-
standing of experimental design concerns that should be considered prior to under-
taking integration of tDCS with these methods. We will first describe the integration
of tDCS with MRI and MRS methods, also covering arterial spin labelling (ASL).
We will then turn to integration of tDCS with NIRS. Finally, we will discuss inte-
gration with EEG. In each case, careful considerations must be taken to acquire
quality data in the presence of tDCS. This chapter will help the reader to understand
what considerations must be made, as well as methods for addressing these issues.

Integration with MRI

To date, the neural effects of tDCS have been primarily studied through experiments
utilizing transcranial magnetic stimulation (TMS), sometimes in combination with
pharmacological agents (Stagg and Nitsche 2011) which have added greatly to our
understanding of the local physiological effects of stimulation. However, in recent
years, there has been an increasing interest in using advanced neuroimaging tech-
niques to study the effects of tDCS — both in healthy controls and clinical popula-
tions. Once technical difficulties are overcome, the combination of tDCS with
Magnetic Resonance (MR) provides a powerful tool that allows us to study not only
brain regions directly stimulated by tDCS, but unlike most TMS approaches, also
how tDCS modulates activity in the rest of the brain.

It is important to note at this point that the neural effects of tDCS are probably
dependent, at least to some extent on a number of parameters of the stimulation
paradigm, including the duration of stimulation; the site of stimulation; and the
electrode configuration used. The majority of studies investigating the mechanistic
underpinnings of tDCS using MR approaches have studied the “conventional” elec-
trode placement as first described by Nitsche and Paulus (Nitsche and Paulus 2000),
with one 5 x 7 cm electrode over the primary motor cortex (M1) and one 5 X 7 cm
electrode over the contralateral supraorbital ridge, with a current of 1-2 mA applied
for up to 20 min. This section will therefore focus on studies using these stimulation
parameters, important studies using other electrode placements are included where
these shed important light on the mechanisms of tDCS.

It is important to note that while some of the findings from studies involving an
M1 montage will be applicable to other sites, it cannot be assumed that this is always
the case, and therefore the results from these studies should not be assumed to be
directly relevant for other stimulation montages. While it is still not clear exactly
what facets of neural anatomy have significant effects on tDCS, the distinctive lay-
ers in M1and its position on the anterior bank of the large central sulcus, as well as
its anatomical connectivity, may well mean that tDCS effects cortical excitability in
this region differently to other cortical areas.
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MR Approaches
Functional Magnetic Resonance Imaging (fMRI)

Functional magnetic resonance imaging (fMRI) is a versatile and non-invasive tool
that has been used for a number of years to study many aspects of neural activity.
The first paper to highlight that fMRI can be used to inform our understanding of
how tDCS can modulate activity within the brain was published in 2001 by
Baudewig et al. (2001b), since when the literature has been rapidly increasing. The
majority of the studies discussed here rely on the quantification of the blood oxygen
level dependent (BOLD) contrast, the most widely used fMRI technique, although
other fMRI techniques are available, of which Arterial Spin Labelling (see later) is
perhaps the most relevant in the context of studying the effects of tDCS.

BOLD Functional MRI

The BOLD signal relies on changes in the relative concentrations of deoxygenated
haemoglobin (DeoxyHb) and oxygenated haemoglobin (OxyHb) caused by local
changes in brain activity, and is therefore an indirect measure of neuronal activity.
The BOLD signal is reliant on the magnetic properties of these two compounds. In
brief, DeoxyHb contains an iron molecule making it paramagnetic; meaning it has
a significant interaction with the applied magnetic field during MRI. By contrast,
OxyHb is diamagnetic, so has little effect on the magnetic field. Therefore, if the
ratio of OxyHb:DeoxyHb changes within a localized region of tissue, then this can
be detected using BOLD fMRI. However, the precise relationship between changes
in neuronal activity and a detectable change in the BOLD signal is complex and not
yet fully understood (Aroniadou and Keller 1995; Castro-Alamancos et al. 1995;
Hess et al. 1996; Logothetis 2008; Trepel and Racine 1998, 2000). FMRI is cur-
rently used in two major approaches to study the effects of tDCS either in the pres-
ence or absence of a task.

Task-Based fMRI

Task-based fMRI is the classical brain imaging approach, and is a versatile tool that
can be used to inform our understanding of how tDCS can modulate activity within
the brain while a task is being performed. Task-based fMRI can be done using a
number of paradigms, but broadly the BOLD signal from each brain area is com-
pared during task and rest, where the difference in signal reflects changes resulting
from changing neural activity in task-based areas of the brain (Woods et al. 2014).
This approach usually results in the acquisition of data across the whole brain with
a high spatial (in the order of 2-3 mm) and reasonably high temporal resolution.
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Resting State fMRI

Functional MRI acquired while the subject is lying in the scanner at rest, and com-
monly following the instruction “not to think of anything in particular” is an
increasingly used method to studying brain connectivity. Without a super-imposed
task to perform, the on-going physiological fluctuations in the BOLD signal associ-
ated with quiet wakefulness can be recorded. In any given brain region the BOLD
signal will vary across time as a function of on-going neural activity. By studying
the relationship of the BOLD signal from one brain region to that of others, regions
where the time course of fluctuations are highly correlated can be identified, and
these regions are said to be “functionally connected”. Studies of functional con-
nectivity can be made using a wide array of statistical methods including those
utilizing graph theory and independent component analysis (ICA) approaches (for
more detail see, for example (Beckmann et al. 2005; Cole et al. 2010; Fornito et al.
2013).

“Resting State Networks” (RSNs) are robust distributed networks identified from
ICA that show coordinated and highly reproducible fluctuations in activity between
spatially distinct but anatomically closely connected areas while subjects lie at rest
(Fox and Raichle 2007; Raichle et al. 2001; Snyder and Raichle 2012). RSNs are
being widely investigated due to observed differences during different cognitive and
clinical states. They are thought to reflect intrinsic functional architecture in the
brain, and separable networks can be identified within resting fMRI data which
closely reflect brain regions that are active during task performance (Beckmann
et al. 2005; Smith et al. 2009; Stagg and Nitsche 2011). While the physiological
underpinnings of changes in RSN connectivity are are still very much the focus of
investigation and open to often complex interpretation (Johansen-Berg 2013;
Nitsche and Paulus 2000), it is clear that RSNs are highly sensitive to changes in
connectivity in a wide range of diseases (Baudewig et al. 2001a; Filippini et al.
2009; Pievani et al. 2011, 2014), and that resting state fMRI is a potentially power-
ful approach for the study of a wide range of clinical conditions as it removes the
confound of task performance (Aroniadou and Keller 1995; Castro-Alamancos
etal. 1995; Fornito et al. 2013; Hess et al. 1996; Logothetis 2008; Trepel and Racine
1998, 2000).

Arterial Spin Labelling (ASL)

Although BOLD fMRI is the most common method of assessing neural activity
changes during or following tDCS, it has some limitations. BOLD has a relatively
high signal-to-noise ratio, meaning that data can be acquired over relatively short
timescales, making is highly suitable for studying the effects of non-invasive brain
stimulation, the physiological underpinnings of the BOLD effect are complex and
currently relatively poorly understood. This may be of particular importance when
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studying the effect of tDCS in clinical populations, where changes in blood supply
or neurovascular coupling may be expected.

An alternative approach is that of Arterial Spin Labelling (ASL). ASL is a
relatively novel fMRI technique that is able to quantify changes in tissue perfu-
sion directly in the brain. It has a much lower signal to noise ratio than BOLD
fMRI but has two significant advantages over the BOLD signal: (1) It is primarily
sensitive to low-frequency signals and is therefore the ideal modality to detect
blood flow changes induced by the minutes-long tDCS protocols commonly used
and (2) the physiological basis of the contrast is inherently simpler to understand
than BOLD.

Magnetic Resonance Spectroscopy

As well as utilising advances in functional MR Imaging to understand the activity
changes induced by tDCS, MR can also be used to investigate how tDCS affects the
neurochemicals underpinning these plastic changes via magnetic resonance spec-
troscopy (MRS); a technique that enables us to detect and quantify concentrations
of different metabolites within a volume of tissue.

MRS was first performed in the human brain in 1985 (Beckmann et al. 2005;
Bottomley et al. 1985; Cole et al. 2010; Fornito et al. 2013), and since then has been
primarily used to investigate metabolic changes in pathological states. MRS mea-
sures signals are produced by the behaviour of certain diamagnetic molecules within
a magnetic field. While MRI focuses on the variations in signal across space, MRS
most commonly examines signals produced from only one volume of tissue. A
number of atomic nuclei have diamagnetic properties, including 1H, 31P and 13C
MRS, of which 1H MRS is used most widely. The ability of MRS to discriminate
between different molecules relies on the fact that the structure of the molecules
within which these atoms are bound, and the environment surrounding these mole-
cules, influence the behaviour of the atoms within the magnetic field. MRS focuses
on very small differences in the signals produced by the atoms contained within
different metabolites within a predetermined volume of interest (VOI) or voxel (a 3
dimensional pixel).

The characteristic peaks and frequencies of many neurochemicals are well
described, meaning that the resonances produced from these metabolites can be
identified from sample spectra. The amplitudes of the peaks derived from a given
metabolite are directly proportional to the concentration of that compound within
the target volume of tissue, therefore allowing accurate quantification.

There are a number of limitations to MRS approaches. The most relevant of these
relates to the inherently low signal-to-noise of the technique. Signals in MRS are
typically summed across a large volume in comparison with other forms of MR
imaging (e.g. in the order of 3 cm x 3 cm x 3 cm in IH MRS compared with
3 mm X 3 mm x 3 mm in MRI); this creates an increase in the signal produced by
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given metabolites relative to the background noise. However even summing across
a large area, only metabolites present in millimolar concentrations are detectable.
Fortunately, many neurochemicals involved in neurotransmission and metabolism
are present in concentrations above this threshold, but others (for example
Dopamine) are not, making their detection and quantification impossible with cur-
rent MRS methods.

MRS lacks some of the flexibility of functional imaging — it requires a large
number of options to be pre-specified: volumes of interest must be decided in
advance; as must the acquisition parameters, which determine which molecule sig-
nals can be resolved. Traditionally MRS only allowed spectra to be obtained of one
volume of interest at a time, but recent developments, both for MR Spectroscopic
Imaging (MRSI) at 3 T and the advent of ultra-high field 7 T MR scanners have
demonstrated robust spectra from multiple brain regions simultaneously (e.g. Fox
and Raichle 2007; Lemke et al. 2015; Maudsley et al. 2006; Raichle et al. 2001;
Snyder and Raichle 2012). This is of particular importance when considering the
use of MRS to study the effects of tDCS, where a control VOI, placed in an anatomi-
cally distant site, is important to understand the anatomical limits of any described
relationships, often requiring an additional experimental session.

Considerations When Combining tDCS and MRI

To date, tDCS has been integrated with functional magnetic resonance imaging
(fMRI), both in terms of Blood Oxygen Level Dependent (BOLD) fMRI (Amadi
et al. 2014; Antal et al. 2011; Baudewig et al. 2001b; Stagg et al. 2009b) and
Arterial Spin Labelling (ASL) (Stagg et al. 2013; Zheng et al. 2011); as well as
proton and non-proton MR Spectroscopy (MRS) (Binkofski et al. 2011; Clark
et al. 2011; Stagg et al. 2009a).

tDCS may be combined with MR using two approaches. The techniques may be
used sequentially, where the stimulation is delivered outside of the scanner with the
participant placed in the scanner before and immediately following the stimulation
period. Alternatively, stimulation can be delivered within the bore of the scanner
(concurrently) either at the same time as collecting MR data, or during rest.

Both approaches have been used successfully in the literature. A concurrent
acquisition is often more advantageous due to the logistical and timing issues asso-
ciated with removing and replacing the participant before subsequent MR data can
be collected. Concurrent acquisition also has the advantage that pre- and post-
stimulation data can be controlled for reproducibility (in terms of placement for
spectroscopy voxels or high-resolution fMRI slices). However, while there are obvi-
ous advantages to concurrent stimulation, integration of tDCS to MRI requires mul-
tiple extra considerations including MR specific kit, additional setup criteria and
potential adverse effects on MR acquisitions which need to be considered when
taking this approach.
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The following should be seen only as a summary of the most significant risks of
the approach, and given the inherent risks of the technique, tDCS should only be
used in the scanner environment by trained individuals.

Practical Considerations When Combining tDCS and MR

Prior to the advent of MR compatible tDCS systems, studies were limited to
sequential acquisition. This presents logistical and analytical issues for BOLD
fMRI and MRS data, most significantly in terms of accurate subject placement and
the need to acquire data as soon as possible after stimulation has ceased, although
neither of these are insurmountable. However, with the advent of MR-compatible
tDCS system it became possible to stimulate subjects in the bore of the magnet.
Thus, participants can undergo baseline scans prior to stimulation, simultaneous
acquisition of data during stimulation, and/or post-stimulation scanning immedi-
ately after stimulation has ceased while remaining in the same position throughout
the scan. This has obvious advantages for studies where the reproducibility of the
subject is important, for example for MRS voxel placement or high-resolution
fMRI. However, integration of the tDCS device into an MRI system is not without
complications, and a number of technical aspects need to be considered
carefully.

It perhaps goes without saying that when tDCS is integrated with MRI, standard
subject safety standards for both MRI and tDCS (for example, no metal on or in the
head, no implants susceptible to electrical current or magnetic fields, etc.) should be
adhered to. In addition, standard tDCS acquisition considerations including the
accurate localization of electrodes, careful preparation and placement of electrodes,
and methods to ensure that electrodes, once sited, remain in a stable location on the
head remain critical in order to acquire good quality data.

Concurrent tDCS/MRI requires a specialist kit that is MR compatible and rigor-
ously tested. The use of tDCS within the bore of the MR scanner requires the place-
ment of specially designed MRI-compatible (non-ferrous or appropriately shielded)
tDCS electrodes with cables passed from the stimulator, through the magnet suite
waveguide, and into the magnet bore. The electrodes used should be fitted with
high-ohmic (commonly 10 KOhm) resistors to prevent induction of eddy currents
within the stimulating leads. It is vital to ensure that electrodes are not in contact
with the head coil, or headphones, to prevent electrode displacement and, also,
unexpected interactions between the stimulator and the scanner.

Care should also be taken to keep the leads away from the subject to prevent
burns and run parallel to the bore without loops to prevent eddy currents. The tDCS
stimulator should be kept in the control room as it is not magnet safe and stimula-
tion, as with tDCS outside the scanner, should be monitored closely by a researcher
for the entire duration of the stimulation. Careful monitoring of the subject is par-
ticularly necessary as the subject is at a distance and, if engaged in a task during
stimulation, verbal communication is impossible.
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Electrodes should be carefully prepared with high conductance electrical paste
(such as that used for EEG) as the saline-soaked sponges which are often used for
tDCS applied outside the scanner will dry out over time, making them unsuitable for
use in MRI scans that ordinarily last around 60-90 min. This is particularly the case
where often a baseline scan or scans lasting tens of minutes are acquired before
tDCS is applied. Dry sponges result in poor conductance of the electrical current,
which can be uncomfortable or even painful for the participant and might result in
skin burning in severe cases. A thick, even, coating (>3 mm) of paste should be
applied to the electrode to provide sufficient distance between the electrode and
scalp, ensuring that stimulation is delivered evenly across the electrode.

As with all tDCS experiments, care should be taken to ensure that the electrodes
do not move. However, most tDCS electrodes are not visible using standard MRI
acquisition, so they electrodes are often marked with oil-capsules to confirm their
position on the resulting MR images. The adhesive quality of the paste often assists
in maintaining the electrode placement, but also requires additional straps for fully
secure placement. The entire montage can be covered by a relatively loose-fitting
cap, which has the dual roles of protecting the electrodes from accidental movement
during subject placement in the MR and protecting the scanner from the electrode
paste.

Data Quality Considerations When Combining tDCS and MR

The constant electrical current which constitutes tDCS interacts with the magnetic
field generated by the MR scanner, resulting in warping of the images acquired.
This artifact is of critical concern for BOLD fMRI protocols, as it has the potential
to result in false positive changes in the BOLD signal. The magnitude and nature of
any artefacts are likely to depend on the exact experimental setup and therefore will
vary from centre to centre. This variability is reflected by the published studies: one
study demonstrated evidence of BOLD signal within the brains of two cadavers dur-
ing a concurrent tDCS and fMRI protocol (Antal et al. 2014), strongly suggesting
that tDCS is capable of inducing significant BOLD signal, although it is worth not-
ing that in most situations the timecourse of this “activation” is likely to be distinct
from the task performed and will most likely follow the stimulation period. Another
study demonstrated visual evidence of change in EPI field maps, but this was lim-
ited to the scalp and cortical tissue near to the electrode site (Holland et al. 2011).
Other sites also observe artefacts directly under the electrodes, but these are limited
to the scalp and soft tissues (unpublished data, CJS). However, to date, very few
studies have provided explicit data on change in the magnetic field in relation to
concurrent tDCS/fMRI, in terms, for example, of visible artefacts, change in signal
to noise or non-physiological signal change. The contrasting evidence from the lit-
erature demonstrates the need for careful consideration of concurrent data and
acquisition of appropriate field map data to allay concerns over false positive func-
tional results from perturbation of the magnetic field.
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JMRI Studies of tDCS

The relative ease with which resting-state fMRI experiments can be performed and
the absence of the confound of task performance has meant a relatively large number
of studies utilizing the combination of tDCS and rs-fMRI have been published. A
number of studies have demonstrated that tDCS is capable of modulating the resting
functional connectivity between a number of brain regions, although to date no clear
consensus across the literature has emerged as to the specific pattern of stimulation-
induced changes (Amadi et al. 2014; Bachtiar et al. 2015; Polania et al. 2011a, b,
2012; Sehm et al. 2012, 2013). This lack of agreement between studies as to the
effects of tDCS probably reflects the likely sensitivities of different analysis
approaches as well as differences in MR acquisition and stimulation parameters, but
makes interpretation of the literature as it stands somewhat difficult.

Task-Based Studies in Healthy Controls

Behaviourally, tDCS applied with anode over M1 concurrently with a motor task
has been shown to improve performance in a variety of domains, including motor
speed and dexterity (Nitsche et al. 2003; Stagg et al. 201 1b), and motor learning and
adaptation (Boggio et al. 2006; Nitsche et al. 2003; Reis et al. 2009). In prior stud-
ies, tDCS under the cathode electrode has been shown to either impair (Stagg et al.
2011b) or to have no effect on learning (Nitsche et al. 2003; Reis et al. 2009) or
simple reaction times (Nitsche et al. 2003). A number of studies have employed
task-based fMRI to understand not only the activity changes underlying these
behavioural effects within the stimulated cortex, but also in more anatomically dis-
tant regions.

Baudewig and colleagues initially confirmed the feasibility of combining func-
tional MRI and tDCS (Baudewig et al. 2001a). In this study, the BOLD signal was
recorded in a group of six subjects before and after 5 min of tDCS. The authors
reported small stimulation-induced changes in activation in the supplementary
motor area (SMA), an effect still noticeable 15 min after the end of stimulation.

Since this work, a number of imaging studies in healthy controls have investi-
gated the effects of tDCS on motor-related activity (Antal et al. 2011; Kwon et al.
2008; Lindenberg et al. 2013; Meinzer et al. 2014; Stagg et al. 2009b). Of these, one
investigated the effects of a conventional electrode montage (left M1 and the right
supraorbital ridge) and a stimulation period of 10 min, on the performance of a
simple explicit sequence learning task (Stagg et al. 2009b). The expected increase
in activation after stimulation with the anode over M1 compared to sham was
observed in the stimulated M1, ipsilateral dorsal premotor cortex (dPMC) and
SMA. After stimulation with cathode over M1, an increase in BOLD signal was
observed under the stimulating electrode (left M1), as well as in the contralateral
(right) M1, dPMC and SMA.
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ASL Studies

The first study to combine tDCS with ASL was performed by Zheng and colleagues,
which showed an increase in perfusion after short periods of both anode over M1
and cathode over M1 (Zheng et al. 2011). A subsequent ASL study during concur-
rent tDCS to the left dorsolateral prefrontal cortex (DLPFC) demonstrated an
increase in perfusion during and after stimulation with the anode over left DLPFC
and a decrease in perfusion during and after stimulation with the cathode over left
DLPFC (Stagg et al. 2013), a finding in line with animal models (Wachter et al.
2011). This study also went on to analyse the tDCS-induced changes in perfusion
across the whole brain and demonstrated significantly increased perfusion during
the anode over DLPFC condition in those areas anatomically connected to the
DLPFC (Stagg et al. 2013).

Combining tDCS with MRS

The majority of studies investigating the effects of tDCS on 1H MRS-measured
neurochemistry have focused on applying anode or cathode electrodes over M1.
Stimulation with anode over M1 leads to a decrease in MRS measured GABA levels
in the stimulated area of cortex (Bachtiar et al. 2015; Kim et al. 2014; Stagg et al.
2009a, 2011a). Studies in parietal cortex have demonstrated a concurrent increase
in glutamate/glutamine (Clark et al. 2011; Hunter et al. 2015), though this has not
been demonstrated in M1 (Stagg et al. 2009¢, 2011a). This lack of consistency
between studies raises an interesting question about whether the location of brain
stimulation alters its effects on neurochemistry, or whether this is a facet of the dif-
ferent MRS approaches used, but it is not possible to draw global conclusions as
neither of these parietal cortex studies examined GABA changes.

Integration with NIRS Imaging

Beyond effects on neuronal excitability, after-effects of tDCS on regional cerebral
blood flow (rCBF) have been demonstrated (Zheng et al. 2011). Changes in rCBF
can be related to the local neuronal activation, which is termed neurovascular cou-
pling (NVC) (Girouard and Iadecola 2006). NVC is defined by neural activity
closely related, spatially and temporally, to rCBF. Although the proposition of a
correlation between neuronal activity and the increment of vascular supply due to
the brain’s energy demand increase is a long-standing concept (Roy and Sherrington
1890): ““...the brain possesses an intrinsic mechanism by which its vascular supply
can be varied locally in correspondence with local variations of functional activity,”
the exact cellular mechanism of NVC is still elusive (Girouard and Iadecola 2006).
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The importance of NVC to the health of the normal brain has been highlighted in a
review by Girouard and Iadecola (2006) that suggested it as a therapeutic target in
pathologies associated with cerebrovascular dysfunction. Pulgar (2015) has pro-
posed tDCS for improvement of cerebrovascular dysfunction, based on findings
showing that it modulates cerebral vasomotor reactivity (VMR), and heart rate vari-
ability (Vernieri et al. 2010). Also, tDCS can influence downstream metabolic sys-
tems regulated by the brain (Binkofski et al. 2011). However, the effects depend on
the tDCS electrode montage, e.g., List et al. (2015) showed with a double-blind
crossover within-subject design that 20 min of stimulation did not affect cerebral
autoregulation assessed by low-frequency oscillations (LFO) of cerebral blood flow
where VMR was measured by transcranial Doppler sonography. Therefore, they
hypothesized that the extracephalic return electrode in the study by Vernieri et al.
(2010) may have stimulated the brainstem autonomic centers which can be con-
firmed with the calculations of electric field (and current density) induced by the
tDCS montage (Noetscher et al. 2014).

The neurovascular unit (NVU) consists of the endothelium, glia, neurons, peri-
cytes, and the basal lamina where computational models can capture NVU dynam-
ics (Dutta 2015; Huneau et al. 2015). Simple low-dimensional models can describe
NVU as a lumped system to relate neural activity with an “energy” variable (analo-
gous to ATP) as output (Chhabria and Chakravarthy, 2016). ATP is required for
neuronal metabolic processes like synapto-vescicular recycling and maintenance of
the gradient potential (Attwell et al. 2010; Hamel 2006). Specifically, tDCS-evoked
increases of neuronal activity might result in aerobic glycolysis (Vaishnavi et al.
2010) and associated lactate surge (Mintun et al. 2004) which can modulate spatio-
temporal activity of primary cortical neurons through a receptor-mediated pathway
(Bozzo et al. 2013). Besides the role of lactate in energy metabolism, a signaling
molecule inducing calcium influx and the expression of long-term plasticity-related
genes in neurons has recently been identified (Yang et al. 2014). Also, glial involve-
ment in tDCS-induced plasticity in mouse brain has been shown using calcium
imaging (Monai et al. 2016) where a minimum current of ~50 pA (current density,
~2.5mA/cm?) at the anode was required to induce cortex-wide calcium surge. However,
at lower current intensity of ~14 pA (current density, ~0.7 mA/cm?), the calcium
surge was local at the anode. Such local effects can be due to subthreshold shift of
neuronal resting membrane potentials by tDCS that may alter the spontaneous
activity with no effects on synaptic plasticity (Stagg and Nitsche 2011). Alterations
in spontaneous activity can affect rCBF via various metabolites like K+, adenos-
ine, NO, or CO2 (Dutta 2015). Four kinds of potassium channels, namely ATP-
sensitive potassium channels, calcium-activated potassium channels, delayed
rectifier potassium channels, and inward rectifier potassium channels play the major
role in maintenance of vascular tone of cerebral blood vessels. Via activation of
these channels, efflux of K+ causes closure of voltage-dependent calcium channels
leading to vascular relaxation (Bonnet et al. 1991; Brayden 1996; Edwards and
Weston 1993; Kitazono et al. 1995; Nelson et al. 1990). Also, neuronal nitric oxide
synthase (NOS) plays a significant role in maintenance of cerebral blood flow
(Attwell et al. 2010). The aftereffects of stimulation following sufficient duration of
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stimulation depend on the modulation of both GABAergic and glutamatergic syn-
apses and are calcium-dependent (Giordano et al. 2017; Stagg and Nitsche, 2011)
where activation of neuronal NMDA receptors via glutamate causes an influx of
calcium that activates NOS and can further increase blood flow (Attwell et al. 2010).
At higher current density, glial involvement in tDCS-induced plasticity is possible
(Monai et al. 2016) that can be powerful regulators of neuronal spiking, synaptic
plasticity and brain blood flow (Bazargani and Attwell, 2016), and are involved in
the generation of calcium waves between neighbored neurons via metabotropic glu-
tamate receptors (Leybaert et al. 1998) leading to cortex-wide calcium surge (Monai
et al. 2016). Within NVU, glial-cells astrocytes regulate increased local blood-flow
during neuronal activation (high energy demand) by secretion of vasoactive sub-
stances like NO, and Prostaglandin E2 that are involved in synaptic plasticity
(Leybaert et al. 1998; Oomagari et al. 1991). Anatomical connections between the
vascular system and astrocytes at the functional level are well known (Mathiisen et
al. 2010). Astrocytes express a surface protein required to detect neuronal activation
and facilitate the gated efflux of K+ that causes vasodilation (Paulson and Newman
1987). Astrocytic network has extensive connectivity via gap junctions and direct
tDCS effects on the astrocytic network (Dutta 2015) will cause widespread changes
in the cerebral blood flow, as shown by a recent study (Takai et al. 2016). Moreover,
direct effects on the astrocytic network can facilitate neural efficiency by its priming
effects on the NVU (Dutta et al. 2015). Stimulation of astrocytes raises calcium in
the end-feet that can have a vasoactive effect on parenchymal arterioles. Dilation or
constriction depends on the level of calcium (Mulligan and MacVicar 2004). Here,
a transition between vasoconstriction and vasodilatation was observed in single ves-
sels by varying the stimulation intensity (Tsytsarev et al. 2011). Indeed, differences
of calcium dynamics are proposed to result in different effects of specific tDCS
protocols (Stagg and Nitsche 2011) where astrocytic Ca2+/1P3 signaling has been
implicated in the metaplasticity changes of the cortex with tDCS (Monai et al.
2016). Our current understanding of glial involvement in tDCS (Monai et al. 2016)
and its relation to neuronal function (Bazargani and Attwell 2016) lends to the pos-
sibility of bidirectional interactions between neuronal and hemodynamic responses
to tDCS (Dutta 2015). This can lead to multi-timescale cross-talk and resulting
complex non-linear spatiotemporal dynamics (Jolivet et al. 2015) that may not
remain limited to the area immediately under the stimulation electrode (Takai et al.
2016).

The primary purpose of NVU is to maintain homeostasis of the brain’s micro-
environment (Abbott et al. 2006) where the hemodynamic component of the tDCS
response can be captured by functional magnetic resonance imaging (fMRI) as
well as functional near-infrared spectroscopy (fNIRS) neuroimaging. MRI can
have a high resolution (up to isotropic resolution of 140 pm (Stucht et al. 2015)
with full coverage of human brain but with relatively slow sampling rate (e.g.,
ASL scan taking approximately 3.5 min (Zheng et al. 2011), and MRI suffers
from potentially confounding interference from current flow during tDCS (Antal
et al. 2014). Therefore, fNIRS is better suited being an optical functional neuro-
imaging using NIRS technique (Obrig 2014). NIRS can noninvasively and con-
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tinuously measure cerebral hemoglobin oxygenation, which is widely used for
monitoring of cerebral vascular status under various clinical conditions. The pho-
tons in the near-infrared (NIR) spectral range (650-950 nm) are able to penetrate
human tissue. NIR wavelengths can be selected such that the change in concentra-
tion of oxy-hemoglobin (O2Hb) and deoxy-hemoglobin (HHb) in the brain tissue
can be detected. NIR light spectrum between 700 and 900 nm is mostly transpar-
ent to skin, tissue, and bone, while O2Hb and HHb are stronger absorbers of this
spectrum. Differences in the absorption spectra of O2Hb and HHb enable us to
measure relative changes in hemoglobin concentration through the use of light
attenuation at multiple wavelengths (Scholkmann et al. 2014). Two or more wave-
lengths can be selected, with one wavelength above and one below the isobestic
point of 810 nm at which HHb and O2Hb have identical absorption coefficients.
Using the modified Beer-Lambert Law (mBLL), relative concentration can be cal-
culated as a function of total photon path length. Typically, the light emitter and
detector are placed ipsilaterally on the subjects skull so recorded measurements
are due to back-scattered (reflected) light following elliptical pathways. NIRS
instrumentation works on different measuring principles, e.g., continuous wave
(CW) (Scholkmann et al. 2014), frequency domain (FD) (Fantini 2014), and time
domain (TD) (Torricelli et al. 2014). Absolute concentration measurements may
be possible with more expensive TD and FD techniques (Scholkmann et al. 2014),
but quantification is not a crucial factor when one needs to detect a relative change
in O2Hb and HHb in cerebral hemodynamic response to tDCS rather than to
quantify the hemodynamic response in absolute terms. CW fNIRS signal is
strongly contaminated with systemic interference of superficial origin where
more expensive TD fNIRS can discriminate between intra- and extra-cerebral sig-
nals (Torricelli et al. 2014). Nevertheless, CW fNIRS offers a relatively inexpen-
sive, non-invasive, safe, and portable method of monitoring microvascular
hemodynamics in parallel to tDCS in a neurorehabilitation setting. However, CW
fNIRS imaging during tDCS requires identification of systemic interference to
avoid measuring fNIRS hemodynamic responses that are not due to neurovascular
coupling (Tachtsidis and Scholkmann 2016), e.g., by the means of a regression
analysis (Kirilina et al. 2012) using short-separation NIRS measurements (Sood
et al. 2015) to explicitly sample the extra-cerebral tissue response.

NIRS Probe Development for Imaging of tDCS Responses

The 4 x 1 HD-tDCS montage allows precise targeting of cortical structures (Villamar
et al. 2013). Anode centered HD-tDCS increases cortical excitability and is postu-
lated to induce local neuronal and hemodynamic response during focal stimulation
(Sood et al. 2016) that can be captured with NIRS-EEG joint imaging, as shown in
Fig. 11.1a, b. Freely available SimNIBS software pipeline (Windhoff et al. 2013)
was used to develop a subject-specific head model based on MRI data. SimNIBS
incorporates FreeSurfer tools (Fischl 2012) to segment the brain and FSL (Jenkinson
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et al. 2012) BET/BETsurf tools to segment the rest of the head. Developers of the
SimNIBS software pipeline recommend MPRAGE acquisitions with selective water
excitation for fat suppression for FreeSurfer tools to work well (http://simnibs.de/
version2/mri_sequences). For FSL BET/BETsurf tools, they recommend high band-
widths both for the T1- and T2-weighted images and thin slices with gaps in-between
for the T2-weighted images. Therefore, ideally four sets of images should be
acquired, two with fat suppression and two without fat suppression, but with high
bandwidth and thin slices. The SimNIBS software pipeline (Windhoff et al. 2013)
can use the fat-suppressed T1 as input for FreeSurfer, the fat-suppressed T1- and
T2-weighted images to reconstruct the inner skull boundary, and the normal T1- and
T2-weighted images to reconstruct the outer skull boundary and the skin surface
with FSL (Jenkinson et al. 2012) BET/BETsurft tools. This software pipeline was
applied on the Colin27 average brain, which is based on 27 times on an individual,
and linear registration of the images to create an average with high SNR and struc-
ture definition (Holmes et al. 2015). The tetrahedral head meshes from the Colin27
average brain MRI data were generated using the ‘mri2mesh’ tool in the SIimNIBS
software pipeline (Windhoff et al. 2013). The tDCS electrode positions in the
SimNIBS software pipeline was defined using MNI coordinates of 10-20 scalp posi-
tions given by Okamoto et al. (2004) for the finite element analysis (FEA) using
GetDP - a freely available finite element solver (http://getdp.info/). The FEA model
used electrostatic volume conductor physics with default (in SimNIBS) material
conductivities (in S/m): white matter = 0.126; gray matter = 0.275; CSF = 1.654;
bone = 0.01; scalp = 0.465; spongy bone = 0.025; compact bone = 0.008; eye
balls = 0.5; eye region = 0.25. The electric field magnitude can be used (Datta et al.
2011) to determine tDCS-affected brain areas as shown in Fig. 11.1c.

The open-source software package AtlasViewer (Aasted et al. 2015) was used to
design NIRS probes to cover tDCS-affected (based on electric field magnitude
(Datta et al. 2011)) brain areas using NIR sources and detectors. AtlasViewer pro-
vides tools for spatial registration, probe sensitivity computation, and reconstruction
of images. The NIRS forward model (and probe sensitivity) can be computed by the
Monte-Carlo photon transport software, ‘tMCimg’, available in the AtlasViewer
package that computes the probabilistic path of photons from the optode source
located at the scalp through the head model tissues to the re-emission at the scalp
located optode detectors. Colin27 head model (Holmes et al. 2015) with the
International 10-20 system as the reference points for the NIRS probe design.
AtlasViewer also provides ‘iso2mesh’ — an image-based 3D surface and volumetric
mesh generator comparable to ‘mri2mesh’ tool in the SimNIBS software pipeline
(Windhoff et al. 2013) — to generate individual MRI-based head models. The
AtlasViewer package allows a probe to be designed, amended, and assessed prior to
probe fabrication (Aasted et al. 2015). Increasing the source-detector (SD) separa-
tion past 2 cm monotonically increases sensitivity to brain tissue; diminishing
returns appear to begin at around 4-5 cm (Strangman et al. 2013). The probe sensi-
tivity can be found using the Monte-Carlo (MC) photon transport software ‘tMCimg’
(Boas et al. 2002) available in the AtlasViewer package. Initial rapid assessment of
the probe placement and sensitivity was performed with 1e6 photons and more accu-
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Fig. 11.1 (a) An illustrative NIRS-EEG/HD-tDCS montage with NIRS channels, 1-16, according
to the standard EEG 10-10 at the ipsilateral and contralateral sensorimotor areas (b) The experi-
mental set-up of the HD-tDCS electrodes and local NIRS-EEG channels, 3-6, (c¢) Electric field
magnitude due to HD-tDCS in the gray matter surface, (d) Sensitivity distribution of NIRS probe
at gray matter surface. (Pictures adapted from Sood et al. (2016) with permission)
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Fig. 11.1 (continued)

rate results were obtained with 1e8 photons to evaluate the final probe design. This
time-consuming MC simulation generates the forward matrix that represents the
spatial sensitivity profile of each measurement channel to cortical absorption
changes. A graphical processor unit can substantially speed up the simulation by
more than 100x using mesh-based MC simulation (Fang 2010). The NIRS forward
model was identified for the head volume where AtlasViewer projects the volumet-
ric sensitivity in the gray matter onto the surface of the pial matter and implements
the AAL atlas (Tzourio-Mazoyer et al. 2002) for localizing the brain region of inter-
est. In fact, NIRS signals in adult humans are strongly biased towards the outermost
1-1.5 cm of the intracranial space (Strangman et al. 2013). Registration of this head
model to a subject can be achieved using affine transformation in the AtlasViewer
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with fiducials 3D digitized at Nz, Iz, Cz, right and left preauricular points. It is also
essential to incorporate optical properties representing heterogeneously lesioned
individual brains to build realistic individual head models, especially, for the recon-
struction of images of the measured brain activation patterns in stroke survivors.

Preliminary Results

The set-up of the HD-tDCS electrodes and NIRS optodes was formed on the surface
of the skull according to the standard used EEG 10-20 (Jasper 1958) at the ipsilat-
eral and contralateral primary sensorimotor cortex (SMC), as shown in Fig. 11.1a,
b. The HD-tDCS (Starstim®, Neuroelectrics NE, Barcelona) cathodes were placed
on FC1, FCS5, CP5 and CP1 with the anode in the center, C3, in a4 x 1 ring configu-
ration (Fig. 11.1a). The corresponding electric field magnitude at the gray matter
surface is shown in Fig. 11.1c. Measurements of hemodynamic changes were made
from 16-channel CW NIRS system (Oxymon MKIII, Artinis, Netherlands) at a sam-
pling frequency of 10 Hz. Pathlength Differential Factor was calculated based on
the age of the subject in order to know the variations in concentration of O2Hb and
HHb (Delpy et al. 1989). The receiver-transmitter distance of 3 cm was chosen
based on computational modeling; the respective measurement sensitivity distribu-
tion of the NIRS probe at the gray matter surface is shown in Fig. 11.1d. The receiv-
ers (Rx) were placed on FC3 and CP3 for the left hemisphere and FC4 and CP4 for
the right hemisphere (Fig. 11.1a). Transmitters (Tx) were placed diagonally, i.e., at
P1, P5, Cl1, C5, F5 and F1 for the left hemisphere and at P6, P2, C6, C2, F2 and F6
for the right hemisphere. These Rx and Tx fibres were held in place with a plastic
ring on a 1 mm thick silicone-based band and the bands were held together with
Velcro® tape (see Fig. 11.1b). The experiment was divided into three sessions:
10 min before (pre), at 10 min during (“online”), and 3 min after (“offline”) anode
centered HD-tDCS of the SMC (2 mA: 20 min), the subject performed a self initi-
ated simple finger sequence (SFS) task with their right and left hand in an alternat-
ing block design (30-s task and 30-s rest, repeated 5 times). The fNIRS results
showed that anodal HD-tDCS induced a significant reduction in bilateral SMC acti-
vation (i.e., smaller decrease in HHb) for a similar SFS frequency (i.e., motor out-
put) (Muthalib et al. 2016) that is shown for NIRS channels 4 and 12 (left and right
SMC respectively) in Fig. 11.2a. Muthalib and colleagues (2016) postulated that
anodal HD-tDCS induced a “greater efficiency” of neuronal transmission in the
bilateral SMC to perform the same SFS task where “greater efficiency” can be
related to anodal HD-tDCS “priming” the NVU with evoked hemodynamic response
(Guhathakurta and Dutta 2016). Indeed, the resting state fNIRS data showed focal
hemodynamic responses as a correlate of the electrical field distribution (see
Fig. 11.1c) in the stimulated hemisphere during HD-tDCS (Muthalib et al. 2016).
Figure 11.2b shows that online HD-tDCS at rest induced a gradual increase in the
concentration of O2Hb (red line) at the left hemisphere peaking after 5 min at the
fNIRS channels located adjacent to the 4 x 1 HD-tDCS electrode montage (e.g.,
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Fig. 11.2 Illustrative fNIRS result in healthy humans. (Adapted from Muthalib et al. (2016),
(Muthalib et al. 2017)). (a) NIRS changes of left SMC (left panel: channel 4) and right SMC (right
panel: channel 12) during the right hand simple finger sequence (SFS) task before “Pre”, during
“Online” and after “Offline” anode centered HD-tDCS. (b) Online HD-tDCS at rest induced a
gradual increase in the concentration O2Hb (red line peaking after 5 min, x-axis shows the number
of the datapoint sampled at 10 Hz) in the left hemisphere fNIRS channels (3, 4, 5, 6) located adja-
cent to the 4 x 1 HD-tDCS electrode montage. The concentration of HHB (blue line) did not show
a significant change during HD-tDCS
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Fig. 11.2 (continued)

channels 3, 4, 5, 6). Also, online HD-tDCS at rest induced a decrease in the concen-
tration of O2HD (red line) at the right (contralateral) hemisphere (e.g., channels
9-15) peaking after 2 min which may be related to inter-hemispheric inhibition.
However, the concentration of HHB (blue line) did not show a significant change
during HD-tDCS where tDCS can have direct effects on glial cells (Monai et al.
2016) and smooth muscles of blood vessels (Pulgar 2015) without affecting oxygen
utilization leading to alterations in rtCBF (and O2HB). Therefore, an analysis of the
resting-state NVC was conducted based on local NIRS-EEG channels adjacent to
the 4 x 1 HD-tDCS electrode montage (i.e., channels 3, 4, 5, 6). An autoregressive
(ARX) model was developed to track the transient coupling relation between log
(base-10) transformed EEG band-power (0.5-11.25 Hz) and NIRS O2Hb signal in
the low frequency (<0.1 Hz) range (Sood et al. 2016), as shown in Fig. 11.3. This
transient coupling fluctuated between in-phase and out-of-phase during anodal
HD-tDCS which may be due to the dynamics within NVU. A stroke case-series
demonstrated an impaired NVC functionality during anodal tDCS in chronic
(>6 months) ischemic stroke survivors (Dutta et al. 2015) that revealed the lesioned
hemisphere with impaired circulation (Jindal et al. 2015). Therefore, we postulate



11 Transcranial Direct Current Stimulation Integration with Magnetic Resonance 313

-2 Out-of-phase In-phase
2 Corr. Coeff=-0.57 Corr. Coeff=0.3
S 4
ol
8
g -6 — fNIRS O2Hb (measured output)

-8 fNIRS O2Hb (modeled output)

-10 —EEG band power (input)
0 100 200 300 400 500 600

Time (sec)

Fig. 11.3 Transient coupling in the low frequency (<0.1 Hz) range between the electrophysiologi-
cal (EEG band power within 0.5-11.25 Hz) and the hemodynamic (fNIRS O2Hb) signals repre-
senting resting-state spontaneous brain activation during anodal HD-tDCS in healthy humans.
(Picture adapted from Sood et al. (2016) with permission)

that portable NIRS-EEG joint imaging of tDCS responses incorporated into brain
computer interfaces may be used to identify, assess, and customize dosing of tDCS
in cerebrovascular diseases (Dutta 2015).

Integration with EEG

Recent technological advances in the field of EEG and tDCS have allowed for
increasingly seamless integration of tDCS and EEG. Combining non-invasive brain
stimulation with imaging, especially concurrent online integration, provides objec-
tive outcome measures and allows for optimization of the interventions (Baudewig
et al. 2001a; Hunter et al. 2013; Komssi et al. 2002). These optimizations can be
done using the concept of reciprocity, which suggests that EEG electrical recordings
can be inverted to guide electrical stimulation (tDCS) to specific targets within the
brain (Cancelli et al. 2016; Ferndndez-Corazza et al. 2016; Wagner et al. 2016).
Similar to other integrated modalities though, the integration of EEG and tDCS
does come with some limitations. These can include the type of integration, hard-
ware limitations, as well as several types of artifacts that can occur with
integration.

Both EEG and tDCS (Minhas et al. 2010) use conductive interfaces between elec-
trodes and scalp across the head, are portable and low-cost (Charvet et al. 2015), and
have broad applications spanning the cognitive and neuropsychiatric domains
(Al-Kaysi et al. 2016; Brunoni et al. 2012; Buch et al. 2017). In the case of EEG,
electrolyte gel is used between the scalp and recording electrodes, whereas with
tDCS saline soaked sponges or electrolyte gel can be used, specifically in
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HD-tDCS. The use of HD-tDCS when combined with EEG is advantageous compared
to traditional tDCS, due to its increased focality, small area required to apply stimula-
tion as well as its gel interface with the scalp, which is similar that of EEG. Analogous
to EEG, with HD-tDCS small stimulation electrodes holders are used to hold exter-
nally applied stimulating electrodes, alternatively these cups can incorporate both
stimulation and recording electrode options. With the integration of EEG with tDCS
protocols, high resolution real time scalp voltage monitoring can be achieved as well
as voltage dynamics and frequency shifts prior to, during, and after tDCS. These
features, combined with the perception that tDCS produces only DC artifacts in the
EEG that are readily filtered, have encouraged human trials of concurrent (online)
EEG recording during tDCS (Cunillera et al. 2015; Faehling and Plewnia 2016; Faria
et al. 2012; Mancini et al. 2015; Mangia et al. 2014; Roy et al. 2014).

Previous studies that have reported on concurrent tDCS and EEG have used sig-
nal processing of varying complexity to remove what are presumed “non-physiologic
stimulation artifacts” — namely artifacts that arise from non-ideal stimulation and
recording amplifier performance (Cunillera et al. 2015; Faehling and Plewnia 2016;
Faria et al. 2012; Mancini et al. 2015; Mangia et al. 2014; Roy et al. 2014). Studies
reporting effects of tDCS on EEG have made varied assumptions about the nature
of the stimulation artifact such as: the artifact is narrowband in the frequency domain
(DC at 0 Hz), allowing for simple high-pass filtering; or the artifact is time invariant,
supporting stationary artifact removal techniques (e.g. ICA); the artifact is montage
independent, supporting the use of control tDCS montages (i.e. montage/polarity/
current specific); and/or the artifacts do not outlast stimulation, supporting pre/post
(offline) comparisons without need for corrections. In light of new and emerging
evidence though, these assumptions warrant further testing (Noury et al. 2016).

EEG Integration Approaches: Practical Aspects

With the integration of EEG and tDCS technologies several approaches can be
taken. These approaches can be structured upon practical limitations with experi-
mental design, hardware limitations, or regions of interest on the scalp.
Experimental design is a key component that should be considered when designing
EEG —tDCS protocols. This can influence the type of hardware used as well as
quality of data acquired. For example, if comparisons of offline (no stimulation)
and online (stimulation) EEG are to be compared, understanding what type of
baseline measures to compare to and when to acquire proper baseline measures
would be important. Improper experimental designs including inadequate tDCS
washout periods, missing study arms, etc. can introduce detrimental confounds
that can detract from meaningful study outcomes and should be avoided. Specific
regions of interest on the scalp (i.e. standard sites C3 commonly associated with
motor cortex stimulation) may influence the selected EEG electrode density and
placement, relative to stimulation sites. It can also dictate the number of head caps
used (i.e. one solely for acquiring EEG and one solely for applying stimulation).
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Hardware limitations, including the lack of bandwidth or encoding bit depth to
record large voltages produced by stimulation, can greatly influence the types of
EEG amplifiers used. Amplifiers that cannot accommodate large voltages pro-
duced during stimulation can produce nonlinear artifacts when voltages approach
the limit of the amplifier’s dynamic range. When voltages go beyond the dynamic
range of the amplifier non-recoverable saturation occurs, leaving unusable EEG
data.

Offline EEG-tDCS

In cases where EEG data during stimulation is not required (or “offline” stimula-
tion) the hardware options are to utilize (1) a single cap with overlapping stimula-
tion and acquisition sites where EEG data acquisition sites are shared with
stimulation sites; (2) a single cap with non-overlapping stimulation and acquisition
sites where EEG data acquisition sites are interleaved with stimulation sites; or (3)
two caps, one for EEG data acquisition with designated EEG electrode positioning
and one for HD-tDCS with designated sites for delivering stimulation. With a single
cap containing overlapping sites, stimulation sites can be digitally selected and
changed from recording to stimulation sites over the course of an experiment. When
utilizing a single cap with non-overlapping, interleaved stimulation sites; the option
of stimulation at specific data acquisition sites is not available; instead stimulation
is delivered to neighboring sites. For example, with an M1SO (motor to contralat-
eral supraorbital) stimulation montage, data can be acquired over the motor cortex
from standard site C3 and stimulation can be delivered at standard site C5 (centime-
ters away from C3) with a contralateral supraorbital return electrode at F8. Utilizing
two different caps, involves acquiring data then swapping caps to one that holds
stimulation sites then applying stimulation (or vice versa). In this case, if data acqui-
sition and stimulation are done in close temporal proximity to each other, technical
issues like gel smearing can arise. This smearing of gel can lead to electrical bridg-
ing with EEG data acquisition or current shunting with stimulation and is typically
not recommended.

Online EEG-tDCS

If EEG data acquisition during stimulation (or “online” stimulation) is of interest and
amplifier bandwidth can accommodate large voltages, then several options, similar
to offline stimulation, are available with the use of a single cap. Single or integrated
caps can have (1) overlapping stimulation and acquisition sites where at each scalp
location electrodes can acquire EEG data or be used to deliver stimulation; or (2) non-
overlapping stimulation and acquisition sites where there are sites dedicated solely
to data acquisition and additional interleaved scalp locations dedicated to stimulation
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(Fig. 11.4a); or (3) selectively removed acquisition sites. When using a cap with over-
lapping sites, locations for stimulation and data acquisition can be digitally selected
and EEG data can be derived from the same points of stimulation during the stimula-
tion. When utilizing online stimulation with non-overlapping sites, acquired data are
in close proximity (centimeters away) to stimulation sites but do not overlap with
them. With selective removal of acquisition sites, selected EEG recording sites are
mechanically removed at some point over the course of an experiment and replaced
with stimulating electrodes. They can either be removed during the course of both
data acquisition and stimulation or just over the course of stimulation.

Stimulation Device Selection

When designing stimulation protocol, the choice of stimulation device is of great
importance. With tDCS, devices that specifically deliver a direct current should be
used. Ideally devices that adhere to circuit architectures that utilize current con-
trolled, current sources should be utilized for DC delivery. In many cases, studies
performing tDCS have resorted to utilizing iontophoresis devices, which in essence
do deliver an averaged desired DC output, but have voltage outputs that are oscilla-
tory. When acquiring online stimulation EEG data with devices such as iontophore-
sis devices, large oscillatory voltage artifacts can be introduced in acquired EEG
data (Fig. 11.5a). These oscillating artifacts can be difficult to attenuate in post
processing and can significantly decimate signal quality. For these reasons stimula-
tion devices should be tested to ensure they deliver a stable DC, prior to incorporat-
ing them into integrated online stimulation and EEG protocols (see also section
“Inherent Stimulator Artifacts”).

Characteristics of the DC Voltage

During HD-tDCS, the application of an external direct current strongly influences
the recorded voltages at all EEG electrodes (Fig. 11.4b—e). Across protocols (appli-
cation routines, montages, currents), the largest deviations in voltage track the
applied current, increasing to a value during the tDCS ramp up, generally maintain-
ing the value (the “DC offset”) during the sustained current phase, and decreasing
along with the tDCS ramp down (Fig. 11.5a). The largest positive and negative
voltage deviations are observed near the anode and cathode, respectively. These
polarity specific offsets indicate that DC offset is montage specific. This indicates
that the EEG voltage profile for an M1SO stimulation montage will be different
from that of a Bifrontal stimulation montage. Applying 2 mA of current during
tDCS produces a DC offset that is up to 1000 fold larger than baseline neural EEG
signals (Fig. 11.5a). This large voltage offset is also consistent across all different
types of stimulation devices that deliver a DC.
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o HD-Bi-Frontal Montage

o HD-M1S0 Montage

—-— .
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Fig. 11.4 (a) EEG cap layout with the locations of the integrated stimulation sites indicated at
sites AF7, AF8, and C5. The HD-Bifrontal stimulation montage is demonstrated (blue pairs) where
electrodes are placed over standard sites AF7 and AF8. The HD-M1SO montage is demonstrated
(green pairs) where electrodes are placed over standard sites AF8 and C5. In both cases polarities
can be interchanged within each montage. MRI derived head model indicating scalp locations of
stimulating electrodes for HD-Bifrontal stimulation (top, blue disks), HD-M1SO stimulation (bot-
tom, green disks), and some EEG recording electrodes (gray disks). (b) Skin voltage distribution
predicted by computational models for 2 mA of HD-Bifrontal stimulation where the anode is
placed at AF8 and the cathode is placed at AF7. Flux lines (black) indicate direction of current flow
across the skin, with maximal voltages near the anode and cathode as well as in frontal EEG elec-
trodes. (¢) Topographic voltage distribution for 2 mA of HD-Bifrontal stimulation from model
predictions. Model scalp voltages were sampled at EEG recording sites for HD-Bifrontal stimula-
tion. (d) Skin voltage distribution predicted by computational models for HD-M1SO stimulation
where the anode is placed at C5 and the cathode is placed at AF8. Flux lines (black) indicate direc-
tion of current flow across the skin, with maximal voltages near the anode and cathode as well as
in frontal and left parietal EEG electrodes. (e) Topographic voltage distribution for HD-M1SO
stimulation from model predictions. Model scalp voltages were sampled at EEG recording sites for
HD-M1SO0 stimulation. With both montages, colorbars indicate voltages for both computational
models’ skin voltage and scalp topographic distributions
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Fig. 11.5 (a) Voltage over time across different stimulation devices. The largest voltage offsets or
DC voltage is seen at electrodes closest to the stimulation sites (anode: AF8, cathode: CS5). The
linear ramp-up and ramp-down periods can also be observed at the beginning and end of the stimu-
lation period. (b) Mean voltage topographies across stimulation devices where the largest voltage
negativity is observed near the cathode (C5) and the largest voltage positivity is observed near the
anode (AF8). During the post stimulation period mean voltage topographies show the presence of
residual scalp voltage across devices. The spatial distribution of the post stimulation voltage topog-
raphies is identical those during stimulation. (¢) Post stimulation, electrodes exhibit a decay in
voltage. Electrodes that are closest to the stimulation sites show the largest residual voltage after
stimulation ends. (d) Spectrograms over time show the broadband distortion produced during the
ramp-up and ramp-down periods. They also show the low-frequency spectral density offset pro-
duced during stimulation as well as post stimulation. Physiologically related frequency bands can
be seen between 8 and 12 Hz across the pre, during, and post stimulation periods. (e) Across
devices, the frequency distribution across electrodes differed. Electrodes near the anode show
larger power offsets than those near the cathode at lower frequencies (0-10 Hz). (f) Compared to
baseline conditions electrodes near the cathode (C5) show pronounced peaks between 1 and 1.2 Hz
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Fig. 11.5 (continued)

The DC offset can sometimes change incrementally (“‘drift””) while stimulation is
sustained (Hahn et al. 2013), this fractional change (up to ~ 3 mV or 2% of the DC
offset over 50 secs with 2 mA of current) is still larger than EEG signals in general.
Residual DC offset post stimulation can also be evident for up to approximately
1 min after the end of the ramp down (Fig. 11.2c). These residual voltages are sig-
nificantly less than the peak DC offset during stimulation (~1.5 mV) but are on the
order of magnitude of drift in the DC offset during stimulation. The spatial distribu-
tion of the scalp topography of the residual DC offset (scalp voltage after stimula-
tion) is comparable to that of the DC offset during stimulation (scalp voltage during
stimulation), where it has the largest positive and negative values near the anode and
cathode electrodes, respectively (See Fig. 11.5b Post Stim).

Characteristics of the Spectral Profile

By utilizing spectrograms, the broadband harmonic distortions created during the
ramp-up/ramp-down periods of the stimulators as a result of the stepwise escala-
tion/de-escalation of current and resultant stepwise voltage offset can be easily
illustrated (Fig. 11.5d). The distortions created during the ramp-up/ramp-down
periods introduce broadband noise that contaminate these period of online stimula-
tion EEG data and can be difficult to attenuate during post processing. After ramp-
up though, this broadband step-wise contamination is eliminated during the delivery
of the DC. During stimulation, significant power at low frequency (~0 Hz) reflect
the DC offset. Overall low frequency activity (<10 Hz), also has increased power
compared to no stimulation conditions. The reduced but significant DC offset post
stimulation is also apparent and should be noted (See period after ramp-down in
Fig. 11.5d).
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With online stimulation, EEG features like inherent alpha activity (8—12 Hz) can
be resolved with proper frequency windowing. In some cases, spectrograms can
reveal increased low frequency activity (1-1.2 Hz) during but not pre or post stimu-
lation, with higher power near stimulation electrodes (see also Fig. 11.5e). For
example, clear 1-1.2 Hz peaks are observed at electrode C3, nearest the cathode
(C5), whereas at electrodes FP2 and F8 such prominent peaks are not evident (pos-
sibly due to blink interference at frontal channels; Fig. 11.5f).

Linearity of DC Voltage

With Bifrontal stimulation (anode:AF7, cathode: AF8), EEG electrodes closest to
the anode exhibit a positive voltage offset and those near the cathode exhibit a nega-
tive voltage offset; whereas the opposite polarities can be seen at the aforemen-
tioned electrodes when the stimulation polarities are switched (anode:AF8,
cathode:AF7; Fig. 11.6a). In this case electrodes F7 and F8 exhibited the highest
voltage changes, whereas those further away from the stimulating electrodes exhib-
ited a smaller change in voltage during stimulation (Fig. 11.6b).

When the current intensity is increased (from 0.5 to 2.0 mA), scalp topographies
show increases in the area of the high voltage offsets (both negative and positive
depending on the montage used; Fig. 11.6b). When applying a series of different
current intensities (i.e. 0.5, 1.0 1.5, 2.0 mA) over the course of one EEG recording,
the mean voltage offset for repeated current intensities are linearly correlated across
the majority of EEG electrodes (Fig. 11.6¢). This is true for different current polari-
ties as well (i.e. switching the anode and cathode). In other words, the voltage offset
changes linearly between applied current intensities. Although electrodes further
away from the stimulation sites do not exhibit large voltage offsets, they do show a
linear relationship across applied stimulation intensities. Taking the topographic
difference between stimulation intensities results in a slope computation across the
scalp and shows that the change in voltage between current intensities has identical
spatial patterning across the scalp (Fig. 11.6d). This demonstrates that although
there is a large voltage change between stimulation intensities the slope or increase
in voltage (mV/mA) remains similar between stimulation intensities.

Inherent Physiologic Artifacts

Inherent physiological artifacts can be characterized as artifacts that are indepen-
dent of stimulators as well as EEG devices and that result from physiologic integra-
tion with the overall DC artifact produced by stimulation (see Fig. 11.5a). These
physiologic artifacts that occur during stimulation can range over a broad spectrum
of physiologic processes, however here we highlight four types of physiological
distortions that are seen during concurrent EEG and tDCS. These include cardiac
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Fig. 11.6 (a) EEG voltage over time with online stimulation and EEG. The DC voltage offset can
be seen when randomized current intensities between 0.5-2.0 mA are applied and removed over
time. The largest DC voltage offset is seen at electrodes closest to the anode and cathode. (b) For
Bifrontal stimulation frontal EEG electrodes have the largest increase (negatively and positively)
with increasing current intensity. Areas under the anode have large positive offsets whereas those
under the cathode have larger negative offsets. (¢) The mean voltage offset across applied current
intensities for both stimulation polarities are linearly correlated across the majority of EEG elec-
trodes. (d) The change in voltage between current intensities (mV/mA) have identical spatial pat-
terning across the scalp for different current intensities. This spatial patterning is consistent across
current intensities applied for both stimulation polarities
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Fig. 11.6 (continued)

artifacts, oculomotor artifacts, myogenic artifacts, and DC drift artifacts. We also
talk about the use of computational head models, which can be used to model and
understand the dynamics and sources of these artifacts.

We define “physiologic stimulation artifacts” as real changes in the voltage on
scalp that reflect physical interaction of applied current with the body — by defini-
tion these artifacts are then inherent (or unavoidable) to any stimulation or record-
ing hardware. Of particular concern is if such physiologic artifacts, by failing to
meet the assumptions above, may not be removed or properly attenuated by con-
ventional signal processing techniques, leading to spurious conclusions.
Identifying the mechanisms and features of physiologic artifacts allows for iden-
tifying and applying suitable signal processing and having greater confidence in
outcomes.
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Physiological Artifact: Cardiac Artifact

The cardiac artifact, sometimes referred to as a ballistocardiographic artifact or bal-
listocardiogram (Rubin and Daube 2016; Schmitt 2017), can be observed consis-
tently during stimulation and is highly disruptive to acquired data. The artifact,
which can sometimes resemble and be mistaken for stimulator shifts in voltage
(Roy et al. 2014), is stimulation device independent (Fig. 11.7a, b), montage spe-
cific (see Fig. 11.7b, f), narrowband (Fig. 11.7¢), and stimulation intensity specific
(Fig. 11.7¢).

When paired with concurrent electrocardiogram (ECG) the oscillatory cardiac
artifact shows consistent peaks following the QRS complex but preceding the T-wave
of the ECG (Fig. 11.7a). These cardiac related peaks can be observed across differ-
ent types of DC stimulators, excluding iontophoresis devices which can introduce
device related artifacts obscuring the cardiac artifact. The artifacts’ peaks are also
polarity dependent and montage specific indicating that it is strongest near stimula-
tion electrodes (Fig. 11.7b). In the frequency domain, the cardiac artifact’s activity
is seen as a low frequency, heartbeat-locked peak at approximately 1 Hz (depending
on subjects’ heart rate; Fig. 11.7¢). This activity is seen during but not before or after
stimulation. Analogous to the DC offsets, this activity is present in electrodes closest
to the stimulating electrodes in a montage specific manner. Since the cardiac artifact
exhibits a slow rise and fall that is time locked relative to the R-wave of ECG signals
and is montage specific; it is believed to be a mechanical cardiac signal amplified
with local changes in skin impedance during stimulation (Noury et al. 2016).

The artifact can also be easily produced with currents as low as 0.5 mA and
increases as more current is introduced during stimulation (Fig. 11.7e—g). The mon-
tage specificity is seen with the spatial scalp distribution of the cardiac artifact; a
maximal negative deflection is present nearest the cathode and maximal positive
deflection is present nearest the anode (Fig. 11.7b, f). EEG electrodes further away
from the stimulating electrodes however do not exhibit significant voltage modula-
tions resulting from the cardiac artifact.

Assuming a skin impedance change of 0.01% during stimulation, a computa-
tional model can be generated to simulate the cardiac artifact’s spatial distribution
and the magnitude of its voltage deflection. Incorporating the aforementioned
assumptions, the computational models predict that for HD-Bifrontal stimulation,
anterior recording electrodes would undergo higher voltage amplitude changes dur-
ing a cardiac pulse, with decreasing voltage deviation with increasingly posterior
electrode locations (Fig. 11.7g). These predictions corroborate the notion that tDCS
first creates a montage specific distribution of scalp voltages that is then modulated
at each pulse by a global change in scalp impedance.

The concerning aspects of the appearance of the cardiac artifact is its stimulation
dependent amplitude as well as its time variant scalp distribution. With skin imped-
ance being a dynamic factor, the cardiac artifact could be highly influenced by
subjects’ physiological and psychological state (Luft and Bhattacharya 2015) dur-
ing stimulation where anxieties or fears during tDCS can cause a raise in heartbeat
and increase sweating, nonlinearly altering acquired data. In electrodes adjacent to
stimulation sites, the cardiac artifact can be seen to increase up to approximately
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40 pV with 2 mA of current, which is larger than most event-related potentials
(ERPs) (Dinteren et al. 2014) and raises concerns with previous concurrent online
EEG and stimulation studies that have examined ERPs (Cunillera et al. 2015;
Faehling and Plewnia 2016). Detectable changes in the overall voltage offset of the
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Fig. 11.7 (a) The cardiac artifact is reproducible with a range of stimulation devices, with the
exception of the Activadose II, which produces large-amplitude, high-frequency broadband noise
during stimulation in EEG data as well as in ECG electrodes. The cardiac artifact appears as con-
sistent peaks following the QRS complex but preceding the T-wave of the ECG. Detrended traces
for electrodes FC6 and CP5 are also present for comparison. (b) Scalp topographies during the
peak of the cardiac artifact across stimulation devices show that the artifact is montage specific
since the artifacts’ spatial distribution is reflective of the stimulation montage. (¢) A comparison of
ECG; and EEG baseline (not powered), during, and post stimulation. A prominent peak at 1-1.2 Hz
is present for both the ECG and EEG during stimulation conditions, but not for EEG baseline (not
powered) and post stimulation. (d) ECG, ECG envelope, and respiration signal over time. During
stimulation, the overall ECG signal has a pronounced DC offset. Linear changes in the ECG volt-
age during the stimulation ramp-up and ramp-down periods are also present. (e) The cardiac arti-
fact over time with applied current intensities of 0.5, 1.0, 1.5, and 2.0 mA. (f) Mean scalp
topographies at the peak of the cardiac artifact during 0.5, 1.0, 1.5, and 2.0 mA of applied current.
(g) Mean and SEM of cardiac artifact peaks at electrodes F7 and F8 during stimulation for current
intensities of 0.5, 1.0, 1.5, and 2.0 mA. (h) Computational model prediction of the spatial scalp
distribution of the cardiac artifact during HD-Bifrontal stimulation
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Fig. 11.7 (continued)

ECG signals (~0.5 mV), measured across the chest during stimulation, also raise
further questions about how stimulation interacts with autonomic nervous system
(Clancy et al. 2014; Schestatsky et al. 2013; Schroeder et al. 2015; Vandermeeren et
al. 2010), which could in turn result in changes to the cardiac artifact, as well as
heart rate or heart rate variability. In the clinical domain, studies examining the
online effects of tDCS are cautioned when it comes to patients who have disorders
affecting cardiac function. With the aforementioned studies, concurrent ECG with
EEG monitoring is highly recommended. As such, patients with cardiac dysfunc-
tions may introduce further variability to the already time variable cardiac artifacts,
which can be misinterpreted as alterations in low frequency Delta activity in
acquired EEG data. Reassuringly though, the artifact disappears with the removal
of the DC current after both long and short periods of stimulation, attesting to the
artifact’s dynamics.

Physiological Artifact: Ocular Motor Artifact

During stimulation, strong modulatory effects are observed in relation to ocular
motor or blink responses. Amplitudes of these physiologic responses can become
highly variable across stimulation current intensities as well as across stimulation
montages. The spatial distribution during blink responses become altered during
stimulation, in a stimulation montage specific manner.

Depending on the montage used and compared to baseline or no stimulation
conditions, the blink artifact amplitude increases, inverts in polarity, or becomes
unrecognizably low in amplitude that it appears to be suppressed (see Fig. 11.8a).
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These alterations are consistent across DC stimulators (Fig. 11.8b). Interestingly,
the latency of the blink propagation between the left and right eye remains unal-
tered; remaining time-locked under pre, during, and post stimulation conditions.
Near the anode, where a positive scalp voltage is present, blink artifacts have large
decreases in amplitude opposed to near the cathode, where a negative scalp voltage
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is present, where blink artifacts have large increases in voltage during stimulation
(Fig. 11.8c, d). Within stimulation montages the ocular motor amplitude modula-
tion linearly increases or decreases with stimulation intensity (Fig. 11.8e—g). These
dramatic changes in amplitude are believed to be a result of eyelid closure with
possible smaller contributions from the shifting of the eyes’ retinocorneal dipole
(Berg and Scherg 1991; Iwasaki et al. 2005). With the eyelids closing during stim-
ulation, they considerably alter the path of the applied current on the scalp and
distort the resultant positive amplitude normally seen with Cz referential
montages.

These alterations pose problems for automatic artifact rejection algorithms since
during stimulation the blink artifact becomes highly distorted in some cases.
Previous studies examining tDCS effects on blink responses in healthy subjects
using electrooculogram (EOG; Beyer et al. 2017; Cabib et al. 2016; Zuchowski et
al. 2014) may also be affected by these artifactual voltage modulations. Similarly,
any future studies in the clinical domain using EOG as an online biomarker in tDCS
trials with disorders including Parkinson’s disease, or multiple sclerosis, would be
cautioned. As with other physiologic artifacts the use of traditional control experi-
ments (changing montage) and some signal processing corrections may not suffice.
Fortunately though the topographic spatial distribution of scalp voltages during
blinks were somewhat predictable based on the overall average topographic scalp
distribution during stimulation, which could provide means for development of
more dynamic blink artifact rejection methods.

To model the nature of the altered blink responses during concurrent EEG and
stimulation computational models can be utilized. In order to model simplistic blink
responses, skin over the eye (eyelids) are removed from the computational head

<
<

Fig. 11.8 (a) During the pre and post-stimulation time periods, both FP1 and FP2 detect positive
blink deflections. During the course of cathodal M1SO (referring to cathode:C3, anode: AFS8) stimula-
tion the blink responses at FP2 (near the anode) reverse in polarity and show a high amplitude nega-
tive deflection, whereas blink responses at FP1 decrease in amplitude and maintain a diminished but
positive polarity. (b) A comparison of blink responses across stimulating devices compared to pre-
stimulation. During stimulation a negative monopole is present in electrodes over the right SO loca-
tions (near the anode) and a positive monopole is present in electrodes over the left SO locations,
across devices (with the exception of the Activadose II) for the application of 2 mA of cathodal M1SO
stimulation, whereas Bifrontal positive dipoles are present over both eyes, pre- stimulation. (¢) Blink
scalp topographies for pre-stimulation, during 1 mA of anodal M1SO stimulation (cathode:AF8,
anode:C3), during 1 mA of cathodal M1SO stimulation (cathode:C3, anode:AF8), and post-stimula-
tion conditions. (d) Mean and SEM of blink amplitudes at electrodes FP1 and FP2 during 1 mA of
M1SO0 anodal and cathodal stimulation, compared to pre and post-stimulation blink responses. (e)
Blink responses at FP1 and FP2 over time during 0, 1, and 2 mA of current with a Bifrontal stimula-
tion montage. As the current intensity increases the difference between peak blink amplitude, between
FP1 and FP2, increases. (f) Blink scalp topographies during 0, 1, and 2 mA of current with a Bifrontal
stimulation montage. (g) Mean and SEM of blink amplitudes at electrodes FP1 and FP2 for 0 mA,
1 mA, and 2 mA of applied current with a Bifrontal stimulation montage. As the current intensity
increases the difference in peak amplitudes between FP1 and FP2 becomes larger. (h) Computational
model prediction of blink scalp topography during HD-Bifrontal stimulation
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models. The difference between model predictions during stimulation with and
without eyelids produced an overall scalp topography akin to that seen during
EEG. Like topographic voltage distribution seen during EEG, the model prediction
demonstrates that with Bifrontal stimulation there is an elevated left SO positive
voltage and an elevated right SO negative voltage (Fig. 11.8h). These predictions
support the notion that blink responses increase near the cathode whereas they
decreased near the anode.

Physiological Artifact: Myogenic Distortions

During stimulation myogenic artifacts, related to facial muscle contraction or jaw
clenches, are seen to be montage specific, broadband, and are highly modulated in
a current intensity specific manner (Fig. 11.9a—c), similar to the blink and cardiac
artifacts. With higher current intensities, the overall broadband activity shifts in
amplitude depending on the stimulation montage used. Increasing current intensity,
introduces a low frequency drift to the high frequency muscle activity, during mus-
cle contraction. This activity is variable across the scalp and the divergence in
amplitude between left and right hemispheric high frequency activity increases with
increased bilaterally applied current (HD-Bifrontal; Fig. 11.9a, b). In terms of spa-
tial scalp location, during stimulation and jaw clenching, the DC alters the distribu-
tion and polarity of the muscle activity seen on the scalp, compared to muscle
activity without stimulation (Fig. 11.9¢).

Myogenic interactions during EEG, specifically electromyography (EMG) with-
out stimulation, are the result of contractions of primarily the masseter, temporalis
and frontalis muscles (Goncharova et al. 2003; Whitham et al. 2007). These con-
tractions can significantly contaminate acquired data due to its high amplitude, and
broadband spectral and anatomical overlap with neurogenic sources (Barlow 1985;
Shackman et al. 2009). When combined with stimulation, these myogenic distor-
tions become exacerbated and with their overlap with neurogenic sources, makes it
even more difficult for correction algorithms to separate both sources. These myo-
genic interactions, like the cardiac artifact, can be influenced by subjects’ physio-
logical and psychological state (Bradley et al. 2001; Coan and Allen 2003; Tassinary
et al. 2007; Waterink and van Boxtel 1994), resulting in variable muscle activation.
Even weak facial muscle contractions have been shown to produce low frequency
EEG activity that can be mistaken for changes in cognitive related frequency bands
like Alpha rhythms (Goncharova et al. 2003; Lee and Buchsbaum 1987; Willis et al.
1993), which can be especially concerning when these artifacts are accentuated by
stimulation currents. In the clinical setting, these EMG artifacts may appear in
patients with conditions including facial myokymia, hemifacial spasm, or palatal
myoclonus (Westmoreland 1996). Caution should be taken in cases like these and
other disorders affecting myogenic activity since coupled with stimulation, resultant
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Fig. 11.9 (a) Jaw clenches over time detected at bilateral electrodes FP1 and FP2 for applied cur-
rents of 0, 1, and 2 mA. Currents were applied in a HD-Bifrontal montage and voltages at FP1
(near the anode) diverged negatively from FP2 with increasing current. (b) Jaw clenches over time
at bilateral electrodes C3 and C4 for applied currents of 0, 1, and 2 mA. Currents were applied in
a HD-Bifrontal montage and voltages at C3 (near the anode) diverged positively from C4 with
increasing current. (¢) Average scalp topographies during jaw clenches plotted as z-scores for
comparison. (d) Computational model prediction of the spatial scalp distribution of EMG activity
resulting from jaw clenches during stimulation

artifacts can be misinterpreted as epileptiform activity or modulations in the fre-
quency domain. These modulations with stimulation however, did not outlast the
duration of stimulation and disappeared as the external current was removed.

In order to model EMG activity resulting from jaw clenches during stimulation,
the masseter and temporalis muscles are incorporated into MRI-derived computa-
tional models. Muscle fibers are represented over the mandible for the masseter
muscle and over temporal regions of the skull for the temporalis muscles. The scalp
voltages produced by tDCS are then computed with either “relaxed”” muscle proper-
ties assigned or “active” muscle properties — assuming a 1% muscle conductivity
change during to muscle fiber activation. The difference in scalp voltages between
the two models gives a prediction of the spatial profile of the myogenic artifact. This
muscle activity on the scalp during stimulation, are in accord with the overall DC
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produced with EEG derived voltages, but do not fully capture the voltage shift dur-
ing muscle contraction (Fig. 11.9d).

Physiological Artifact: DC Drift

The physiologically related DC drift artifact usually arises from increased perspira-
tion on the scalp (Klass 1995), which consequently alters skin impedance. During
EEG this physiologically related DC drift usually takes the form of a low frequency
(<0.5 Hz), high amplitude wave (Corby et al. 1974; Picton and Hillyard 1972).
During concurrent tDCS and EEG, this non-stationary physiologic artifact can be
exacerbated with the introduction of a DC current. With stimulation, this artifact can
be high amplitude, low-frequency, narrowbanded, change over the course of the
stimulation session, montage specific (normally localized nearest the points of high
perspiration, however strongest effect can be seen nearest stimulating electrodes
during tDCS), and under some circumstances outlast the duration of stimulation if
left unattended. Although not detrimental to data quality since the artifact can be
attenuated in post processing, care should be taken to avoid such artifacts in order
to acquire the highest quality of EEG data.

Inherent Stimulator Artifacts

With concurrent HD-tDCS and EEG, one source of significant extraphysiologic
noise introduction can arise from the stimulators themselves. Stimulators that pro-
duce variable current outputs and not a constant direct current can distort and deci-
mate the voltage profile of acquired EEG. These artifacts, referred to as inherent
stimulator artifacts, are described as artifacts that are universal to any stimulator/
EEG system used, however its severity or impact on data quality is variable. Inherent
stimulator artifacts can be divided into three main types of artifactual distortions:
broadband noise artifact, “on noise” artifact, and DC-offset artifact.

The broadband noise artifact describes the fact that, under ideal conditions, no
simulator can generate an ideal DC without the introduction of power at unintended
frequencies. This type of artifact, as its name suggests, produces distortion or non-
linear modulations of both signal and noise across several frequencies (hence broad-
band) including those of physiologic interest with EEG. With this type of artifact,
during tDCS the highest modulation can be seen around 0 Hz (the DC frequency)
when compared to pre stimulation or no stimulation conditions (device off base-
line). The broadband noise artifact can also change over the course of a stimulation
session as a result of stimulator reactivity or impedance changes on the scalp. This
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type of artifact usually does not outlast stimulation and usually disappears after the
stimulator is turned off, however residual scalp voltages together with skin imped-
ance changes post stimulation can produce low frequency broadband modulations
(see Fig. 11.7c). When it comes to the artifacts spatial variation on the scalp, the
broadband noise artifact is seen to be montage and current intensity specific, having
maximal distortion in EEG electrodes nearest to the stimulating electrodes in a
manner reflective of/tracing the scalp DC voltage.

The “On noise” artifact is the result of leakage or injection of stimulator noise
into the recording electrodes while the stimulating device is on yet not stimulating
(See time zero onwards in Fig. 11.10a). In some cases large voltage offsets can be
seen when the stimulation device is turned on and noise can occur when these
devices check impedances before stimulation. This type of artifact has been shown
to be broadband, montage specific, additive, and can possibly outlast stimulation if
the stimulation device is left connected and on.

The DC-Offset artifact refers to the large voltage offset produced during stimula-
tion (See during stimulation period Fig. 11.2a). This offset, under ideal stimulator
and EEG data acquisition conditions, is stable and linear; however, the DC-offset
can be somewhat non-stationary and fluctuate over the course of stimulation due to
physiologic changes in scalp impedance or subject perspiration. Under non-ideal
hardware conditions slow dynamic changes can be seen as the result of the stimula-
tor used, in that the stimulator does not produce a stable DC current; as a result of
impedance changes within the stimulator; or as a result of non-linear EEG amplifier
performance if voltages reach amplifier limitations.

Non-inherent Artifacts

Artifacts created as a result of non-ideal experimental conditions or set-up can be
classified as non-inherent artifacts. These artifacts can easily arise if quality control
is not met or strict data monitoring is not performed. Although non-inherent arti-
facts span a wide range of classifications, here we focus on stimulation and move-
ment distortion, EEG saturation, EEG distortion, and electrode bridging.

Similar to myogenic artifacts, movement disruption during EEG and stimulation
can result in robust signal distortion of neural signal. Abrupt or slow head rotation
or tilting can introduce broadband noise and in some cases fully distort neural activ-
ity during concurrent stimulation and EEG. When examined with concurrent dis-
placement recordings in the X, Y and Z, directions from Cz; spectrograms over time
and frequency show that during 2 mA M1SO (anode M1) stimulation, slow neck
rolling motions greatly disrupted acquired data. EEG electrodes nearest to the stim-
ulating electrodes (F8) show the largest distortions over time and frequency whereas
those further away show lesser distortions (O2; Fig. 11.10b, c). Correlations of EEG
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electrodes and accelerometer deflections corroborate the notion that the distortions
seen in EEG channels during head motion are related to the movement of the head
and electrodes, which is most likely exacerbated or amplified by the applied
DC. These distortions in most cases are the result of slight movement of the stimu-
lating electrodes as well as the recording EEG electrodes on the scalp. Together
with stimulation these distortions are stimulation montage and current intensity
dependent, can change over the course of stimulation, and do not outlast the dura-
tion of stimulation (depending on the subject). To avoid this, subjects should be
comfortably seated and instructed to minimize movement during stimulation and
data acquisition. In some cases a headrest can be utilized to keep subjects head in
place during experimental procedures.

EEG saturation can occur regardless of stimulation introduction. Saturation
occurs when the dynamic range of EEG amplifiers have been reached and EEG
signals become “clipped” or do not register voltages above or below a certain range
(Light et al. 2010). Amplifier gain settings can, in some cases, influence the dynamic
range of the data being acquired and bring the data closer to saturation if gain set-
tings are too high. With concurrent stimulation and EEG this issue can arise very
easily and frequently. Since tDCS creates/injects a large voltage offset in EEG
recording electrodes, these electrodes become shifted towards their saturation
point, designated by the dynamic range of the EEG amplifiers. For example, in
Fig. 11.10d current was gradually ramped up during concurrent EEG where the
amplifier gain was increased (prior to the commencement of stimulation). Electrodes
closest to the anode and cathode (F7 and PS8) saturated much sooner than those
further away (FP1 and O2), as indicated by the derivative of the EEG voltage
(lighter colors) over time (Fig. 11.10d). As the saturation point was reached, the
derivative of the EEG voltage over time became zero and voltages beyond the
dynamic range of the amplifier were no longer recordable. When the EEG elec-
trodes saturate the data recorded cannot be utilized since any underlying neural data
is obliterated. This type of stimulation-related saturated data is usually not broad-
band, can change during a stimulation session, is highly montage specific, and can
sometimes outlast stimulation.

When EEG signals approach the ends of the dynamic range of amplifiers, they
can sometimes enter a non-linear amplification range in the EEG amplifiers used.
Within this non-linear region EEG signals can sometimes become highly distorted
and artifactual. This type of artifact is usually broadband, can change during a stim-
ulation session, is montage specific, and disappears after stimulation ends if it is
strictly stimulation related. This type of saturation can be avoided by ensuring that
EEG amplifiers that are used have an adequate dynamic range to accommodate
large voltage fluctuations.

Electrode bridging in EEG often occurs when too much electrolyte gel is intro-
duced between the scalp electrode interface and the gel merges with neighboring
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Fig. 11.10 (a) Device “On Noise” where time zero onwards indicates the time the stimulation
device was switched on but not stimulating. Scalp topography displays the difference in voltage
between device on and device off, after zero and before zero respectively. (b) Spectrograms at
electrodes F8 and O2 over the course of pre, during, and post stimulation with the subject making
several head movements during stimulation. EEG electrodes are presented with concurrent time-
locked accelerometer recordings, each indicating the direction of displacement. (¢) Correlation of
accelerometer displacement with EEG voltage distortion over time, over the course of stimulation
and head movement. (d) Electrode saturation over time with increasing current intensity. As cur-
rent is increased electrodes (F7 and P8) closest to stimulating electrodes saturated earlier in time
than those further away (FP1 and O2). Darker colors indicate electrode voltage over time whereas
lighter colors indicate the derivative of the voltage over time. When the derivative becomes zero,
saturation is reached



334 A.J. Woods et al.

d Electrode Saturation During Stimulation
100
0
00| ke Rl 1
0 50 100 150 200 250
100 = : ‘ : 1
—_ 0
S
E
g -1 00|’ ; i i ;
é 0 50 100 150 200 250
g 100 -
=
0 —\_;\ r—
-100 i ; i i i
0 50 100 150 200 250
i
0 w
-1 DDL i i . . £+
0 50 100 150 200 250

Time (Sec)

Fig. 11.10 (continued)

recording sites creating low impedance electrical bridges between two or more
neighboring electrodes (Alschuler et al. 2014; Greischar et al. 2004; Tenke and
Kayser 2001). This issue could be further exacerbated with environmental factors
like room temperature that can result in increased scalp perspiration in subjects,
which can also act as an electrolyte bridge. In terms of data quality, electrode bridg-
ing results in false identical signals being received by multiple electrodes that are
bridged. In terms of tDCS though, the effects of electrode bridging of either stimu-
lation electrodes, recording electrodes, or a combination of both; on acquired data
can be detrimental. Electrode bridges during stimulation and EEG can result in
robust current shunting across the scalp. Not only does the current not reach its
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proper target but it also gets introduced directly into the EEG recording electrodes
distorting any neural data being recorded. Bridging can be avoided by utilizing an
appropriate amount of electrolyte gel or saline at recording sites and at stimulation
sites. Also ensuring that EEG caps adequately fit (not too tight or too loose), are not
moved or do not shift over the course of procedures can help in avoiding bridging.

Artifact Removal

In order to realize the promise of combined EEG-tDCS, it is necessary to develop
robust techniques for removing or otherwise mitigating the aforementioned arti-
facts. Although no straightforward approach exists, due to the robustness of said
artifacts, some signal processing techniques exist for cleaning up some aspects of
acquired concurrent online EEG- stimulation data. One common feature of all these
artifacts is that they possess a seemingly stable spatial topography that is closely
related to the tDCS montage. As a result, spatial filtering based techniques that esti-
mate the (spatial) subspace of the artifact may be able to remove a significant pro-
portion of the artifact variance. By regressing the corrupted EEG onto the artifact’s
subspace and then subtracting the projections (Parra et al. 2005), a large part of the
artifact variance should vanish. Unfortunately, even a small amount of residual vari-
ability will likely have a confounding effect on any subsequent analysis, as the raw
power of the artifacts is very large. It is worth pointing out that this problem is
analogous to the one faced when recording EEG in the fMRI environment where
artifacts are similarly large (Allen et al. 2000; Niazy et al. 2005). Previous works
have employed multistage techniques for removing the residual artifact from the
EEG recorded during tACS (Helfrich et al. 2014) and some of these can be adapted
for tDCS.

Summary

Integration of tDCS with MRI/MRS, NIRS, and EEG holds great promise for
shedding light on the underlying neural mechanisms of stimulation effects. While
integration with these methods requires special consideration, a growing body of
work provides both evidence of feasibility as well as insight into solutions to com-
mon concerns. Integration may not be easily achieved in certain cases, but clearly
understand the current limitations of integration is an important first step in
designing effective and interpretable studies. In addition, this information pro-
vides a clear guide to areas of tDCS integration that require future study and
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refinement. Regardless of current limitations, recent work in the integration of
tDCS with modern neuroscience methods has produced critical insight into tDCS
neural mechanisms and provides clear evidence of feasibility. Integration of these
methods provide a platform for understanding brain behavior relationships using
the inherent strengths of each approaches: tDCS providing a method for directly
intervening on brain tissue, EEG providing high degrees of temporal resolution in
brain processing, MRI providing a high degree of spatial resolution for structural
and functional brain function, MRS providing insight into neurometabolite and
neurotransmitter concentrations in brain tissue, and NIRS providing both spatial
and temporal resolution of brain activity near the surface of the cortex. This meth-
odological toolbox can be used to answer a wide range of questions about the
brain and behavior, as well as underlying neural mechanisms of treatment response
and efficacy. In addition, the potential for using this information to better optimize
tDCS treatment studies is an exciting frontier in the field. As this field of study
grows and our methodological understanding of integration process improves, the
range of testable hypotheses about tDCS and the brain will only expand.
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