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Abstract

A large body of molecular and neurophysiological evidence connects synaptic plastic-

ity to specific functions and energy metabolism in particular areas of the brain. Fur-

thermore, altered plasticity and energy regulation has been associated with a number

of neuropsychiatric disorders. A favourable approach enabling the modulation of

neuronal excitability and energy in humans is to stimulate the brain using transcranial

direct current stimulation (tDCS) and then to observe the effect on neurometabolites

using magnetic resonance spectroscopy (MRS). In this way, a well-defined modula-

tion of brain energy and excitability can be achieved using a dedicated tDCS protocol

to a predetermined brain region. This systematic review was guided by the preferred

reporting items for systematic reviews and meta-analysis and summarises recent lit-

erature studying the effect of tDCS on neurometabolites in the human brain as mea-

sured by proton or phosphorus MRS. Limitations and recommendations are

discussed for future research. The findings of this review provide clear evidence for

the potential of using tDCS and MRS to examine and understand the effect of neu-

rometabolites in the in vivo human brain.
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1 | INTRODUCTION

Our brain is who we are, and our life experiences are what underpin

the structural, functional, molecular and even genetic modulation of

our central nervous system (CNS). The popular term for this effect is

brain plasticity. Studies have shown that alterations in plasticity and

energy regulation are associated with a number of neuropsychiatric

disorders. In the past centuries starting with Cajal's cerebral gymnas-

tics hypothesis (Monte Ferreira, Nogueira, & de Felipe, 2014) and

Hebbian theory (Hebb, 1949), numerous scientists have investigated

this fascinating property of the brain in order to open new horizons

for a better understanding of its physiology and adaptation mecha-

nisms, and, most importantly, for the development of novel treatment

tactics for neuropsychiatric disorders. Technological advances haveChang-Hoon Choi and Elene Iordanishvili contributed equally to this work as a first author.
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enabled neuroplasticity to be studied on multiple levels and to be arti-

ficially induced in a mostly controlled manner. One of the methods

used to deliberately modulate the brain's activity is through trans-

cranial direct current stimulation (tDCS), and this has been a key topic

of extended research in recent years (see review Nitsche et al., 2008).

tDCS is a non-invasive technique for brain stimulation that

manipulates the level of cortical excitability to investigate the bio-

chemical and physiological functions of the brain. The technique is

also utilised for therapeutic purposes and is an alternative treatment

strategy for depression, schizophrenia, epilepsy, stroke-induced apha-

sia or Parkinson's motor symptoms (Benninger & Hallett, 2015; Bru-

nelin et al., 2012; Brunoni et al., 2016; Regner et al., 2018; Stagg &

Johansen-Berg, 2013). In these cases, the use of tDCS has shown

huge potential due to its advantage of having almost no side effects,

unlike the default pharmacological interventions. Moreover, tDCS can

also be used in the ethically challenging field of human biological

enhancement, where it has been reported to be able to modulate

motor learning, memory and even creativity (Mancuso, Ilieva, Hamil-

ton, & Farah, 2016; Mayseless & Shamay-Tsoory, 2015; Nitsche

et al., 2003). Note that the tDCS devices found in this review were

used for investigational purposes only and the majority were CE-

certified.

However, prior to discussing applications of tDCS, the modus

operandi and the resultant biochemical and physiological alterations in

the brain need to be taken into consideration. Given that, by con-

stantly generating electrical impulses for informational exchange

between neurons, the human brain coordinates the entire CNS and

the whole body, including its behaviour, there can be no wonder that

an externally applied electrical current will interfere with the internal

circuitry of the brain. Consequently, it is of great importance to under-

stand the way of the interference, the response mechanisms and the

controlled variables. Previous scientists concerned with this topic

have built a solid foundation based on investigating the effects of the

direct current (DC) on cell cultures, animals and humans to understand

the underlying mechanisms of the brain (Creutzfeldt, Fromm, &

Kapp, 1962; Priori, Berardelli, Rona, Accornero, & Manfredi, 1998;

Purpura & McMurtry, 1965; Terzuolo & Bullock, 1956). More recently,

interest in tDCS has been revived by the work of Nitsche and Paulus,

which shows its capability of lasting motor cortex excitability via non-

invasive DC modulation. In this way, the research has demonstrated

the importance of the polarity, intensity and the duration of tDCS

(Nitsche & Paulus, 2000).

In order for the brain to be stimulated using tDCS, a weak DC (~1

or 2 mA) is typically applied on the scalp between two electrodes.

Based on the location of the electrodes, different areas of the brain

can be influenced. To date, several studies have been carried out to

investigate the effect of tDCS on changes in metabolites in the brain

which could be determined by various factors: (a) the size, polarity

and position of these electrodes; (b) the employed current intensity,

repetition and duration of stimulation and (c) tissue properties in the

stimulated area. Furthermore, a tailor-designed tDCS montage can

modulate neurometabolites to a status of excitation (by anodal) or

inhibition (by cathodal) and its effect can be investigated (Foerster

et al., 2015; Krause, Márquez-Ruiz, & Cohen Kadosh, 2013). In this

review, the anodal (or anodal tDCS) refers to the current flow from

the anodal to the reference, and the cathodal means the opposite flow

of the current, that is, from the reference to the cathodal. The most

common montage is the motor cortex (M1)—contralateral supraorbital

ridge montage, although various other montages have also been intro-

duced (da Silva, Volz, Bikson, & Fregni, 2011). One of the newest

montages is called high-definition (HD)—using one electrode sur-

rounded by several electrodes with the opposite polarity in a ring

manner and the major advantage is to provide a more localised effect

to the target region, compared to conventional montages (Bikson

et al., 2019). Apart from the technical parameters of the method itself,

the effect of tDCS is also dependent on the brain state and neuronal

morphology (Bikson & Rahman, 2013; Giordano et al., 2017).

tDCS exerts acute or primary effects on the brain during the stim-

ulation followed by a secondary or after-effect, which lasts even when

the stimulation ceases (Bikson et al., 2019). The physics of electrical

stimulation, pre-exciting synaptic activity level and neuronal mem-

brane properties are important elements to explain the response of

the brain to tDCS in the acute phase (Bikson et al., 2004). Excitatory

and inhibitory neurotransmitters, as well as neuromodulators are

reported to play a crucial role during the after-effect period (Stagg &

Nitsche, 2011). Although the current understanding of tDCS involves

the shift in resting membrane potentials, according to a recent review,

tDCS mechanisms have been challenged (Polania, Nitsche, &

Ruff, 2018). Stimulating the anodal electrode causes membrane depo-

larisation, resulting in the resting membrane potential being shifted

towards positive values. Conversely, stimulating the cathodal elec-

trode hyperpolarises the membrane (Rahman et al., 2013). This does

not involve synaptic mechanisms but rather depends on voltage-gated

ion channels being influenced by the electric field produced between

the anodal and cathodal electrodes, which according to the computa-

tional simulations, peaks somewhere between these electrodes. How-

ever, in vivo studies indicate that the effect of tDCS is still at

maximum below the stimulating electrode (Polania et al., 2018). It

should be noted that tDCS itself does not trigger an action potential

but modulates a readiness for it (Paulus, 2011). No matter which

polarity of tDCS is used, some parts of the neuronal membranes are

depolarised, and the others are hyperpolarised based on the cell mor-

phology and their orientation towards the stimulating electrode

(Radman, Ramos, Brumberg, & Bikson, 2009). However, there is a dis-

tinct difference in the mechanisms elaborated in the aftereffects and

especially underneath the anodal and cathodal electrodes (Polania

et al., 2018). The after-effects of tDCS on the synaptic efficacy can

last for an hour and even up to 46 days with carefully designed modu-

lation time, intensity, repetition and in combination with a task or a

test (Nitsche & Paulus, 2001; O'Shea et al., 2017). This is similar to

exerting a long-term potentiation (LTP) and long-term depression

(LTD) like activity (Stagg & Nitsche, 2011). As in LTP and LTD, intra-

cellular calcium levels, brain-derived neurotrophic factor and most

importantly, major excitatory and inhibitory neurotransmitters—

glutamate (Glu) and γ-aminobutyric acid (GABA) have been reported

to be involved in tDCS secondary effects (Fritsch et al., 2010; Stagg
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et al., 2009). For instance, few studies have shown that GABA is

involved in the anodal tDCS after-effects, while both GABA and Glu

concentrations have been modulated following cathodal stimulation

(also, shown in the review by Polania et al., 2018). Unravelling the

temporal path of these neurotransmitters' concentration modulation

and understanding their dependency on the tDCS parameters is of

uttermost interest as it is this information which can be used for ther-

apeutic purposes. The use of magnetic resonance spectroscopy (MRS)

is extremely well suited to examining the effect of tDCS on neuro-

transmitter levels non-invasively and, thus, the use of tDCS together

with MRS has gradually increased.

Proton MRS is a well-established technique used to sensitively

quantify the concentrations of various metabolites at the cellular level

in the brain in vivo, for example, GABA, glutamine (Gln), Glu, N-acetyl

aspartate (NAA), choline-containing compounds (Cho), creatine (Cr) and

myo-inositol (mI) (Henning, 2018). Analysing changes in metabolite con-

centrations and their ratios enables information complementary to that

acquired using anatomical MR imaging (MRI) to be obtained. In addition

to the proton, phosphorus-31 (31P) is also an important nucleus in the

human brain and plays a crucial role in tissue energy metabolism and

membrane synthesis (Du et al., 2008; Lei, Zhu, Zhang, Ugurbil, &

Chen, 2003; Ren, Sherry, & Malloy, 2015). Exploring 31P using non-

invasive MRS provides unique insight into the dynamic aspects of

metabolites. In a 31P spectrum acquired by 31P-MRS, various spectral

peaks of key metabolites are displayed with a relatively large chemical

shift range (~30 ppm), which correspond to ɑ-, β-, -adenosine triphos-

phate (ATP), phosphocreatine (PCr), phosphodiester (PDE), inorganic

phosphate (Pi) and phosphomonoester (PME).

GABA and Glu are the main inhibitory and excitatory neurotransmit-

ters in the brain, respectively. They play a vital role in the neurotransmit-

ter cycle and are closely involved with physiological processes and

neurological and neurodegenerative disorders (Li et al., 2016; Nava-

Mesa, Jiménez-Díaz, Yajeya, & Navarro-Lopez, 2014; Sheldon &

Robinson, 2007). NAA represents a useful indicator for neuronal and

axonal integrity and membrane turnover and reflects neuronal connec-

tions. Thus, accessing NAA provides information relating to neuronal

functional loss in the brain (Salem et al., 2008). Another important role of

NAA is osmoregulatory, and it is used in the removal of intracellular

water, against a water gradient, from myelinated neurons (Baslow, 2003).

The main roles of Cho and Cr are related to the cell membrane integrity

and the oxidative metabolism, respectively (Salem et al., 2008). Cr is also

frequently used as a reference to normalise the resonance intensities of

other metabolites. mI is a basic compound in the brain and is involved in

biochemical signalling pathways on membranes and in the synthesis of

inositol containing phospholipids (Cleeland, Pipingas, Scholey, &

White, 2019). The content of mI is, therefore, an important osmolyte

and astrocyte marker and can be used to differentiate physiological and

pathological conditions (Rango et al., 2008). As a comprehensive energy

regulator in the human brain, high-energy phosphates, such as ATP and

PCr, play a fundamental role in maintaining the cerebral energy status by

modulating energy needs for different cellular functions and physiological

activities, for example, the sodium/potassium pump and brain energy

homeostasis (Du et al., 2008).

As mentioned above, the neuroplastic effects of tDCS in the brain

can be significantly influenced by the use of the different tDCS

parameters (polarity, duration, current intensity, location, etc.) and can

be dependent on different montages. In a similar fashion, MRS

requires the precise voxel selection since the concentrations of most

metabolites alter significantly in different areas of the brain (Harris

et al., 2019). Moreover, it is challenging to obtain high-quality spectra

due to the low signal intensity of certain metabolites as well as J-cou-

pling. Some metabolite peaks, for example, Gln and Glu at 3 T, are

mixed in a similar frequency range due to their small chemical shift. In

order to overcome these difficulties, customised sequences have been

developed, such as MEscherGArwood Point RESolved Spectroscopy

(MEGA-PRESS) (Mescher, Merkle, Kirsch, Garwood, & Gruetter, 1998;

Mullins et al., 2014) and semi-Localised by Adiabatic SElective

Refocusing (semi-LASER) (Andreychenko, Boer, de Castro, Luijten, &

Klomp, 2012; Scheenen, Klomp, Wijnen, & Heerschap, 2008), which

can be used to focus on a particular metabolite. Therefore, the choice

of the MR sequence mainly depends on the metabolites to be investi-

gated. Moreover, well-established metabolite fitting algorithms, for

example, LCModel (Provencher, 1993, 2001) and jMRUI (Naressi

et al., 2001; Vanhamme, van den Boogaart, & van Huffel, 1997) are

required for precisely quantifying metabolite concentrations. Conse-

quently, comparison with other similar studies, especially at different

sites, is more difficult (Mikkelsen et al., 2017, 2019).

In this review, we aim to systematically summarise and compare

existing studies in the literature regarding the tDCS effect on the con-

centration of neurometabolites in the healthy human brain measured by

MRS. Furthermore, we report any research using MRS to investigate the

influence of tDCS on the neurochemicals in pathologies. This review

aims to provide useful guidance for potential investigators. Based on the

studies identified, we explore previous efforts to unravel the tDCS action

mechanisms of tDCS on the CNS. The findings are highlighted, along

with the limitations and proposed recommendations for future research.

2 | MATERIALS AND METHODS

2.1 | Protocol registration

This systematic review was carried out in accordance with the pre-

ferred reporting items for systematic reviews and meta-analyses

(PRISMA) guidance (Moher et al., 2015). For the initial step, the full

search protocol, used to acquire evidence sets of items, was regis-

tered to the International Prospective Register of Systematic Reviews

website with the number: CRD42020168217 (https://www.crd.york.

ac.uk/prospero/display_record.php?ID=CRD42020168217).

2.2 | Literature search

Electronic databases—PubMed and Web of Science—were searched

for the cohort, observational, cross-sectional or longitudinal and

randomised-control studies investigating the tDCS effect on the
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human brain with MRS. The research papers considered in this system-

atic review include all the years up until March 1, 2020. Initial keyword

searches included “tDCS OR transcranial direct current stimulation OR

transcranial DC stimulation” AND “MRS OR MR spectroscopy OR

Magnetic resonance spectroscopy” AND “Brain.” A hand search was

additionally conducted in order to screen the references to identify fur-

ther potentially eligible studies in the pre-selected articles. Two

reviewers independently searched and assessed the studies for the

inclusion and exclusion criteria based on the title, keywords, abstract or

full-text screening. In the case of disagreement, the whole article was

read again, and the disagreement was resolved by discussions between

two reviewers and, if necessary, with a third independent reviewer.

2.3 | Inclusion and exclusion criteria

Studies investigating the effects of tDCS on the neurochemical con-

centrations in the human brain detected via MRS measurements both

in the healthy and disease states were selected in this systematic

review. The following inclusion criteria were applied: (a) peer-

reviewed and original research publications, (b) published in English,

(c) human—as a study population and (d) studies directly investigating

the tDCS effects on the neurometabolites via MRS measurements.

Exclusion criteria followed: (a) review papers, (b) conference proceed-

ings or letters to the editors and (c) studies without a clear connection

between MRS and tDCS measurements. For instance, in spite of being

a single study, if tDCS and MRS were conducted on two different

groups the study would be excluded.

2.4 | Data extraction

A single data extraction and verification approach was utilised in order

to extract the relevant information from each selected paper using

the PRISMA protocol. The following considerations have been

employed for the data extraction:

1. Study design and cohort characteristics (Table 1): this includes

total sample size, subgroup sample size including drop-out, gender

ratio, age (mean/SD and [range]) handedness (right or left).

2. tDCS protocols (Table 2): this contains information relating to the

montage type (anodal, cathodal, bi-hemispheric, sham), current,

duration, repetition of stimulation, electrode dimensions, measure-

ment location (inside or outside MRI scanner) and tDCS device

manufacturer.

3. MR-related information (Table 3): conducted MRI scanner (vendor,

field strength, RF coil), MRS sequence, MRS parameters (repetition

time [TR], echo time [TE]), voxel size, fitting software to analyse

MRS data.

4. Studied metabolites, voxel-of-interest (VOI) regions and study

scheme (Table 4): quantified metabolites, electrode location (anodal

and cathodal), the method used to define the areas for stimulation,

MRS regions and experimental scheme of tDCS and MRS.

5. Studies reporting tDCS induced neurometabolite modulation in

healthy cohorts (Tables 5 and 6): study aim, statistical analysis includ-

ing multiple comparison correction and results detected by MRS.

6. Studies reporting tDCS induced neurometabolite changes in

pathologies (Table 7): pathology, study aim and results.

If data extraction could not be achieved, important missing data

were first requested from the corresponding author of the studies. In

total, 14 corresponding authors covering 19 studies were contacted, and

responses were received from 10 corresponding authors for 13 studies.

We did not set a specific time frame for responses, but most were very

supportive and responded within a reasonable time, that is, within

1 week. We did not make any further contact with those authors who

did not respond to us. The information that was not reported in the

papers but was provided by the authors is marked in italic in the tables.

2.5 | Risk of bias

Due to the heterogeneity of the study designs, it was not possible to use

the pre-existing quality assessment tools. Thus, according to the catego-

ries considered relevant by the authors, the risk of bias (ROB) for the

included studies was assessed based on the combination of quality

assessment measures suggested in the Cochrane Handbook (Higgins

et al., 2019) and categories used in the recent systematic review articles

on MRS or on tDCS (Archibald et al., 2020; Shiozawa et al., 2014). In

total, 10 categories were used: (a) clear research question; (b) adequately

described inclusion/exclusion criteria; (c) adequality reported demo-

graphics of the included study participants; (d) study randomisation; (e) at

least single-blinding; (f) control condition (sham group); (g) evidence of

reported tDCS protocol; (h) evidence of reported MR acquisition param-

eter; (i) quality criteria metrics for MRS (e.g., signal-to-noise ratio [SNR],

Cramer Rao lower bounds [CRLB]) and (j) clearly reported outcome.

2.6 | Outcomes

The primary outcome measure is a concentration change of the neu-

rometabolites as a function of the tDCS effect, taking into account

the tDCS polarity and the affected brain region in the healthy individ-

uals. The same outcome measure is reported separately in the investi-

gated pathologies.

3 | RESULTS

3.1 | Search results

The initial literature search retrieved 59 publications from PubMed and

113 publications from Web of Science. The abstracts of all reports were

scanned and 34 publications (Antonenko et al., 2017, 2019;

Auvichayapat et al., 2017, 2018; Bachtiar et al., 2015, 2018; Barron

et al., 2016; Binkofski et al., 2011; Carlson et al., 2018; Clark et al., 2011;
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TABLE 5 Studies reporting tDCS-induced neurometabolite modulation in healthy cohorts

Study Aim

Statistical analysis (multiple

comparison correction) Results detected by MRS

Antonenko

et al. (2019)

Investigation of the anodal and

cathodal tDCS neuromodulatory

effects on GABA and Glu in M1

Mixed model GABA decreased in both anodal and cathodal

tDCS compared to sham. Glutamate reduced

only after cathodal stimulation compared to

sham

Antonenko

et al. (2017)

Investigation of the anodal and

cathodal tDCS neuromodulatory

effects on GABA and Glu in M1

of elderly cohort

Mixed model Both anodal and cathodal tDCS caused decrease

in GABA compared to sham, but only anodal

reached the significance. Glutamate also

showed decreasing trend after both anodal

and cathodal tDCS but did not reach the

significance. In older group (>63 years), GABA

decrease after anodal tDCS was larger than in

younger (>63 years) old group

Bachtiar

et al. (2018)

Investigation of neuromodulatory

effects of tDCS on GABA and Glu

in M1 using anodal, cathodal and

bi-hemispheric montage

RM-ANOVA Anodal: Significant GABA reduction in both

stimulated and non-stimulated M1. Cathodal:

Significant GABA reduction in non-stimulated

M1 and no significant change in stimulated

M1. Bi-hemispheric: No significant GABA

change under anode, but significant GABA

reduction under cathode (right M1). No

significant glutamate concentration changes in

any of the montage. No significant Cr

concertation change in any montages. No

change of any metabolites during tDCS. All

results are given vs. sham

Bachtiar

et al. (2015)

Investigation of the

neuromodulatory effects on

GABA during and after tDCS.

Determine the duration of this

effect

RM-ANOVA GABA levels significantly decreased after anodal

tDCS compared to sham (most prominent

decrease was shown �15 min after tDCS) and

the baseline. The effect lasted 30 min after the

stimulation. No significant change of GABA

during tDCS

Barron

et al. (2016)

Investigation of inhibitory

rebalancing via tDCS

neuromodulatory effects and

neurometabolite measurements

t test GABA decreased significantly during the anodal

tDCS compared to the baseline and went up

after participants performed the task.

Glutamate showed also a significant increase

after the task, which was performed after the

stimulation

Binkofski

et al. (2011)

Investigation of tDCS effect on

cerebral energy metabolism

RM-ANOVA, t test In both stimulated and non-stimulated M1 high

energy phosphates depicted biphasic

behaviour with significant decrease in ATP and

PCr concentrations after 65 min and

subsequent overshoot compared to baseline

and sham

Clark

et al. (2011)

Investigation of the tDCS effect on

neurometabolites

ANOVA Glx and NAA concentration increased in the

stimulated right parietal cortex after anodal

tDCS compared to pre-stimulation values, but

not in the non-stimulated contralateral area.

No change in Cr, Cho and mI

Dwyer

et al. (2019)

Investigation of tDCS effect on the

neurometabolites of the pSTG

Mixed model No significant change of GABA, NAA or Glx

during or after tDCS stimulation compared to

sham, as well as compared to pre-stimulation

values

Hone-Blanchet

et al. (2016)

Investigation of a single dose tDCS

effect during and immediately

after stimulation in prefrontal and

striatal cortices

Wilcoxon test During bi-hemispheric tDCS: Significant increase

of NAA and no change of Glx or GABA in the

left DLPFC. Significant increase of Glx in the

left striatum. After tDCS: No significant

change in NAA, Glx or GABA. All results given

compared to sham
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TABLE 5 (Continued)

Study Aim

Statistical analysis (multiple

comparison correction) Results detected by MRS

Jalali et al. (2018) Investigation of the

neurometabolite changes in the

cerebellum after tDCS

RM-ANOVA (Bonferroni correction) No significant change in the GABA or Glx

concentrations in the right cerebellar cortex

during or after anodal tDCS compared to

baseline or sham

Kim et al. (2014) Investigation of the effects of tDCS

on GABA and glutamate in motor

cortex and their role in motor

learning and motor memory

Independent t test Significant decrease in GABA after anodal tDCS

in the stimulated M1. No significant change in

GABA after cathodal tDCS. No change in

glutamine or glutamate after neither anodal

nor cathodal stimulation. All results given

compared to sham and the baseline. No

change in any metabolite concentration in the

non-stimulated right M1 or in the visual cortex

Kistenmacher

et al. (2017)

Investigation of tDCS effect on the

brain energy metabolism and

glucose tolerance after repetitive

1-week stimulation

ANOVA Significant increase in ATP and PCr

concentrations only after Day 1 compared to

sham. No change after Day 8

Knechtel

et al. (2014)

Investigation of tDCS effect on Glx

in association with auditory

event-related potentials in

prefrontal cortex

Wilcoxon test There was no statistically significant change in

glutamate or Glx signal after anodal tDCS in

the stimulated left prefrontal cortex compared

to sham

Koolschijn

et al. (2019)

Investigation of the neocortical

inhibition role via tDCS-induced

GABA modulation against

memory interference

t test Significant decrease of GABA concentration

during anodal tDCS in the stimulated right

temporal cortex compared to baseline.

Significant increase of glutamate after both

stimulation and task, as well as the significant

decrease in aspartate compared to pre-

stimulation. No change in alanine, ascorbate,

GPC, phosphocholine, Cr, PCr, glucose, Gln,

glutathione, inositol, lactate, NAA, NAAG, PEA,

scyllo-inositol and taurine

Nwaroh

et al. (2020)

Investigation of the conventional

anodal and HD tDCS-induced

modulation (paired with motor

task) on GABA and Glx in right

M1 in children

Mixed model (Bonferroni

correction)

No significant change in GABA, Cho, NAA or Cr

in both M1 after neither conventional nor

high-definition anodal tDCS compared to

sham. Glx increase in the left M1 (contralateral

from stimulation site) after 6 weeks follow-up

compared to baseline and the sham after high-

definition anodal tDCS

O'Shea

et al. (2017)

Investigation of relationship

between tDCS-induced GABA

modulation and the behavioural

change

t test Significant decrease of GABA in M1 compared to

baseline. No change of Glu and no change of

GABA in the occipital cortex

Patel

et al. (2019)

Investigation of long-term effects of

anodal tDCS on GABA in M1

ANOVA Biphasic decrease of GABA in the left M1 in 25

and 66 min after the anodal tDCS compared to

baseline and sham

Rae et al. (2013) Investigation of brain energetic

change after bi-hemispheric tDCS

M-ANOVA, ANOVA Significant increase in pH and decrease in

phosphomonoesters and inorganic phosphate

during and after anodal tDCS in the left

dorsolateral prefrontal cortex. Two groups

based on the changes in ATP and PCr: Group 1

showed increase in ATP and PCr during anodal

tDCS and Group 2 depicted opposite effect.

All results are given compared to both baseline

and sham

Rango

et al. (2008)

Investigation of tDCS effect on the

neurometabolites in the frontal

lobe

Parametric and non-parametric

ANOVA, t test (Bonferroni

correction)

Significant increase of mI in the right motor

cortex, measured in 30 min after anodal

stimulation compared to baseline and sham.

No change in NAA, Cr, Cho or Glx

(Continues)
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Dickler et al., 2018; Dwyer et al., 2019; Harris et al., 2019; Hone-

Blanchet et al., 2016; Jalali et al., 2018; Jauch-Chara et al., 2015; Kim

et al., 2014; Kistenmacher et al., 2017; Knechtel et al., 2014; Koolschijn

et al., 2019; Nwaroh et al., 2020; O'Shea et al., 2017; Patel et al., 2019;

Rae et al., 2013; Rango et al., 2008; Ryan et al., 2018; Siniatchkin

et al., 2012; Stagg et al., 2011; Tremblay et al., 2014, 2016; Wardzinski

et al., 2019; Wilke et al., 2017; Zappasodi et al., 2018) dealing with

human subjects were selected for the review. Figure 1 is a flow diagram

summarising the inclusion process of the studies.

3.2 | ROB results

Nineteen studies (out of 34 studies in total) complied with all 10 ROB

criteria while three studies (Rae et al., 2013; Ryan et al., 2018;

Siniatchkin et al., 2012) failed to satisfy one criterion, two studies

(Auvichayapat et al., 2017; O’Shea et al., 2017) two criteria. Three

studies (Barron et al., 2016; Koolschijn et al., 2019; Tremblay et al.,

2014) failed to fulfil four criteria, and five studies (Auvichayapat et al.,

2018; Clark et al., 2011; Jalali et al., 2018; Stagg et al., 2011;

Zappasodi et al., 2018) failed to fulfil three criteria. Figure 2 shows a

traffic light plot and summary plot for ROB analysis generated using

an online R-based tool, Robvis (McGuinness and Higgins, 2020).

3.3 | Study characteristics

3.3.1 | Study design and cohort characteristics

As shown in Table 1, the majority of these studies used randomised,

single- (participants only) or double-blinded (both participants and the

experiment conductor(s) or both data analyser(s) and experiment

TABLE 5 (Continued)

Study Aim

Statistical analysis (multiple

comparison correction) Results detected by MRS

Ryan

et al. (2018)

Investigation of neurometabolite

change after bi-hemispheric tDCS

in M1

RM-ANOVA, t test No significant change in any of the measured

metabolites: NAA, Cho, mI, glutamate or

glutathione compared to sham. Strong

association between the absolute changes of

NAA and total creatine

Stagg

et al. (2011)

Investigation of the GABA

responsiveness on tDCS and

relationship to motor learning

t test GABA decreased in the left motor cortex after

anodal tDCS compared to baseline. Higher

degree of change in GABA lead to faster motor

learning

Stagg

et al. (2009)

Investigation of polarity specific

neurometabolite concentration

change after tDCS

ANOVA, t test NAA and Cr did not change nether after anodal

or cathodal stimulation (3 T and 7 T). GABA

decreased in both anodal and cathodal. Glx

and Glu decreased only after cathodal tDCS.

The effect was stable during 20 min. All results

are given compared to both baseline and sham

Tremblay

et al. (2016)

Investigation of the

neuromodulatory effects of the

bi-hemispheric tDCS on M1

RM-ANOVA (Bonferroni correction) No significant change in GABA, Glx, mI, total Cr

or total NAA compared to baseline and the

sham. High inter-individual variability

Tremblay

et al. (2014)

Demonstration of tDCS and MRS

protocols

Not relevant, 1 example GABA decrease in bi-hemispheric anodal

stimulation (Post 1). Glx increase in bi-

hemispheric cathodal (Post 2). All results are

given compared to both baseline and sham

Wardzinski

et al. (2019)

Investigation of the neuro-

energetics after double anodal

tDCS

RM-ANOVA Biphasic behaviour of ATP with an initial drop

after 10 min of the first tDCS and then

increase in 40 min. No biphasic behaviour of

ATP or PCr after second tDCS. Significantly

higher ATP/Pi and PCr/Pi after both tDCS

sessions. All results are given compared to

both baseline and sham

Zappasodi

et al. (2018)

Investigation of safety and the

effects of five cathodal tDCS on

M1

Friedman test No significant change in total Cho, Cr, NAA or

Glx compared to baseline

Abbreviations: ATP, adenosine tri phosphate; Cho, choline; Cr, creatine; DLPFC, dorsolateral prefrontal cortex; GABA, gamma-amino butyric acid; Glx,

glutamine (Gln) + glutamate (Glu); GPC, glycerophosphocholine; HD, high-definition; mI, myo-inositol; MRS, magnetic resonance spectroscopy; M1, motor

cortex; NAA, N-acetyl aspartate; NAAG, N-acetyl aspartatylglutamate; PCr, phosphocreatine; PEA, phosphoethanolamine; Pi, inorganic phosphate; pSTG,

posterior superior temporal gyrus; RM-ANOVA, repeated measure analysis of variance; tDCS, transcranial direct current stimulation.
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TABLE 7 Studies reporting tDCS-induced neurometabolite changes in pathologies

Study Pathology Aim Results

Auvichayapat

et al. (2018)

Bilateral, medication-resistant,

neuropathic pain caused by traumatic

spinal cord injury

Detection of tDCS-treatment-related

brain metabolite changes in the

anterior cingulate cortex of the

patients as a measure of tDCS pain

intensity decreasing effect

Glx/Cr and NAA/Cr increased

significantly in anterior cingulate

cortex after tDCS compared to

baseline measures and were

associated with anodal tDCS-

treatment-related decrease in the

pain intensity. No change in mI/Cr

and Cho

Auvichayapat

et al. (2017)

Spastic cerebral palsy with upper right

limb spasticity

Detection of the tDCS-treatment-

related neurometabolite changes in

the left M1 and basal ganglia after

anodal stimulation

Glx/Cr increased in left M1, while

NAA/Cr, Cho/Cr and mI/Cr

significantly increased in the left basal

ganglia following tDCS. Metabolite

ratio increase was correlated to the

spasticity improvement after tDCS

Carlson

et al. (2018)

Unilateral perinatal stroke syndrome

with symptomatic hemiparetic

cerebral palsy

Detection of the neurometabolite

changes in the M1 after cathodal

tDCS and investigate the correlation

with the clinical function

Glx and Cr decreased in contralesional

M1 after cathodal tDCS, but they

could not explain the change in the

clinical function

Dickler

et al. (2018)

Gambling disorder Investigation of the tDCS effect on the

brain metabolites in gambling

disorder

Significant increase of GABA levels and

no significant changes in Glx or NAA

in the right DLPFC after stimulation

Harris

et al. (2019)

Primary progressive aphasia Providing the evidence of the specific

GABA modulation in the left frontal

operculum after tDCS in combination

with language therapy

Significant decrease of GABA in the

inferior frontal gyrus after its

stimulation with anodal tDCS and

significantly greater language

improvement compared to sham. No

change in GABA, Glx, NAA, Cr or Cho

in the right sensory M1 region

Jauch-Chara

et al. (2015)

Obesity Examination of the tDCS effect on the

neuro-energetics and the glucose-

intolerance improvement in obese

men

No significant change in ATP, PCr or

ATP/Pi and PCr/Pi after anodal tDCS

in obese individuals. Only delayed

drop in PCr/Pi, indicating rigid neuro-

energetic response. Normal-weight

men showed biphasic behaviour of

ATP and PCr after tDCS depicting

decreases and then rises over the

baseline

Siniatchkin

et al. (2012)

Migraine with visual aura Investigation of the homeostatic-like

plasticity, as well as the visual cortex

excitability and the metabolite

concentrations with the help of tDCS,

photic stimulation and MRS in

migraine patients

No effect of tDCS on NAA/Cr or Cr and

no significant difference in the

baseline levels of these metabolites

between healthy and migrainous

individuals. Higher baseline Glx/Cr in

patients. Increase in Glx/Cr was

observed after anodal and the

opposite effect after cathodal tDCS

in the healthy subjects, while in

patients only cathodal stimulation

caused Glx/Cr decrease

Wilke et al. (2017) Recurrent mild traumatic brain injury Comparison of the GABA concentration

in the motor cortex and cognitive

performance between healthy

individuals and traumatic patients.

Investigation of the GABA

modulatory effect of tDCS in this

cohort

No significant difference in the baseline

GABA concentrations between the

healthy and TBI groups. No

significant effect of tDCS in either

group. Only positive correlation

between the number of head traumas

and the GABA concentration

Abbreviations: ATP, adenosine tri phosphate; Cho, choline; Cr, creatine; DLPF, dorsolateral prefrontal cortex; GABA, gamma-amino butyric acid; Glx,

glutamine + glutamate; mI, myo-inositol; MRS, magnetic resonance spectroscopy; M1, motor cortex; NAA, N-acetyl aspartate; PCr, phosphocreatine; Pi,

inorganic phosphate; TBI, traumatic brain injury; tDCS, transcranial direct current stimulation.
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conductor(s)), sham-controlled and crossover designs. Additionally, six

studies used a counter-balanced design, one study used a longitudinal

design, 11 studies used an observational design and one study used a

triple-blinded trial.

All volunteers participated in either both active and sham experi-

ments (14 studies) or in either an active or a sham experiment

(20 studies). One study was conducted on a cohort of children

(~14 years old) and one on an elderly cohort (~65 years old). All other

participants were young adults (around 25 years old).

Anodal tDCS was predominantly used in the studies selected for

this review. Here, the anodal tDCS refers to the current flow from the

anodal electrode placed on the area of interest to be stimulated, for

example, M1, towards the reference electrode (in this case, the cath-

odal electrode) which is mostly placed on the contralateral supraor-

bital ridge or somewhere outside the brain. Seven studies (Bachtiar

et al., 2018; Dickler et al., 2018; Hone-Blanchet et al., 2016; Rae

et al., 2013; Ryan et al., 2018; Tremblay et al., 2014, 2016) used bi-

hemispheric stimulation (current flow from the anodal to the cathodal

electrode when one electrode is placed on one region of interest in

the brain and the other on the same region but on the contralateral

side) and two studies used (Carlson et al., 2018; Zappasodi

et al., 2018) cathodal only stimulation (current flow to the cathodal

from the reference electrode). Note that the term “bi-hemispheric”
rather than “bilateral” is used as the electrodes were not always

placed in the identical region of both hemispheres, for example, M1

and on the contralateral supplementary motor region (e.g., Ryan

et al., 2018).

3.3.2 | tDCS protocols

Table 2 shows a summary of the tDCS protocols used in this review.

An applied current of 1 mA was used in 24 studies. Then, 2 and

1.5 mA were used for nine and two studies, respectively. Among the

nine studies using 2 mA, one study used 1.8 mA due to a technical

issue (high impedance). Although there were variations in the duration

of active tDCS, most studies used a stimulation time of 20-min for

active tDCS. Seven studies used 10 min, four studies used 15 min,

one study used 25 min and two studies used 30 min. Seven studies

reported repetition of stimulation. Moreover, 19 studies stated the

Records identified through database searching  

Web of science N = 113 
PUBMED N = 59

Additional records identified through other sources 

N = 10

Records after excluding duplicates 

N = 59

Records screened 

N = 54
Records excluded 

N = 3

Full-text articles assessed for eligibility 

N = 51

Studies included in qualitative synthesis 

N = 34

Full-text articles excluded, 

with reasons  

N = 17 
Review papers: 3, 

Animal studies: 2, 

Not including both tDCS and 

MRS: 3, 

Duplication of the dataset: 3, 

Not including MRS: 3, 

MRS measured only either 

before or after tDCS: 3, 

Not investigating or reporting 

the pre and post effect of 

tDCS on MRS data: 5
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F IGURE 1 Flow diagram of study selection
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tDCS was performed inside (16 studies) or outside (three studies) an

MRI scanner, but 15 studies did not report this information. Note that

the tDCS devices found in this review were mostly used for investiga-

tional purpose only and the majority were CE-certified.

3.3.3 | MR system, MRS parameters and MRS
fitting software

The details relating to the MR system, MRS parameters and MRS

fitting software are listed in Table 3. The vast majority of MRS studies

were performed at 3 T using the MEGA-PRESS sequence with 2 s TR

and 68 ms TE. Six studies were conducted at ultra-high field (7 T)

using either the semi-LASER (four studies) or STEAM (two studies)

sequence. One study was conducted at 1.5 T. Most MRS studies used
1H and only five studies (in the same group) focused on 31P using the

3D CSI sequence. A voxel size of 20 × 20 × 20 mm3 was used for

most 1H-MRS studies and 60 × 50 × 30 mm3 was used for all 31P-

MRS studies. LCModel and jMRUI were predominantly used for MRS

fitting and as processing software for 1H and 31P studies, respectively.

3.3.4 | Stimulated and MRS VOI regions,
quantified metabolites and tDCS–MRS scheme

Figure 3 displays the brain regions where tDCS was applied. One can

see that most evidence has been acquired from stimulation of the M1

area; 13 studies from the left M1 and 9 studies from the right M1.

F IGURE 2 Risk of bias analysis traffic light plot (a) and summary plot (b) for included studies
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Furthermore, three studies were carried out in a bi-hemispherical

manner on both the left and right dorsolateral prefrontal cortex

(DLPFC). Two studies obtained data from the right temporal cortex

region. In addition, studies in each of the left inferior frontal gyrus, left

posterior superior temporal gyrus, visual cortex, right cerebellum, right

parietal cortex and right supplementary motor cortex were performed.

One study had multiple voxels for MRS measurements (Bachtiar

et al., 2018) and the stimulating areas for tDCS electrodes were

mostly defined using a 10–20 EEG system set-up and/or TMS.

Quantified metabolites from the respective brain regions mea-

sured by MRS are summarised and visualised in Figure 4. In the case

of 1H, GABA (19 studies), Glx (Glu + Gln) (17 studies), NAA (17 stud-

ies), Cho (nine studies), mI (eight studies), Glu and Gln (nine studies)

were measured using MRS and the collected data were quantified.

ATP, PCr and Pi were always chosen for the analysis of 31P data. One

study had additionally conducted pH measurements.

Nearly all tDCS–MRS acquisition schemes were followed as a

pre-measurement prior to tDCS and a post-measurement after tDCS.

In addition, nine studies included a “during” measurement step and

three studies included more than one pre-measurement and 12 studies

included more than one post-measurement.

3.3.5 | Studies reporting tDCS-induced
neurometabolite modulation in healthy cohorts

Twenty-six studies investigated healthy volunteers and have been

reported as listed in Table 5. Eight studies investigated the effect of

anodal tDCS on GABA and Glx/Glu/Gln simultaneously in the adult

left M1. Two studies reported only GABA measurements. Two studies

conducted MRS on 7 T scanners and the rest were conducted at 3 T.

In addition, 9 out of 10 studies showed a decrease in GABA after the

stimulation, while none of them reported changes in Glx, Glu or Gln.

In two studies, an apparent decrease in GABA in the right temporal

cortex during anodal tDCS, returning to its baseline following stimula-

tion, has been reported. One study investigated the same effect in

elderly participants and one study investigated the effect in children.

In the study with children, the right M1 was stimulated using both

anodal conventional and HD tDCS. The only significant change was

observed in Glx (increase) in the non-stimulated left M1 after HD

anodal tDCS in the 6 weeks follow-up measurement. In the study on

elderly participants, changes were found to be similar to those in the

adult participants, albeit with a higher degree of GABA reduction in

the elderly participants (>63 years) following anodal tDCS. Four stud-

ies investigated the concentration change of high energy phosphates

in the right M1 and the left temporo-frontal region after anodal tDCS.

No study reported any significant change in Cho and Cr concentration

following any of the tDCS montages. Among the four studies measur-

ing mI, only one reported its increase in the right M1 after anodal

tDCS. Two investigations reported an increase in NAA values in the

left DLPFC and right parietal cortex after anodal tDCS. ATP/Pi and

PCr/Pi exerted biphasic behaviour (decrease and then increase) in the

concentration before returning to the baseline values. Table 6 shows

a symbolised neurometabolite concentration modulation of all neu-

rometabolites in the different areas of the brain in the healthy sub-

jects measured following tDCS.

Right cerebellum
Jalali et al. 2018

Right temporal cortex
Barron et al. 2018 

Koolschijn et al. 2019

Right supplementary motor cortex
Ryan et al. 2018

Right motor cortex
Bachtiar et al. 2018 

Binkofski et al. 2011 

Carlson et al. 2018* 

Jauch-Chara et al. 2015 

Kistenmacher et al. 2017 

Nwaroh et al. 2020 

Rango et al. 2018 

Tremblay et al. 2015, 2016 

Wardzinski et al. 2019

Visual cortex
Siniatchnik et al. 2011

Right parietal cortex
Clark et al. 2011

Right DLPFC 
Dickler et al. 2018 

Hone-Blanchet et al. 2016 

Rae et al. 2013

Left DLPFC 
Dickler et al. 2018 

Hone-Blanchet et al. 2016 

Rae et al. 2013

Left motor cortex 
Antonenko et al. 2017, 2019 

Auvichayapat et al. 2017, 2018 

Bachtiar et al. 2018 

Bachtiar et al. 2016 

Carlson et al 2018* 

Kim et al. 2014 

Patel et al. 2019 

Ryan et al. 2018 

Stagg et al. 2009, 2011 

Tremblay et al. 2015, 2016 

Wilke et al. 2017 

Zappasodi et al. 2018

Left IFG 
Harris et al. 2019

Left pSTG 
Dwyer et al. 2019

F IGURE 3 Brain regions where tDCS was applied with their corresponding published articles and literature included in this review. Colour
coding indicates one study per colour, which used the bi-hemispheric stimulation. DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal
gyrus; pSTG, posterior superior temporal gyrus. The brain images were generated using CONN software (Whitfield-Gabrieli & Nieto-
Castanon, 2012)
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3.3.6 | Studies reporting tDCS-induced
neurometabolite changes in pathologies

Eight studies investigated the effect of tDCS and concomitant

neurometabolite changes in different pathologies. Two studies, con-

ducted on a cohort of children, investigated the potential for tDCS

as a treatment for spasticity improvement in cerebral palsy and

motor rehabilitation in perinatal stroke syndrome. After five consec-

utive days of anodal stimulation, one stimulation per day was applied

for 5 days in series, spasticity improved with a correlated increase in

Glx in the left M1 and NAA, Cho and mI in the left basal ganglia. Fol-

lowing 10 consecutive days of cathodal tDCS of the lesioned M1;

here, the stimulation was generated by flowing the current to the

cathodal (the contralesional M1) from the reference (the contralat-

eral supraorbital area), the motor function in perinatal stroke

patients was improved, and Glx and Cr levels were decreased. How-

ever, the neurometabolite change and motor performance scores

were not correlated. The remaining pathologies in the adult

population included medication resistant neuropathic pain after trau-

matic spinal cord injury, primary progressive aphasia, recurrent trau-

matic brain injury, migraine, obesity and gambling disorder. Among

these, three studies investigated different clinical conditions in com-

parison to the reference data acquired from healthy volunteers

(Jauch-Chara et al., 2015; Siniatchkin et al., 2012; Wilke et al., 2017)

and found clear differences between both parties. Jauch-Chara et al.

studied patients with obesity by monitoring ATP, PCr level changes

and found out that the bipolar behaviour of ATP/Pi and PCr/Pi was

not observed in the patient group following anodal tDCS, whereas it

was seen in the healthy group (Jauch-Chara et al., 2015). Siniatchkin

et al. observed that Glx/Cr increased after anodal tDCS and

decreased after cathodal tDCS in healthy subjects. However, in a

migraine with visual aura patient group only Glx/Cr decreased fol-

lowing cathodal tDCS, and no changes occurred following anodal

tDCS (Siniatchkin et al., 2012). Wilke et al. investigated mild trau-

matic brain injury using anodal tDCS on the left M1 and reported

that no GABA changes were found in either patient or healthy

Right temporal cortex 
Ala, Asc, Asp, Cr, GABA, Gln, Glu, Glx, GPC, 

In, Lac, NAA, NAAG, PC, PCr, PEtA, Sy-In, Tau

Right cerebellum 
GABA, Glx

Right IPS 
Cho, Cr, Glx, mI, NAA

Left IPS 
Cho, Cr, Glx, mI, NAA

Left pSTG 
GABA, Glx, NAA

Visual cortex 
Cho, Cr, GABA, Gln, 

Glu, Glx, mI, NAA

ACC 
Cho, Glx, mI, NAA

Right striatum 
GABA, Glx, NAA

Right motor cortex 
ATP, Cho, Cr, GABA, Gln, Glu, 

Glx, mI, NAA, PCr

Left motor cortex 
ATP, Cho, Cr, GABA, Gln, Glu, 

Glx, GSH, mI, NAA, PCr

Left DLPFC 
ATP, GABA, Glu, Glx, NAA, 

PCr, Pi

Left IFG 
Cho, Cr, GABA, Glx, NAA

Left striatum  
Cho, Cr, GABA, Glx, mI, NAA

Right DLPFC 
GABA, Glx, NAA

F IGURE 4 All neurometabolites of interest measured by MRS in the investigated studies in different brain regions used for the current
review. ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; IPS, intraparietal sulcus; pSTG, posterior
superior temporal gyrus. The brain images were generated using CONN software (Whitfield-Gabrieli & Nieto-Castanon, 2012)
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control groups (Wilke et al., 2017). A detailed summary of the study

goals and outcomes is also reported in Table 7.

4 | DISCUSSION

The aim of this current systematic review was to summarise and to

explore evidence from the literature investigating the relationship

between tDCS protocols and the effect on neurometabolite concen-

trations, determined by the MRS measurements and analyses. In this

review, we identified a number of previous works, which were all car-

ried out and published before March 1, 2020. Overall, 34 studies were

included, providing an overview of neurometabolite changes in the

healthy human brain, as well as in different pathologies.

4.1 | Risk of bias

The overall ROB was low in most studies and the source of high ROB

was caused most frequently due to the absence of either

randomisation/counterbalancing or blinding. Even though four studies

were randomised and counterbalanced for their main research ques-

tion, they still did not meet the criterion regarding the measurement

of the outcome in our systematic review (Barron et al., 2016; Jalali

et al., 2018; Koolschijn et al., 2019; O'Shea et al., 2017). Thus, they

have been rated as having an unclear ROB in this domain. Overall,

eight studies did not report handedness, which was part of our demo-

graphics criterion. Among them, handedness for five studies was irrel-

evant for their study aims (Auvichayapat et al., 2017; Binkofski

et al., 2011; Kistenmacher et al., 2017; Rae et al., 2013; Wardzinski

et al., 2019). Four studies investigated the influence of the tDCS on

the energy metabolism as measured by ATP and PCr, and one study

used the tDCS modulation on the contra-lesional side of the brain.

Thus, it was not considered to have any influence on the ROB analy-

sis. Two studies investigated the influence of tDCS on the metabolites

in the temporal cortex (Barron et al., 2016; Koolschijn et al., 2019).

Even though it has been reported in the literature that handedness

has an influence on the functional differences in the memory pro-

cesses (Cuzzocreo et al., 2009), as well as on the anatomical asymme-

try of the language-related temporal cortex (Steinmetz, Volkmann,

Jäncke, & Freund, 1991), it is not clear whether handedness plays a

role in the influence of tDCS on the temporal cortex. Hence, we eval-

uated the ROB domain as being unclear. One study (Ryan et al., 2018)

used bi-hemispheric stimulation, and it is unclear if handedness would

have any influence on the results in this montage. Tremblay

et al., 2014 only reported results from one volunteer, as the major

purpose of this paper was to report the protocol for the combined

tDCS and MRS studies. The information retrieved from the authors

about whether tDCS was measured inside or outside and about the

handedness actually improved the ROB for 14 studies. If the studies

had a high or unclear ROB in two or more domains, they were consid-

ered as having a high overall ROB. If studies had one high ROB, they

were rated as having an unclear ROB overall, and if they had one

unclear bias in one domain, not including blinding, then they were

rated as having a low ROB.

4.2 | Information on neurometabolites and
stimulated regions in the brain

GABA and Glx (Glu and Gln) for 1H, and ATP and PCr for 31P were

reported as the most frequently investigated neurometabolites. As

Glu and GABA are the major excitatory and inhibitory neurotransmit-

ters, it is intuitive that most of the studies concentrated on these

metabolites. Nowadays, the majority of the research is still carried out

on 3 T MRI scanners, where overlapping Glu and Gln peaks are

observed due to the narrow chemical shift. Therefore, the Glx

reported here represents these chemicals together. Furthermore, syn-

aptic activity in the brain is closely associated with the increased

energy demand. Investigating the modulation of high-energy phos-

phate concentration using tDCS can provide additional information

relating to its action mechanism. Nevertheless, to better understand

the coupling between the energy demand and the synaptic plasticity,

it is strongly advisable to simultaneously investigate the metabolites

involved.

It was found that the majority of studies examining the effects of

tDCS on the neurochemicals in the brain were carried out in the left

and right motor cortex regions. The preference towards examining

these regions might be explained by the fact that there was already

pre-existing information relating to the direct association between

motor evoked potentials and the motor cortex modulation using

transcranial magnetic stimulation (di Lazzaro & Ziemann, 2013).

Although tDCS exerts a huge potential for the treatment of neuropsy-

chiatric disorders, especially for depression, there is very little

research investigating the underlying neurometabolite changes in the

prefrontal cortices—known to be an affected region in these patholo-

gies (Kalu, Sexton, Loo, & Ebmeier, 2012).

4.3 | Neurometabolite changes by the tDCS
settings

4.3.1 | Montage

All studies used conventional pad-based montages between two elec-

trodes. Among them, one study additionally used an HD montage

with one electrode in the middle and four surrounding electrodes

(ring-montage). As the motor cortex was the most investigated region

in the reviewed papers, the M1—contralateral supraorbital ridge mon-

tage was most frequently selected by researchers. The cheek and the

shoulder were also reported as the locations for the extracerebral

electrode. Bi-hemispheric montage for the motor and frontal cortices

have also been utilised. As ensuring localised brain stimulation is par-

ticularly challenging using the traditional montage, which generates a

wide electrical field between the two electrodes (Esmaeilpour

et al., 2018), the montage selection and brain region interconnection
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should be carefully considered to achieve reliable and consistent

results.

4.3.2 | Current, duration and repetition

The, 1 mA is the most frequently used current strength, followed by

2 mA. The preferred duration of the stimulation is 20 min. However,

in previous behaviour studies, a current of 0.6 mA and 3 min of stimu-

lation has been reported as being the minimum requirement for the

initiation of cellular membrane excitation (Nitsche & Paulus, 2000).

The effect of anodal tDCS tends to be bigger when the applied cur-

rent strength and duration increases until a point where the LTP-like

activation might turn into the LTD-like inhibition, or vice versa

(Monte-Silva et al., 2013). To date, the roof effect has not been

reported and further studies are required to explore whether the

threshold of the tDCS parameters may provide warranted

information.

Most of the experiments in the reviewed studies were conducted

in a single day. Three studies investigating the pathologic conditions

performed the stimulation for 5 and 10 consecutive days, presenting

positive results with regard to symptomatic improvement and metab-

olite changes (Auvichayapat et al., 2017; Carlson et al., 2018). In the

healthy cohort, the tDCS repetition showed an opposite effect and

blunted the neurochemical changes (Kistenmacher et al., 2017;

Nwaroh et al., 2020) The possible explanation for this might be that in

the healthy individuals, tDCS is reaching “saturation in the modula-

tion” (Nwaroh et al., 2020), while in pathologies; the window is larger

due to the neurochemical imbalance.

4.3.3 | MRS and tDCS experimental scheme

Most studies carried out one baseline MRS measurement prior to the

stimulation using tDCS and one post MRS measurement in order to

compare the tDCS effect on a target metabolite. These measurements

are the absolute minimum requirement. However, although a longer

experimental time is necessary, in order to increase the acquired data

reliability and minimise the potential drop-out rate, at least two MRS

measurements are recommended in each session.

4.4 | Effect on neurometabolites by MR-related
parameters

4.4.1 | MR system field strength

Ultra-high field, such as 7 T, offers various benefits for MRS measure-

ments, including increased SNR and larger chemical shift. The higher

SNR allows improvements in MRS data fitting accuracy and shortens

the overall MRS acquisition time while giving a similar VOI size as at

1.5 or 3 T, therefore, enabling multiple acquisitions (more baseline

and post-stimulation scans before/after tDCS) for better temporal

resolution. This is particularly advantageous for 31P-MRS due to its

intrinsically low natural abundance compared to the proton. Having

an increased chemical shift enables metabolites to be isolated from

each other. For example, the Glx peak in the proton MR spectrum rep-

resents the combined peak of Glu and Gln at 3 T or a lower field

strength. In contrast, at 7 T, the peaks of Glu and Gln can be sepa-

rated allowing analysis of the functions of the glutamate–glutamine

system and also increases the specificity towards understanding the

synaptic plasticity via separate investigation of the major excitatory

neurotransmitter.

4.4.2 | MR sequence and sequence parameters

MR sequence parameters, and particularly the editing pulse, which is

closely related to TE, are more or less standardised for each vendor,

scanner and target metabolites. Parameter optimisation can be

assisted by previous MRS only studies (Mikkelsen et al., 2017, 2019)

which focus on only one metabolite; GABA. With the benefits of

ultra-high field MRI, smaller voxel size can be chosen and the brain

region of interest can be more precisely selected and examined with

less contamination from unwanted areas.

4.4.3 | Fitting and statistical analysis program

Unless using home-programmed software, the fitting program used

for MRS data analysis is standardised. LCModel and jMRUI are mostly

used for 1H and 31P metabolites quantification, respectively. Although

these are well-established and easy to use, in order to avoid obtaining

biased and skewed information, users should pay special attention to

setting the fitting software up, particularly in terms of prior knowl-

edge, boundary and pre-/post-processing. In addition, it is highly rec-

ommended that authors report the MRS data quality showing, for

example, the CRLB values, which provide the lowest possible SDs of

the fitting error.

4.5 | tDCS effects on neurometabolites in healthy
participants

As mentioned above, the effect of DC modulation has most fre-

quently been investigated as changes in GABA concentration and on

Glx/Gln/Glu. In the majority of cases, these were measured in the left

M1. Considering that all the studies except one (Tremblay et al., 2014)

report GABA decrease and no change in Glx/Gln/Glu in the left M1

after anodal modulation, it is very likely that the LTP-like effect of

tDCS are driven by a reduction in the inhibitory tone (Antonenko

et al., 2017, 2019; Auvichayapat et al., 2018; Bachtiar et al., 2018;

Kim et al., 2014; O'Shea et al., 2017; Patel et al., 2019; Stagg

et al., 2009; Stagg et al., 2011; Tremblay et al., 2014). Similarly, the

LTD-like effect of the cathodal modulation might be caused by

reduced levels of the excitatory neurotransmitter as Glx/Gln/Glu
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decrease has been reported following cathodal tDCS with a concomi-

tant reduction in GABA (Antonenko et al., 2019; Stagg et al., 2009).

Stagg et al. (2009) also explained that GABA decreases secondary to

reduced Glu levels, as the latter is GABA's precursor. However, this

effect should be interpreted more cautiously, as only a few studies

have conducted investigations using cathodal tDCS, and, on the

whole, no significant concentration change of Glx/Gln/Glu was shown

in these studies (Bachtiar et al., 2018; Kim et al., 2014).

The effect of tDCS on the GABA and Glx/Gln/Glu levels has also

been investigated in other regions of the brain. No concentration

change was observed, except in the right M1, temporal cortex and

intraparietal sulcus, where GABA decreased and the Glx/Glu

increased (Bachtiar et al., 2018; Barron et al., 2016; Clark et al., 2011;

Koolschijn et al., 2019).

Moreover, the effects of tDCS have been inspected on NAA, Cr,

Cho and mI levels in different regions of the brain, as measured by

MRS. No change in either Cr or Cho has been shown in any of the

areas (Bachtiar et al., 2018; Clark et al., 2011; Nwaroh et al., 2020).

However, NAA increased in the left DLPFC during anodal tDCS

(Hone-Blanchet et al., 2016) and in the right intraparietal sulcus fol-

lowing the stimulation (Clark et al., 2011). The mI levels increased

after anodal stimulation only in the right M1 (Rango et al., 2008). As

Cr and NAA are commonly used as a reference to analyse the ratio of

metabolites after MRS, it is important to measure and report the con-

centration change of these chemicals in order to avoid any erroneous

results. One study in particular has reported increased NAA during bi-

hemispheric tDCS in the left DLPF under the anodal electrode (Hone-

Blanchet et al., 2016). Two studies (Stagg et al., 2009, 2011) have

used NAA and seven studies (Antonenko et al., 2017, 2019; Bachtiar

et al., 2015, 2018; Nwaroh et al., 2020; O'Shea et al., 2017; Ryan

et al., 2018) chose Cr as a reference in a healthy cohort where no

change of NAA or Cr was depicted. In MRS, it is often challenging to

acquire absolute concentration without the reference, since the signal

intensity of spectra is not only proportional to the metabolic concen-

tration but is also influenced by a variety of factors, including pulse

sequence parameters and HW imperfection (e.g., Rx coil sensitivity

and eddy current). Therefore, if we analyse the levels of metabolites

as a ratio, one assumes the removal of these unplanned factors, con-

sequently, it is important to select a stable metabolite as a reference.

Seven studies presented the neurochemical concentration in the

healthy cohort during the anodal tDCS measured by 1H MRS, but, to

some extent, the results obtained are counterintuitive (Bachtiar

et al., 2015, 2018; Barron et al., 2016; Dwyer et al., 2019; Hone-

Blanchet et al., 2016; Jalali et al., 2018; Koolschijn et al., 2019). For

example, two studies (Barron et al., 2016; Koolschijn et al., 2019)

reported that GABA decreased in the temporal cortex compared to

baseline, while one study (Dwyer et al., 2019) showed no change in

the GABA level during the stimulation in the temporal cortex when

compared to baseline. It should be noted that the target area for tDCS

stimulation was different; the GABA concentrations measured in the

first two studies were in the right temporal cortex, whereas the other

conducted the experiment on the left side. However, we could not

find any explanation as to how this could have influenced the results.

Furthermore, four studies, two investigating GABA concentration in

the left M1 (Bachtiar et al., 2015, 2018), one in the left DLPFC (Hone-

Blanchet et al., 2016) and one in the right cerebellum (Jalali

et al., 2018) also showed no concentration change in GABA during

the stimulation. One study (Hone-Blanchet et al., 2016) showed

increased NAA in the left DLPFC and increased Glx in the left stria-

tum, while the other studies demonstrated no change in either Glx

and Glu (Bachtiar et al., 2018; Barron et al., 2016; Dwyer et al., 2019;

Jalali et al., 2018; Koolschijn et al., 2019) or in NAA (Dwyer

et al., 2019; Koolschijn et al., 2019). Again, the location of the stimula-

tion was different, for example, temporal cortex for NAA and Glx as

well as M1 for Glx, suggesting that the metabolite change observed

during the tDCS stimulation might also be location dependent.

Four studies explored the effect caused by anodal tDCS on the

high energy phosphates in the right M1 and left DLPFC. As expected,

the response of ATP and PCr levels in M1 followed the biphasic pat-

tern; it decreased immediately after tDCS and increased after a cer-

tain time (Binkofski et al., 2011; Wardzinski et al., 2019). However,

not all of the studies reported the biphasic behaviour. Kistenmacher

et al. showed the significantly higher ATP and PCr after anodal tDCS

of the right M1 compared to the sham measurement after Day 1 and

showed that this effect disappeared after Day 8 (Kistenmacher

et al., 2017). Furthermore, both PMEs and inorganic phosphate

decreased in the left DLPFC. While with reference to ATP and PCr,

two groups emerged, one with the concentration decreased and

another with its increase predicted by the baseline pH and ATP levels

(Kim et al., 2014). In order to ensure neurochemical concentration

changes in the temporal domain, acquiring not one but several post-

stimulation measurements is recommended.

A range of studies have investigated the effects of tDCS on neu-

rometabolites which extended beyond the regions of tDCS application.

For example, with the exception of one study showing GABA reduction

after anodal tDCS in the right M1 (Bachtiar et al., 2018; Clark

et al., 2011; Kim et al., 2014; Nwaroh et al., 2020), measuring GABA and

Glx/Gln/Glu in the contralateral M1 or in the vicinity of intraparietal sul-

cus of the stimulation depicted no concentration change. The other

regions included the left striatum and visual cortex, with no change in

any of the metabolites except Glx during anodal tDCS in the left striatum

(Hone-Blanchet et al., 2016; Kim et al., 2014; Stagg et al., 2011). Only

one study investigated the extended effect of the neuromodulation on

the high energy phosphates and described both ATP and PCr decrease

in the left M1 contralateral to the stimulated area (Binkofski et al., 2011).

4.6 | tDCS effects on neurometabolites in
pathologies

While the use of tDCS together with MRS has shown a huge potential

in respect to the treatment of neuropsychiatric diseases, it is surpris-

ing that not many studies investigating its modulatory effects on the

neurometabolites in different pathologies have been conducted. In

our search of the literature, we only found eight cases. A few of the

studies examining tDCS effects measured by MRS in child-related
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pathologies reported neurochemical concentration modulation after

tDCS (Auvichayapat et al., 2017; Carlson et al., 2018). However, the

only paper that investigated the same effect in healthy children did

not record any changes in brain metabolites after conventional tDCS

(Nwaroh et al., 2020). Auvichaypatat et al. also demonstrated

increased Glx in the left M1 and decreased NAA, Cho and mI levels in

the left basal ganglia of the children with spastic cerebral palsy. The

left M1 was stimulated for a duration of 20 min using 1 mA anodal

tDCS for five consecutive days (Auvichayapat et al., 2017). Nwaroh

et al. found no changes in Glx, NAA, GABA, Cho or Cr in the healthy

cohort of children after 20 min of 1 mA anodal tDCS on four succes-

sive days. However, high Glx levels were detected in the left M1, con-

tralateral to stimulation after HD tDCS in a 6-week follow-up

(Nwaroh et al., 2020). They concluded that the brains of the healthy

children might already be in “plastic state” and hyperexcitable and

therefore, tDCS had no effect. On the other hand, this condition can

be disrupted in pathologies where neurochemical concentration can

be out of balance. That is when tDCS can make a difference.

In the neuropathic pain and primary progressive aphasia, tDCS

exerted the same directional effect on the neurometabolites as in the

healthy adult cohort. Additionally, changes in the neurochemicals

were correlated to an improvement in symptoms (Auvichayapat

et al., 2018; Harris et al., 2019). In the group where participants suf-

fered from a gambling disorder, GABA increased in the right DLPFC,

and this result was opposite to what was seen in the motor cortex of

the healthy individuals (e.g., Antonenko et al., 2019; Bachtiar

et al., 2018; Stagg et al., 2011). It was observed that Glx did not

change in migraine patients following anodal tDCS but decreased in

the healthy control group. However, it was shown to decrease in both

patients and controls following cathodal tDCS (Siniatchkin

et al., 2012). In a recurrent TBI study, anodal tDCS had no effect on

GABA in either the patient group or the healthy subjects (Wilke

et al., 2017). In studies investigating obesity, anodal tDCS showed a

blunted effect on high energy phosphate concentration, as there was

only delayed drop in PCr values to be notified compared to the

biphasic behaviour of the ATP and PCr in the lean individuals after

anodal tDCS (Jauch-Chara et al., 2015).

Although studies investigating the effects of tDCS on neu-

rometabolites and their correlation to symptom improvement in dif-

ferent diseases is scarce, it is still clear that brain stimulation has

potential as a new treatment strategy and/or a tool to profoundly

understand pathological mechanisms in the brain. The discrepancies

or no effects of tDCS on the brain's metabolite concentration in dif-

ferent disorders compared to the findings in the healthy population

should be carefully interpreted due to the diversity of the datasets.

Special attention should also be paid to the careful selection of the

reference metabolite, that is, Cr or NAA, especially in the clinical pop-

ulation since the tDCS modulatory effects on these reference metab-

olites have been observed in some pathological conditions

(Rackayova, Cudalbu, Pouwels, & Braissant, 2017), including one study

(Carlson et al., 2018) cited in this paper. Thus, in the study by Carlson

et al., metabolite levels were not reported using Cr as a reference

because Cr levels are thought not to be stable in perinatal stroke

syndrome patients, and the practice of using Cr as an internal refer-

ence to calculate the concentration ratios of metabolites is of ques-

tionable reliability (Rae, 2014). Furthermore, it is also known that

some pathologies themselves influence the concentration levels of

these metabolites (Chiappelli et al.,2019; Dezortova et al., 2008). In

the case of examining patients, particularly when comparing the data

from different pathologies to the healthy state, the use of water con-

centration as an internal reference may be an alternative since it could

eliminate possible bias due to the changes in Cr concentration

(Rackayova et al., 2017). Therefore, more stratified research is desir-

able with a larger sample size in the future.

4.7 | Side effects of tDCS

Majority of the studies have not mentioned the side effects of tDCS

and only nine studies accessed in this review refer to side effects relat-

ing to tDCS (Auvichayapat et al., 2018; Dickler et al., 2018; Harris

et al., 2019; Hone-Blanchet et al., 2016; Kistenmacher et al., 2017;

Nwaroh et al., 2020; O'Shea et al., 2017; Tremblay et al., 2014;

Zappasodi et al., 2018). Three of them reported that there were no

adverse effects or no significant differences between active and sham

tDCS conditions (Dickler et al., 2018; Harris et al., 2019; Hone-Blanchet

et al., 2016). Nwaroh et al. and Kistenmacher et al. refer only to “low
side effects” in the introduction and discussions sections of their papers.

Auvichayapat et al. reported that four participants showed evidence of

erythematous rashes where the cathodal electrode was placed over

their right shoulders during treatment. However, all of these rashes

resolved within 2 hr. O'Shea et al. observed that side effects were

restricted to a transient itch or tingling sensation under one or both

electrodes during current ramp-up but dissipated over time (O'Shea

et al., 2017). Tremblay et al. stated the most reported side effects were

mild tingling (70.6%), moderate fatigue (35.3%), a slight sensation of

itching under the electrodes (30.4%), and slight burning sensation

(21.6%) (Tremblay et al., 2014). Finally, Zappasodi et al. presented an

absence of serious adverse side effects, although all subjects reported

mild to moderate tingling or a burning sensation under the cephalic elec-

trode. This lasted during the entire stimulations in 10 (31%) subjects.

Reversible mild scalp erythema, not requiring medical intervention, was

observed in 5 (16%) subjects (Zappasodi et al., 2018). According to

Bikson et al., research on the side effects of tDCS is ongoing, but so far,

the only established side effects are minor, for example, temporary skin

redness, itching and tingling, and these are restricted to the electrode

location (Bikson, Grossman, Thomas, et al., 2016). Brunoni et al. also

reported headache, nausea and dizziness as side effects, but also

emphasised that these side effects have been illustrated to occur at

nearly the same rate as in sham stimulations (Brunoni et al., 2011).

4.8 | Limitation

The main limitation of the current systematic review is its heteroge-

neous characteristic according to the key parameters: tDCS polarity,
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stimulation duration, repetition, current strength, MRS sequence

parameters or pre-/post-processing, the time window in which to

acquire MRS data, stimulated brain regions and the monitored metab-

olites, which makes it unreasonable to conduct a meta-analysis. Fur-

thermore, since the studies combining both tDCS and MRS are

relatively new, the sample size of each study is rather small—some of

them did not even include a sham control group and judged the

effects of tDCS on neurometabolite concentration changes based on

the results of pre- and post-measurements. Additionally, due to the

heterogeneity of the data, it was not easy to carry on the direct com-

parison between healthy and clinical populations.

4.9 | Current challenges and future directions

The combination of tDCS with MRS is a comparatively new and

emerging method. Therefore, the number of studies performing inves-

tigations on neurometabolites is still limited. Future research on this

topic is encouraged, albeit with careful consideration of the aforemen-

tioned pitfalls and existing gaps. To facilitate ease of comparison

between studies, it is also highly recommended that the following

information should be clearly described—study design: randomised,

counter-balanced, double-blinded, sham-controlled, crossover; tDCS

current, duration, repetition, location of electrodes, type (inside/out-

side MR scanner); MR field strength, sequence, TR/TE, VOI size,

fitting tool, statistics, measured MRS regions, tDCS–MRS experimen-

tal scheme; quantified metabolites; subjects' health; responses of

metabolites. Moreover, the optimisation and standardisation of both

tDCS and MRS methods to enable multi-centre studies with a large

sample size are also required. The development of advanced multi-

functional MRS sequences, such as allowing multi-voxel selection, fast

acquisition sequence, capability of multinuclear acquisition, and so

forth would also be advantageous.

The traditional tDCS montage currently used lacks the precise spa-

tial resolution with regard to the stimulated brain region as the pro-

duced electric field is diffuse and flows between the electrodes

(Esmaeilpour et al., 2018). To overcome this issue, HD tDCS using the

small electrode array configuration has been recently proposed (Datta

et al., 2008; Dmochowski, Datta, Bikson, Su, & Parra, 2011; Edwards

et al., 2013). This method showed improvement in stimulation

localisation, resulting in a more focused current and thus increasing the

specificity of the modulated brain region (Edwards et al., 2013; Kuo

et al., 2013). In this review, only one study using this HD tDCS was

identified. Therefore, exploring the effects of the HD tDCS montage on

the neurochemical changes is highly encouraged in future research.

It would also be valuable to further investigate the effect of tDCS

on the neurometabolites with respect to the therapeutic purposes in

different neurological and psychiatric diseases (Datta, Baker, Bikson, &

Fridriksson, 2011; Fregni & Pascual-Leone, 2007; Kuo, Paulus, &

Nitsche, 2014; Nitsche, Boggio, Fregni, & Pascual-Leone, 2009). As

seen in the reviewed studies, the neurochemical modulation signature

may be different in pathologies compared to the healthy population,

as well as in children and the elderly.

Studying the brain functions, behaviour and brain glucose uptake

using tDCS in combination with simultaneously operating, multi-

imaging modalities, such as MR-PET, is also of great interest and

importance for the future (Fonteneau et al., 2018; Fukai et al., 2019;

Kraus et al., 2020; Sanches et al., 2019).

5 | CONCLUSIONS

In conclusion, this systematic review includes studies investigating the

tDCS neuromodulatory effects on human neurometabolites, as mea-

sured by MRS, in different regions of the human brain. We began by

thoroughly discussing the methodological structure of the tDCS and

MRS protocols, and reported the results as a function of each parame-

ter, for example, the montage of tDCS or stimulated target brain

regions. Based on this work, we reviewed the existing knowledge, as

well as the pitfalls and the gaps highlighted by studies using a combi-

nation of tDCS and MRS to understand the underlying biochemical

and physiological mechanism of the human brain.

In relation to the anodal and cathodal effects, the majority of

studies were carried out using anodal tDCS placed on the left M1 and

investigated GABA changes and energy metabolism (via ATP and

PCr). The results of the studies showed a trend towards decreased

GABA concentration and bipolar behaviour (decrease and increase)

for ATP and PCr following stimulation. It is generally assumed that the

decreased GABA concentration goes along with the increased firing

rate of neurons and readiness of plastic changes. Despite being based

on results from a single or limited study in a healthy cohort, the fol-

lowing effects on other neurometabolites have also been observed:

the mI level increased with anodal tDCS applied on the right M1, Glu

and Glx also increased under anodal stimulation of the right temporal

cortex and right IPS. Pi measured in the left DLPFC was also shown to

be decreased. Unlike the anodal tDCS, only a small number of studies

have been conducted showing that not only the cathodal tDCS can

reduce GABA in the left M1, but also it did not influence GABA and

remained the same. Based on the results from the literature outlined

in this review paper, cathodal tDCS produced no other significant

effects in healthy subjects. However, it should be noted that the

results associated with the effects of cathodal tDCS require further

investigation due to the paucity of published data.

Due to the heterogeneity of the data (e.g., different pathological

conditions, stimulated regions and metabolites being investigated), a

direct comparison between healthy and clinical populations was not

possible. Nevertheless, independent from the results stated above, we

also compared our collection of results relating to the healthy cohorts

used in this review paper to the patient group. Based on this, we were

able to abstract the following conclusions. Some pathologies, such as

neuropathic pain and cerebral palsy are likely to follow a trend of

decreased GABA and increased Glx/Cr (Auvichayapat et al., 2017,

2018) as a result of the anodal tDCS modulation (left M1), whereas, in

our database of healthy volunteers, Glx concentration in most studies

remained unchanged after anodal modulation. Conversely, in other

pathologies, such as obesity and migraine, tDCS modulation was

CHOI ET AL. 2667



blunted, compared to the healthy cohorts. Therefore, we recommend

that carefully designed tDCS and MRS protocols be used for future

studies, and that neurometabolites in different brain regions should

be investigated—ideally simultaneously. We believe this could further

inform our understanding of dedicated brain functions and neural

processes.
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