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Abstract

Objectives: Previous studies have examined the effect of transcranial direct current stimulation
(tDCS) on the in-vivo concentrations of neuro-metabolites assessed through magnetic reso-
nance spectroscopy (MRS) in neurological and psychiatry disorders. This review aims to sys-
tematically evaluate the data on the effect of tDCS on MRS findings and thereby attempt to
understand the potential mechanism of tDCS on neuro-metabolites. Methods: The relevant lit-
erature was obtained through PubMed and cross-reference (search till June 2020). Thirty-four
studies were reviewed, of which 22 reported results from healthy controls and 12 were from
patients with neurological and psychiatric disorders. Results: The evidence converges to high-
light that tDCS modulates the neuro-metabolite levels at the site of stimulation, which, in turn,
translates into alterations in the behavioural outcome. It also shows that the baseline level of
these neuro-metabolites can, to a certain extent, predict the outcome after tDCS. However, even
though tDCS has shown promising effects in alleviating symptoms of various psychiatric dis-
orders, there are limited studies that have reported the effect of tDCS on neuro-metabolite lev-
els. Conclusions: There is a compelling need for more systematic studies examining patients with
psychiatric/neurological disorders with larger samples and harmonised tDCS protocols. More
studies will potentially help us to understand the tDCS mechanism of action pertinent to
neuro-metabolite levels modulation. Further, studies should be conducted in psychiatric patients
to understand the neurological changes in this population and potentially unravel the neuro-
metabolite X tDCS interaction effect that can be translated into individualised treatment.

Summations

o The present systematic review highlights the effect of tDCS on neuro-metabolites at the site
of stimulation.

o The impact of medication on neuro-metabolites and their interaction with tDCS needs to
be studied systematically.

» Emphasis on MRS and tDCS should be given to understand the more holistic impact of
tDCS and potentially unravel the neuro-metabolite X tDCS interaction effect that can be
translated into individualised treatment.

Considerations

 The majority of tDCS and MRS studies have focused on alterations in the motor cortex,
making it challenging to translate the current findings across various disorders and brain
regions.

o Interpretation of tDCS and MRS studies is limited by small sample size, single-session
tDCS, and varying tDCS stimulation protocols.

o None of the current literature studies have reported the impact of medications on neuro-
metabolite levels and its effect on tDCS-related outcomes.
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Introduction

Non-invasive brain stimulation (NIBS) is a form of neuro-modu-
latory technique that attempts to modulate the neural activity
through electrical stimulation at specific target regions of the brain
without any breach or invasion of the tissues (Nitsche et al., 2008).
Because of its safety, tolerability, easy applicability, and minimal
side effects (Antal et al., 2017), it has been extensively explored
in the fields of psychiatry, neurology (Auvichayapat et al., 2017,
Fregni et al., 2020), and paediatric (Carlson et al., 2018, Nwaroh
et al., 2020) disorders as a therapeutic as well as an investigational
tool. Psychiatric disorders in which the use of NIBS has been max-
imally evaluated are schizophrenia (Agarwal et al., 2013, Chang
et al., 2020), obsessive-compulsive disorder (OCD) (Gowda et al.,
2019, Palm et al.,, 2020), cognitive impairment (Sonmez et al,
2019), substance abuse (Medeiros et al., 2012, Ekhtiari et al.,
2019), and depression (Sonmez et al., 2019). Some neurological
conditions where NIBS has been found useful are Parkinson’s dis-
eases (Cucca et al., 2019), stroke (Bai et al., 2019), epilepsy (San-
Juan et al., 2017), as well as chronic pain management (Nitsche
et al., 2004).

Based on different electric waveforms, TES is classified as trans-
cranial direct current stimulation (tDCS), transcranial alternating
current stimulation, transcranial pulsed current stimulation,
transcranial random noise stimulation, transcranial vagal nerve
stimulation, cranial electrotherapy stimulation, reduced imped-
ance non-invasive cortical electrostimulation, and transcranial
oscillatory direct current stimulation (Nitsche et al., 2008, Antal
et al., 2017). In addition to causing local cortical activation or
inhibition, these techniques have also been found to modulate neu-
ral oscillations across diverse neural networks (Nitsche et al., 2008).

Among the aforementioned, tDCS is one of the most explored
NIBS techniques in which a low electric current in the range of 0.5
2 mA is targeted on a specific area over the scalp that leads to
underlying cortical stimulation or inhibition (Nitsche et al,
2008, Brunoni et al, 2012). The mechanism through which
tDCS has been found to act is primarily through modulating the
neuronal resting membrane potential; however, the exact putative
mechanisms are still under exploration. The changes caused on
account of tDCS have been grouped under immediate, short-term,
and long-term effects (Medeiros et al., 2012, Agarwal et al., 2013),
all possibly acting through different mechanisms. One of the mod-
els explaining the immediate effects of tDCS is based on the
changes in the resting membrane potential of neurons depending
on the polarity of the electrode over the scalp that is causing the
underlying cortical effects. For instance, anodal stimulation is
found to enhance cortical excitability, and cathodal stimulation
facilitates cortical inhibition (Kuo et al., 2007) unless the duration
of stimulation is increased, in which case polarity reversal effects
have also been found (Monte-Silva et al., 2013). Another model
that is used to explain the long-term effects of tDCS is the neuro-
plasticity model, which is based on the principle that current inten-
sity leads to changes in the synaptic strength of a neuron that
facilitates or inhibits the local neuronal transmission depending
upon the anodal or cathodal electrode placement over the scalp.
This process of synaptic potentiation is termed long-term poten-
tiation (LTP) and long-term depression (LTD), respectively
(Medeiros et al., 2012). Two of the primary neurotransmitters,
the glutamate (Glu) and the gamma-aminobutyric acid (GABA),
have been extensively studied, and the alteration in their concen-
tration has been linked to modulation of the receptors that play a
role in LTP and LTD (Agarwal et al., 2013, Nwaroh et al., 2020).
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Interestingly, some evidence-based studies have been fruitful in
aiding further understanding of the putative mechanism through
which tDCS acts. For instance, one study looking at the role of
N-methyl-D-aspartate (NMDA) receptor in tDCS found that the
after-effects of tDCS (both anodal and cathodal activation) were
suppressed following blockade of NMDA receptors suggesting the
probable activity of tDCS through NMDA receptor (Filmer et al.,
2019). Another study found that specific cortical excitability after
an anodal stimulation with tDCS was further enhanced with acetyl-
choline, indicating the latter’s role in the observable effects (Monte-
Silva et al., 2013). The above result was in accordance with another
study where tDCS was seen to induce synaptic changes that were
more susceptible to cholinergic suppression (Medeiros et al., 2012).

Magnetic resonance spectroscopy (MRS) is a robust non-
invasive in-vivo magnetic resonance (MR) imaging technique.
Akin to the science behind MR physics, where signals are traced
from the hydrogen nuclei in water molecules, MRS involves tracing
of signals from specific molecules of interest such as sodium, phos-
phorus, carbon, and fluorine (Garcia-Larrea et al., 1999), which
can be indicative of the concentration of varieties of neuro-metab-
olites such as N-acetyl aspartate (NAA), creatine (Cr), Glu, gluta-
mine (Gln), GABA, and choline-containing compounds (Cho)
(Chang et al., 2020). MRS can help identify and quantify brain
metabolites in the healthy and patient population with consider-
able reliability (Garcia-Larrea et al., 1999, Chang et al., 2020). In
MRS, each molecule’s signal is quantified and separated based
on its different frequency and molecular characteristics. By calcu-
lating the specific frequency and evaluating a good signal-to-noise
ratio (SNR), molecular concentrations can be precisely measured
(Garcia-Larrea et al., 1999). This information can be studied in a
region of interest, either a single voxel or several multiple voxels
simultaneously (Palm et al., 2020).

Plasticity changes induced by tDCS involve regulating a wide
variety of neurotransmitters, which may be used as a biomarker
indicating the effectiveness of tDCS. MRS approach may provide
us with an insight into these neurotransmitters, thereby facilitating
our understanding of the biochemical events underlying tDCS
intervention. Few studies support this claim. Recently, a multi-
modal approach study showed a higher concentration of glutamate
and glutamine (Glx) at the stimulated area with true tDCS
(Marquardt et al., 2020). A survey by Narong and colleges on
autism spectrum disorder reported a significant increase in brain
metabolite like NAA, Cr, and myo-inositol (ml) concentrations
and a decrease in Cho concentrations at left dorsolateral prefrontal
cortex (DLPFC) and locus coeruleus after anodal tDCS
(Auvichayapat et al, 2020). Another study looking at the long-
term effect of anodal tDCS over the primary motor cortex reported
modulation in GABA concentration claimed to be responsible for
glutamatergic plasticity (Patel et al., 2019). From these studies,
MRS seems to have a potential role as an investigative tool in
exploring the effects of add-on tDCS on the neurotransmitters
and thereby the resulting plasticity.

The literature on the effects of add-on tDCS with MR spectros-
copy has been explored in different neurological and psychiatric
disorders (Antonenko et al., 2019, Cucca et al., 2019). This review
aims to conduct a systematic observation of studies looking at the
effect of tDCS through MRS from a systematic perspective. This
review shall focus on the salient features of scientific rigour, meth-
ods used, neuro-metabolite changes, type of disorders, etc., which
are likely to better understand the potential mechanisms of tDCS
on neuro-metabolites, thereby also commenting on the robustness
of MR spectroscopy.
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PUBMED search and cross-referencing
Keywords used: ‘transcranial direct current stimulation AND magnetic resonance
spectroscopy’, ‘tDCS AND MRS’ and ‘tDCS AND magnetic resonance spectroscopy’
Total number of articles = 150

Duplicates removed after
[—>| combining the key words search
=31

Articles screened = 58

Articles rejected due to exclusion criteria = 24
a. Notan original research
b. Animal study
c. Either MRS or tDCS study

A 4

Studies considered for the synthesis of the systematic review = 34
a. tDCSand MRS in healthy controls = 22
b. tDCS and MRS in neurological and psychiatric disorders = 12

Fig. 1. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow chart.

Methodology
Article search

The relevant literature was obtained through PubMed (search till
June 2020) using MeSH terms: transcranial direct current stimu-
lation AND magnetic resonance spectroscopy, tDCS AND MRS,
tES, and MRS. From the articles that were identified through
the PubMed search, relevant cross-references were identified.

Study exclusion

Articles that were not original research had animal data, and those
that had only tDCS or only MRS were not included in this review.
Studies evaluating other transcranial electrical current techniques
(other than tDCS) were also excluded.

Study sample

After considering the above-stated selection criteria, a total of 34
studies were reviewed, of which 22 reported results from healthy
controls (HCs) and 12 were from patients with neurological and
psychiatric disorders (Fig. 1).

Results
tDCS and MRS in healthy controls

Motor cortex

One of the earliest MRS and tDCS studies was done in a small sam-
ple of HC:s to study the effect of single-session tDCS on mlI level. In
this double-blinded randomised control trials (RCT), single-session
anodal tDCS over the right primary motor cortex showed a signifi-
cant increase in ml levels only at the stimulation site compared to
distant sites (Rango et al., 2008). Similarly, in another study, anodal
stimulation at the left primary motor cortex in HCs significantly
reduced GABA. In contrast, cathodal tDCS significantly reduced
Glu at the stimulation site compared to sham (Stagg et al., 2009).
These findings demonstrated the differing effects of facilitatory
(anodal stimulation) and inhibitory (cathodal stimulation) tDCS
on neuro-metabolite levels at the site of stimulation. In yet another
study, change in resting-state functional connectivity post-anodal
tDCS was also correlated with neuro-metabolites changes at the site
of stimulation in HCs. Anodal stimulation at the left primary motor
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cortex decreased the GABA level compared to baseline and sham
stimulation (Bachtiar et al., 2015). Furthermore, anodal tDCS at
the motor cortex in elderly sample induced reduction in GABA
and functional connectivity, but no correlation was observed
between functional connectivity and GABA levels (Antonenko et al,,
2017). tDCS-induced changes in the elderly sample suggest that
tDCS can lead to a reversal of age-related functional connectivity
changes in the motor cortex. Further, in another study, a significant
after-effect of tDCS was reported post-anodal tDCS over the pri-
mary motor cortex. It was observed that immediately following
tDCS GABA reduced at the stimulation site, and the levels reduced
further post-66 min of stimulation (Patel et al., 2019). The continued
change in GABA level suggests the effect of single-session anodal
tDCS on long-term plasticity and neuro-metabolite and the role
of neurotransmitters. Furthermore, anodal and cathodal tDCS at
the left primary sensory-motor area reduced the GABA and Glu lev-
els at the precentral gyrus. There was also an increase in the func-
tional connectivity at this area during anodal stimulation
(Antonenko et al., 2019).

To study the synergistic effect of tDCS and endogenous analgesia,
tDCS was administered at the left primary motor cortex along with
the diffuse noxious inhibitory control (DNIC) paradigm in HC. It
was observed that both the tDCS and DNIC paradigm increased
the pain threshold and had an additive effect. Post-tDCS increase
in pain threshold was positively correlated with the baseline NAA
levels at ACC and negatively correlated with the baseline Gln levels
at thalamus (Reidler et al., 2012). The findings supported the evi-
dence that electrical stimulation modulates pain through a direct
cortical effect on the thalamus and downstream effect on ACC
(Garcia-Larrea et al.,, 1999). A different study reported that tDCS
had a region localised, polarity, and GABA-specific effect on motor
learning and memory tasks. Only anodal tDCS at the left primary
motor cortex decreased GABA concentration in the stimulated
region. A decrease in GABA significantly correlated with increased
motor memory retention in the force adaptation task. The study
showed that tDCS-induced GABA changes can predict the perfor-
mance in motor adaptation task (Kim et al, 2014). However,
another study in the developmental age group observed no signifi-
cant changes in either GABA or Glx levels when either anodal con-
ventional tDCS or HD-tDCS was administered at the left motor
cortex for five consecutive days (Nwaroh et al., 2020). The findings
suggested that the developing brain and adult brain respond to brain
stimulation differently.

Further, anodal tDCS at the left motor cortex decreased GABA
level at the stimulation site and the contralateral site; cathodal
tDCS decreased GABA at the contralateral site. However, bilateral
motor cortex stimulation showed decreased GABA only at the tar-
geted cathodal site (right motor cortex) in HCs (Bachtiar et al.,
2018). Differences in the result of the three stimulation protocols
might indicate an interaction between the networks determining
the motor plasticity. Likewise, cathodal stimulation at the left
motor cortex and anode at the right supplementary motor area
showed an increased NAA ratio at the cathode site. There was a
positive correlation between changes in absolute levels of NAA
and Cr (Ryan et al., 2018). However, when bilateral (anodal and
cathodal active electrodes) primary motor cortex stimulation
was administered to HCs, no significant changes were observed
in neuro-metabolites in either of the motor cortex areas
(Tremblay et al., 2016). The contradictory findings might suggest
alimited impact of bilateral tDCS on the motor cortex in HCs com-
pared to anodal/cathodal tDCS and need further evaluation in a
larger sample size.
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Dorsolateral prefrontal cortex
Pre, post, and online 3'P MRS tDCS with anode at DLPFC and
cathode at right DLPFC in a double-blinded sham-controlled
single-session study have also reported insightful results. The
results showed that brain pH rose during active tDCS and
remained elevated post-stimulation. The discriminant analysis
was able to classify the subjects into groups, one with decreased
phosphomonoesters and inorganic phosphates (Pi) and increased
pH and the other with increased phosphomonoesters and inor-
ganic phosphates along with increased pH (Rae et al, 2013).
The finding showed that tDCS alters two separate biochemical
processes: i) the cellular consumption of ATP causing hydrolysis
of phosphocreatine, increasing the phosphomonoesters and Pi,
which, in turn, increases the pH and ii) synthesis of ATP and
phosphocreatine with a concomitant drop in Pi and phosphomo-
noester levels. Another study observed that when tDCS was admin-
istered on bilateral DLPFC and MRS was recorded during active
tDCS, there were elevations in NAA and Glx at prefrontal cortex
and striatum, respectively, but no change in GABA level was
observed in either region. However, post-tDCS, there was no
change in any neuro-metabolite levels compared to baseline
(Hone-Blanchet et al., 2016). The findings suggested that tDCS
had immediate and short-lived excitatory effects at left DLPFC
and that multiple tDCS sessions might induce long-term effects.
However, another study showed that anodal or cathodal tDCS
on left DLPFC in males did not impact working memory. There
was no significant association between neurotransmitters’ level
and the tDCS outcome (Talsma et al., 2018). The authors attributed
these negative findings to large individual variations in strength
and direction of tDCS effects and suggested future studies with
larger sample size and individualised tDCS protocol.
Additionally, in another study, healthy individuals with greater
GABA relative to Glu in the prefrontal cortex at baseline showed a
different response to tDCS stimulation compared to those with
lower GABA. It was observed that at left DLPFC, anodal or cath-
odal tDCS caused a higher level of disruption to response selection
training gains in healthy individuals, associated with increased
GABA following active tDCS compared to sham tDCS (Filmer
et al., 2019). The study’s findings pointed towards the interaction
between the cortical stimulation and pre-stimulation cortical
metabolites level of the targeted cortex.

Parietal cortex

Other than motor cortex and DLPFC, few studies explored tDCS
effects on the parietal cortex, temporal cortex, and cerebellar cor-
tex. Anodal stimulation at the right parietal cortex in HC led to a
combined increase in Glx only at the stimulation site and not the
contralateral hemisphere, but total NAA (tNAA) was found to be
elevated in both the hemispheres (Clark et al., 2011). Further, ano-
dal tDCS at the right parietal cortex increased the Glx compared to
sham, and the change in Glx level predicted increased functional
connectivity between the precuneus and other networks that
included left frontal-parietal, superior parietal lobule, left fron-
tal-parietal, basal ganglia, ACC, and related salience networks
(Hunter et al., 2015). The observed relationship between Glx level
and network connectivity might be useful to design tDCS protocols
aimed at targeting specific brain networks.

Temporal and cerebellar cortex

It was also reported that anodal tDCS on the right temporal cortex
could affect dormant memories’ re-expression. In the study, the
participants were trained to identify coloured shapes, grey shapes,
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and their rotation and develop an association between the stimuli.
If they made the correct associations, they were rewarded; other-
wise, not. The participants were trained, and following tDCS, they
were administered the test again and responded based on their
memory. It was observed that following a single session of
tDCS, there was a significant reduction in GABA, and it was cor-
related with an increase in cross-stimulus adaptation (Barron et al.,
2016). However, in yet another study, no significant changes in
GABA, NAA, or Glx levels were observed post-anodal or sham
tDCS at the left posterior superior temporal gyrus (Dwyer et al.,
2018). The latter study’s contradictory finding can be attributed
to the stimulation of different hemispheres and different temporal
cortex regions compared to the Barron et al. study. While the for-
mer study stimulated the T6 region, Dwyer et al. stimulated the
region between T3 and T5. Lastly, anodal tDCS on the right cer-
ebellar cortex of HC did not affect the visuomotor adaptation but
increased the retention of motor memory, which significantly cor-
related with decreased Glu level during online tDCS (Jalali et al.,
2018). The study was the first to point towards the neural mech-
anisms that may underlie cerebellar tDCS.

Altogether, the findings of MRS and tDCS studies in HC evi-
dence that tDCS alters plasticity by modifying the resting membrane
potential and affects the neuro-metabolites levels at the region of
interest in a polarity-specific manner. These tDCS-specific changes
in metabolites can be effectively studied by MRS. However, it has to
be noted that the change in the neuro-metabolites during stimula-
tion and post-tDCS through site-specific might not always be limited
to the site of stimulation (Table 1).

tDCS and MRS in neurological and psychiatric disorders

tDCS has been increasingly administered to alter the cortical
excitability across various neurological and psychiatric studies.
However, studies exploring the effect of tDCS on the level of
neuro-metabolites are sparse.

Neurological disorders

One of the studies comparing the effect of tDCS on chronic stroke
patients on the primary motor cortex reported that GABA levels in
the ipsilateral motor cortex (motor cortex affected by stroke) in
patients could predict the effect of anodal tDCS (O’Shea et al.,
2014). This study also reported that anodal and cathodal tDCS
was better compared to bilateral tDCS concerning the findings that
GABA levels under the site of stimulation were able to predict
behavioural gains from anodal tDCS and no change in membrane
potential after bilateral tDCS. Likewise, in adults with a history of
stroke, the effect of cathodal tDCS on motor performance was neg-
atively associated with GABA levels in the ipsilesional (same side as
the lesion) area (McCambridge et al., 2018). Taken together, the
neuro-metabolite markers and tDCS effects can be used to further
optimise tDCS delivery protocol in stroke patients. Additionally,
the effect of tDCS on neuro-metabolites was reported in patients
with pelvic pain compared to HCs and in females with fibromyal-
gia. In patients with pelvic pain, it was observed that after 10 ses-
sions of active tDCS increase in pain threshold had a significant
positive correlation with Gln and Glx in thalamus and NAA in
ACC. Also, there was a positive correlation between increased pain
threshold and MI/Cr in the thalamus and primary motor cortex
(Simis et al., 2015). The study indicated that tDCS increases the
pain threshold, and it was associated with biochemical changes
in the pain circuit. In patients with fibromyalgia, post-5 sessions
of active tDCS, there was a significant decrease in both pain and
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Table 1. Effect of tDCS on neurochemical levels in healthy controls

144

Study
Authors Participants intervention tDCS placement tDCS parameters MRS voxel Outcome/inference
(Rango Five each in Group 1: sham- Anode: right motor cortex (4 cm lat- Active: 1.5 mA/ Right motor cortex Increased ml 30 min after anodal stimulation at right
et al., 2008) two groups controlled anodal eral to the vertex); reference: above 15 min; sham: motor cortex
stimulation; Group the right shoulder 1.5 mA/10 s
2: Control
(Stagg et al., 11 Sham-controlled Anode/cathode: left M1; reference: Active: 1 mA/ Left precentral knob Decreased GABA post-anodal tDCS. Decreased GABA and
2009) anodal and contralateral supraorbital ridge 10 min; sham: glutamate post-cathodal tDCS
cathodal tDCS 1 mA/10 s
(Clark et al., 7 Anodal tDCS Anode: right parietal cortex (P4); refer-  Active: 2 mA/ Right parietal lobe and the Increased glutamate and glutamine levels post-anodal
2011) ence: contralateral arm 30 min; sham: NA homologous regions of the tDCS at the site of stimulation. Significant interaction
left hemisphere between hemispheres was found for tDCS effects on tNAA
(Reidler 15 Sham-controlled Anode: left primary motor cortex (M1); Active: 2 mA/ Thalamus, ACC, motor cor- Increased pain threshold post-anodal tDCS and positive
et al., 2012) anodal, cold- Reference: right supraorbital area 20 min; tex, and occipital cortex correlation with baseline NAA in ACC and negative corre-
water-induced sham:2 mA/30 s lation with baseline glutamine levels in thalamus
DNIC, and
combined tDCS
and DNIC
(Rae et al,, 13 Blinded, sham- Anode: left DLPFC (F3); reference: con-  Active: 1 mA/ Left temporofrontal region Decreased phosphomonoesters and inorganic phosphate
2013) controlled anodal tralateral DLPFC (F8) 10 min; sham: (Pi) post-tDCS. Discriminant analysis divided data into
1 mA/30 s two groups: increased pH with reduced phosphocreatine,
ATP, and Pi and increased PCr and ATP with a smaller
increase in pH and a slower and more sustained
decrease in Pi
(Kim et al., 35 Sham-controlled Anode/cathode: left M1 as per TMS; Active: 1.5 mA/ Left and right M1 Reduced GABA at left M1 post-anodal tDCS only
2014) anodal, cathodal reference: right supraorbital area 15 min; sham:
tDCS 1.5 mA/15 s
(Bachtiar 12 Sham-controlled Anode: left M1 (5 cm lateral from Cz); Active: 1 mA/ Left M1 Baseline GABA level negatively correlated with the
et al., 2015) anodal tDCS reference: contralateral supraorbital 10 min; sham: strength of resting motor functional connectivity.
area 1 mA/10 s Reduced GABA post-anodal tDCS
(Hunter 9 Single-session Anodal: right parietal cortex (P4); Active: 2 mA/ Bilateral intraparietal sul- Significantly increased Glx post-anodal tDCS but not in
et al., 2015) anodal tDCS reference: contralateral upper arm 30 min; sham: NA cus contralateral hemisphere. Change in Glx correlated with
functional connectivity between the salience and ACC
networks
(Tremblay 10 Sham-controlled Left anodal/ right-cathodal, left-catho-  Active: 1 mA/ Left precentral knob region tDCS did not have any effect on cortical excitation or
et al., 2016) bilateral tDCS dal/right-anodal: primary motor cortex 20 min; sham: neurochemical levels
1 mA/15s
(Hone- 15 Sham-controlled Anode: left DLPFC (F3); cathodal: right Active: 1 mA/ left DLPFC and left striatum  Elevated prefrontal NAA and striatal Glx during online
Blanchet anodal tDCS DLPFC (F4) 30 min; sham: during stimulation, and left ~ tDCS but no significant difference post-tDCS session
et al., 2016) 1 mA/30s DLPFC immediately after
the end of stimulation
(Barron 21 Single-session Anode: right temporal cortex (T6); Active: 1 mA/ Right temporal cortex (T6) Decreased GABA during online tDCS compared to base-

et al., 2016)

anodal tDCS

reference: contralateral supraorbital
ridge

20 min; sham: NA

line and but not post-tDCS. Increased glutamate post
tDCS. Increased cross-stimulus adaptation after tDCS sig-
nificantly correlated with the change in GABA observed
during tDCS

1D 38 eIgRYY)D
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Table 1. (Continued)

(Antonenko Elderly = 48 Sham-controlled Anode/cathode: left sensorimotor Active: 1 mA/ Sensorimotor network and Reduced GABA levels and resting-state functional cou-
et al., 2017) anodal and (SM1) and reference: contralateral 15 min; sham: left precentral hand knob pling post-anodal tDCS. Higher baseline functional cou-
cathodal tDCS supraorbital region 1 mA/30 s region pling associated with lower baseline GABA levels
(Bachtiar 12 Sham-controlled Anode: left M1 (5 cm lateral to Cz); Active: 1 mA/ Left and right M1 Decreased GABA at the site of stimulation post-anodal
et al., 2018) anodal, cathodal, cathode: right M1 (5 cm lateral to Cz): 10 min; sham: tDCS. Decreased GABA at the site homologous to site of
and bilateral tDCS reference: contralateral supraorbital 1 mA/10 s stimulation post-cathodal tDCS. Decreased GABA only at
area the site of cathode placement post-bilateral tDCS
(Ryan et al., 15 Sham-controlled Cathode: left primary motor cortex Active: 2 mA/ Left primary motor cortex Trend increase in NAA concentration at cathodal site
2018) bilateral tDCS (C3); anode: right supplementary 20 min; sham: post-tDCS. Positive correlation between change in NAA
motor area (FC2) 2 mA/10 s absolute concentration of NAA and tCr absolute concen-
tration
(Talsma Male =20 Anodal and Anode/cathode: left DLPFC (F3); refer- Active: 1 mA/ Left DLPFC No effect of tDCS on WM performance. No association
et al., 2018) cathodal tDCS ence: right supraorbital region 20 min; sham: NA between baseline neurotransmitters level and effect of
tDCS on WM
(Jalali et al., 34 Sham-controlled Anode: right cerebellar cortex (3 cm Active: 2 mA/ Posterior part of the cer- Increased motor memory retention post-anodal tDCS.
2018) anodal tDCS lateral to the inion); reference: right 25 min; sham: ebellum underneath the Increased retention positively correlated with decreased
buccinator muscle 2 mA/10 s; anodal anode cerebellar glutamate levels during anodal tDCS
MRS: 1.8 mA/
25 min
(Dwyer 20 Sham-controlled Anode: pSTG (between T3 and T5); Active: 2 mA/ pSTG No effect of tDCS on neurochemical levels
et al., 2018) anodal tDCS reference: contralateral orbitofrontal 10 min; sham:
cortex (AF8) 2 mA/10 s
(Filmer 47 Sham-controlled Anode/cathode: 1 cm Active: 0.7 mA/ Left prefrontal cortex and Subjects with higher level of GABA relative to glutamate
et al., 2019) anodal and posterior to F3; reference: 1 cm pos- 9 min; sham: bilateral visual cortex in the prefrontal cortex showed greater disruption to
cathodal tDCS terior to F4 0.7 mA/15 s response selection training gains post-anodal tDCS
(Antonenko 24 Sham-controlled Anode/cathode: left SM1; reference: Active: 1 mA/ Precentral gyrus Reduced GABA and glutamate at precentral gyrus post-
et al., 2019) anodal and contralateral supraorbital area 15 min; sham: anodal and cathodal tDCS. Increased functional connec-
cathodal tDCS 1 mA/30 s tivity within the targeted SMN and strongest local effects
post-anodal tDCS
(Patel et al., 32 Sham-controlled Anode: left M1 (5 cm lateral from Cz Active: 1 mA/ Left M1 hand region GABA signals decreased within 25 min post-anodal tDCS
2019) anodal tDCS and 2 cm anterior to the mid-precen- 10 min; sham: and continued to decrease post 66 min also
tral position of the left hemisphere); 1 mA/10 s
reference: right supraorbital region
(Nwaroh Developing 5 days sham- Anode (conventional and HD-tDCS): Active: 1 mA/ Right and left sensorimotor ~ Glx measured in the left sensorimotor cortex was higher
et al., 2020) children=24  controlled anodal right M1; reference (convectional): 20 min; sham: cortices in the HD-tDCS group compared to a-tDCS and sham at
tDCS contralateral supraorbital notch 1 mA/10 s 6 weeks. No changes in GABA were observed in either
sensorimotor cortex at any time
(King et al., Elderly Sham-controlled Anode: right motor cortex (C4); refer- Active: 1 mA/ The sensorimotor cortex No change in GABA level post-learning or anodal tDCS.
2020) HC =36 anodal tDCS ence: left supraorbital region 15 min; sham: Change in GABA level post-learning significantly corre-
1 mA/30 s lated with motor learning magnitude, age, and baseline

GABA. Change in functional connectivity between bilat-
eral motor cortices correlated with baseline GABA levels

Glx, glutamine/glutamate; GABA, gamma-aminobutyric acid; NAA, N-acetyl aspartate; Cr, creatine; Cho, choline containing compounds; Gln, glutamine; Glu, glutamate; ml, myo-inositol; pSTG, posterior superior temporal gyrus; M1, primary motor cortex;

DLPFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex.
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Glx at ACC and thalami compared to sham. Compared to baseline,
post-sham tDCS, there was a substantial increase in NAA level in
the posterior insula (Foerster et al., 2015).

Additionally, in patients with neuropathic pain with spinal
cord injury, anodal tDCS to the left motor cortex showed a reduc-
tion in pain with an increase in Glx and NAA ratios in the ACC
(Auvichayapat et al., 2018). The findings from the above two
studies imply that tDCS can have a possible benefit in pain,
and tDCS-induced changes may in part be due to the alterations
in neurochemical levels in ACC. On the other hand, although
increased GABA levels were found to be associated with several
mild traumatic brain injury episodes, anodal tDCS at the motor
cortex in participants with mild traumatic brain injury did not
alter either the GABA levels or the GABAg receptor activity
(Wilke et al., 2017). No effect of tDCS might suggest that a single
session of tDCS and small sample size in the study were under-
powered. Experimental design deploying larger samples or multi-
ple sessions can give more insight.

Interestingly, in children with muscle spasticity, anodal tDCS
at the left motor cortex led to a significant increase in the ratio of
NAA, Cho, and ml in the basal ganglia and Glx at the stimulation
site. Also, post-tDCS, there was a negative correlation between
change in spasticity and NAA and Glx levels (Auvichayapat et al.,
2017). In a different study, tDCS at the contralateral motor cortex
in the stroke patients also significantly correlated with the change
in neuro-metabolite levels at the stimulation site. In children with
a history of perinatal stroke receiving cathodal tDCS at the con-
tralateral motor cortex for 10 days, tDCS reduced Glx and Cr at
the stimulation site compared to sham. It was also observed that
baseline learning function was correlated with lesioned motor
cortex NAA, Cr, and Glx (Carlson et al., 2018). The above studies’
observations suggest that multiple session tDCS is safe in chil-
dren, and the changes in neuro-metabolite level reflect the plas-
ticity mechanism of tDCS and can serve as possible response
biomarkers.

Lastly, 15 sessions of anodal tDCS over the left inferior frontal
gyrus and language therapy in progressive aphasia patients
decreased the GABA level post-tDCS and remained decreased post
2 months (Harris et al., 2019). The findings indicate the long-term
effect of tDCS and clinical utility of tDCS in aphasia alongside lan-
guage therapy.

Psychiatric disorders

In schizophrenia patients with auditory hallucinations cathodal
stimulation at the left temporal, parietal junction (TPJ), and anodal
stimulation at left DLPFC did not alter Glu. Still, there was a pos-
itive correlation between pre-tDCS Glu at left TPJ and hallucina-
tion improvement post tDCS (Iglesias et al., 2018). The study’s
findings implied that tDCS-induced improvement was better in
individuals with less severe TPJ glutamatergic hyperactivity.
Similarly, in patients with pathological gambling, stimulation with
anode at right DLPFC and cathode at left DLPFC elevated the pre-
frontal GABA level. Risk-taking, impulsivity, and craving during
active stimulation were correlated with prefrontal Glx and striatal
GABA, striatal NAA, and striatal Glx, respectively (Dickler
et al., 2018).

Altogether, in adult patients with stroke, multiple tDCS stimu-
lation session at the primary motor cortex was negatively corre-
lated with GABA level and that the baseline GABA level was
able to predict the tDCS outcome. Whereas in adolescents with
stroke, tDCS reduced Glx, and there was a significant correlation
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between learning and NAA and Glx. tDCS for pain management
increased pain threshold and altered Glx and NAA in brain regions
like the thalamus and ACC. tDCS at IFC and language therapy
together reduced GABA lost tDCS. In the psychiatric population,
baseline Glx at left TPJ] was correlated with improved hallucina-
tions post-tDCS in schizophrenia patients. Similarly, Glx,
GABA, and NAA at baseline were correlated with risk-taking,
impulsivity, and craving (Table 2).

Discussion
Summary of the evidence

Overall, we reviewed 34 full-text articles and extracted the main
findings of the effect of tDCS on neuro-metabolites, as evidenced
by MRS. In both HCs and patients, tDCS alters the level of multiple
neuro-metabolites, specifically but not limited to the site of stimu-
lation. tDCS-induced neuro-metabolite changes were found to be
evident not only during stimulation but also post-stimulation.
Also, interactions between change in clinical scores, cognitive or
motor tasks, and functional connectivity with the change in
metabolite levels were noted. The findings from the studies
reviewed demonstrate that the plasticity changes induced by
tDCS not only involve the excitatory or inhibitory neurotransmit-
ters but also involve the regulation of a broad spectrum of neuro-
metabolites, including NAA, Cr, and more.

Key findings from HC MRS and tDCS state that, firstly, pri-
mary motor cortex and DLPFC are the most explored areas for
tDCS stimulation, with few studies exploring other regions like
the parietal and temporal cortex. Secondly, Glx and GABA are
the frequently studied neuro-metabolites probably due to the
excitatory and inhibitory nomenclature of these neuro-chemi-
cals, which overlaps with tDCS stimulation parameters.
Thirdly, stimulation with one active electrode (only cathode
or anode on the scalp and reference away from the scalp) has
a significantly different and positive outcome on metabolites
level compared to two active electrodes (both anode and cathode
placed on the scalp). Fourthly, it was also observed that the
developing age-group, adults, and elderly have a different
response to tDCS stimulation. Lastly, the changes in metabolites
during active tDCS sessions (simultaneous tDCS and MRS) and
post-tDCS and, during resting-state and active task-state differ
significantly. However, it should be noted that even though the
findings reported are from RCTs, they are reported from a single
session, small sample size, and varying stimulation protocols.
Even though the findings cannot be directly translated into
the diseased state nevertheless, it can be said that MRS is a
powerful tool to study the effects of tDCS on neuro-metabolite
changes.

Further, key findings from the patient population showed that,
firstly, multiple sessions of tDCS were effective in elevating the
pain thresholds, and the tDCS outcome in stroke patients and
pain was significantly correlated with baseline neuro-metabolite
levels. Secondly, apart from Glx and GABA, NAA is also impli-
cated considerably in neurological disorders, particularly stroke
and pain. Thirdly, in adolescents, too, multiple sessions of
tDCS were effective in alleviating the neurological symptoms,
and there was a significant correlation between tDCS outcome
and mainly Glx and NAA levels along with other neuro-metab-
olites. Even though there are only two studies with psychiatric
disorders, it was observed that change in hallucination scores
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Table 2. Effect of tDCS on neurochemical levels in neurological and psychiatric disorders

Study

S no. Participants intervention tDCS placement tDCS parameters MRS voxel Outcome

(O’Shea et al., HC = 13; chronic Sham-controlled ano- Anode: left M1; cathode: right M1; Active: 1 mA/ Left precentral knob No effect of bilateral tDCS on MEPs. GABA levels in

2014) stroke patients dal, cathodal, and bilat-  reference: contralateral supraorbital 20 min; sham: ipsilesional M1 predicted patients’ behavioural
=13 eral tDCS ridge. 1 mA/15 s gains from anodal tDCS. Time since stroke posi-

tively predicted behavioural gain from cathodal
tDCS

(Simis et al., Patients with pel- 10 days sham-con- Anode: primary motor cortex (con- Active: 2 mA/ Thalamus, anterior Increase in pain thresholds post-active tDCS.

2015) vic pain = tDCS: trolled anodal tDCS tralateral to the more painful side or 20 min; sham: cingulate cortex, pri- Threshold positively correlated with Gln and Glx in
9; baseline:11; HC the side where the symptoms 2 mA/30s mary motor, and the thalamus and NAA in the ACC and negatively
baseline =11 began); reference: contralateral occipital cortex correlated with Glu in the thalamus. Pelvic pain lev-

supraorbital area els correlated positively with Ml in the thalamus
and M1. Chronic pelvic pain patients had signifi-
cantly lower levels of NAA in the primary motor
cortex compared to healthy patients

(Foerster et al.,  Fibromyalgia = 12 5 days sham-controlled Anode: left motor cortex; reference: Active: 2 mA/ Right anterior insula, Decreased clinical pain scores, Glx in the ACC, and

2015) female anodal tDCS right supraorbital cortex 20 min; sham: right posterior insula,  a trend towards decreased Glx in the thalami post-

2 mA/30 s and anterior cingu- anodal tDCS. Increase NAA levels in the posterior
late and bilateral insula post-sham tDCS. Significant association
thalami between Glx levels at ACC during baseline and clini-

cal pain changes during active and sham tDCS
compared to baseline

(Wilke et al., Mild traumatic Four experimental ses- Anode: M1 using C3; reference: right Active: 1 mA/ Left motor cortex Baseline GABA concentration associated with the

2017) brain injury = 17; sions: MRS/atDCS/MRS, supraorbital region 20 min; sham: (hand area) number of mTBI. No effect of tDCS on GABA level
HC =22 TMS/atDCS/TMS, MRS/ 1mA/30s and GABA receptor activity

sham/MRS, or TMS/
sham/TMS

(Auvichayapat Muscle spasticity 5 days anodal tDCS Anode: left M1; reference: Active: 1 mA/ Left motor cortex Increased ratio of NAA, Cho, and ml in the basal

et al., 2017) in children =10 20 min; sham: NA and basal ganglia ganglia, increased Glx ratio in the left M1 post-ano-

dal tDCS. Significant negative correlations between
NAA in left basal ganglia and spasticity in the right
shoulder flexors and right elbow flexors, between
Glx in the left M1 and TS in the right shoulder flex-
ors, right shoulder external rotators, right elbow
flexors, and right elbow pronators post-tDCS

(Lee et al., SCZ patients with 5 days of twice daily (3 Anode: left temporoparietal junction;  Active: 1 mA/ Left TPJ No effect of tDCS on glutamate ratio. However, a

2018) AVH = 10 h apart) tDCS sessions reference: left DLPFC 20 min; sham: significant positive correlation between the pre-

1mA/30s tDCS glutamate value in left TPJ, and the improve-

ment in auditory hallucination measured by AHRS
post-active tDCS

(Auvichayapat Neuropathic pain 5 days anodal tDCS Anode: left M1; reference: contralat- Active: 2 mA/ ACC Reduced pain and increased Glx and NAA in the

et al., 2018) (NP) in individuals eral shoulder 20 min; sham: NA ACC post-tDCS

with SCI =10

(Carlson et al.,
2018)

Perinatal stroke
children =15

10 days sham-con-
trolled cathodal tDCS
and intensive motor
learning therapy

Cathode: contralesional primary
motor cortex (M1); reference: contra-
lateral supraorbital region

Active: 1 mA/
20 min; sham:
1 mA/60 min

Pre-central gyrus

Decreased glutamate/glutamine and creatine non-
lesioned M1 post-cathodal tDCS. Baseline function
correlated with lesioned M1 NAA, choline, Cr, Glx.
Baseline lesioned M1 Cr and choline levels were
associated with clinical response

(Continued)
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social subscale scores and changed NAA, Cho, and

ml in the locus coeruleus

Glx, glutamine/glutamate; GABA, gamma-aminobutyric acid; NAA, N-acetyl aspartate; Cr, creatine; Cho, choline containing compounds; Gln, glutamine; Glu, glutamate; ml, myo-inositol; pSTG, posterior superior temporal gyrus; M1, primary motor cortex;

DLPFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; TPJ, temporoparietal cortex; IFG, inferior frontal cortex; SCZ, schizophrenia; SCI, spinal cord injury.
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post-tDCS was correlated with baseline levels of Glx, and risk-
taking behaviour during tDCS in pathological gamblers was cor-
related with Glx, GABA, and NAA. Based on these findings, it
can be stated that Glx, GABA, and NAA are primarily implicated
in a diseased state. The baseline levels of these metabolites can be
a predictive factor in tDCS-related outcomes. To summarise, the
review presents MRS as a potent tool to study the regional effects
of tDCS on neuro-metabolite changes and to differentiate
between the effects of facilitatory and inhibitory tDCS in health
and disease (Stagg et al., 2009, Kim et al., 2014, Antonenko et al.,
2017, McCambridge et al., 2018, Antonenko et al., 2019).
Bilateral tDCS has different outcomes compared to anodal, cath-
odal, or sham tDCS (O’Shea et al., 2014, Tremblay et al., 2016,
Bachtiar et al., 2018, Dickler et al., 2018). Furthermore, the
review highlights that the state of the subject during tDCS
administration (resting-state or active task-state) can also sig-
nificantly affect the tDCS-induced neuro-metabolite changes
and neuro-metabolite and hence the outcome of tDCS (Barron
et al., 2016, Hone-Blanchet et al., 2016, Antonenko et al,
2017, Carlson et al., 2018, Jalali et al., 2018, Filmer et al.,
2019, Harris et al.,, 2019). Additionally, baseline levels of the
neuro-metabolite can also, to a certain extent, predict the level
of tDCS-induced changes, which in the future could determine
the dose of tDCS (Kim et al., 2014, Foerster et al., 2015, Iglesias
etal., 2018). Knowledge of the impact of administrative state and
baseline levels can help map out the interaction effects between
these parameters and tDCS, guiding us towards designing more
individualised protocols and deriving more benefits from this
non-invasive treatment modality.

Limitations in the current knowledge

Although tDCS is becoming an increasingly popular non-invasive
neuromodulation technique, few studies examine the neurobio-
logical mechanism associated with tDCS. The majority of the
tDCS and MRS studies have primarily looked into motor cortex
changes. Even though the motor cortex-related findings are rel-
evant for disorders like chronic pain and stroke rehabilitation,
translation of these findings might not apply to other brain regions
and disorders. Another critical issue that has not been adequately
addressed is the effect of multiple tDCS sessions. Even with the
studies conducted in a sham-controlled randomised structure,
the effect of single-session tDCS might give us insight into the
short-term effect of tDCS on the neuro-metabolite levels.
Nonetheless, the effect of multiple sessions and the after-effect
of tDCS need further investigation.

Yet another significant limitation is the difference in tDCS
stimulation parameters across the studies. For instance, the studies
reporting the motor cortex findings have used different current
strength and stimulation periods. With an additional limitation
of small sample size in these studies, it is difficult to ascertain if
the recent findings will hold or change with larger sample size
and different tDCS parameter.

Lastly, the impact of medicines and treatment resistance on the
neuro-metabolite levels and its interaction with tDCS modula-
tions has been left unaddressed in the present literature. As medi-
cines have a significant impact on tDCS effects (Nitsche et al.,
2004, Kuo et al., 2007, Agarwal et al, 2016), the clinical studies
should report the interaction effects of tDCS-modulated neuro-
metabolites and medications so has to interpret the results in a
more informed and confounder controlled way.
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Conclusions

In patients with multiple neurological and psychiatric disorders,
alteration in neuro-metabolites has been identified relatively con-
sistently. However, although tDCS has shown promising effects in
alleviating symptoms of various neurological and psychiatric dis-
orders, there are limited studies that have reported the effect of
tDCS on neuro-metabolite levels. Moreover, the current evidence
from electrophysiological, functional, and membrane potential
studies examining the action mechanism of tDCS might be incom-
plete without looking into the effect on neuro-metabolites.
However, there is a vast heterogeneity of published studies in terms
of tDCS protocols and MRS acquisitions, with the majority of the
studies being focused on single-session effects. The major chal-
lenges with MRS studies are varied methodology, metabolites
assessed, resolution, correction methods, SNR, and more.

Moreover, it is crucial to examine these effects in randomised
studies. Further, multi-modal assessment with evaluations of
neuro-haemodynamic, neuro-metabolite, as well as an assessment
of electrophysiological parameters might provide us better and
wholesome, if not complete understanding of the mechanistic basis
of tDCS. Therefore, studies should focus on exploring tDCS effects
on neuro-metabolites of the brain in a systematic manner.
Additionally, the current MRS studies have overlooked the poten-
tial impact of the medications on these neuro-metabolites. Hence,
protocols on un-medicated patients would enable to delineate the
stand-alone effects of tDCS. Lastly, emphasis on combined MRS
and tDCS should be given towards studies in psychiatric patients
in the light of promising effects of tDCS on clinical outcome in dis-
orders like depression, schizophrenia, and OCD to understand the
neurological changes and potentially unravel the neuro-metabolite
x tDCS interaction effect that can be translated into individualised
treatment.
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