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A number of studies investigating the biological effects ofranscranial direct current
stimulation (tDCS) using magnetic resonance spectroscopfMRS) have found that
it may affect local levels ofg-aminobutyric acid (GABA), glutamate and glutamine
(commonly measured together as “GIx” in spectroscopy), andN-acetyl aspartate (NAA),
however, these effects depend largely on the stimulation pameters used and the

cortical area targeted. Given that different cortical aresamay respond to stimulation in

different ways, the purpose of this experiment was to assesshe as yet unexplored

biological effects of tDCS in the posterior superior tempa&l gyrus (pSTG), an area
that has attracted some attention as a potential target forhe treatment of auditory

verbal hallucinations in schizophrenia patients. Biocheital changes were monitored

using continuous, online MRS at a eld strength of 3 Tesla. Pdorming intrascanner

stimulation, with continuous spectroscopy before, duringand after stimulation, permitted

the assessment of acute effects of tDCS that would otherwisebe lost when simply

comparing pre- and post-stimulation differences. Twenty balthy participants underwent
a repeated-measures experiment in which they received bothactive anodal and

sham intrascanner stimulation in a strati ed, randomizeddouble-blind experiment. No

signi cant changes in GABA, GIx, or NAA levels were observeads a result of anodal

stimulation, or between active and sham stimulation, suggging that a single session
of anodal tDCS to the pSTG may be less effective than in otheractical areas that have
been similarly investigated.

Keywords: tDCS, GABA, Glultamate, magnetic resonance spectr oscopy, MRS

INTRODUCTION

Transcranial direct current stimulation (tDCS) is a nonvasive neurostimulation technique that
uses constant, low level (0.5-2.0 mA) direct current to mathucortical excitability in a polarity
dependent mannerl). Nitsche and Paulus?j used the magnitude of motor-evoked potentials
(MEP) as generated by transcranial magnetic stimulation (YsSan indication of changes in
excitability and found that tDCS was able to induce changesxcitability of up to 40%, with
anodal stimulation having an excitatory e ect, and cathogd@mulation having an inhibitory
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e ect. Subsequent studies showed that e ects may outlast Despite the observed e ectiveness of tDCS, the exact
the duration of stimulation, with short applications indugn mechanisms by which it works are not yet fully understood.
excitability shifts during stimulation, and 10 min or more of Horvath et al. (7) show that changes in cognitive e ects alone
stimulation producing persistant e ects lasting up to 90 mitesf may be an unreliable measure of e ectiveness. Computational
current ow has ceased3] suggesting that tDCS has the ability forward models and simulations have been useful in imaging
to induce long term potentiation (LTP)-like e ects on synaptic current ow, aiding in the design of stimulation paradigms$8)
plasticity @). but do not provide information about neuronal responses to
Due to its purported e ects on excitability and synaptic delivered current or whether the e ect is excitatory or inHiiy
plasticity, tDCS has been investigated as a potential tregtmein nature.
for a range of neurological and psychiatric disorders such as Krause et al. 19 suggest that tDCS may modulate the
Parkinson's disease)( depression §), and for the treatment excitation/inhibition balance, that is, the relative cabttions of
of auditory verbal hallucinations in schziophrenia. A caseexcitatory and inhibitory inputs to a neural circuit corresping
reported by Homan et al.7j found that cathodal tDCS halfway to a neuronal event. Usingn vivo magnetic resonance
between T3 and P3 in the 10-20 electroencephelography (EE&)ectroscopy (MRS), the excitation-inhibition balance may
system was successful in alleviating both hallucinatior®@o be characterized in terms of the local concentrations of
Hallucination Change Scale (HCS) score) and global symptonike excitatory neurotransmitter glutamate and inhibitory
( 20% Postive and Negative Syndrome Scale (PANSS) scomgurotransmitter gamma-aminobutyric acid (GABA). Stuglie
A randomized control trial conducted by Brunelin et aB)( that have used MRS to investigate the e ect of tDCS have found
using a similar stimulation paradigm at 2.0mA also showedinodal tDCS to reduce local cortical GABA concentrationhi t
improvement in hallucinations (31% Auditory Hallucination motor cortex @0, 21) and to increase local concentrations of
Rating Scale (AHRS) score) and global symptomdl3% glutamate and glutamine, measured together as “Glx,” and N-
PANSS score). Subsequent studies, using similar stiroolati acetyl aspartate (NAA) in the intraparietal and prefrontalticgs
parameters have found both reduction®) @nd no signi cant (22, 23), the observed reduction in inhibitory neurotransmitter
dierences (L0, 11) in symptoms. While tDCS shows great levels and concurrent increases in excitatory neurotratism
promise as a potential treatment for schizophrenia, thdevels being consistent with the facilitatory nature of dab
lack of consistent ndings between these studies highlighstimulation. Thus,in vivo MRS provides a window into the
the need for a deeper understanding of the eects obiochemical events underlying tDCS that may also be used

tDCS. as a biomarker indicating the e ectiveness and nature of a
Although generally accepted that anodal stimulationstimulation paradigm.
typically facilitates excitability and cathodal stimudatiinhibits In this study, MRS was used to investigate the acute

excitability (L2), studies have shown that the e ects of tDCS onbiochemical e ects of tDCS in validating its potential for
excitability are not so simplistic, and depend on a number oise as a treatment for auditory-verbal hallucinations in
factors such as electrode size and placement, stimulattensity ~ schizophrenia. However, rather than simply comparing pre-
and duration, as well as the orientation of neurons relative and post-stimulation spectral acquisitions, biochemicaraes
the stimulating electrodes1f-14). Furthermore, Batsikadze were measured continuously using online MRS in a manner
et al. (L5 found that while 20 min of cathodal stimulation at similar to those used by Bachtiar et a?4( and Hone-Blanchet
1.0mA had an inhibitory e ect, 20 min of cathodal stimulation et al. ¢3). By acquiring spectra continuously over the course
at 2.0mA had an excitatory e ect, increasing the magnitudeof stimulation, spectral frames could be combined in such
of measured MEPs. Esmaeilpour et al6)(showed that the a way that metabolite levels could be measured and tracked
dose-response relationship in tDCS is not necessarily inesbefore, during and post stimulation, allowing better ingigh
and that although increasing current produces a correspogidininto the acute e ects of stimulation as opposed to the lasting
increase in brain electric eld, it may not necessarily emt®a e ects. Findings in other cortical areas suggest that if alod
neurophysiological, behavioral or clinical outcome. As Weo tDCS were to have a similar e ect on the local excitation-
et al. (L4) caution, it cannot be taken for granted that what inhibition balance, it may be measured as a statisticallyi signt
is e ective in a particular cortical area is transferable andncrease in GIx and NAA levels2?, 25 and decrease in
applicable to others, rather recommending a “titration” of GABA levels 20, 21, 24) and that these changes would be
parameters. signi cantly di erent under active stimulation when compaaéo
sham.

Abbreviations: BOLD, Blood Oxygen Level Dependent; EEG,

Electroencephalography; ERETIC, Electronic reference to acessivo

concentrations; FWHM, Full width at half maximum; GABA, Gamma- MATERIALS AND METHODS

aminobutyric acid; Glx, Glutamate and glutamine; GSH, Glutathion€pP,L

Long-term  potentiation; MEGA-PRESS, Mescher-Garwood pointolvesl  This study was carried out in accordance with the
ZpeCttVOSCOPV; 'Y'\;F/; M,\‘l’“’r te|VOkedt fOter"\ﬁfoMRj '\"talg”e“ct Fm”a recommendations and ethical approval of the regional comeitt

pectroscopy; , N-acetylaspartate; , N-acetylaspartylgluégama . . _

pSTG, Posterior superior temporal gyrus; tDCS, Transcranial direct eurre for medical and health res_earch ethics .(REK VeSt) REK case
stimulation; TE, Echo time; TMS, Transcranial Magnetic StimufatidR, number 2013/2342. All SUbJECtS gave written informed cohsen

Repetition time in accordance with the Declaration of Helsinki and the
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guidelines drawn up by The Norwegian National Research Ethic This study followed a strati ed, randomized, double-blind
Committee for medical and health research (NEM). design, with both participants and experimenters blind to the
stimulation condition. Each subject participated in two MR-
scanning sessions with tDCS: one with active and one witmsha
_ﬁimulation, separated by a wash-out period of 1 h outside of the
scanner {2, 28) counterbalanced for order. Double-blinding was
rr])erformed by having the stimulation condition determined &y
. . . . Ycode, independently predetermined by a researcher not present
handedness inventory2() to determine right-handedness in fat the stimulation, such that each participant underwent both

an attempt to control for issues related to lateralization of_ . . . .
. . . : active and sham stimulation conditions and that equal nunsbe
cortical areas, such that stimulation in the left hemispleeszts . . . . "
experienced active and sham stimulation as the rst conditio

approximately the same functional area in each participant. Theé
test assessed dominance of right and left hand in performinﬂ/lI:Q_Irnaging and Spectroscopy
10 everyday activities to produce a score ranging betwed0 All imaging and spectroscopy was performed on a 3T GE

(exclusively left handed) an@100 (exclusively right handed), 750 Discovery Scanner from GE Healthcare (General Electric

participants with a score greater thab40 were considered Milwaukee, United States of America) using a standard 8-

to be right handed and were permitted into the study (mean . . . S
. ) . channel head coil from Invivo (Invivo corp., Gainsville, Ftta,
score:C80, SD: 24). Based on self-report, participants were freﬁnite d States of America)

from psychiatric and neurologic conditions and had not used Following a 3-plane localizer sequence (2D Spin Echo,

any psychoactive/psychotropic substances, including no smgok TE D 80ms, FOVD 240mm. slice thicknes® 8mm. slice

or other tobacco based or nicotine containing products, for 6 : S :
. S . - spacingd 15 mm) structural anatomical imaging was performed
months prior to participating in the experiment. Participants

were also instructed not to consume alcohol for at least 24dr pr using a 3D T.l weighted fast s'p0|led gradient sequence (.FSPGR)
to participation (number of slice® 192, slice thickned3 1.0 mm, repetition time

Data from one female participant was omitted from nal (TR) D 7.8 ms, echo time (TED 2.95ms, eld of viewD 260

analyses due to abnormally high measurements of GlIx mor{eh%o mn?, ip angle D 14 degrees, matriD 256  256).

than three standard deviations above the group mean (Ghi¢ev e§e structural images were used to position a_224 2.4
; . . . mm?= voxel for the spectroscopy component of this experiment
almost 5 times higher than average values), suggestinganier

- in the left pSTG, centered around the primary auditory cortex,

spectral acquisition. . . . . .
aligned orthogonally in the axial scan plane with no angulatio

(Figure 2).
tDCS Stimulation Since the aim of this study was to characterize acute
Stimulation was performed using an MR-compatible DC-biochemical changes in terms of the excitation-inhibition
Stimulator MR (neuroConn GmbH, limenau, Germany) tted balance, a GABA speci c MEGA-PRESS sequeigewas used
with two 5 7 cm (35 cmd) MR compatible rubber electrodes. as it provides accurate and stable measurements of GABA, as
Given that the motivation for this study was the potential forwell as a measurement of glutamate and glutamine combined
tDCS to be used as a treatment for schizophrenia, stimulatioas “GIx” (30). Spectroscopy was performed using a MEGA-
parameters were chosen to emulate those used in previoPRESS sequence (TE 68ms, TRD 1,500ms, 8-way phase
studies. Intensity was set at 2.0mA&7( and although the cycling, editing at 1.9 and 7.5 ppm in alternating frames) of
majority of studies using tDCS as a treatment for auditogybal 628 paired repetitions, followed by 16 unsuppressed reference
hallucinations have stimulated for 20 min, the prohibitivédyng  acquisitions for a total scan time of 31 min and 48 s. Once 10 mi
scan time this would necessitate in order to have three égualof spectroscopy had elapsed, stimulation was initiated at the
long spectroscopy windows meant that stimulation had to beontrol box located outside the scanner at the control room.
limited to 10min. The anodal electrode was placed with theActive stimulation was delivered for 10 min with 24 s of ramping
center of the pad on an area over the pSTG, such that thitme both before and after the stimulation/sham period at a
lower corners of the 7cm edge of the electrode touch pointsonstant intensity of 2.0 mA. For the sham stimulation cdruatfi,
T3 and T5 in the EEG 10-20 system. The cathodal electrodatensity was ramped up to 2.0 mA over 24s, then delivered
was placed over the contralateral orbitofrontal cortex, @ si for another 40s, before being ramped down to zero, giving
commonly used in tDCS montages for placement of the referenqgearticipants a similar sensation to that they would experience
electrode 2, 12) such that the center of the electrode coveredduring active stimulation. Spectroscopy acquisition conéd
point AF8 in the EEG 10-20 system. Each electrode was coatft 10 min in order to assess post-stimulation e ecisdure 2).
with a layer of Ten20 conductive paste (Weaver and Company,
Aurora, United States of America) at the interface betweelSpectral Analysis
electrode and skin to improve both adhesion and conductivityWhile no spectral artifacts were observed during steadyestat
Once the electrodes were in place, participants were placéDCS stimulation, mild artifacts were seen in spectral frame
in the scanner with electrodes attached but not connected tacquired during the ramping periods for both active and sham
the stimulation box. Electrodes were only connected prior testimulation. Frames from these periods were omitted from all
spectroscopy sequences. subsequent analyses.

Participants

Twenty healthy participants (mean age: 25 years, range: 19
10 male) participated in the study. All participants were reqdir
to complete a Norwegian language version of the Edinburg
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FIGURE 1 | Voxel placement in the pSTG in one participant: Sagittal (i, axial (middle), and coronal (right) views overlayed @m anatomical scan.

FIGURE 2 | tDCS and MRS: Each patrticipant received both active and sharstimulation, separated by a washout period of 1 h, counterbknced for order. 24 s of
ramping up and down were incorporated into both active and shm stimulation. MRS was acquired constantly throughout eag session. The pre-, during, and
post-stimulation spectroscopy windows did not include franes acquired during ramping.

Following phase adjustment, coil combination, andtwo smaller windows in an attempt to uncover any changes in
realignment, each continuous acquisition was rst subded metabolite concentration during this period, thus providing
into three smaller blocks of 10min, with exact length time points over the acquisition, hereafter referred to as tre
depending on how many frames were excluded due to rampingoint analysis: one 10 min pre-stimulation window, two 5min
artifacts, comprising a pre-, during-, and post stimulatiomdt  during-, and two 5 min post-stimulation windows.
for each session, hereafter referred to as a three point asalys MRS signals have been demonstrated to be susceptible to line-
Frames within each block were then averaged together arfatoadening artifacts associated with local blood-oxytpsrel
within each block, ON, and OFF spectrum pairs were subtractedependent (BOLD) e ects3f). As an indication of potential
to produce a di erence spectrum then subjected to quantitativeBOLD interference, the full width at half maximum (FWHM)
analysis with LCModel (version 6.3-13)1( 32) using a simulated values as determined by LCModel were used as a measure
basis set33) with Kaiser coupling constants3{) to provide an of quality control, to ensure the MRS signal had not been
estimate of average levels of GABA, glutamate and glutamirsgni cantly a ected between time points.
measured together as Glx, glutathione (GSH), NAA, and N-
acetyl aspartate glutamate (NAAG). Metabolite levels werledc  Statistical Analysis
relative to the unsuppressed water signal acquired at the énd Btatistical analyses were performed using3R @nd the nime
each spectroscopy sequence. package 9 to perform a linear mixed e ects model analysis
One issue that aects MEGA-edited GABA spectroscopyof the e ect of tDCS on the concentrations of three metabolites
is co-editing of macromolecule (MM) resonances at 1.7 ppnof interest, namely NAA, GIx, and GABA, over time. This
contaminating the GABA signal in the dierence spectrum.model specied two groups of participants (active- rst and
GABA, in this report, refers to both GABA and the co-editedsham-rst) and time period as xed eects as well as an
macromolecule, typically denoted GABA35). interaction e ect between the two, with the subject as a rando
To further investigate acute e ects of tDCS, and eliminatee ect. This model was also used to investigate crossover e ects
the possibility short-lived metabolic uctuations beingstured  between the active and sham stimulation conditions due to
through averaging, a second analysis was performed in whiegh t the within-subject design of the study, to determine whethe
during- and post-stimulation blocks were further subdivitieato  order of stimulation, active rst or sham rst, may have had
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FIGURE 3 | MEGA-PRESS spectra from one participant showing spectra aguired during the pre-stimulation window (top, blue) durig stimulation (middle, red) and
post-stimulation (bottom, green).

any signi cant e ect on results and whether the stimulaton The FWHM as reported by LCModel was used as an
condition in the rst session had any lasting e ect on the sedo indication of potential BOLD interferenceTébles 2 3), but
The same model was used for both the 3-point and 5-poinsaw very little uctuation between time points, making BOLD
analyses. interference an unlikely source of error.

RESULTS DISCUSSION

Sample spectra from the three-point analysis of an individual he montage and stimulation parameters used in this experiment
participant are shown inFigure 3 along with spectral quality did not induce a statistically signi cant e ect on GIx, GABAr
metrics for all participants inTable 1 A linear mixed e ects NAA levels as measured with the MRS sequence used, and there
model of the average metabolite concentration across thregas no signi cant di erence in response observed between the
time windows (pre-, during-, and post-stimulation) revealedactive and sham stimulation conditions.
no signi cant uctuations in any of the metabolites of intest The active hypothesis for this experiment was informed by
between any time pointd{gure 4 and Appendix A). Similarly,  previous studies in which active anodal stimulation was fbtm
no signi cant uctuations in any of the metabolites of intest be associated with increases in GIx and NAA levels £3) and
were found between any time points in the ve-time point decreases in GABA level8(( 21, 24) as measured by MRS. In
analysis[Figure 4and Appendix B). comparing these studies with the ndings presented here,gher
No signi cant crossover eects were foundFigure4, are three key elements to be considered, namely the stimaolatio
Appendices A, B indicating both that the order in which parameters, the MRS acquisition parameters and the site of
participants received the two di erent stimulation conditisfiad  stimulation and spectroscopy.
no signi cant e ect on results and that there were no crossove As stated in section tDCS Stimulation, due to
e ects from the rst session signi cantly a ecting the second limitations of the experimental design, stimulation
There was no signi cant di erence in the change between groupsould only be delivered for 10min as opposed
over time, indicating no di erence in uctuations for any ohe  to the 20 min previously used in the treatment of schizophrenia
metabolite levels between active and sham conditions. symptoms. Although as little as 7 min of stimulation has been
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shown to induce lasting e ects after stimulation has ceas&il ( (22) and Hone-Blanchet et al2@) and the 20 min and 15 min
it cannot be taken for granted that the 10 min delivered in thisused by Bachtiar et al2{) and Kim et al. 20), respectively,
session was su cient to induce a change. While the stimalati Stagg et al.A1) were able to detect signi cant changes in GABA
window was shorter than the 30 min used by both Clark et aland GlIx levels in the left sensorimotor cortex using a similar

TABLE 1| Spectral Quality: FWHM, SNR, and mean %CRLB for GABA and GIx  TaBLE 2 | Average FWHM and standard deviation (sd) as estimated by LCdel

for each stimulation window. for the 3-point analysis.
Window FWHM (Hz) SNR Mean GABA Mean GIx Mean FWHM  3-point analysis (Hz)
%CRLB %CRLB
Pre sd During sd Post sd
Pre Stim 8.22 234 2047 471 5.12 4.54
During Stim 8.39 241 20.83 4.20 5.16 4.41 Active 7.95 1.86 7.98 1.79 7.59 1.38
Post Stim 8.03 218 21.67 4.04 4.91 4.24 Sham 8.46 2.24 8.64 2.24 8.32 2.30

FIGURE 4 | Linear mixed effects model of GABA (upper row), GIx (middlew) and NAA (lower row) levels in the pSTG for both the rst andexond sessions using
both 3-point (left) and 5-point (right) analysegp-values shown above each plot indicate signi cance of interetion effects at each time point relative to baseline.
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TABLE 3 | Average FWHM and standard deviation (sd) as estimated by LGddel for the 5-point analysis.

Mean FWHM  5-point analysis (Hz)

Pre sd Duringl sd During2 sd Postl Sd Post2 sd
Active 7.95 1.86 8.00 1.77 7.94 1.69 7.74 1.73 7.77 1.55
Sham 8.46 2.24 8.50 0.02 8.46 2.06 8.28 242 8.46 1.96

MEGA-PRESS sequence at 3T given only 10 min of anod#iat all cortical areas will respond to stimulation in the same
stimulation at 1.0 mA. The ndings of Batsikadze et dl5(and  manner, and compared to areas such as the sensorimotor cortex
Esmaeilpour et al.16) suggest it is possible that stimulating and frontal areas such as the dorsolateral prefrontal cortex
at 2.0mA had a di erent e ect to the one predicted. However,the temporoparietal and temporal regions have not been quite
studies conducted by Brunelin et aB)(and Mondino et al. as thoroughly investigated. One study investigating the use
(9) both found signi cant reductions in symptoms of auditory- of anodal tDCS in an adjacent cortical area, namely the left
verbal hallucinations using stimulation in this area foliogy mid-posterior temporal gyrus, on improving performance in
cathodal stimulation at 2.0 mA, suggesting an issue morylik a range or reading and naming task$0) did not nd any
related to electrode polarity than stimulation intensity.ni#¢  signi cant improvement in performance. Although dierent
no signi cant changes, nor non-signi cant tendencies tadia stimulation parameters were used, the agreement between the
changes in any of the metabolites under investigation weraull- ndings of this and the present study suggest it is possibl
seen during stimulation, even in the ve-point analysis, it isthat the pSTG and adjacent areas in the region, are not as
unlikely that allowing a full 20 min of stimulation would intte  responsive to anodal stimulation as other areas that have bee
a measureable e ect, though it cannot be ruled out conclugive investigated, but that the e ectiveness of tDCS as a treatmen
One of the unique features of this study was the use dfor hallucinations is based on its ability to modulate oeetive
continuous, online MRS as opposed to separate acquisitionasteas in the brain with cathodal stimulation. That is to say,
While Hone-Blanchet et al.2@) also acquired spectra during anodal stimulation may not a ect excitability in the pSTG, but
stimulation, also using a MEGA-PRESS sequence with an echathodal stimulation may be e ective in modulating activity
time of 68 ms and 11 min acquisition blocks, their study doe®ver-active or pathologically active networks such as thibae
not include a pre-stimulation window. Similarly, Clark et @2)  might be associated with hallucinations. Computer modeling
acquired multiple spectra during the pre- and post-stimulationmay be able to determine whether the responsiveness of this
windows, also using a MEGA-PRESS sequence with an ecbortical area may be due to anatomical features such as skull
time of 68 ms, but with spectra acquired sequentially rathant thickness or cerebrospinal uid density. It may be of interest
continuously in blocks of 4min and 48s. While there is little to repeat a similar experiment looking at the e ects of cathodal
di erence in terms of the resultant spectra whether acquiredstimulation in this area in conjunction with computer models
continuously or sequentially, acquiring separate scans mahat may be able to determine whether the absence of an obderv
introduce more variability as each pre-scan a ects parameterg ect may be attributed to issues of anatomy and current
such as shim, gain adjustment and center-frequency tuningw.
between each segment. It may be considered more robust to In an investigation into the e ect of active, intrascanner@S
acquire all spectra with the same parameters, as was done dn the BOLD response as measured with functional MRI, Antal
this study with single continuous acquisitions. Comparedhwi et al. @1) found that the presence of an electric current in the
previous studies using similar sequences, comparable oteshor magnetic eld inside an MRI scanner produces artifacts that may
acquisition times, and smaller voxel sizes, i.e., 2€0 20 resultin confounding false-positive activity patterns. \i¢hinild
mm?3 (21, 22, 24), there is little evidence to suggest an error inartifacts were observed during the ramping periods before and
the MRS acquisition. Intuitively, a larger voxel size provides after stimulation, and these spectral frames were removed fr
higher signal-to-noise ratio, but may come at the expensemis subsequent analyses, there were no artifacts observedgdurin
focality in terms of covering the site of stimulation. It isgsible active or sham stimulation periods. Furthermore, there wewse
that the larger voxel size used in this study may have incatemt  statistically signi cant di erences observed between the-@nd
spectra from cells not a ected by stimulation. However, theelo post-stimulation windows, where no ongoing active or sham
dimensions are still small compared to the surface area of th&imulation was present. This, coupled with the ndings of
stimulating electrode, and tDCS is not a particularly foclse previous studies using online MRS acquired during stimulation
stimulation technique. (23 24) suggest that interfence caused by ongoing intrascanner
The most signi cant di erence between this study and othertDCS during spectral acquisition is not a likely source of
studies that have measured biochemical changes assowiited error.
tDCS with MRS is the cortical region being investigated, both Another potential explanation for the null ndings of
as a stimulation site and volume of interest in spectroscopythis experiment is insu cient power as a result of too few
As Woods et al. 14) illustrated, it cannot be taken for granted participants. An analysis conducted in Bower ¢2) determined
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there were enough participants to detect at least a mediund size In interpreting these ndings, it is important to consider that
eect (i.e., eect size> 0.6, 1b D 0.8,a D 0.05). Many of the tDCS is regarded as a neuromodulatory technique, it does not
studies that have previously investigated biochemical s @t induce activity or action potentials, but rather facilitatesieases
tDCS have noted signi cant ndings with smaller sample sizesor decreases in neuronal excitability. Bikson and Rahman
than the 19 used in this study, includifg D 12 22, N D 17 (47 discuss the idea of activity-selectivity and task-specic
(23, andN D 11 (21). To this end it is believed that the study modulation, that is, that tDCS will preferentially modulate a
was su ciently powered, in terms of the participant sample neuronal network that is already active, while not modulgtin
size, to detect a comparable e ect. One of the problems witlseparate network that is inactive. One of the problems with the
statistical power as outlined by Button et ai.3( is that while region of interest in this study is that it contains the prinyar
problems of low statistical power are typically associateth witauditory cortex and adjacent areas responsible for the sensa
reduced chances of detecting a true e ect, they may also eeduof sound and processing of speeet®); While other paradigms
the likelihood of a statistically signi cant result beingdicative  have investigated cortical areas that may be associatedésk,
ofatrue e ect. Thatis, nding false positive e ectsduetoirted e.g., the primary motor cortex and force adaptation ta&B (that
e ect sizes. As Westwood et ali(j) illustrate, while it may be may distinguish between blocks of activity and rest, theitauyl
of value to include more participants in future studies, itlsal cortex will experience ongoing sensory input during scannihg. |
the e ectiveness of a single session of tDCS into questiomeif t is possible that no biochemical changes were observed between
e ects are so small. Referring to a meta-analysis in preparatiofoJocks as the local cortical circuit was already in an acibete
Westwood et al.40) discuss an analysis of pooled studies lookingluring the pre-stimulation window and that tDCS was not able
at anodal stimulation in the frontal and temporal lobes whichto drive a higher level of activity.
produced a sample size of almost 200 participants in which there In conclusion, using continuous online MRS, no signi cant
was still no evidence of an e ect of a single session of tDCS. lohange in the levels of GIx, GABA, or NAA in the left pSTG was
light of this, it is not believed that an increased sample siaeltv  observed that could be attributed to an e ect of active, adoda
have improved the outcome of this experiment. tDCS. Despite this, the method provides a useful insight int th
One problem a ecting the spectroscopy aspect of this studgcute e ects of stimulation paradigms and their e ect on local
is that of how to quantify metabolite levels. Typical methodseuronal circuitry. Further research investigating an & ed
make use of water as an endogenous reference, or report tH2CS in this area suggests performing a similar experimentgusin
concentration as a ratio relative to an internal referenaehs cathodal tDCS, redesigning the experiment to allow 20 min of
as creatine or NAA. While creatine is typically favored as arstimulation, perhaps combining this experiment with computer
internal reference 44) its use is complicated when using the models and also using an external referencing method to avoid
MEGA-PRESS sequence as creatine signals are eliminated durpossible confounding variables associated with how metabolit
subtraction and are not present in the di erence edited spetiru levels are measured.
though they may be recovered from the spectra acquired withou
an editing pulse (commonly referred to as the “OFF” spectrum irAUTHOR CONTRIBUTIONS
the spectral pairs used to create the di erence spectrum). NAA
was not used as an internal reference as it has been demwmustraGD, AC, MH, KK, KH, and RG were involved in the conception
to be a ected by anodal tDCSg, 23), although no changes in and design of the study. GD, AC, MH, and KK contributed
NAA levels were measured over the course of the acquisifiba. to planning and performing of the experiments. AC performed
use of water as an endogenous reference can be problematic the spectral analysis component of this study. JA performed
studies such as this that attempt to measure metabolic clsange statistical analyses. LE contributed to acquisition of MReBpe
a dynamic manner, i.e., in relation to activity over time MRS GD wrote the manuscript with the assistance and critical
signals have been shown to be susceptible to line-broadenifigedback of all contributing authors.
artifacts associated with local BOLD e ect%9). Using a xed
water reference taken at the end of the acquisition,aswas o FUNDING
this study, the reference signal was not subject to uctadias
the result of a BOLD e ect throughout the scan as the metabslit The current research was partly funded by grants from the
of interest were, i.e., comparing an unchanging referenca to Research Council of Norway (#221550), European Research
signal subject to interference may increase the likelihafadfalse  Council, ERC (#693124), and the Health Authority of Western
change being detected. As asingle, xed water referencasess Norway (#911783) to KH; the Bergen Research Foundation
it is di cult to decisively rule out any incidental BOLD-reited  (grant BFS2016REK03) to MH; and Norway Grants (EMP180)
uctuations. However, such uctuations would likely be miggst  to KK.
across all metabolites in the FWHM estimate given by LCModel,
which is not seen in our datarables 2 3), making it unlikelyto  SUPPLEMENTARY MATERIAL
be a signi cant source of error. Ideally, an experiment susthis
would bene t from the use of external referencing, such as thThe Supplementary Material for this article can be found
Electronic Reference To acca@ssivo Concentrations (ERETIC) online at: https://www.frontiersin.org/articles/10.Z8fheur.
method @5, 46). 2018.01145/full#supplementary-material
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