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Abstract

Background: Theta burst stimulation (TBS), a form of repetitive transcranial magnetic

stimulation (rTMS), uses repeated high-frequency bursts to non-invasively modulate

neural processes in the brain. An intermittent TBS (iTBS) protocol is generally consid-

ered “excitatory,” while continuous TBS (cTBS) is considered “inhibitory.” However, the

majority of work that has led to these effects being associatedwith the respective pro-

tocols has been done in the motor cortex, and it is well established that TMS can have

variable effects across the brain.

Objectives and method:We investigated the effects of iTBS and cTBS to the primary

visual cortex (V1) on composite levels of gamma-aminobutyric acid+ co-editedmacro-

molecules (GABA+) and glutamate + glutamine (Glx) since these are key inhibitory

and excitatory neurotransmitters, respectively. Participants received a single session

of cTBS, iTBS, or sham TBS to V1. GABA+ and Glx were quantified in vivo at the stim-

ulation site using spectral-edited proton magnetic resonance spectroscopy (1H-MRS)

at 3T. Baseline pre-TBS GABA+ and Glx levels were compared to immediate post-TBS

and 1 h post-TBS levels.

Results: There were no significant changes in GABA+ or Glx following either of the

TBS conditions. Visual cortical excitability, measured using phosphene thresholds,

remained unchanged following both cTBS and iTBS conditions. There was no relation-

ship between excitability thresholds and GABA+ or Glx levels. However, TBS did alter

the relationship between GABA+ and Glx for up to 1 h following stimulation.

Conclusions: These findings demonstrate that a single session of TBS to the visual cor-

tex can be used without significant effects on the tonic levels of these key neurotrans-

mitters; and add to our understanding that TBS has differential effects at visual, motor,

and frontal cortices.

KEYWORDS

gamma-aminobutyric acid, glutamate, magnetic resonance spectroscopy, theta burst stimulation,
transcranial magnetic stimulation, visual cortex

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Brain and Behavior published byWiley Periodicals LLC

Brain Behav. 2022;12:e2478. wileyonlinelibrary.com/journal/brb3 1 of 17

https://doi.org/10.1002/brb3.2478

https://orcid.org/0000-0003-3636-4001
https://orcid.org/0000-0002-7487-4646
mailto:steeves@yorku.ca
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/brb3
https://doi.org/10.1002/brb3.2478


2 of 17 STOBY ET AL.

1 INTRODUCTION

Non-invasive brain stimulation (NIBS) techniques such as repetitive

transcranial magnetic stimulation (rTMS) are an invaluable tool to

induce neural changes safely and effectively across brain networks

in healthy and patient populations. TMS uses strong focused mag-

netic field pulses to induce lasting neural changes at the stimulation

site and remote regions (Hallet, 2007; Kobayashi & Pascual-Leone,

2003). Theta burst stimulation (TBS), a type of high-frequency rTMS,

is increasingly being used as an alternative to conventional rTMS pro-

tocols since it can be delivered more quickly while achieving similar

outcomes as conventional protocols (Blumberger et al., 2018; Suppa

et al., 2016). Intermittent TBS (iTBS) typically generates an “excita-

tory” response, due to its interval pattern, in a similar fashion to long-

term potentiation (LTP) of synaptic transmission in the brain. Contin-

uous TBS (cTBS) typically produces an “inhibitory” response, due to

its continuous pattern, mimicking a reaction like long-term depression

(LTD) (Hess et al., 1996; Huang et al., 2005). However, this dichotomy

that iTBS is excitatory and cTBS is inhibitory is inadequate since it

has been shown that both high- and low-frequency rTMS can have

mixed excitatory and inhibitory effects (Houdayer et al., 2008). Even

when the rTMS effect appears specific, doubling the duration of stim-

ulation can reverse the outcome from inhibition to excitation and

vice versa (Gamboa et al., 2010, 2011; Goldsworthy et al., 2015).

Similar adverse effects are reported between rTMS and TBS proto-

cols (Blumberger et al., 2018). If TBS performs comparably to rTMS,

then employing TBS over rTMS would considerably improve capacity,

compliance, and cost by enabling stimulation over shorter sessions.

This would have significant implications for both experimental and

clinical use.

The majority of work investigating the underlying effects of rTMS

protocols have studied motor and frontal cortices (for reviews, see

Hoffman & Cavus, 2002; Ridding & Ziemann, 2010; Sandrini et al.,

2011; Suppa et al., 2016). Accordingly, the use of rTMS to modulate

disorders has focused on these cortical regions, for example, stroke

(for reviews, see Dionisio et al., 2018; Smith & Stinear, 2016; Web-

ster et al., 2006), and psychiatric disorders (for reviews, see Ferrarelli

& Phillips, 2021; Guo &Wang et al., 2017), respectively. Despite exten-

sive research on motor and frontal cortices, the effects of TMS at the

visual cortex are relatively under-investigated and, therefore, poorly

understood. Although rTMS has been used frequently in exploratory

vision research (e.g., Bona et al., 2014; Chiou & Ralph, 2016; Groen

et al., 2021; Julian et al., 2016; Rafique et al., 2015; Solomon-Harris

et al., 2016), very few studies have investigated the underlying mecha-

nisms and aftereffects of rTMS, particularly TBSprotocols, at the visual

cortex. The use of TMS to the occipital cortex,whether clinical or inves-

tigative therefore relies on the assumption of underlying neurophysi-

ological effects determined mainly from regions outside of the occip-

ital cortex (Cárdenas-Morales et al., 2010; Hallet, 2007; Hoogendam

et al., 2010; Thut & Pascual-Leone, 2010). However, underlying neuro-

physiological effects of NIBS differ fundamentally across cortical and

subcortical regions (Castrillon et al., 2020). As a result, rTMS applica-

tions are lesswidelyused in the clinical applicationof visual-relateddis-

orders compared to non-visual-related conditions. Clinically, TMS has

great potential as a valuable therapeutic tool in several visual and oph-

thalmological disorders (Mahayana et al., 2017). Previously, we have

successfully reduced visual hallucinations that occurred as a conse-

quence of occipital stroke using rTMS to the visual cortex (Rafique

et al., 2016). Others have used rTMS to manage visual hallucinations

from Charles Bonnet syndrome (Merabet et al., 2003). TBS to the pos-

terior parietal cortex improves visual-spatial neglect in patients with

right-hemispheric stroke (Cazzoli et al., 2012). Both rTMS and TBS

protocols to the occipital cortex have significantly improved visual

acuity, stereoacuity, and contrast sensitivity measures in amblyopia

(Clavagnier et al., 2013; Thompson et al., 2008; Tuna et al., 2020).

Neurotransmitters such as γ-aminobutyric acid (GABA) and gluta-

mate are key actors in inhibitory and excitatory neural processes cor-

responding to LTD- and LTP-like changes (for a review, see Lüscher

& Malenka, 2012) and provide insight into TMS mechanisms. Lev-

els of neurotransmitters and other metabolites can be measured

non-invasively in vivo using magnetic resonance spectroscopy (MRS).

Although MRS is not able to distinguish between vesicular and synap-

tic or intra- and extracellular pools, instead, it quantifies “bulk” tonic

levels averaged over a macroscopic region of interest. MRS-measured

GABA contains co-detected GABA-like metabolites like homocarno-

sine and macromolecules with similar spectra. The composite mea-

sure is consequently referred to as GABA+. Similarly, MRS-measured

glutamate contains the co-detected glutamine signal, and the com-

posite signal is referred to as Glx (Ramadan et al., 2013; Schmidt-

Wilcke et al., 2018). Table 1 provides an overview of studies investi-

gating the effects of rTMS on MRS-measured GABA and glutamate

in healthy participants. Although there is a lack of data investigat-

ing changes in metabolites following rTMS, Table 1 highlights vari-

ability in findings across studies owing to differences in stimulation

parameters and the cortical region being stimulated. We previously

investigated how a single-session of low-frequency rTMS and multi-

ple sessions within a day (termed accelerated/within-session) influ-

ence GABA and glutamate at the visual cortex. We found that accel-

erated sessions significantly reduced GABA+ at the stimulation site

for up to 24 h, whereas a single rTMS session had no effect, and Glx

remained unchanged with both protocols (Rafique & Steeves, 2020).

If TBS offers similar effects to rTMS but with shorter stimulation,

then based on our previous work, we would expect a single session

of cTBS to have no effect on GABA and glutamate at the visual cor-

tex. However, Allen et al. (2014) have found that a session of cTBS

significantly increased GABA in V1, while Glx was not measured and

iTBS was not investigated. To progress our previous work and fur-

ther the advancement of rTMS protocols in experimental and clinical

vision applications, we investigated the effects of cTBS and iTBS pro-

tocols to V1 on GABA and glutamate levels, which remains unknown.

For TBS to be valuable in investigative research and be implemented

successfully in clinical applications through neuroplasticity changes,

its effects need to be studied in various brain regions in both healthy

and patient populations. Examining the underlying neurophysiologi-

cal mechanisms associated with TBS will further our understanding

of the various protocols and their potential therapeutic benefit. In
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addition, it will help establish safety profiles for various protocols and

populations.

2 METHODS

2.1 Participants

We recruited 39 healthy right-handed participants aged 18−35 years.

Participants had no known contraindications to TMS andmagnetic res-

onance imaging (MRI), nounderlyingmedical conditions, andnohistory

of neurological or psychological disorders (Kim et al., 2019; Levinson

et al., 2010; Schür et al., 2016). We employed further strict exclusion

criteria to control for confounding factors and to minimize potential

extraneous interactions associated with metabolite receptors and/or

TMSmechanisms. Participants were not taking any medications at the

time of participation (Stell et al., 2003) including hormonal contracep-

tives (Kaore et al., 2012; Smith et al., 2002), had no history of frequent

or chronicmigraines (Bohotin et al., 2002;Russoet al., 2005), nohistory

of alcohol/substance dependence (Brust, 2004; Ke et al., 2004; Lobo &

Harris, 2008; Malcolm, 2003), and were non-smokers (Epperson et al.,

2005). Additionally, participants were asked to attempt a good night’s

sleep (Clow et al., 2014), and not to consume alcohol 48 h (Lobo &Har-

ris, 2008) before each visit. Participants were assigned to one of three

experimental groups (cTBS, iTBS, sham) in a pseudo-random fashion

and were naive to the stimulation condition. Ten participants were

discarded due to high MRS data fit errors, motion artifacts, or fail-

ure to meet exclusion criteria following the initial visit/screening. The

remaining participants (meanage ± SD= 22.17± 3.52 years;N= 29; 12

males/17 females) had normal or corrected-to-normal vision. All par-

ticipants gave informed consent, and the protocol was approved by the

Office of Research Ethics at York University in accordance with the

Declaration ofHelsinki. Participants receivedmonetary compensation.

2.2 Vision and cognitive assessments

All participants were required to complete and pass three basic

visual assessments to ensure eligibility for normal or corrected-to-

normal vision (>0.04 logMAR; stereoacuity≥ 50″, normal color vision).

Monocular and binocular visual acuitiesweremeasured using the stan-

dardized ETDRS logMAR vision chart (Precision Vision, La Salle, IL),

stereo acuity was measured using the Titmus circles test (Stereo Opti-

cal Company Inc., Chicago, IL), and color visionwere assessed using the

Ishihara test (Kanehara Trading Inc., Tokyo, Japan).

All participants completed and passed the Montreal Cognitive

Assessment (MoCA, v7.1−7.3; Nasreddine et al., 2005) screening for

detecting mild to severe cognitive impairment. The MoCA evalu-

ates attention, concentration, working memory, short-term memory,

delayed recall, language, visuospatial, orientation, and executive func-

tion. Participants completed different versions at each visit.

2.3 Magnetic resonance imaging

Anatomical and MRS data were acquired with a 3 Tesla Siemens Mag-

netom® Prisma magnetic resonance scanner with a 32-channel high-

resolution array head coil (Siemens, Erlangen, Germany). Anatomi-

cal high-resolution T1-weighted images were acquired first followed

by MRS. Participants were instructed to remain still, keep their eyes

closed throughout, and refrain from falling asleep. Imaging was per-

formedwith the room lights turned off.

2.3.1 Anatomical T1-weighted

The T1-weighted magnetisation-prepared rapid gradient echo

(MPRAGE) imaging sequence was acquired with the following param-

eters: number of slices = 192, in-plane resolution = 1 × 1 mm, slice

thickness = 1 mm, imaging matrix = 256 × 256, repetition time

(TR)= 2300ms, echo time (TE)= 2.26ms, inversion time (TI)= 900ms,

flip angle= 8◦, field of view (FoV)= 256mm, acquisition time= 5min.

2.3.2 Magnetic resonance spectroscopy

A single 25 mm3 cubic voxel was placed medially at the visual cortex

(V1). The volume of interest (VOI) was placed as far back in the occipi-

tal pole’s posterior region as possible and centeredon the calcarine sul-

cus. The lower edge of the VOI followed the cortical surface, aligned

alongside the cerebellar tentorium, and avoided non-brain tissue (e.g.,

cerebrospinal fluid [CSF], sagittal sinus). The VOI position was verified

in three planes (sagittal, coronal, and transverse) for accurate place-

ment, and images in all planes were recorded and used as a reference

for subsequent acquisitions for each participant. Proton (1H)MR spec-

tra were obtained using the Mescher-Garwood Point Resolved Spec-

troscopy (MEGA-PRESS), a J- difference editing technique, through a

C2P collaboration between Siemens and the University of Minnesota

(CMRR), including a flip-angle calibration procedure developed and

recommended by the sequence developers. The following parame-

ters were used for acquisition: TR = 3000 ms, TE = 68 ms, spectral

width = 1500 Hz, sinc-Gaussian editing pulses (nominal full-width at

half-maximum [FWHM]bandwidth=50.55Hz) applied at 1.9 parts per

million (ppm) (“edit-on”) and 7.5 ppm (“edit-off”), VAPOR water sup-

pression (FWHM bandwidth = 60 Hz), averages = 32, repeated four

times for a total of 128 “edit-on” averages and 128 “edit-off” aver-

ages, number of samples = 2048, acquisition time = 15 min. A sep-

arate unsuppressed water reference scan was also acquired to allow

for a tissue concentration reference: averages = 10, total acquisition

time = 52 min. Two automated shimming procedures were performed

using Siemens B1 Shimmode and TrueForm. Figure 1a shows an exam-

ple of the standard voxel placement in the occipital cortex. Figure 1b

shows an example of the difference-edited spectra for GABA+ andGlx

peaks, as well as the creatine (Cr) signal in the “edit-off” spectrum, and
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F IGURE 1 Positioning of the TMS coil andMRSVOI with example 1HMR spectra acquired from the visual cortex. (a) Example of standard
voxel placement within the visual cortex on a T1-weighted image for a single participant shown in the sagittal (top image) and transverse (bottom
image) planes. Stimulation sites (black circle) were positioned at the center of theMRS VOI (white box) for each participant individually. The center
of the TMS coil (black cross) was aligned to target the center of theMRS VOI. (b) An example ofMEGA-PRESS processing using Gannet. The blue
lines indicate the difference-edited spectrum, red line demonstrates a best fit Gaussianmodel, and the residual is shown in a black line. Upper plot
shows the typical GABA peak that is observed at 3 ppm, and the Glx peak at 3.75 ppm. Lower plot shows Gannet modeling of the unsuppressed
water signal and Cr signal against which GABA is quantified. 1H= proton; Cr= creatine; Glx= glutamate and glutamine composite;
MEGA-PRESS=Mescher-Garwood Point Resolved Spectroscopy;MR=magnetic resonance;MRS=magnetic resonance spectroscopy;
ppm= parts per million; TMS= transcranial magnetic stimulation; VOI= volume-of-interest

the water reference signal as plotted by Gannet software used to pro-

cess andmodel the data (Edden et al., 2014).

2.4 TMS

A Magstim Rapid2 and Plus1 Stimulator 70-mm diameter Double Air

Film figure-of-eight coil and its shamcoil counterpart (Magstim,White-

land,Wales, UK)were used to deliver stimulation pulses ormimic stim-

ulation pulses, respectively, to the defined target site.

2.4.1 Phosphene threshold

Phosphene threshold (PT) is a method of measuring visual cortex

excitability through the perception of phosphenes. A phosphene is a

phenomenon of light that can be produced from direct stimulation of

the occipital cortex in the absence of visual stimuli. PTs can be used to

determine the individual intensity for TMS administration at the visual

cortex in the same way that the motor threshold is used to determine

TMS intensity when applied to the motor cortex. PT, therefore, pro-

vides an individual excitability threshold for TMS administration since

thresholds vary greatly across individuals (Stewart et al., 2001).

In a dimly lit room, wearing a blindfold with eyes closed, partici-

pants were instructed to lean forward with their forehead resting on

a tablewhile placing no pressure on their eyes. Phosphenes are elicited

when stimulation is applied from 1 to 5 cm above the inion and 0

to 3 cm laterally, depending on the hemisphere being tested (Elkin-

Frankston et al., 2010). We marked four locations to form a square

area to be tested: at the inion, 2 cm above the inion, 2 cm to the left

of the inion, and 2 cm above the 2 cm to the left of the inion marker.

PTs were measured for each participant using single-pulse stimulation

with the coil center held tangential to the scalp and handle orientated

at 900 to the midline. The minimum output began at 50% intensity,

and 10 pulses were administered to the marker 2 cm above the inion,

with each pulse 6 s apart. Following a single TMS pulse, participants

were instructed to respond “yes/no/maybe” corresponding to whether

a phosphenewas perceived that could vary in shape, color, motion, and

size. At each location, the stimulator output was increased by 5% until

phosphenes were evoked with the maximum output setting restricted

to 90% intensity according to safety regulations (Wassermann, 1998).

If no phosphenes were evoked after 10 pulses, the coil was moved to a
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new position in the marked region. The coil was placed in a new loca-

tion until the individual responded “yes,” whichwas then designated as

the hotspot. Subsequently, at the hotspot, the threshold was modified

in 1% increments to refine thePT. A thresholdwas defined as the inten-

sity at which 50% of pulses (5/10 pulses) resulted in a “yes” response.

The blindfold was removed every 10−15 min, when necessary, for a

minimum of 2 min, to prevent dark adaption (Boroojerdi et al., 2000).

The range of reported PTs varied between 46% and 90% intensity

(meanPT = 65.31%).

2.4.2 TBS

Participants underwent one of three TBS stimulation conditions per-

formed at 80% PT: 1) cTBS, 2) iTBS, or 3) sham TBS. The cTBS protocol

consisted of bursts containing three pulses at 50 Hz (20 ms between

each stimulus), repeated at 5 Hz intervals (i.e., 200 ms inter-stimulus

interval [ISI]), applied continuously for 40 s, providing a total of 600

pulses. The iTBSprotocol consistedof the samebursts containing three

pulses at 50 Hz, repeated at 5 Hz intervals but applied in 2 s trains

repeated every 10 s for a total of 190 s, also providing a total of 600

pulses (Huang et al., 2005). The sham TBS protocols were the same as

the active conditions, except it was performed using the sham placebo

coil. The sham coil is equipped with a shield that attenuates the mag-

netic field yet mimics auditory and stimulatory effects. Five individuals

in the sham group experienced sham cTBS and four experienced sham

iTBS.

TMS was delivered using Brainsight’s neuronavigation system

(Rogue Research, Montreal, QC, Canada). The target stimulation site

corresponded to the center of the MRS VOI in V1 (Figure 1a). Partici-

pants’ anatomicalMRI imageswere reconstructed and co-registered to

three-dimensional cortical surfaces in Brainsight. The stimulation site

was mapped on each participant’s corresponding anatomical image in

Brainsight bymanuallymatching the anatomical landmarks to theMRS

VOI images obtained at the baselineMRSacquisition. Reference points

from the participant’s head (tip of the nose, nasion, right and left tra-

gus) were coregistered in Brainsight using the Polaris infrared image-

guided tracking system (Northern Digital Instruments, Kitchener, ON,

Canada), which enables visualization and monitoring of stimulation in

real-time. Brainsight creates a co-registration matrix using reference

points from theMRI images and thosemarkedon theparticipant’s head

that are trackedusingPolaris to ensure accurately targeted stimulation

throughout. Thus, the neuronavigation system precisely maps individ-

ually targeted stimulation sites and accounts for anatomical variability

across participants. The coil was held parallel to the midline with the

handle pointing downwards and the coil center tangential to the head

to minimize coil to cortex distance as the participants sat upright with

their chin resting on a chin rest.

2.5 Experimental design

The study was divided into two visits. Day 1) participants initially

underwent pre-TBS (baseline) screening consisting of eligibility ques-

F IGURE 2 Diagram of the experimental procedure. Day 1)
participants underwent visual and cognitive screening, followed by a
baselineMRS scan, and lastly PT. Day 2) participants underwent one of
three TBS conditions (continuous, intermittent, or sham), immediately
followed by aMRS scan, repeated screeningmeasures (including the
addition of adverse effect reports), 1 h post-TBSMRS, and finally
repeat PTmeasures post-TBS.MRS=magnetic resonance
spectroscopy; PT= phosphene threshold; TBS= theta burst
stimulation

tionnaires, vision assessments, and the MoCA at approximately 1 pm.

MRS baseline measures were acquired upon eligibility at approxi-

mately 1:30 pm, followed by PT at approximately 2:30 pm. Day 2) par-

ticipants received either cTBS, iTBS, sham iTBS (control) or sham cTBS

(control) to V1. To minimize the potential diurnal variation of neuro-

modulators, including those involved in TMS mechanisms, the second

visitwas carried out approximately aweek later as close to the baseline

time of day as possible. At least 1 week was left between visits to limit

any residual effects from the PT measurement interacting with TBS

conditions while avoiding any long-term fluctuations in metabolites.

Metabolites are, however, reliably stable for at least several weeks

(Henry et al., 2011;Near,Ho, et al., 2014).MRI acquisition beganwithin

5minofTBScessation (immediatepost-TBS) andwas repeated1h later

(1 h post-TBS) at visit 2. Vision assessments and the MoCA screen-

ing were repeated after the immediate post-TBS scan and before the

1 h post-TBS scan at the second visit. Participants were also asked to

report any adverse effects of TBS. Finally, the PT was measured after

the 1 h post-TBS scan. Figure 2 shows an overview of the experimental

procedure.

2.6 Magnetic resonance spectroscopy analyses

MRS data were processed using the MATLAB (The MathWorks

Inc, Natick, MA; https://www.mathworks.com/products/matlab.html)

https://www.mathworks.com/products/matlab.html
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based toolboxes Gannet (v3.0; http://www.gabamrs.com; Edden et al.,

2014) and SPM12 (Statistical Parametric Mapping, Wellcome Cen-

tre forHumanNeuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/

spm).

All MRS data were pre-processed with the default pipeline imple-

mented in Gannet. The GannetLoad module processes time-domain

data including phased-array channel combination, frequency-and-

phase alignment of individual transients to mitigate effects of scanner

frequency drift and subject motion, zero-filling to 32,768 points, 3 Hz

exponential line broadening, Fourier transformation, outlier rejection,

and subtraction of the “on” and “off” spectra to generate the edited dif-

ference spectrum (Edden et al., 2014;Near, Edden, et al., 2014).Model-

ing of the different signals of interestwas performed using theGannet-

Fit module using non-linear least-squares optimization. The 3.02 ppm

GABA+ signal in the difference spectrumwas fit with a single Gaussian

model, while the 3.75 ppm Glx doublet was fit with a double Gaussian

model. The Cr reference signal in the “edit-off” spectrumwas obtained

from a fit to the Cr and choline signals at 3.0 and 3.2 ppm, respec-

tively, with a double Lorentzian model. The unsuppressed water signal

was fit with a single mixed Gaussian-Lorentzian model (Edden et al.,

2014). The amplitude of the peak for each metabolite relates to the

total number of molecules and represents the total concentration of

thatmetabolite. GannetCoRegister invoked SPM12 to generate binary

MRS voxel masks in the same image space as the T1-weighted anatom-

ical image. GannetSegment then calculated the relative tissue volume

fractions from the voxel mask and segmentation results for grey mat-

ter (GM), white matter (WM), and CSF. Lastly, GannetQuantify used

the amplitude parameters of the models and tissue volume fractions

to calculate tissue-corrected metabolite levels and derive quantitative

measures of GABA+ and Glx concentrations in institutional units (i.u.).

The final output value of GannetQuantify was used providing tissue-

corrected (relaxation- and alpha-corrected, voxel-average-normalized)

GABA+ and Glx concentration estimates relative to water. These cor-

rections account for theeffects of tissue composition, tissuewater con-

tent, andwater andmetabolite relaxation, aswell as the fact thatGABA

is present in higher concentrations in GM compared toWM at approx-

imately a 2:1 ratio (Edden et al., 2014; Harris et al., 2015). We also

include results for GABA+ and Glx concentrations as ratios relative to

Cr, as is commonly reported in the literature, to allow the comparison

of our data with a greater number of studies. Using Cr as an internal

reference signal reduces the risk of error in the propagation of water-

based scaling, although care needs to be taken regardless of the choice

of the reference signal as it is difficult to determine whether group

differences arise from changes to the nominator or the denominator

(Alger, 2010). ForMEGA-PRESSofGABA+, water-referencedquantifi-

cation including tissue-correction shows similar levels of performance

to Cr referencing, and the reliability of the two referencing strategies

is comparable (Mikkelsen et al., 2017, 2019). For data quality control,

datasets with a fit error over 10% (defined as the standard deviation of

the fit residual divided by the model amplitude) or visible subtraction

artifacts in the difference spectrum were removed (Mikkelsen et al.,

2019). This resulted in the removal of all time points for one participant

as mentioned in Section 2.1.

2.7 Statistical analyses

Statistical analyses were conducted in R statistical software (v1.1.456;

R Foundation for Statistical Computing, Vienna, Austria; www.R-

project.org). Data were found to violate assumptions of parametric

testing. Multilevel mixed modeling was used since it not only accounts

for the non-parametric nature of data, but also for repeated measures,

is highly flexible in dealing with varying intervals between measure-

ments, and can deal with unequal sample sizes appropriately. Akaike’s

information criterion was used to measure the goodness of a fit of

an estimated model, and the appropriate covariance structure with

the lowest reported criterion was used for statistical analysis. Tis-

sue fractions within the VOI across visits were analyzed as no signif-

icant changes would indicate consistent VOI positioning across visits

and groups. Multilevel modeling was performed for each tissue frac-

tion (GM,WM, CSF) separately with random effect for participant, and

fixed effect for TBS condition (cTBS, iTBS, sham) and visit (pre-TBS,

immediate post-TBS, 1 h post-TBS). The effect of TBS conditions on

metabolites was also performed using multilevel modeling for GABA+

and Glx concentrations separately, with random effect for participant,

and fixed effect for TBS condition (cTBS, iTBS, sham) and visit (pre-

TBS, immediate post-TBS, 1 h post-TBS). Post hoc analyses were per-

formed using Yuen’s t-tests (YW) for non-normally distributed data

with 10% trimmedmeans. Effect sizes for Yuen (ESYW)were also calcu-

lated using 10% trimmed means. The relationship between PT (visual

cortical excitability), GABA+, and Glx concentrations was analyzed

using the nonparametric correlation Kendall’s tau (τ). For all statisti-
cal analyses, the significance level was set at p < .05, and corrected for

multiple comparisons using the false discovery rate procedure where

relevant.

3 RESULTS

3.1 Tissue fractions

For GM, there was no significant interaction between TBS condition

and visit, F(4, 52) = 1.191, p = 0.326; no significant main effect of TBS

condition F(2, 26) = 0.528, p = 0.596; and no significant main effect of

visit F(2, 52)= 0.3, p= 0.745.

ForWM, therewasno significant interactionbetweenTBScondition

and visit, F(4, 52) = 2.237, p = 0.078; no significant main effect of TBS

condition F(2, 26) = 0.654, p = 0.528; and a significant main effect of

visitF(2, 52)=4.1,p=0.022.However, post hoc analysis showedno sig-

nificant differences in WM between pre-TBS and immediate post-TBS

visits, YW(24) = −0.518, p = 0.609, ESYW = 0.02; no significant differ-

ence between pre-TBS and 1 h post-TBS, YW(24)=−1.358, p= 0.419,

ESYW = 0.08; and no significant difference between immediate post-

TBS and 1 h post-TBS, YW(24)=−1.108, p= 0.419, ESYW = 0.06.

For CSF, therewas no significant interaction between TBS condition

and visit, F(4, 52) = 1.105, p = 0.364; no significant main effect of TBS

condition F(2, 26) = 0.237, p = 0.79; and no significant main effect of

visit F(2, 52)= 1.437, p= 0.247.

http://www.gabamrs.com
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.R-project.org
http://www.R-project.org
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F IGURE 3 Changes in GABA+ and Glx concentrations at the visual cortex following cTBS and iTBS sessions across all visits expressed as (a,b)
tissue-corrected values (i.u.), and (c,d) normalized concentrations using integral ratios relative to Cr. Box plots show the exclusive interquartile
range. Extreme points represent outliers. Symbols: x represents the groupmean;▴represents themean for the sham cTBS group;+ represents the
mean for the sham iTBS group. GABA+=GABA andmacromolecules composite; Glx= glutamate and glutamine composite; Cr= creatine;
i.u.= institutional units; cTBS/iTBS= continuous/intermittent theta burst stimulation

3.2 GABA+ concentrations

For tissue-corrected GABA+ (i.u.), there was no significant interaction

between TBS condition and visit, F(4, 52)= 1.899, p= 0.125; no signifi-

cantmain effect of TBS condition F(2, 26)= 0.96, p= 0.396; and no sig-

nificant main effect of visit F(2, 52) = 1.775, p = 0.18. Figure 3a shows

GABA+ tissue-corrected concentrations across all time points.

For GABA+/Cr, there was similarly no significant interaction

between TBS condition and visit, F(4, 52) = 1.083, p = 0.374; no sig-

nificant main effect of TBS condition F(2, 26) = 2.047, p = 0.149; and

no significant main effect of visit F(2, 52)= 2.049, p= 0.139. Figure 3c

shows GABA+/Cr concentrations across all time points.

3.3 Glx concentration

For tissue-corrected Glx (i.u.), there was no significant interaction

between TBS condition and visit, F(4, 52) = 1.363, p = 0.26; no signifi-

cantmaineffect ofTBSconditionF(2, 26)=0.277,p=0.761; andnosig-

nificantmain effect of visit F(2, 52)= 0.152, p= 0.859. Figure 3b shows

Glx tissue-corrected concentrations across all time points.

For Glx/Cr, there was similarly no significant interaction between

TBS condition and visit, F(4, 52)= 1.087, p= 0.373; no significant main

effect of TBS condition F(2, 26) = 0.0004, p = 1.0; and no significant

main effect of visit F(2, 52) = 0.0002, p = 1.0. Figure 3d shows Glx/Cr

concentrations across all time points.

3.4 Correlation between GABA+, Glx, and
phosphene threshold

Since there were no significant changes following either of the

TBS conditions, the following measures were collapsed across TBS

conditions/groups. There were no significant correlations between

pre-TBS GABA+ and Glx concentrations (i.u.), τ = −0.149, p = 0.507;

pre-TBS PT and GABA+ concentrations (i.u.), τ= 0.082, p= 0.535; and
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F IGURE 4 Changes in correlation between tissue-corrected
GABA+ and Glx concentrations (i.u.) at the visual cortex following TBS
conditions across all visits. * p< .05. GABA+=GABA and
macromolecules composite; Glx= glutamate and glutamine
composite; i.u.= institutional units; TBS= theta burst stimulation

pre-TBS PT and Glx concentrations (i.u.), τ = −0.127, p = 0.507.

Similarly, there were no significant correlations between 1 h post-TBS

PT and GABA+ concentrations (i.u.), τ = −0.055, p = 0.955; and 1 h

post-TBS PT and Glx concentrations (i.u.), τ = −0.008, p = 0.955. How-

ever, there were significant correlations between immediate post-TBS

GABA+ and Glx concentrations (i.u.), τ = 0.315, p = 0.017; and 1 h

post-TBS GABA+ and Glx concentrations (i.u.), τ = 0.319, p = 0.047.

Figure 4 shows GABA+ and Glx correlations following TBS across all

time points.

3.5 Adverse effects

Following TBS, one participant in the cTBS condition and one partici-

pant in the sham condition reported aminor headache, and one partic-

ipant in the sham group reported craniofacial discomfort near the left

eye. These effects are consistent with common and temporary reports

following TMS (Oberman et al., 2011; Rossi et al., 2009).

4 DISCUSSION

This study is the first to provide data on the immediate and short-term

effects of cTBS and iTBS to the visual cortex on V1 GABA and gluta-

mate concentrations. We found that a single session of cTBS or iTBS

had no significant effects on MRS measures of GABA+ and Glx levels

and visual cortical excitability at a cohort level. However, TBS did alter

the relationship betweenGABA+ andGlx for up to 1 h following stimu-

lation. These preliminary findings suggest that unlike TBS to themotor

or frontal cortices, TBS to the visual cortex can be used in investiga-

tive or clinical settings without significant implications or alterations

to these neurotransmitter levels at the stimulation site.

These effects following cTBS to the visual cortex are consistent

with our previous findings where a single session of conventional

“inhibitory” 1 Hz rTMS to the visual cortex also did not affect GABA+

andGlx concentrations (Rafique&Steeves, 2020). There are no reports

in the literature investigating the effects of conventional “excitatory”

high-frequency rTMS to the visual cortex on GABA+ and Glx to

allow a comparison with our iTBS findings. Although TBS is frequently

reported to produce similar effects to conventional rTMS, effects on

epidural volleys in the corticospinal pathway demonstrate that the

after-effects are not homogenous across the TMS protocols. Each TMS

paradigm modulates specific neural elements in different layers of the

cortex. The cTBS protocol suppresses the amplitude of the I1 wave,

suggesting that cTBS has its major effect on the synapse between the

inputs responsible for the I1 wave and the pyramidal tract neurons,

whereas 1 Hz rTMS produces a selective suppression of late I waves

with no change in the I1 wave. In contrast to cTBS, the iTBS protocol

produces a selective enhancement of late I waves with no change in

the amplitude of the I1 wave (for a review, see Di Lazzaro & Rothwell,

2014).

Although we found no significant effects on absolute levels of

GABA+ andGlx, our results donot simply imply that TBShadnoeffects

on LTD or LTP or associated metabolites at the visual cortex. Pre-TBS,

there was no significant relationship between GABA+ and Glx mea-

sures. There was, however, a significant relationship between these

metabolites following TBS that lasted up to 1 h post-TBS. This find-

ing may suggest that TBS caused subtle changes in the relationship

between the metabolites, one that was not sufficiently large to cause

discernible changes between the conditions. Stagg et al. (2011) found

a significant positive correlation between MRS-measures of GABA

and glutamate at the stimulation site following TMS to the motor

cortex, where glutamate measures were an indicator of global motor

excitability. The authors suggest that the tight biochemical relation-

ship between the neurotransmitters may be driven by glutamate since

glutamate is a precursor to GABA. While MRS-measured glutamate is

considered to reflect synaptic glutamatergic activity (Stagg & Nitsche,

2011), MRS measures of GABA represent the total sum of GABAA

andGABAB receptor activity (inhibitory andexcitatory activity, respec-

tively) (Luo et al., 2011; Rae, 2014). GABAB receptor mechanisms are

facilitated to an extent by glutamatergic activity (Chalifoux & Carter,

2011; Prout & Eisen, 1994). The effects of TBS are also in part medi-

ated by glutamatergic mechanisms (Huang et al., 2011). Since it is still

unclear howTBS protocols precisely interact with LTP and LTDmecha-

nisms, if TBS acts on glutamatergic mechanisms, then it may affect the

overall homeostatic balance betweenGABA and glutamate concentra-

tions rather than simply impacting onemetabolite over the other. Don-

ahue et al. (2010) have used a number of haemodynamic approaches

to determine the relationship between GABA and cerebral bloodmea-

sures. In the presence of higher GABA concentrations, they suggest

that the greater associated vascular and metabolic response occurs

presumably to promote an increase in excitatory activity required to

overcome the inhibition that may result from higher GABA availabil-

ity. The lack of causal effects in our study may also be masked by

other factors. We observed high interindividual variability across par-

ticipants in the present study. Offline NIBS protocols tend to demon-

strate larger intra- and interindividual variability in their aftereffects,
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which are dependent on numerous factors. The current brain state at

the time of stimulation, history of synaptic activity, structural asym-

metry, neurochemistry, the specific interneuron networks recruited,

hormonal levels, circadian rhythms, sex, age, genetics (e.g., polymor-

phisms) are but some of the factors influencing interindividual variabil-

ity (Hamada et al., 2013; Miniussi et al., 2013; Polania et al., 2018; Rid-

ding & Ziemann, 2010; Silvanto et al., 2007). Although we attempted

to constrain these variables as much as possible in our participant

recruitment, there are factors that we could not control for that may

have led to null findings, for example, structural differences and genet-

ics. Intraindividual variability is, however, considerably consistent over

weeks (Hinder et al., 2014; Vernet et al., 2014). The null finding in the

present study may, therefore, be partially owed to the fact that NIBS

triggers a complex chain of effects confounded by several variables,

some of which are not directly observable (Bergmann & Hartwigsen,

2021).

Our findings stand in contrast to Allen and colleagues (2014) who

found that cTBS significantly increased GABA+ at V1 following stimu-

lation. One aspect of the contrasting finding could be owed to differ-

ences in MRI scanner and acquisition parameters. The most notable

disparities include differences in stimulation coil, inclusion criteria,

threshold determination, and active versus passive viewing during

MRS. We used a figure-of-eight coil to deliver stimulation, which has

been shown to produce more focal effects than the circular coil used

by Allen et al. (2014); however, some circular coils may be capable of

producing deeper effects depending on the geometry anddesign (Deng

et al., 2013). We employed much stricter exclusion criteria to con-

trol for confounding variables associated with TMS andmetabolites to

minimize interindividual variabilitymentioned above that substantially

impacts the response toTMS. Full details onour exclusion/inclusion cri-

teria are provided in Section 2.1. Allen et al. (2014) used theMT rather

than the PT to determine stimulation intensity. We used the PT as it

offers amore accurate and relevantmeasureof visual cortical excitabil-

ity, and quantifies suprathreshold stimulation of target neurons at the

visual cortex. The MT is shown to not accurately reflect visual cortical

excitability (Boroojerdi et al., 2002; Gerwig et al., 2003; Stewart et al.,

2001). Further,MTs aremarkedly lower thanPTs,whichwould result in

lower stimulation intensity in the study by Allen and colleagues. When

the intensity of TMS is lowered, a reversal of TMS effects has been

demonstrated (Abrahamyan et al., 2011). It is recommended that at

least allowances in intensity should be made to account for the cor-

tical distance from the motor cortex and associated changes in neu-

ral tissue when using the MT for non-motor regions to minimize the

risk of substantial under- or overstimulation (Stokes et al., 2005, 2007).

Lastly, Allen et al. (2014) employed an active viewing taskwhere partic-

ipants watched a film during MRS acquisition, whereas our acquisition

was performed at rest with the eyes closed in a dark room. Task view-

ing stimulates cortical activity (Vanderwal et al., 2017) and activates

large-scale brain networks (van der Meer et al., 2020) that can impact

metabolite levels as has been shown previously for MRS measures of

GABA and Glx (Duncan et al., 2014; Kurcyus et al., 2018). Thus, task

viewing in itselfmay have impactedmetabolite levels and/or interacted

with stimulation effects.

We also found that TBS had no significant impact on visual corti-

cal excitability using 80% PT. Two studies using a circular coil have

found that cTBS increased PTs when applied at 80% PT (Allen et al.,

2014; Franca et al., 2006), and iTBS had no effect (Franca et al., 2006).

Conversely, Brückner and Kammer (2016) have found that a figure-of-

eight coil significantly decreased PTs following cTBS applied at 80%

PT, whereas a circular coil had no significant effect. At least with cor-

ticospinal excitability, thresholds are higher with a circular rather than

figure-of-eight coil; however, reliability is better for the figure-of-eight

than circular coil (Fleming et al., 2012). No significant change in PT is

observed following cTBS or iTBS at 100% PT using a figure-of-eight

coil, but a change in PT is seen following cTBS that is related towhether

a visual acuity task is presented (Brückner & Kammer, 2015). A signifi-

cant change in PT occurswhen presentedwith high visual demands fol-

lowing cTBS, but no change in PT is observed in a low visual demand

condition (i.e., rest), consistentwith our protocol andour data. Stochas-

tic resonance, a phenomenon that exists in systemswithmeasurement

thresholds, may account for these observed differences (Schwarzkopf

et al., 2011). The phenomenon suggests that information is enhanced

by the injection of low levels of noise that in turn lower the response

threshold, whereas higher noise levels disrupt performance. Brückner

and Kammer (2016) propose that cTBS to the visual cortex at 80% of

individual PT using a figure-of-eight-coil may add low levels of noise

to the visual system, thereby lowering the PT compared to the circu-

lar coil that has more diffuse effects and can depolarize a greater num-

ber of neurons. Using a higher intensity of 100% PT may exceed the

amount of noise that would improve signal detection in the stochas-

tic resonance framework. Reducing the stimulation intensity to 80%

of PT may correspondingly reduce the volume of depolarized neu-

rons differently and the resultant network modulation would be dif-

ferent (Brückner & Kammer, 2016). Subthreshold TMS is associated

withopposing effects comparedwith suprathresholdTMS (Nahas et al.,

2001; Nakamura et al., 1997). Consequently, the choice of threshold,

as well as the coil, likely affects any impact on metabolite levels. How-

ever, the inhibitory effect following cTBS at 80% PT is only apparent

in participants with higher PTs, with the slope of baseline PT predict-

ing the direction of modulation irrespective of coil type (Brückner &

Kammer, 2016). For participants with lower baseline PTs, there may

be low levels of noise to the system, thus, increasing excitability in an

already excitable system and lowering the threshold for both circular

and figure-of-eight coils. In an individual with a higher PT and reduced

visual cortical excitability (Áfra et al., 1998; Aurora&Welch, 1998; Ter-

hune et al., 2015), there may be larger background neuronal activity.

Such elevated baseline noise in participants with higher PTs could be

increased further by TBS as per the stochastic resonance phenomenon

and would lead to increased PTs. Particularly with the round coil, the

induced noise would be expected to be greater as well as stimulating a

greater number of neurons. Additionally, a visual acuity task (i.e., high

visual demand) following TBS modifies the state-dependent neuronal

effects (Pasley et al., 2009; Perini et al., 2012), including raising noise

levels that may have led to increased PTs (Brückner & Kammer, 2016).

Optimal levels of noise are necessary to push weak subthreshold sig-

nals over the threshold, thereby improving information transfer.
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Continued investigation into the neurophysiological effects of NIBS

will allow us to refine the poorly generalized assumption that stimula-

tion interaction with underlying brain activity, structure, and its abil-

ity to target specific neuronal pathways is homogenous across the

brain. Cortical excitability and neural noise depend not only on the

stimulation parameters but also the morphophysiological properties

of the stimulated area, spontaneous and task-induced brain states,

and intrinsic connectivity patterns (Fertonani & Miniussi, 2017; Net-

tekoven et al., 2015; Silvanto &Muggleton, 2008). Stimulating cortical

and subcortical surfaceswith TMS induces changes in amixture of neu-

ronal populations that utilize distinct neurotransmitters and perform

specific actions/functions. Thesephysiological, functional, and anatom-

ical properties as well as connectivity profiles greatly influence the

diverse responses to stimulation depending on the site of stimulation.

The concept of “excitatory” effects of iTBS and “inhibitory” effects of

cTBS are shown to be highly variable even at themotor cortex depend-

ing on differences in the interneuronal cortical networks that are pref-

erentially recruited by the TMS pulse (Hamada et al., 2013) and the

subregion stimulated (Martin et al., 2006). LTP and LTD in the visual

cortex vary depending on the layer in the visual cortex that is stimu-

lated since each layer depends on specific receptor and neurotransmit-

ter activation (Daw et al., 2004). Identical stimulation protocols induce

a differential cascade of effects since not all brain regions respond

equally (Castrillon et al., 2020; Funke & Benali, 2010). It has been sug-

gested that the effects of NIBS are determined by the extent of func-

tional integration of a target region rather than the frequency range

of the stimulation protocol (Castrillon et al., 2020). Numerous stud-

ies choose only to employ cTBS and not iTBS based on the findings

of Huang et al. (2005) that demonstrate the effect of iTBS was not

as strong nor as long-lasting as cTBS. Franca et al. (2006) also report

that iTBS does not have effects at the visual cortex; however, we have

described earlier why findings differ between TBS studies to the visual

cortex and, therefore, why conclusions regarding iTBS null effects are

not so straightforward. iTBS protocols may simply need modification

to produce maximal effects. For example, iTBS effects are strongly

related to baseline network connectivity (Nettekoven et al., 2014).

Priming and conditioning with opposing cTBS and iTBS protocols have

been shown to magnify the conditioned aftereffects (Murakami et al.,

2012). Quite simply, we do not know enough about TMS protocols or

how to maximize their associated effects. Prior to developing a clini-

cal intervention protocol or implying causality in investigative research

using TMS, mechanistic knowledge about TMS processes and its con-

tribution to changes in brain regions and networks following stimula-

tion needs to be better quantified in healthy populations. Initial work

in healthy participants can lead to translational validation studies for

therapeutic use in visual disorders such as amblyopia, visual halluci-

nations, and other visual impairments. Monitoring of symptoms using

neurophysiological data longer term is needed to substantiate mecha-

nisms and optimize stimulation parameters. Direct validation can then

begin in target patient populations by refining stimulation parameters

depending on the cortical/subcortical target site and the patient pop-

ulation in question to begin to ameliorate pathophysiological mecha-

nisms. Beyond the approved use of TMS for a limited number of condi-

tions, for example, medication-resistant depression, andmore recently

obsessive-compulsive disorder, and smoking cessation, there is a lack

of approved therapeutic NIBS protocols due to the shortage of studies

investigating effects at non-motor or frontal cortices.

4.1 Limitations and future directions

The immediate and shorter-lasting effects of TBS may be lost during

theacquisitionof anatomical images and time taken forVOIpositioning

that cannot be overcome (∼10 min in total and was consistent across

participants). Additionally, the limited spectral resolution at clinical

field strengths (∼3T) hampers the reliable separation of glutamate res-

onances from glutamine, and the composite measure of Glx may dilute

the effects of glutamate. However, Glx is considered primarily driven

by the glutamate signal as glutamate is found at much greater concen-

trations than glutamine in the brain (Stagg, 2014). While the edited

GABA signal is also contaminated with co-detected spectra, variations

inmacromolecules between individuals are estimated to be small (Hof-

mann et al., 2001; Kreis et al., 2005). As such, it is unlikely that macro-

molecule contamination affects interpretability. Importantly, MRS

GABAestimates are reliable acrossweeks at the occipital cortex (Near,

Ho, et al., 2014), and show low interindividual variability, but are not

observed to correlate across cortical regions (Greenhouse et al., 2016).

Glutamate concentrations are considered stable for at least 1 month

(Henry et al., 2011).Overall, GABAandglutamate concentrations show

excellent reproducibility in the visual cortex using the MEGA-PRESS

sequence (Evans et al., 2010; Henry et al., 2011; O’Gorman et al.,

2011).

Since TMS focality is not confined to the stimulation site but also

regions nearby as well as inducing direct and indirect distal effects

on neurophysiological and cognitive behavior, it is essential to mea-

sure stimulation effects in distal brain regions. Given themultifactorial

nature of variables contributing to TMS effects, this will help to estab-

lish howTMSaffectsmetabolites across thebrain, providemore insight

into effects on biochemical pathways, and enable fine-tuning of param-

eters appropriately. Vidal-Piñeiro et al. (2015) have previously found

no change inGABAat the stimulation site but found significant changes

distally. Due to the single voxel limit of MRS, this requires further sep-

arate sessions of the highly controlled experimental designwith identi-

cal stimulation protocols.

We used 80% threshold intensity in line with the original TBS pro-

tocol (Huang et al., 2005) and due to uncertainty over safety at higher

intensities especially at the visual cortex since PTs are generally higher

than MTs (Boroojerdi et al., 2002; Gerwig et al., 2003; Stewart et al.,

2001). In pathophysiology, greater unpredictability toNIBS is expected

(Maeda et al., 2000;Wassermann, 2002). Studies have safely employed

TBS up to 120% MT to the frontal cortex in disease states without

reducing tolerability (Bakker et al., 2015; Fregni et al., 2006; McClin-

tock et al., 2017). In addition, intensities of 100% and 120% PT have

been used safely at the visual cortex (Brückner & Kammer, 2015,

2016). Since the response to TMS varies depending on whether sub-

threshold, threshold, or suprathreshold intensities are employed, it is
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important to establishwhether cTBS and iTBS have differing effects on

V1GABA+ and Glx at 100% and even 120%PT.

The present study and our previous rTMS study (Rafique et al.,

2020) are not directly comparable due to differences in the total num-

ber of pulses (600 versus 1200 pulses, respectively). Offline proto-

cols of rTMS tend to be longer in order to produce longer-lasting

changes (Thut & Pascual-Leone, 2010). The general analogy that TBS

produces similar effects to rTMS does not account for the discrep-

ancy in that the number of pulses is usually unequal. Previous stud-

ies have demonstrated that doubling the duration of stimulation can

produce a contrasting effect (Gamboa et al., 2010, 2011; Goldswor-

thy et al., 2015). Future work is required to compare equivalent pro-

tocols in terms of pulses between conventional rTMS and TBS at the

visual cortex since analogous effects may not be seen when the num-

ber of pulses is equal. The effects of accelerated/within-session TBS

also need to be studied at the visual cortex. Accelerated rTMS pro-

duces accumulative, stable, and longer-lasting effects than a single ses-

sion (Rafique & Steeves, 2020) and single daily sessions over consec-

utive days/weeks (Goldsworthy et al., 2014; Holtzheimer et al., 2010).

Accelerated TBS is considered safe and well tolerated in clinical pop-

ulations (Desmyter et al., 2014; Duprat et al., 2016), but investiga-

tions at the visual cortex and in visual-related disorders are crucially

lacking.

5 CONCLUSION

Wedemonstrate that cTBS and iTBSprotocols at the visual cortex have

different effects than those seen at the motor and frontal cortices.

With the protocol employed in this study, neither paradigm caused sig-

nificant shifts in visual cortex GABA+ or Glx. TBS did, however, change

the relationship between visual cortex GABA+ and Glx up to 1 h post-

TBS suggesting that effects may be subtly sufficient to alter the rela-

tionship betweenmetabolites but not induce significant changes to the

metabolite concentrations. Modified protocols of TBS may be needed

at the visual cortex to produce substantial changes in LTD and LTP

mechanisms, particularly if the tool is to hold value for translation to

therapeutic use in patient populations.
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