


Introduction

Transcranialmagneticstimulation(TMS) isanon-invasivebrainstimulationtechnologyused
for basicscience,translationalresearch,andtherapyin awiderangeof neurologicalandpsychi-
atricdisorders[1±3].Thetechnologicalevolutionof TMShasgreatlyfacilitatedtheinsightsinto
humanbrain function andthedevelopmentof noveldiagnosticandtherapeutictools[4±7].

In recentyears,increasedregulatorycontrol hasbeenachievedto respondto theincrease
in thenumberandcomplexityof TMSsystems.TheInternationalOrganisationfor Standardi-
sation(ISO)iswidelyacceptedat internationallevelandprovidesgovernmentswith atechni-
calbasisfor health,safety,andenvironmentalrequirements[8], andTMSdevicesaredesigned
on ISOprinciples.Generally,everycountryhasits ownmarketregulations.However,the
EuropeanUnion, dueto thenumberof countriesit integrates,andtheFDA,dueto its impact
on themarket,arethemostrecognizedworldwide.TheFDA only appliesin theUnited States,
but from theindustrialperspectiveit hasagreatimpacton scientificsocietiesandendusers.

TheISO14971definesrisk managementin theregulationof medicaldevices.Furthermore,
ISO13485statesthat it isnecessaryto ensurethatdesignandtestingof thedevicearesufficient
andeffective,andthatmanufacturersuniformly meettherequirementsfor theestablishment
andmaintenanceof aqualitymanagementsystem.Theseprinciplesarecodifiedandharmo-
nizedbyFDA in theQualitySystemRegulation(QSR)[9]. ForTMSdevices,manufacturers
mustidentify safetymeasuresandreduceeverypossiblerisk.TheIECestablishesglobally
acceptedguidelinesto ensurethesafetyof electricalproducts[10]. Medicaldevicesarespecifi-
callysubjectto theIEC-60601familyof standards,mostimportantly thegeneralsafetycontrols
in IEC-60601-1,wheretheelectromagneticcompatibilityof devicesisdefined[11]. To thebest
of our knowledge,all commercialTMSdevicesadhereto internationallyacceptedstandards.

Althoughall commercialequipmentiscompliantwith thelegalframeworkof thecountryof
use,compliancewith FDA certificationprocedures(in theUSA)andCEmarking(in theEU)
arethenorm, dueto thesizeof therespectivemarkets.Out of thecommerciallyavailablestimu-
latorswehereidentified,mostareFDA-clearedandall of themareCEmarked[12]. In addition
to thefull andadequatedescriptionof theTMSstimulus,aspectsrelatedto thereliability of the
device,includingsafetyandperformancecontrols,mustcomplywith severaltechnicalstan-
dards.However,no standardsspecificto themanufactureof TMSdeviceshavebeendeveloped.
Ideally,overtime,aparticularunified andharmonizedstandardfor TMSdevices(or non-inva-
sivebrainstimulationdevicesmoregenerally)wouldemerge,alongwith abenchmarking
framework,to beusedalongsidestandardsreflectedin documentssuchascertificatesof confor-
mity, FDA regulations,qualitycertificates,etc.thatarealreadyin use[13,14].

Within thesetof TMSresearchprototypes,wecanpoint out theexistenceof proposalsfor
thedevelopmentof home-madedevicesin nonclinicalenvironmentsfor self-improvement
purposes[15,16].

Commercial TMS systems and prototype devices

TherearenowseveralcommercialTMSsystemsthathaveenteredthemarket(seeFig1),with
varyingdegreesof transparencyabouttheir technicaldetailsandinformation availablethat is
independentof themanufacturer.Wenotethatseveraldevicesaremarketedundermorethan
onename:Forexample,CloudTMS(K173441)andSoterixMedicalMEGA-TMS(K192823)
correspondto theNeurosoftNeuro-MSDdevice,andtheDeymeddevicesaremarketedalso
byBrainboxLtd. Thereisalsothecaseof collaborationsbetweendifferentmanufacturers:for
example,YingchiTechology's"Hanix"deviceis theBrainswaysystemmarketedin China.

Thedevelopmentof TMSdevicesisgenerallymotivatedby theclinicalapplicationof TMS
with arequirementfor patient-friendlyusage[17], or developmentfor discoveryscience
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whichoftenrequirestechnologicaldevelopmentandprototypesfor novelresearchquestions
[18,19] (seeFig2).

Forexample,newlydevelopedexperimentaldevicesnowallowmoreextensivecontrol over
thepulsecharacteristicscomparedto clinicalTMSdevices[20,21].Suchnewdevelopments
aregenerallyusedfor researchfirst, but thetechnologymaysubsequentlytransferto clinical
TMSapplications,with severalexamplesof TMSprototypesbeingcommercialised[22,23].

Fig 1. TMS device timeline. Certificationtimelinefor thedifferent TMStrademarks(first time certificated).

https://doi.org/10.1371/journal.pone.0292733.g001

Fig 2. Workflow. ApplicationsthatdriveTMSdevicedevelopment.

https://doi.org/10.1371/journal.pone.0292733.g002
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TMS technology

Thepowercircuit of aTMSunit consistsof ahighvoltage(HV) supply(voltagesin theorder
of 2000Vandcapableof supplyingcurrentsover5000A),aHV capacitorwhichactsasan
energystorage(andableto supplycapacitancevaluesof around180μFandvoltagesin the
rangeof 1-3kV),apowerswitch(usuallydiodesor thyristors),andastimulationcoil.All these
componentsmustbedesignedto operateunderhighvoltagesandhighcurrents.Existingcom-
mercialdevicesusethebasicconfigurationin thepulseswitch[24], i.e.,acircuit basedon thy-
ristorsanddiodes(Silicon-ControlledRectifiers,SCRtechnology)with lessturn-off capability
thatallowscurrentcontrol throughthethyristor andhigherpulsecurrentrating.InsulateGate
BipolarTransistors(IGTBs)or Metal-Oxide-SemiconductorField-EffectTransistors(MOS-
FETs)arealsousedin thelatesttechnology[25,26].Thesefully controllableswitchescanalter
thevoltagepulsesandareeasierto usedueto their simpleandfastturn-off behavior[27]. To
theextentthatsuchinformation isavailable,our databasesummarizeskeytechnologicalfea-
turesof differentdevices,but weencouragethefield to further contributesuchinformation
whereit isknown.

Two differentclassesof stimuluswaveformscanbedistinguished:biphasicor monophasic
[28,29],althoughrecentdevelopmentsalsoallowfor moreflexibleconfigurationof TMSpulse
shapes[30,31].Ultimately,thiswaveformdependson thedesignedpowerelectronicarchitec-
turebasedon IGBT,thyristors,or diodes-thyristors[20].

For repetitivestimulationprotocols,stimulationfrequenciesarecommonlyin therangeof
1 to 100Hz[32]. Thetechnologysetsthelimits to therangeof stimulationparametersinclud-
ing pulseintensity,frequency,andpulsewidth [33,34].Asaruleof thumb,monophasicwave-
formsdo not permit high frequencystimulation,whereasstimulationintensitymaybelimited
for highstimulationfrequencies,owingto thepowerbottleneckscreatedbysuchprotocols
[35]. Pulseshapesdeterminethephysiologicalimpactof TMS,emphasizingtherelevanceof
summarizingthetechnicalspecificationsof TMSdevices.Concerningtheshapeof thecoils,
themajority of TMScoilsarecircularor figure-of-eightshaped,with arangeof sizes[36]. For
thepurposesof thisdatabase,wedid not reviewtheshapeandmodelsof thecoilsdueto the
largenumberof coilsandtheir variedapplications[37,38].

Weherepresentanopenaccessdatabase(http://www.tmsbase.info)with keyfeaturesand
applicationof availablecommercialandnon-commercialTMSdevices,basedon anreviewof
theinformation available.Thedatabase(TMSplatform)canhelpto addresstheneedfor defin-
ing standardparametersandtechnicaldeterminantsof stimulationcharacteristicsof TMS
devices.Moreover,thisdatabasecanhelpresearchersandclinicianscomparetheinformation
providedfrom manufacturers[39] andselectdevicesandprotocols[40], thataddresstheir spe-
cific needs.

Methods: Source of data and search strategy

A bibliometricanalysiswasperformedby identifyingTMSmanufacturersgloballyto createa
comprehensivedatabase(http://www.tmsbase.info).Thegoalis to provideasystematicover-
viewof thedifferentcommercialTMSdevicesavailableon theinternationalmarket,aswellas
their mostimportant technicalandclinicalcharacteristics,andtheemergingtrendsTMS
experimentaldevices.

Fig3showsthenumberof scientificpublicationsandstudiesrelatedinvolvingcommercial
TMSdevicesto date(Fig1).Thefirst commercialsystemshavebeenusedextensivelyfor
researchandarecurrentlythemostwidelyuseddevicesin theclinicalenvironment.However,
thelatestcommercialequipmentto reachthemarketisalsostartingto beusedin research
applications.
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For thecommercialdevices,weperformedtheliteraturesearchon GooglePatentsand
GoogleScholardatabases,usingthecommercialnameof thestimulationdevicefollowedby
theword "TMS".Thetotal resultof thesearchprocedureisshownin Fig3.Sincethenumber
of articlesrelatedto thefirst commercialTMSdevicesisveryhigh,for thiswork wehavecon-
sideredasapriority thestudiesprovidedfor eachcommercialdevicein thelastfewyears.In
addition,aGooglesearchwasperformedwith thewords"TranscranialMagneticStimulation
device"for amoreaccurateresult.Weincludeasasourceof information eachusermanual
with technicalspecificationsandothertechnicaldata.Additional information abouteachof
thecommercialdevicescanbefound in thewebsitesof eachcompany.Wenotethatsome
information will inevitablynot beaccessibledueto beingproprietaryor not beingdisclosedby
companies.However,wewouldlike to highlight thatall theinformation includedin themanu-
scriptispublicandfrom openaccessrepositories.Information providedin companymanuals
or websitesmaybeincompleteor only provideestimatesfor userguidance.Suchinformation
shouldthereforebetakenwith apinchof saltwhenattemptingadetailedtechnicalappraisalof
eachdevice,andwherepossible,wehaveindicatedthesourceof theinformation in thetable.
However,thedatabasealsoaffordstheopportunity to updateandcompletethis information
in thefuture.

Fig 3. Research information. Numberof publishedarticlesfor eachcommercial deviceshownin Fig1.

https://doi.org/10.1371/journal.pone.0292733.g003
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For theexperimental(non-commercial)TMSdevicesweperformedtheliteratureresearch
on GoogleScholardatabasewith thefollowingsearchterms:ªtranscranialmagneticstimula-
tionº, ªTMSº,ªcircuitº, ªtechnologyº,ªtopologyº,ªcomponentsºandªcoilsº.A recordwas
consideredrelevantif includedacircuit topologyexplanationor if adetailedcoil development
wasenclosed.A totalof 283articlesandpatentsweresearched,of whichonly 117wererelevant
to thisstudyaccordingto thecriteriamentionedabove.Weappliedno further criteria for
selectingthearticles.

Results

Commercial TMS devices

In thefollowing,wesummarizesomeof thekeyfeaturescommonto manycommercialTMS
devices(for further information accessthewebpagewith thedatabase).Table1presentsthe
thirteencommercialTMSmanufacturerson themarket.Of thethirteenmanufacturers,six
includefamilieswith at leastfivedifferentdevices.Therearetwo manufacturersthat include
threedifferentsystemsin their portfolio andonly onemanufacturerin themarketincludes
two systems.Theremainingfour manufacturersofferonly oneTMSsystem.

Power electronics architecture

Table1 showsatotalof 47differentdevicesfrom thirteenmanufacturers.Thearchitectureof
thestimulationcircuitry in thesedevicesisbasedon parallelassemblyof thyristorsanddiodes
dependingon thestimulationpulsewaveform.Regardingthepowerelectroniccircuit, andas
shownin Table1,halfof thedevicesincludethyristorsanddiodes,two devicesincludenew
powercomponentssuchasIGBTsor MOSFETsasaresultof theadvancesin semiconductor
technology.For four deviceswecouldnot identify information on thetopologyof their power
electronics.

Pulse shapes

Asshownin Table1,fifteenof thecommercialdevicesthatweidentifiedhavetheoption of
monophasicpulses.It showstwenty-ninesystemsthatcanbeidentifiedasbiphasicandthree
systemsthatcouldnot beclassifiedwith respectto their waveform.Of thefifteenmonophasic,
only onehasapulsewidth of 70μs,whileotherfivedeviceshaveapulsewidth of 80μs.Three
systemsoffer thepossibilityof varyingthepulsewidth from 70μsto 120μsandno information
isavailablefor theremainingdevices.Asmentionedabove,twenty-ninedeviceshavebiphasic
waveformoption.Sevendeviceswork with pulsesbelow200μsandtherearetwelvebiphasic
TMSsystemswith time widthsrangingfrom 200μsto 350μs.Finally,two systemsoperatewith
pulsewidthsabove400μsandonly onesystemoffersthepossibilityof varyingthepulsewidth
in atemporalrangebetween280μsand400μs.For theremainingsevenbiphasicdeviceswe
havenot foundanyinformation available.

Stimulation coils

AlthoughcommercialTMSsystemsofferawidevarietyof patientcoils,their basicgeometryis
verysimilar [41,42].However,thestrategyfor coil heatdissipationvariesbetweenthediffer-
entsystems,andincludesinternalair venting,refrigerantflow coolingor passiverefrigerant
cooling[35]. Thedifferenttypesof coil coolingcanalsomodify theconditionsunderwhich
thestimulationcanbedelivered[43,44].Severalsystemsalsohaveoptionalshamcoils[6, 45,
46] thatofferscalpandsoundstimulationwithout effectivestimulationof cortex,with near
identicalappearancesto activecoils.
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Stimulation protocols and output intensity

Severalstimulationpatternsandprotocols[47] areavailablefor commercialdevices,broadly
fallingwithin thesecategories:singlepulses,pairedpulses,repetitivepulses[2], andpatterned
repetitiveprotocols[48]. All of thesehavebeenevaluatedandwork underthesupportof the
guidelinesandrecommendationsto preventadverseeffectsduring theapplicationof TMSin
researchandclinicalsettings[47].

Magneticfield strengthisperhapsoneof theparametersthatbestcharacterizescommercial
TMSsystems.Unfortunately,eachmanufactureridentifiesthefield strengthdifferently.Some
manufacturersprovidethemaximummagneticfield strength,whichvariesfrom 0.5Tto 7.5T,
whileothersindicatetheenergydeliveredto thepatientperpulsein Joulesor themaximum
electricfield strengthin V/m. AnotherparameterthatcharacterizesTMSsystemsis thepulse
rate.Mostcommercialsystemsoffermaximumpulsefrequenciesbetween10Hzup to 100Hz.
However,ascanbeseenin Table1,therearetwo systemsthatachievepulsefrequenciesof
150Hzand200Hz.In addition,therearetwo manufacturersthat,uponcustomer'srequest,
canprovidesystemswith pulsefrequenciesof that reach1kHzand2kHzrespectively.Cur-
rently,controllablepulses(cTMS),in whichtheamplitude,width andshapeof thepulsecan
bemodified,areonly availablefor onedeviceon themarket.

Commercial TMS lifetime

Theaveragelifetimeof TMSdevicesisdeterminedbothbyalimited numberof years±thisvar-
iesbetween5 and10yearsdependingon themanufacturer±andby thenumberof pulsesgen-
eratedby thesystem(between106 and2x107 discharges,whichdependson thelifetimeof the
capacitor).Thestimulationcoilsalsohavetheir own lifetimedependingon thenumberof dis-
charges.Manufacturersalsoprovideinformation on connectionrequirementsandpowercon-
sumption,aswellasappliedstandardsfor electromagneticcompatibility.

Research prototypes

Fig4 showsanoverviewof theworkflow leadingto classificationof newTMSsystems.The
prototypesfound in theliteratureareclassifiedaccordingto theobjectiveof eachof thesys-
tems.Weheredistinguishfivedifferentcategories(seeTable2): i) portableTMSdevicesii)
ultra-highfrequencydevicesiii) controllable,programmable,andmodularsystems,iv) noise
reductionsystems,andv) multiple-stimulation devices.

Fig 4. Workflow of the classification of TMS research systems.

https://doi.org/10.1371/journal.pone.0292733.g004
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Table 2. Classification of research TMS devices.

Research systems:

categories/

subcategories

Objective Technical characteristics Ref.

PortableTMS A portableprototype(sTMSmini) for
usein clinical trials to managethepain
associatedwith migrainewith Aura.

Standardthyristor configuration with
100μspulsedurationandacircularcoil.

[58,81±
83]

Frequencydependent

Ultra-high
frequencyburst
protocol

Plasticityinduction of anovelprotocol
thatmergedthetaburststimulation
(TBS)andquadri-pulsestimulation
(QPS

A highvoltagepowersupplywith
voltagepowerIGBT.

[48,84,
85]

Controllableparameters

pTMS Two generatorsystemwith
programmablestimuluspulsesand
patterns.

Pulse-width modulationwith anon-
resonant,high-frequencyswitching
architecturebasedon anH-bridge
inverter(with IGBTs).

[31,68,
86,87]

cTMS Threegeneratorsof controllablepulse
parameter devices.

Two terminalsof stimulation coil
drivenby two half-bridgecircuitswith
current-bidirectional switches
implementedby IGBT modules.

[23,88]

Modular systems

flexTMS Magneticpulseswhichcanbeadjusted. Full-bridgecircuit incorporating 4
IGBT modulesand1 energystorage
capacitor.

[89,90]

Generateanearlyarbitraryoutput
voltagewaveform.

CascadeH-bridgeinvertertopology
with tenmodules.Eachoneusinglow-
voltageMOSFET.

[27,91]

Flexiblygeneratehigh-power TMS
pulseswith user-definedelectric-field
shape.

Modular circuit topologyandunipolar
field-effectsilicon-carbide(SiC)
transistors.

[30,92,
93]

Medicalapplication andanalysisof a
multilevelstimulator.

Eachmodulehaseightlow-voltage
MOSFEToperatedin parallel.

[70]

Noise-relatedconfigurations

Systemandcoil noisereduction

Reductionof thecoil currentpulse
durationandredesignthemechanical
structureof thestimulation coil.

A circularcoil thatsuppressesthe
conversionof electricalinto acoustic
energy

[71,94,
95]

A quietTMSwith ultra-short
rectangular pulsesandanincreased
peakvoltage,andacoil designed
electrically andmechanically to
minimize theemittedsound.

An H-bridgecircuit with IGBTsis
implementedfor ultra-briefpulses,with
acircularcoil

[75,95]

An activenoisecontrol (ANC) strategy
with online identification, offline
analysis,andreal-timeoutput.

ANC strategycaneffectivelyreducethe
coil noisesynchronouslyafterthefirst
stimulation sequenceandin the
subsequent treatment.

[78]

Coil noisereduction

A quietcoil designtechniquewherethe
Lorentzself-forceis optimizedto
reducetheacousticnoise.

Rectangular flat coils,spherical,and
hemispherical coils.

[96,97]

A stimulation coil with reducedsound
emissions.

A stimulation coil with at leastonecoil
winding coreandonedoublecasing.

[77]

Multiple stimulation

Multi-channelTMS

(Continued )
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Portable TMS device

Thepossibilityof portableTMSsystemsisattractivefor thetreatmentof anypathology,anda
numberof portabledeviceshavebeendevelopedandmarketed[56±58].Forexample,the
eNeuradeviceischaracterisedbysingle-pulsestimulation(sTMS),with astimulationfre-
quencyof verylow Hertz:1 stimulationpulseevery4 to 15minutes[59,60].Thismakesit easy
to optimisetheweight,volumeof thesystemandits components.

Ultra-high frequency devices

Otherdeviceshavebeendevelopedfor deliveryof bespokehigh frequencyprotocols,suchas
thequadri-pulsetheta-burststimulation(qTBS)protocol.Thisprotocolconsistsof four single-
sine-wavepulseswhicharegivenatanultra-highpulserepetitionrateof 200Hzor 666Hz,and
aburstrepetitionrateof 5Hz[48]. In this typeof device,ahighvoltagepowersupplycharges
theenergystoragecapacitorconstantlyandsothedischargingtakeslessthanhalfof thecharg-
ing time.To reachthesefrequencies,powerswitchesin thecircuit allowthereleaseof stimuli
verycloseto eachotherandwith shortoscillationperiods.Thisprotocolhasbeenintroduced
to themarketbycompaniessuchasMag&MoreandBrainbox,with thestimulatorsPower-
MAG QPS[61] andDuoMAG MP-Quad[62] respectively.

Table 2. (Continued)

Research systems:

categories/

subcategories

Objective Technical characteristics Ref.

Stimulation systembasedon multi-
channelreconfigurablecoilsto
stimulatemultiple brain sitesin any
temporal order.

A wire-meshcoil in x andy directions
andelectricallyinsulated.

[98,99]

Simultaneousandsequentialoperation
of five independently controllable
channelstimulator.

Fiveindependentchannelswith aSCR
switchandadiodein parallel.

[22,100]

Achievemulti-point synchronous
stimulation andflexibleswitchingof
variousstimulation patterns.

Eightdischargecircuitscontrolledby
IGBTsanda4x4straightwire array
with athick copperplatein it.

[101±
103]

Multi-locusTMS(multi-coil)

Overcomethelimitationsof physical
coil movementby introducing
electronictargeting.

A setof fiveresemblecoils. [104]

Automaticallyfind theoptimal
stimulation parameters,location, and
orientationof anelectronicallyadjusted
multi-locusTMS.

Two differenttransducer configurations [105±
107]

Multi-loci andmulti-sitecurrent
patterning(sequentialor simultaneous)
for precise,rapid,andrepeatable
neuronaltargeting.

Threeoverlapping triangularcoil arrays
allowinganyspatialcurrent
distribution.

[80,108]

Relationbetweenthenumberof coils,
thefocalityof theinducedelectric-field,
andtheextentof thecorticalregionthat
canbecontrolled.

Fivedifferentcoil multi-locus,with two
differentcorticaltargets.

[79]

A TMScoil for manipulating the
electric-field orientationelectronically
with highaccuracy.

A pair of orthogonallyorientedfigure-
of-eightcoilswith aminimum-energy
optimization procedure.

[79,106,
107,109,

110]

A modular3-axisTMScoil usedin
multi-channelTMSsystems.

Threeorthogonalseparatesolenoid
coilsof 8 to 12turnswith anair-cooling
system.

[111±
114]

https://doi.org/10.1371/journal.pone.0292733.t002
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Controllable, programmable, and modular systems

TMSdevicesfocusedon programmablepulsewaveforms,wherepulsewidth, intensity,polar-
ity, andinter-stimuli intervals[63±65]cangenerateflexiblepulsewaveformssuchasconsecu-
tiverectangularpulseswith apredeterminedtime interval,width, andpolarity.Therefore,
thesedevicesaresuitablefor arangeof applications,e.g.,analysisof thestimulatedneurons
andtheir activationcharacteristics[66].

Advancesin powerelectronicstechnologyhaveledto moreprecisecontrol of thepower
requiredin TMSdevices[67]. However,existingtechnologyhaslimitations regardingtheabil-
ity to control theshapeof thegeneratedelectricalstimulus[68]. Thus,TMSdeviceshavebeen
dividedinto independentmodulesof lowerintensity[69], capableof dynamicallymodifying
theoutput voltageandcoveringtheworking rangeof aconventionalstimulator[70].

Noise reduction systems

ThesoundgeneratedbyaTMSdeviceat thetime of treatmenthasnegativeeffectson the
patient,bothon their auditorysystemandbyactivatingregionsof thebrain involuntarily [71±
73].Studiesfocusingon noisereductionhaveexaminedthreedifferentsolutionsfor noise
reduction.Firstly,thepulsewidth reduction,with dominantspectralpowerabove20kHz,has
advantagesin theacousticdomainbecausehigh frequenciesareeasierto suppress,andhuman
perceptionisnotablyreduced[74,75].However,dueto theneuralmembranetime constant,
theamplitudeof thepulses(hencethepeakcoil voltage)mustbeincreasedto achieveneural
stimulation[76]. Secondly,aproperassemblyof winding coreandcasingareproposedto
reducemechanicaldeformationin thecasing,andthusthenoise[77]. A phase-shiftedelastic
couplingbetweenthewinding andthecoil housingisnormallyused.In addition,arigid, fric-
tional viscoelasticlayercoveringthewinding blockincreasesacousticenergydissipation[75].
Finally,externalactivenoisecancellationstrategiesareproposed,wherebyacousticsounds
(noise)generatedby theTMSdevicearerecordedin real-time,andthecoil noiseis reduced
synchronouslyafterthefirst stimulationsequence[78]. Thismethodreducesthecoil noise
synchronouslyafterthefirst stimulationsequenceandin thesubsequenttreatmentprotocol.

Multiple-stimulation devices

Multi-channelsystemsconsistof auniquestimulatordesignwith multiple coils,eachonecon-
trolled byaspecificchannelandwith independentcontrol [22]. Bycontrast,multi-locussys-
temsconsistof thearrangementof differentcoil patterns,placedin astackconfiguration,for
thestimulationof brain neighbouringareasandthegenerationof diverseshapesof electric
fields[79,80].Someof thecoil winding patternsencounteredareafigure-of-eightcoil anda
matchedfour-leaf-clovescoil,afigure-of-eightcoil overlappedwith anovalcoil,andthree
overlappingtriangularcoil arraysamongothers.

Newdevelopmentsof multi-coil systemsnowprovidethepossibilityto stimulateseveral
brain regionssimultaneouslywith onedeviceandasinglecoil [22]. Thisallowsthedifferent
stimulationcoilsto beactivatedelectronically,without theneedfor physicaltriggeringby the
clinician [79]. Moreover,multi-locussystemscancontrol thelocationandorientationof the
peakof theinducedelectricfield within awidercorticalregion.

Discussion

Advancesin TMStechnologycanspawnmoreefficientstimulationprotocolsfor basic
researchandclinicalapplications.Severalreviewsincludeevidence-basedguidelineson the
therapeuticuseof rTMSthatcomprisenot only ahistoricalcontextof thetechnology,but also
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its principlesandmechanismsof action[2, 32].Otherreviewsprovideoverviewsaboutnew
stimulationcoils,newpulsesequencesandnovelwaveformsfor stimulation,with anemphasis
on safetyrecommendations,with updateson training,ethicalandregulatoryissues[47] or a
bibliometricanalysisrevealingthepublicationpatternsandemergingtrendsof rTMS[5].

Fromour analysisit becomesclearthat thereissubstantialvariationto whichdegreediffer-
entTMSdeviceswill deliversuchprotocols,andit is largelyunclearto whatextentsuchvaria-
tion mayaffecttheefficacyandphysiologicalconsequencesof TMS.In theabsenceof
standardizationandhomogeneitybetweendifferentcommercialTMSdevices,thestimulation
parametersarenot thesame,asdiscussedpreviously.Forexample,in thecaseof theTheta-
Burstprotocol,thereisatrade-offbetweenfrequencyandmaximumstimulationintensity,
with astrongdependenceon theTMSmodelusedwith adirect impacton theeffectivenessof
thetherapy[33].

However,it iswellestablishedthatpulse-shapeisakeydeterminantof thephysiological
impactof TMS,andour overviewhelpsassessmentof devicedifferencesandhowthesemay
impacton theefficacyof TMS.Recentdevices,for example,allowfor flexiblecontrol of the
stimulationwaveform,with thepossibilityfor morerectangularpulsesandcontinuouscontrol
of parameterssuchaspulsewidth andthepositive/negativephaseamplituderatio of thepulse
[113].With therecentdevelopmentof flexiblesystemswith pulseparametercontrol,develop-
mentof futureTMSdevicesis likely to exploittheuseof variablestimuluswaveformsfurther,
with our databaseservingasspringboardfor their comparison.

A recentsystematicreviewincludesasummaryof thedesign,positioning,modelling,and
optimizationof experimentalcoilswith ataxonomicapproach[19], with further work empha-
sizingpulsesourcetechnologyin coilsandTMS-compatibleexternalsystems[115].Coilsfor
deepbrain TMSusecomplexmulti-coil designs[116],andmulti-channelexcitationsystems
seekto improvefocalityof stimulation[117].With this rapidlydevelopinglandscapeof TMS
devices,andno agreedbenchmarkingframeworkin place,thereisagrowingneedfor detailed
synthesisof important technicalcommonalitiesanddifferencesof TMSdevices.

Thelackof standardizationandthehighvariability in thetechnicalcharacteristicsof TMS
systems(including pulsedurationandshape,output intensity,coil designs,powerreductions
athigh intensityandfrequency,etc.)makeit difficult to replicateconditionsin studieswhen
usingadifferentdevice.Thishampersthesearchfor individualizedtherapyfor clinicians,pre-
scribers,andresearchers,andmakingall this information availablecanfacilitatecross-device
comparison,developmentof commonstandards,but alsothedevelopmentof novelTMStech-
nology.In theframeworkof this review,weidentify thepossiblesourcesof variability in the
effectsof TMStechniquefrom atechnologicalpoint of view,by focusingon thedevicefea-
tures.However,wehavenot consideredotherexternalsourcesthatcouldimpacton thevari-
ability of theTMSeffectsasprocedures[118],applicationof referencevalues[119],or
experienceof theoperators[120].

Our overviewincludesbothcommercialandcustomTMSdevices,thuscoveringagapthat
with acomprehensiveanalysisof technicalcharacteristicsnot providedelsewhere.The
approachwith whichwesummarizeTMStechnologyallowsfor abroaderviewof thecurrent
statusof currentlyavailablesystems.

Conclusion

A comprehensivereviewof bothcommercialandexperimentaltechnologyusedin transcra-
nial magneticstimulationsystemshasbeendeveloped.Thisstudyincludesanopenaccess
database(http://www.tmsbase.info)whichallowsclinicians,prescribers,andresearchersto
consultthetechnicalcharacteristicsof theequipmentandincludenewsystemsthat they
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identify of interestto thecommunity.Thedatabasewill beaccessibleon ahosingservicefrom
awebpage,andit will haveacontactoption wheretheuserwill beableto provideinformation
aboutnewdevicesin aformularywith theTMSthatappearin themarket.

Wehereshowthelatestdevelopmentsandapplicationsin TMStechnologyaswellascur-
rent trendsin TMSarchitecture.Theabsenceof standardizationandhighvariability in the
parametermetricsof thesesystemspreventscomparisonbetweendifferentdevices,makingit
difficult for clinicians,prescribers,andresearchersto maketheright election.Thus,abench-
markingschemeasaninitial seedfor future internationalstandardizationwouldbeof interest
to researchersandcliniciansasatool for comparisonbetweenTMSsystems.To inform the
choiceof TMSplatformsfor specificresearchandtherapeuticapplicationsandguidefuture
technologydevelopmentfor neuromodulationdevices.
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32. Lefaucheur JP, André-Obadia N, Antal A, et al. Evidence-based guidelines on the therapeutic use of

repetitive transcranial magnetic stimulation (rTMS). Clin Neurophysiol. 2014; 125(11):2150–2206.

https://doi.org/10.1016/j.clinph.2014.05.021 PMID: 25034472

33. Gutiérrez-Muto AM, Castilla J, Freire M, Oliviero A, Tornero J. Theta burst stimulation: Technical

aspects about TMS devices. Brain Stimul. 2020; 13(3):562–564. https://doi.org/10.1016/j.brs.2020.01.

002 PMID: 32289677

34. Deng ZD, Lisanby SH, Peterchev AV. Electric field depth-focality tradeoff in transcranial magnetic

stimulation: simulation comparison of 50 coil designs. Brain Stimul. 2013; 6(1):1–13. https://doi.org/10.

1016/j.brs.2012.02.005 PMID: 22483681

35. Rossi S, Hallett M, Rossini PM, Pascual-Leone A; Safety of TMS Consensus Group. Safety, ethical

considerations, and application guidelines for the use of transcranial magnetic stimulation in clinical

practice and research. Clin Neurophysiol. 2009; 120(12):2008–2039. https://doi.org/10.1016/j.clinph.

2009.08.016 PMID: 19833552

36. Sathi KA, Hosain MK, Hossain MA. Analysis of Induced Field in the Brain Tissue by Transcranial Mag-

netic Stimulation Using Halo-V Assembly Coil. Neurol Res Int. 2022; 2022:7424564. Published 2022

Jul 14. https://doi.org/10.1155/2022/7424564 PMID: 35873732

37. Goetz SM, Deng ZD. The development and modelling of devices and paradigms for transcranial mag-

netic stimulation. Int Rev Psychiatry. 2017; 29(2):115–145. https://doi.org/10.1080/09540261.2017.

1305949 PMID: 28443696

38. Mennemeier MS, Triggs WJ, Chelette KC, Woods AJ, Kimbrell TA, Dornhoffer JL. Sham transcranial

magnetic stimulation using electrical stimulation of the scalp. Brain Stimul 2009; 2:168–73. https://doi.

org/10.1016/j.brs.2009.02.002 PMID: 20160893

39. Novey W. Are all rTMS machines equal? New research suggests there may be clinically significant dif-

ferences. Ment Illn. 2019; 11(1):8125. Published 2019 Jun 11. https://doi.org/10.4081/mi.2019.8125

PMID: 31281610

40. Miron JP, Jodoin VD, Lespérance P, Blumberger DM. Repetitive transcranial magnetic stimulation for

major depressive disorder: basic principles and future directions. Ther Adv Psychopharmacol. 2021;

11:20451253211042696. Published 2021 Sep 23. https://doi.org/10.1177/20451253211042696

PMID: 34589203
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