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Introduction

Transcraniamagneticstimulation(TMS) is anon-invasivebrain stimulationtechnologyused
for basicsciencetranslationaresearchandtherapyin awiderangeof neurologicabndpsychi-
atric disorderq1+3]. Thetechnologicakvolutionof TMS hasgreatlyfacilitatedthe insightsinto
humanbrain function andthe developmenbf noveldiagnosticandtherapeutidools[4+7].

In recentyearsjncreasedegulatorycontrol hasheenachievedo respondto theincrease
in the numberand complexityof TMS systemsThe InternationalOrganisatiorfor Standardi-
sation(ISO)is widelyacceptedtinternationalleveland providesgovernmentith atechni-
calbasidor health,safetyandenvironmentakrequirementg8], and TMS devicesredesigned
on ISOprinciples.Generallyeverycountry hasits own marketregulationsHowever the
EuropeariJnion, dueto the numberof countriesit integratesandthe FDA, dueto its impact
onthemarket,arethe mostrecognizedvorldwide. The FDA only appliesn the United States,
but from theindustrial perspectivét hasagreatimpacton scientificsocietieandendusers.

ThelS0O1497definesrisk managemenin the regulationof medicaldevicesFurthermore,
ISO13485stateghatit is necessarto ensurethat designandtestingof the devicearesufficient
andeffectiveandthat manufacturersuniformly meettherequirementgor the establishment
andmaintenancef aquality managemensystemTheseprinciplesarecodifiedand harmo-
nizedby FDA in the Quality SystenRegulatioQSR)[9]. For TMS devicesmanufacturers
mustidentify safetymeasureandreduceeverypossiblaisk. The IEC establisheglobally
acceptedyuidelineso ensurethe safetyof electricalproducts[10]. Medicaldevicesarespecifi-
callysubjecto the IEC-6060Xamily of standardsmostimportantly the generakafetycontrols
in IEC-60601-1wherethe electromagneticompatibility of devicess defined[11]. To the best
of our knowledgeall commercialTMS devicesadhereo internationallyacceptedtandards.

Althoughall commercialequipmentis compliantwith the legalframeworkof the country of
use compliancewith FDA certificationproceduregin the USA)and CE marking (in the EU)
arethenorm, dueto the sizeof the respectivanarkets. Out of the commerciallyavailablestimu-
latorswe hereidentified, mostareFDA-clearecandall of themareCE marked[12]. In addition
to thefull andadequatelescriptionof the TMS stimulus,aspectselatedto the reliability of the
devicejncluding safetyandperformancecontrols,mustcomplywith severatechnicalstan-
dards.However no standardspecificto the manufactureof TMS devicedavebeendeveloped.
Ideally,overtime, aparticularunified and harmonizedstandardfor TMS devicegor non-inva-
sivebrain stimulationdevicesnore generallywould emergealongwith abenchmarking
framework,to beusedalongsidestandardseflectedn documentssuchascertificatesof confor-
mity, FDA regulationsguality certificatesetc.thatarealreadyin use[13, 14].

Within the setof TMSresearctprototypeswecanpoint out the existencef proposaldor
thedevelopmenbf home-madedevicesn nonclinicalenvironmentsfor self-improvement
purposegl15,16].

Commercial TMS systems and prototype devices

Therearenow severatommercialTMS systemghat haveenteredthe market(see~ig 1), with
varyingdegree®f transparencyabouttheir technicaldetailsandinformation availablehatis
independenbf the manufacturerWe notethat severatievicesaremarketedundermorethan
onename:ForexampleCloudTMS(K173441and SoterixMedicalMEGA-TMS (K192823)
correspondo the NeurosoftNeuro-MSDdevice andthe Deymeddevicesaremarketedalso
by BrainboxLtd. Thereis alsothe caseof collaborationsetweerdifferentmanufacturerstor
exampleYingchiTechology'sHanix" devices the Brainswaysystenmarketedin China.
Thedevelopmenbf TMS devicess generallymotivatedby the clinical applicationof TMS
with arequirementfor patient-friendlyusagd17], or developmenfor discoveryscience
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Fig 1. TMS device timeline. Certificationtimelinefor the different TMStrademarkg(first time certificaed).

https://abi.org/10.1371durnal.por.0292733.90L

which oftenrequirestechnologicatievelopmentind prototypesfor novelresearclgyuestions
[18,19](see~ig2).

Forexamplenewlydevelopedxperimentatlevicesiow allowmore extensivesontrol over
the pulsecharacteristiceomparedo clinical TMS deviceg20, 21]. Suchnewdevelopments
aregenerallyusedfor researcHirst, but thetechnologymaysubsequentlyransferto clinical
TMS applicationswith severabxample®f TMS prototypesbeingcommercialised22, 23].

Commercial TMS ——

*

Prototypes

PROTOCOLS — —

4

Combined therapy  Synchronization g

A\ 4
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Fig 2. Workflow. Applicationsthat drive TMS devicedevelopnent.

https://abi.org/10.1371durnal.por.0292733.902
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TMS technology

Thepowercircuit of aTMS unit consistof ahigh voltage(HV) supply(voltagesn theorder
of 2000Vand capablef supplyingcurrentsover5000A),aHV capacitoiwhich actsasan
energystoraggandableto supplycapacitancealuesof around180uF andvoltagesn the
rangeof 1-3kV),a powerswitch(usuallydiodesor thyristors),andastimulationcoil. All these
componentsnustbedesignedo operateunderhigh voltagesand high currents.Existingcom-
mercialdevicesusethe basicconfigurationin the pulseswitch[24], i.e.,acircuit basedn thy-
ristorsanddiodes(Silicon-ControlledRectifiers SCRtechnologywith lessurn-off capability
thatallowscurrentcontrol throughthethyristor andhigherpulsecurrentrating. InsulateGate
BipolarTransistorgIGTBs)or Metal-Oxide-Semiconductdrield-EffectTransistordMOS-
FETs)arealsousedin thelatesttechnology[25, 26]. Thesedully controllableswitchescanalter
thevoltagepulsesandareeasietto usedueto their simpleandfastturn-off behaviof27]. To
the extentthat suchinformation is availablepur databassummarizeseytechnologicafea-
turesof differentdevicesbut weencouragehefield to further contributesuchinformation
whereit is known.

Two differentclassesf stimuluswaveformscanbedistinguishedbiphasicor monophasic
[28,29], althoughrecentdevelopmentsisoallowfor moreflexibleconfigurationof TMS pulse
shape$30, 31]. Ultimately, this waveformdependn the designegowerelectronicarchitec-
ture basedn IGBT, thyristors,or diodes-thyristorg20].

For repetitivestimulationprotocols stimulationfrequenciegrecommonlyin the rangeof
1to 100HZz[32]. Thetechnologysetshe limits to the rangeof stimulationparametersnclud-
ing pulseintensity,frequencyand pulsewidth [33, 34]. Asarule of thumb, monophasiavave-
formsdo not permit high frequencystimulation,whereastimulationintensitymaybelimited
for high stimulationfrequenciespwingto the powerbottlenecksreatedoy suchprotocols
[35]. Pulseshapesleterminethe physiologicalmpactof TMS,emphasizinghe relevancef
summarizingthe technicalspecification®f TMS devicesConcerningthe shapeof the coils,
themajority of TMS coilsarecircularor figure-of-eightshapedwith arangeof size436]. For
the purpose®f this databaseyedid not reviewthe shapeand modelsof the coilsdueto the
largenumberof coilsandtheir variedapplicationd37, 38].

We herepresentanopenaccesslatabaséhttp://www.tmsbase.infoyith keyfeaturesand
applicationof availableeommercialandnon-commercialTMS devicesbasedn anreviewof
theinformation availableThedatabas€TMS platform) canhelpto addresshe needfor defin-
ing standardparametersindtechnicaldeterminantsof stimulationcharacteristicef TMS
devicesMoreover this databaseanhelpresearcherand clinicianscomparethe information
providedfrom manufacturerg39] andselectevicesandprotocols[40], thataddressheir spe-
cific needs.

Methods: Source of data and search strategy

A bibliometric analysisvasperformedby identifying TMS manufacturergyloballyto createa
comprehensivelatabaséhttp://www.tmsbase.info)Thegoalisto provideasystematiover-
viewof the differentcommercialTMS devicesvailableon the internationalmarket,aswell as
their mostimportant technicalandclinical characteristicsandthe emergingtrendsTMS
experimentabevices.

Fig 3 showsthe numberof scientificpublicationsand studiesrelatedinvolving commercial
TMSdevicego date(Fig 1). Thefirst commercialsystem$iavebeenusedextensivelyor
researctandarecurrentlythe mostwidelyuseddevicesn the clinical environment.However,
thelatestcommercialequipmentto reachthe marketis alsostartingto beusedin research
applications.
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2016  Brainbox
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Fig 3. Research information. Numberof publishedarticlesfor eachcommerdal deviceshownin Fig 1.

https://abi.org/10.1371durnal.por.0292733.908

Forthe commercialdevicesyweperformedtheliteraturesearcton GooglePatentsand
GoogleScholadatabasesisingthe commercialnameof the stimulationdevicefollowedby
theword "TMS".Thetotal resultof the searchprocedures shownin Fig 3. Sincethe number
of articlesrelatedto thefirst commercialTMS devicess veryhigh, for this work wehavecon-
sideredasa priority the studiegprovidedfor eachcommercialdevicein thelastfewyearsin
addition,aGooglesearchwasperformedwith thewords"TranscraniaMagneticStimulation
device'for amoreaccurataesult. We includeasa sourceof information eachusermanual
with technicalspecificationgnd othertechnicaldata.Additional information abouteachof
thecommercialdevicesanbefound in the website®f eachcompany We notethat some
information will inevitablynot beaccessibldueto beingproprietaryor not beingdisclosedy
companiesHoweverwewould like to highlightthatall theinformation includedin the manu-
scriptis publicandfrom openaccessepositoriesinformation providedin companymanuals
or websitesnaybeincompleteor only provideestimategor userguidance Suchinformation
shouldthereforebetakenwith apinch of saltwhenattemptinga detailedtechnicalappraisabf
eachdeviceandwherepossibleywehaveindicatedthe sourceof theinformation in thetable.
However the databasalsoaffordsthe opportunity to updateand completethis information
in thefuture.
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For the experimentalnon-commercial)TMS devicesve performedtheliteratureresearch
on GoogleScholamdatabasevith the following searchterms:@transcraniaimagneticstimula-
tion®, aTMS?, acircuit®, atechnology®2topology®,2components@nd?coils®. A recordwas
consideredelevantf includedacircuit topologyexplanationor if adetailedcoil development
wasenclosedA total of 283articlesand patentswveresearchedpf which only 117wererelevant
to this studyaccordingto the criteriamentionedabove We appliedno further criteriafor
selectinghearticles.

Results
Commercial TMS devices

In thefollowing, wesummarizesomeof the keyfeaturescommonto manycommercialTMS
devicegfor further information accesthe webpagewith the database)l ablel presentghe
thirteencommercialTMS manufactureron the market.Of the thirteenmanufacturerssix
includefamilieswith atleasffive differentdevicesTherearetwo manufacturerghatinclude
threedifferentsystemsn their portfolio and only onemanufacturerin the marketincludes
two systemsTheremainingfour manufactureroffer only one TMS system.

Power electronics architecture

Tablel showsatotal of 47 differentdevicegrom thirteenmanufacturersThearchitectureof
the stimulationcircuitry in thesedevicess basedn parallelassemblyf thyristorsanddiodes
dependingon the stimulationpulsewaveform Regardinghe powerelectroniccircuit, andas
shownin Tablel, half of thedevicesncludethyristorsanddiodes two devicesncludenew
powercomponentsuchasiGBTsor MOSFETsasaresultof theadvancei semiconductor
technologyForfour devicesvecould not identify information on the topologyof their power
electronics.

Pulse shapes

Asshownin Tablel, fifteenof the commercialdeviceghatweidentified havethe option of
monophasiqulseslt showswenty-ninesystemshat canbeidentified asbiphasicandthree
systemshat could not beclassifiedvith respecto their waveform Of the fifteenmonophasic,
only onehasa pulsewidth of 70us while otherfive deviceshavea pulsewidth of 80us.Three
system®ffer the possibilityof varyingthe pulsewidth from 70psto 120psandno information
is availabldor the remainingdevicesAs mentionedabovewenty-ninedevicesavebiphasic
waveformoption. Severdevicesvork with pulseselow200usandtherearetwelvebiphasic
TMS systemsvith time widthsrangingfrom 200usto 350us Finally, two system®peratewith
pulsewidthsabove400usandonly onesystenpffersthe possibilityof varyingthe pulsewidth
in atemporalrangebetweer280usand400us For theremainingseverbiphasicdevicesve
havenot found anyinformation available.

Stimulation coils

AlthoughcommercialTMS system®ffer awide varietyof patientcoils,their basicgeometryis
verysimilar[41,42]. However the strategyfor coil heatdissipationvariesbetweerthe differ-
entsystemsandincludesinternal air venting,refrigerantflow coolingor passiveefrigerant
cooling[35]. Thedifferenttypesof coil coolingcanalsomodify the conditionsunderwhich
thestimulationcanbedelivered43, 44]. Severasystemslsohaveoptionalshamcoils[6, 45,
46]that offer scalpand soundstimulationwithout effectivestimulation of cortex,with near
identicalappearancet® activecoils.
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Stimulation protocols and output intensity

Severastimulationpatternsandprotocols[4 7] areavailablgor commercialdevicesbroadly
falling within thesecategoriessinglepulsespairedpulsesrepetitivepulseq?2], and patterned
repetitiveprotocols[48]. All of thesehavebeenevaluatecindwork underthe supportof the
guidelinesandrecommendationso preventadverseffectduring the applicationof TMSin
researctandclinical settingg47].

Magneticfield strengthis perhapsone of the parametersghat bestcharacterizesommercial
TMS systemsUnfortunately,eachmanufactureridentifiesthefield strengthdifferently. Some
manufacturergprovidethe maximummagnetidield strength whichvariesfrom 0.5Tto 7.5T,
while othersindicatethe energydeliveredo the patientper pulsein Joulesor the maximum
electricfield strengthin VV/m. Anotherparametetthat characterize$MS systemss the pulse
rate.Most commercialystem®ffer maximumpulsefrequenciebetweerlOHzup to 100Hz.
Howeverascanbeseenn Tablel,therearetwo systemshat achievepulsefrequenciesf
150Hzand200Hz.In addition, therearetwo manufacturerghat, upon customer'sequest,
canprovidesystemsvith pulsefrequencie®f thatreachlkHz and 2kHz respectivelyCur-
rently, controllablepulsegcTMS),in whichthe amplitude width and shapeof the pulsecan
bemodified,areonly availabldor onedeviceon the market.

Commercial TMS lifetime

Theaveragdifetime of TMS devicess determinedboth by alimited numberof yearstthivar-
iesbetweerb and 10yearsdependingon the manufacturertandby the numberof pulsegyen-
eratedby the system(betweenl® and2x10 dischargesyhich dependn thelifetime of the
capacitor).Thestimulationcoilsalsohavetheir own lifetime dependingon the numberof dis-
chargesManufacturersalsoprovideinformation on connectionrequirementsand powercon-
sumption,aswell asappliedstandardgor electromagneticompatibility.

Research prototypes

Fig 4 showsan overviewof the workflow leadingto classificatiorof new TMS systemsThe
prototypedoundin theliteratureareclassifiecaccordingto the objectiveof eachof the sys-
tems.We heredistinguishfive differentcategoriegseerable?):i) portableTMS devicesi)
ultra-highfrequencydevicesii) controllable programmableandmodularsystemsiyv) noise
reductionsystemsandv) multiple-stimulatian devices.

System and coil noise
High frequency protocols: reduction

ultra-high frequency protocol

.I]LI. Frequency Noise-related
configurations

dependent ,|||,|.||. —_—

Coil noise reduction

9 Portable TMS New TMS devices

@ Multi-locus TMS
'

Multiple
stimulation

'
@ Multi-channel TMS

pTMS @
' Controllable
. parameters
cMS @
'

Modular systems: flex TMS 6
Fig 4. Workflow of the classification of TMS research systems.
https://bi.org/10.1371durnal.por.0292733.g4
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Table 2. Classification of research TMS devices.

Research systems: Objective Technical characteristics Ref.
categories/
subcategories
PortableTMS A portableprototype(sTMSmini) for | Standardhyristor configuratian with [58,81+
usein clinicaltrialsto managehepain | 100uspulsedurationandacircularcoil. 83]
associatedith migraine with Aura.
Frequencydependat
Ultra-high Plasticityinduction of anovelprotocol | A high voltagepowersupplywith [48,84,
frequencyburst | thatmergedthetaburststimulaion voltagepowerIGBT. 85]
protocol (TBS)and quadri-pulsestimulaion
(QPS
Controllableparameters
pTMS Two generatosystemwith Pulse-widh modulationwith anon- [31,68,
programmablestimuluspulsesand resonanthigh-frequery switching 86,87]
patterns architecturebasecn anH-bridge
inverter (with IGBTS).
cTMS Threegenerator®f controllablepulse | Two terminalsof stimulaion coil [23,88]
paramete devices driven by two half-bridgecircuitswith
current-bidirectiond switches
implementdby IGBT modules
Modular systems
flexTMS Magneticpulsesvhich canbeadjusted. | Full-bridgecircuit incorporaing 4 [89,90]
IGBT modulesand 1 energystorage
capacitor.
Generatenearlyarbitrary output Cascadél-bridgeinvertertopology [27,91]
voltagewaveform. with tenmodules Eachoneusinglow-
voltageMOSFET
Flexiblygeneraténigh-powe TMS Modular circuit topologyandunipolar [30,92,
pulseswith user-defiedelectric-field | field-effectsilicon-cabide (SiC) 93]
shape. transistors
Medicalapplicaton andanalysif a Eachmodulehaseightlow-voltage [70]
multilevelstimulator. MOSFEToperatedn parallel.
Noise-reléed configuratbns
Systenand coil noisereductian
Reductionof the coil currentpulse A circularcoil that suppressethe [71,94,
durationandredesigrthe mechanical | conversiorof electricainto acoustic 95]
structureof the stimulaton coil. energy
A quiet TMSwith ultra-short An H-bridge circuit with IGBTsis [75,95]
rectangudr pulsesandanincreased implemengdfor ultra-brief pulseswith
peakvoltageandacoil designe acircularcoll
electricaly andmechanicly to
minimize the emittedsound.
An activenoisecontrol (ANC) strategy | ANC strategycaneffectivelyreducethe [78]
with online identification, offline coil noisesynchrorouslyafterthefirst
analysisandreal-timeoutput. stimulaion sequencandin the
subsequettreatment.
Coil noisereduction
A quietcoil designtechniquewherethe | Rectanglar flat coils,sphericaland [96,97]
Lorentzself-forces optimizedto hemispherial coils.
reducetheacoustimoise.
A stimulation coil with reducedsound | A stimulation coil with atleastonecoil [77]

Multiple stimulation

emissions

Multi-channel TMS

winding coreandonedoublecasing.

(Continued)
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Table 2. (Continued)

Research systems:

categories/
subcategories

Objective

Stimulaton systenmbasecdn multi-
channelreconfiguralte coilsto
stimulate multiple brain sitesin any
tempord order.

Simultaneos andsequentiabperation
of fiveindependetly controlleble
channelstimulator.

Achievemulti-point synchronows
stimulaion andflexibleswitchingof
variousstimulaion patterns.

Multi-locus TMS (multi-coil)

Overconethe limitationsof physical
coil movementby introducing
electronictargeting

Automaicallyfind the optimal
stimulaion parameterdpcation and
orientationof anelectronially adjusted
multi-locusTMS.

Multi-loci and multi-site current
patterning(sequentiabr simultaneos)
for preciserapid,andrepeatale
neuronaltargeting.

Relationbetweerthe numberof coils,
thefocality of theinducedelectric-field,
andthe extentof the corticalregionthat
canbecontrolled.

A TMS coil for manipulatng the
electricfield orientationelectronially
with highaccuracy.

A modular3-axisTMS coil usedin
multi-channel TMS systems

https://abi.org/10.1371djurnal.por.0292733.t0D

Portable TMS device

Thepossibilityof portableTMS systemss attractivefor the treatmentof any pathologyanda
numberof portabledevicedavebeendevelopednd marketed56+58].For examplethe
eNeuradeviceis characterisethy single-pulsetimulation (sTMS),with astimulationfre-
quencyof verylow Hertz: 1 stimulationpulseevery4 to 15minutes[59, 60]. Thismakedt easy
to optimisethe weight,volumeof the systemandits components.

Ultra-high frequency devices

Technical characteristics Ref.
A wire-meshcoil in x andy directions [98,99]
andelectricallyinsulated.
Fiveindeperdentchanndéswith aSCR | [22,100]
switchandadiodein parallel.
Eightdischargeircuitscontrolledby [101+
IGBTsanda4x4straightwire array 103]
with athick coppermplatein it.
A setof fiveresemtte coils. [104]
Two differenttransduce configuratons| [105%

107]

Threeoverlappirg triangularcoil arrays | [80,108]
allowinganyspatialcurrent

distribution.

Fivedifferentcoil multi-locus,with two [79]
differentcorticaltargets.

A pair of orthogonallyorientedfigure- | [79,106,
of-eightcoilswith aminimum-energy | 107,109,
optimization procedure 110]
Threeorthogonalseparat solenoid [111+
coilsof 8to 12turnswith anair-cooling 114]

system.

Otherdeviceshavebeendevelopedor deliveryof bespokénigh frequencyprotocols suchas

the quadri-pulsetheta-burststimulation (QTBS)protocol. This protocol consistsof four single-
sine-wavepulsesvhich aregivenatan ultra-high pulserepetitionrate of 200Hzor 666Hz,and
aburstrepetitionrateof 5Hz [48]. In thistypeof device ahigh voltagepowersupplycharges
the energystoragecapacitorconstantlyand sothe dischargingakedesshan half of the charg-
ing time. To reachthesdrequenciespowerswitchesn the circuit allowthe releasef stimuli
verycloseto eachotherandwith shortoscillationperiods.This protocolhasbeenintroduced
to the marketby companiesuchasMag&MoreandBrainbox,with the stimulatorsPower-
MAG QPS[61] and DuoMAG MP-Quad[62] respectively.
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Controllable, programmable, and modular systems

TMS devicedocusedn programmableulsewaveformswherepulsewidth, intensity,polar-
ity, andinter-stimuli intervals[63+65]cangeneratdlexiblepulsewaveformssuchasconsecu-
tive rectangulapulseswith a predeterminedime interval,width, and polarity. Therefore,
thesadevicesaresuitablefor arangeof applicationse.g. analysif the stimulatedneurons
andtheir activationcharacteristic§56].

Advancesn powerelectronicgechnologyhaveledto more precisecontrol of the power
requiredin TMSdeviceg67]. However existingtechnologyhaslimitations regardingthe abil-
ity to control the shapeof the generateelectricalktimulus[68]. Thus, TMS devicehavebeen
dividedinto independenmodulesof lowerintensity[69], capableof dynamicallymodifying
the output voltageand coveringthe working rangeof aconventionaktimulator[70].

Noise reduction systems

Thesoundgeneratedy a TMS deviceat thetime of treatmenthasnegativeeffectson the
patient,both on their auditory systemandby activatingregionsof the brain involuntarily [71+
73]. Studiedfocusingon noisereductionhaveexaminedhreedifferentsolutionsfor noise
reduction.Firstly,the pulsewidth reduction,with dominantspectrapowerabove20kHz,has
advantagem the acoustiaddomainbecausdigh frequenciesreeasieto suppressandhuman
perceptionis notablyreduced 74, 75]. However dueto the neuralmembraneime constant,
theamplitudeof the pulseghencethe peakcoil voltage)mustbeincreasedo achieveneural
stimulation[76]. Secondlyaproperassemblpf winding coreand casingareproposedo
reducemechanicatieformationin the casingandthusthe noise[77]. A phase-shifte@lastic
couplingbetweerthe winding andthe coil housingis normally used.n addition, arigid, fric-
tional viscoelastitayercoveringthe winding blockincreasescousticenergydissipation[75].
Finally,externalactivenoisecancellatiorstrategiesreproposedwherebyacousticsounds
(noise)generatedy the TMS devicearerecordedin real-time,andthe coil noiseis reduced
synchronoushafterthefirst stimulationsequencé’8]. This methodreduceghe coil noise
synchronoushafterthefirst stimulationsequencandin the subsequentreatmentprotocol.

Multiple-stimulation devices

Multi-channelsystemgonsistof auniquestimulatordesignwith multiple coils,eachonecon-
trolled by a specificchannelandwith independentontrol [22]. By contrastmulti-locussys-
temsconsistof thearrangementf differentcoil patterns placedn astackconfiguration,for
the stimulationof brain neighbouringareasandthe generatiorof diverseshape®f electric
fields[79, 80]. Someof the coil winding patternsencounteredareafigure-of-eightcoil anda
matchedfour-leaf-clovegoil, afigure-of-eightcoil overlappedvith an ovalcoil, andthree
overlappingriangularcoil arraysamongothers.

Newdevelopmentsf multi-coil systemsiow providethe possibilityto stimulateseveral
brain regionssimultaneouslyvith onedeviceandasinglecoil [22]. This allowsthe different
stimulationcoilsto beactivatedelectronicallywithout the needfor physicatriggeringby the
clinician[79]. Moreover multi-locussystem&ancontrol the locationand orientationof the
peakof theinducedelectricfield within awider corticalregion.

Discussion

Advancesn TMStechnologycanspawnmore efficientstimulationprotocolsfor basic
researctandclinical applications Severateviewsncludeevidence-baseguidelineson the
therapeuticauseof rTMS that comprisenot only ahistoricalcontextof the technologybut also
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its principlesandmechanism®f action[2, 32]. Other reviewsprovideoverviewsaboutnew
stimulationcoils,newpulsesequenceand novelwaveformdor stimulation,with anemphasis
on safetyrecommendationsyith updatesn training, ethicalandregulatoryissue$47] or a
bibliometric analysigevealinghe publicationpatternsandemergingtrendsof rTMS [5].

Fromour analysist becomeglearthatthereis substantialzariationto which degrediffer-
ent TMSdevicewill deliversuchprotocolsandit islargelyunclearto whatextentsuchvaria-
tion mayaffectthe efficacyand physiologicatonsequencesf TMS.In the absencef
standardizatiorandhomogeneitypetweerdifferentcommercialTMS devicesthe stimulation
parametergsrenot the sameasdiscussegbreviously For examplejn the caseof the Theta-
Burstprotocol,thereis atrade-offbetweerfrequencyand maximumstimulationintensity,
with astrongdependencen the TMS modelusedwith adirectimpacton the effectivenessf
thetherapy[33].

However,it iswell establishedhat pulse-shapés akeydeterminantof the physiological
impactof TMS,andour overviewhelpsassessmeimif devicedifferencesandhowthesemay
impacton the efficacyof TMS.Recentevicesfor exampleallowfor flexiblecontrol of the
stimulationwaveformwith the possibilityfor more rectangulapulsesand continuouscontrol
of parametersuchaspulsewidth andthe positive/negativphaseamplituderatio of the pulse
[113].With therecentdevelopmenbf flexiblesystemsvith pulseparameteicontrol, develop-
mentof future TMS devicess likely to exploitthe useof variablestimuluswaveformgurther,
with our databaseservingasspringboardfor their comparison.

A recentsystematiceviewincludesasummaryof the designpositioning,modelling,and
optimization of experimentatoilswith ataxonomicapproach19], with further work empha-
sizingpulsesourcetechnologyin coilsand TMS-compatibleexternalsystemg$115]. Coilsfor
deepbrain TMS usecomplexmulti-coil designg116],and multi-channelexcitationsystems
seeko improvefocalityof stimulation[117]. With this rapidly developindandscapef TMS
devicesandno agreecbenchmarkingrameworkin place thereis agrowingneedfor detailed
synthesi®f important technicalcommonalitiesand differenceof TMS devices.

Thelackof standardizatiorandthe high variabilityin thetechnicalcharacteristicef TMS
systemgincluding pulseduration and shapeputputintensity,coil designspowerreductions
athighintensityandfrequencyetc.)makeit difficult to replicateconditionsin studieswhen
usingadifferentdevice Thishamperghe searctfor individualizedtherapyfor clinicians,pre-
scribersandresearchergnd makingall this information availablecanfacilitatecross-device
comparisondevelopmenbf commonstandardsbut alsothe developmenbdf novel TMStech-
nology.In theframeworkof this review weidentify the possiblesource®f variability in the
effectof TMStechniquefrom atechnologicapoint of view,by focusingon the devicefea-
tures.However wehavenot consideredtherexternalsourceghat couldimpacton thevari-
ability of the TMS effectsasprocedureg118], applicationof referencevalueq119], or
experiencef the operatorg120].

Our overviewincludesboth commercialand customTMS devicesthuscoveringa gapthat
with acomprehensivanalysiof technicalcharacteristicaot providedelsewhereThe
approachwith whichwesummarizeTMS technologyallowsfor abroaderviewof the current
statusof currently availablesystems.

Conclusion

A comprehensiveeviewof both commercialand experimentatechnologyusedin transcra-
nial magneticstimulationsystems$asbeendevelopedThis studyincludesanopenaccess
databasénttp://www.tmsbase.infojvhich allowsclinicians,prescribersandresearchers
consultthetechnicalcharacteristicef the equipmentandincludenewsystemshatthey
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identify of interestto the community. Thedatabasevill beaccessiblen ahosingservicerom
awebpageandit will havea contactoption wherethe userwill beableto provideinformation
aboutnewdevicesn aformularywith the TMSthatappeaiin the market.

We hereshowthe latestdevelopmentsindapplicationsn TMStechnologyaswellascur-
renttrendsin TMSarchitecture Theabsencef standardizatiorand high variabilityin the
parametemetricsof thesesystemgpreventscomparisorbetweerdifferentdevicesmakingit
difficult for clinicians,prescribersandresearchert maketheright election.Thus,abench-
markingschemeasaninitial seedor future internationalstandardizatiorwould be of interest
to researcherandcliniciansasatool for comparisorbetween MS systemsT o inform the
choiceof TMS platformsfor specificresearctandtherapeutiapplicationsand guidefuture
technologydevelopmentor neuromodulationdevices.
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