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Abstract Transcranial Electrical StimulatiortES) is a nhoninvasive neuromodulatidgechnique
wherein low intensitgledrical currentis appliedto the head via scalmounteckelectrodes.
Transcranial Direct Current 8nulation (tDCS, a fornof tES)isincreasingly being used in the
treatment of several neurological and psychiattisorders such astroke recoverygepression,
and schizophrenigdowever, tDCSnduced electrial current patterns in the brain show marked
inter-individual variaion due to underlying differenceslinain morphology and choice of
treatmentprotocol It is therefore difficult to preidt the clinical outcome of tDClseatment in a
particular subjectln the first part of this workwe devedp a simulation workflowherein high
resolutionpatientspecific finite elemenhodels othe brain are used to determine the foci of
tDCSinduced electric fields and thus pietthe likelyefficacy of the treatment

While tDCS carsatisfactorilymodulateneuronal activity in theerebralcortex, it is less effective
at stimulatingdeepbrain regions implicateih movement and neuropsychiatric disorders such as
Par ki nson’ s dand ahsessiweompelsive tlisordes @ODCD). In patients that cannot
be treated for theseonditions with medicatins, a clinical alternative is deep braitirsulation
(DBS) wherein electrodes are surgically implanted to modulate the neuronal activity in the
affected deep brain regiohlowever DBS is highly invasive and carries many ridksthe second
part of this work, wextend oumworkflow to incorporatdranscranial Alternating Current
Simulation ¢tACS usingtemporally interferingTl) electric fields By carefully selecting the
current characteristics and electrode montaigés possble to effectivehstimulatespecific deep
brain targets while leavinthe surroundingrormalbrain structuresunaffectedIt may therefore
become possible fchieve the benefits of DBS in an entirely noninvasive manner. In this work,
we demonstrat theclinical potential of computational modeling for tE®atment planning,
including the ability for interactive regimetreatmentprotocol selection for a specific patient.

Keywords head,brain, neuromodulation, neurostimulatiomeurophysiologytransaanial
electrical stimulation, transcranial direct current stimulatiagrgnscranial alternating current
stimulation,deep brain stimulation, tES, tDCS, tACS, D&&)poral interferenceschizophrenia,
Par ki ns o nnewologidalspsyahsatic, movemiedisordersglinical, personalized health,
precision medicingyanslaional researchdigital health,multiphysics



1. Introduction

Neuromodulationin a therapeutic contexefers tothe clinically inducedalteration of neural

activity via an artificialstimulussuch asnelectrical currenbr achemicalagent.

Neuromodulation may involve invasive approaches such as spinal cord stimulation or deep brain
stimulation (DBS) wherein the stimulation electrodes are surgically implanted directly on the
nerves o be stimulated. It may also be performed noninvasively usigtodssuch as
electroconvulsive therapy (ECT), transcranial magnetic stimulation (TMS), and transcranial
electrical stimulatiorftES) wherein externalectrodes or magnets induce the requiredral

activity changes without the need for surgical implantaflwanscraniaklectrical stimulation

(tES) isa nonnvasive brain stimulation technig in whichlow intensityelectrical currents¥1i 2

mA) are appliedo the head for several minutd35f 30min) via scalpmountedelectrodes. The

applied currents can be direct (transcranial Direct Current Stimulation, tDCS), alternating
(transcranial Alternating Current Stimulation, tACS), or random noise (transcranial Randsen No
Stimulation, tRNS) as skan in Figure 1[Yavari 2017]. During tES, the subject is fully conscious
and experiences minimal discomfoFESin generaland tDCS in particular aiacreasingly being

used in the treatment of several neurological and psychiatric disorders such as depression, stroke
recovery, and schizophrenidoreover, thesimplicity, affordability, and portability of tESnakeit

an idealtreatmenin developing countries, such as India, which suffer fbath ahigh prevalence

of mental disease and low access to pharmacologicalphdiowever, efficacioupersonalized
application of tES faces a number of challenges that the current work seeks to address.

tDCS

tACS

i

Figure 1. Schematic of tES modalities [Yavari 2017].

The primarychallenge is thalES-inducedelectric current patterns in thedim show marked inter
subjectvariation due to underlying differenceshrain morphologyand tissue characteristjcs
includingtherelativesizeand shapef major head/brain regions, relative electrical conductivity of
different regions, and therchitectue of white matter tractén addition, the tiS protocol itself
involves the selection of several parameters such aspktiade, polarity, and frequency of the
appliedcurrent as well as the shape, size, numbet|aration of theelectrodesilt is therefore



difficult to predict thedistribution of electricurrent in the brain and consequently the likely
efficacy of the treatment forarticular subjectComputationamodeling and simulation of t£
canpotentiallyaddress this challengBy computing the resultinglectric field with high spatial
resolution we can observe exactly which brain regionsliigdy to have beestimulated and thus
correlate inpuftreatmeniprotoco) parameters with outputl{nical or behavioralboutcome}

Moreover, by virtually experimenting with differetrteatment protocolen a subjecspecific
simulation model, the alician can determine the most efficacious treatment for a given individual
rather than relying on conventional nonspecific guidelines as is typically the case today.

2. Simulation Workflow for tDCS in Schizophrenia

21 Neurophysiology of tDCS in Treatment of Schizophrenia

Schizophrenids a serious mental disordemaracterized byncoherent or illogical thoughts and
bizarre behavior anspeechPositve symptoms include delusions and hallucinatiovis)e
negative symptoms include emotional withdrawal, difficulty in abstract thinking, and lack of
spontaneityPositive symptoms aressociated with excessive neuaativationin the tempore
parietal junction, while negative symptoms are associated with deficient aetivationin the
prefrontal cortex (Figure 2Binceneuronal activatiois positively correlated with membrane
potertial, tDCS works byapplying ananodicstimulation to the underactivated brain regions to
increase thdocal resting potentiafi.e., depolarization) and applying a cathosticnulation to the
overactive brain regions to dease the resting potent{ak., hyperpolarizationin that
neighborhoodNote thatDCS does nidirectly generate a neuroredtion potential, rather, it
increases or decreases neuronal excitabilith@probability that aaction potential will be
spontaneousliriggered by normal synaptic inputa.atypical 2electrode tDCS protocoa
current ofl-2mA is applieccontinuallyfor 20 minutesand a sigle treatment course involves 2
sessions daily for 5 dayA course of tDCS can significantly reduce auditeggbal halludnations
(the focus of our studyfpr up to 3 months [Bose 2017

Negative Symptoms Positive Symptoms
(Amotivation, Avolition, Alogia) (Delusions, Hallucinations)

Prefrontal Cortex: ’ Temporo-Parietal Junction:
Deficient activation with ' X Excessive activation with
decreased N . significantly increased
N-Acetyl Aspartate level Glutamate level

Figure 2. Brain Abnormalities associated with Schizophrenia
[Venkatasubramanian 2005a and 2005b].



2.2 Personalized Model Generation

Since the primary goadaif this projectwas b demonstrate the value of simulatimn subject
specific tDCS outcome predictionpasthoc study was conducted andyze the results of two
patients with persistertuditory verbal hallucinations despite antipsychotic medication. One
patient had respwled favorablyo tDCS whik the other had not even though both were
administereddentical treatmesst(i.e., electrode positiog) input currentsduration,etc). The
objective of the study was to examitisimulation could shed light on the difference in outcomes.
To begin,T1 weighted MRI scans for ttgubjects were acquiragsing aPhilips Ingenia 3T
scannemwith 1mnT resolution Each scamvasthensegmated usinga probabilistic segmentation
procedurewith the Statistical Parametric Mapping (SPkbolkit [Ashburner 2005]nto 6 distinct
nortoverlappingtissue regionsgrey matter(GM), white matter(WM), cerebrospinalldid (CSF)
skin/flesh skul, and sinus/airSegmentation errofg.g., norsmoothtissue surfaceand
disconneted regionywerecorrected using automateoutines in MATLAB® [Huang 201P

After asatisfactory 3D head/bramodelwas developed,ectrode placement was performed with
Simpleware®ScanIP (+ ScanCAD modulesing the 100 international conventiomvith the
anode at AFand the cathode at CP5 (Figue Binally a high resolution tetrahedral FE mesh
(average element size = 1f)nwas generated using the ScatPScanFE) module.

Figure 3. International 10/10 Convention showing Anode AF3 (red) and Cathode
CP5 (blue); Subject-specific Models (Left: Responder; Right: Non-responder).

2.3 FE Analysis: Scenario

Each FE model (responder and sresponder) was meshed with about 3M nodes and 17M
DC3DA4E electrical conduction elementhedifferent brain regions were assigregpropriate
isotropic electrical conductivity valuéaken from the literaturéshown in Figure 4)A thin layer

of gel was also included in the model between the scalp antetiedes to better mimic the
experimental setip. At the anode, an inwarcurrent of ZnA was applied whilat thecathode an
outward current of @A was appliedthe rest of the exterior surface of the model was insulated.
At an arbitrary node of the model in the chin region (away fiteerelectrodes), the electric



potential was &t to zero to eliminate possible rigid body solutiohsingle step singleéncrement
electricalanalysis was performed in Abaqus/Standargsion R201X to determine the electrical
potentialgradient (EPGHYistribution (which is identical to the electric current density distribution)
in the brain. The different tissuegions and material properties used shown in Figure.4
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Figure 4. FE Model Regions (Responder) and Conductivities (both Subjects).

2.4 FE Analysis: Results

By examining the distribution of electric currentsteady stateve can see thaiverall head shape
and tissue morphology plan important rolén determining the focus afeurostimulabn in a
specific subject. Caref@lomparisorof the EPGdistribution on the exterior swate of the grey
matter(GM) (Figure § shows a higheelectric currentlensityin the parietal lobe of the

responder, while in the nenesponder, we see current more evenly distributed across the parietal
and frontal IlbesThi s can be explained by the fact that the
deeper sulci in the parietimbe when compared with those seethi@ nonresponder. As the sulci
are filled with CSF, which is a better conductor than grey matter, we pactetke current

density to be higher in thregion for the responder th&or the nonresponder. Since the total
current in the brain is the sarmeboth case§2mA), this could implythat the parietal regions
implicated inauditory hallucinatias arebeing insufficiently stimlated in the case of the non
responderendering higreatment less efficd@ous Possible solutions include increasing the
amplitude of the awent repositioning the electrodes;, using multiple electrodds focus the

current nore effectively at the tempo#qoarietal junctionWe also see very logphysiologically
insignificant)electric current density in regions below the WM/GM boundargxpected. From

this simple retrospective analysige can see how subjespecific 3D eletric current distribution
information can explain (at least partially) the difference in response between subjects. More



importantly, by virtually experimenting with various electrode configurations and current
characteristics, the clinician can optimibe treatment protocol for a given individual.

Non-Responder

Figure 5. EPG Magnitude on Exterior Surface of GM for Both Subjects

25 Influence of White Matter (WM) Tract Anisotropy

In the above studyhe brain was assumed to hasetropic electricatonductivity.While WM
fiber tracts exhibit complex topolo@nd spatially varying fractionahnisotroyy, it is unclear to
wha extent their complexitimpacts tDCSTo explore the seitivity of tDCS to WMtract
orientation, a series ofodels was created withdifferent(but spatialy invariantin each model)
WM fiber tractorientationgrotated about the midagittal plane at angles of,6-1%5’, -15°, and
+45°), as shown inthe top left ofFigure 6 While physiologicallyunrealistic, these arbitrary
orienfations weranainly intendedo quantify the anisotropynduced change imaximumand
average EPG distribution from the baseline (isotropic) dasal cases, electrical conductivity
along the fiber direction wesetidentical to the isotropic value used eatlighile transverse
conductivities were set to 10% of the isotropic vakech model was run witikdentical
constraints athe baselin@nalysis Figure6 alsoshowsthe reslts of the WM anisotropy studn
both tabular and graphical forrt is clear that WMract orientationsféect tDCSinduced current
distribution in the brain in aan-uniform manner (e.g., thieontal lobe appears more sensittee
anisotropythan the parietal lobehn all 4 cases, the change peak anciverageEPGmagnitude
from baselnewas less than 26 and a small shifin peak location was note@t this time, it is
unclear f the changes iEPGdistributionare of clinical significace;further studies with more
realistic WM topologiess well as experimental dadee needed to awer this question. If future
work affirms the importance of WM anisotropy on clinical outcome of tDCS, then the FE models
will need to incorpaoaite anisotropyy using either idealized fiber topologi@kat can simply be
scaled and positioned appropriatgiya subjecspecific FE modelpr by using subjectpecific
topologiesderived fromdiffusion tensor DT-MRI) data.
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CaseA: CaseB: CaseC: CaseD:
Fibers parallel to mid-sagittal plane Fibers rotated +15 deg. Fibers rotated-15 deg. Fibers rotated +45 deg.
Case 8

Study Max EPG (mV/mm) Avg. EPG (mV/mm) % Avg. difference from baseline

Left Parietal | Left Prefrontal | Left Parietal | Left Prefrontal | Left Parietal | Left Prefrontal CaseC

Case-A 28.09 26.55 7.46 1191 0.52 4.47
Case-B 28.23 26.69 7.42 1173 113 2.86
Case-C 28.64 28.59 7.60 12.20 1.30 7.05 Cous0;
Case-D 28.84 28.08 7.60 11.81 1.28 3.55

Figure 6. Models and Results from WM Anisotropy study.

3. Noninvasive Deep Brain Stimulation

3.1 Limitations of tDCS for Deep Brain Stimulation

While tDCS is increasingly being used in clinical settings, its applicabilipyeslominantly

limited to disorderghat originate in malfunctions tofie higheregions of the brain, primarily in

the cortex. This is because tD@Ses low intensity currentlat are unable to penetrate into the
deeper regions of the brajalthough deep brain regions mbgindirectly modulated due to
neuralnetwork connectivity. Increasing current amplitude willow deeper regions to be
stimulated but may be undesiralfte two reaons. First, greater current strengtil also

stimulate normally functioning overlying areasd may even cause unintended neuronal firing.
Second, prolongkexposure to higher current can cause discomfort or itjuitye scalpThe
conventional treatment for debpain disorders therefore uses deep bréimwation (DBS)
whereinstimulation electrodes are surgically implanted directly into the malfunctioning areas so
that neuromodulation can be limited to a smaadla with minimal disruption of the surrounding
tissue.However, DBS is highly invasive procedurwith potential adverse effects including
electrode diplacement and erosianfection, stroke, and seizurelsloreover, the high costf

DBS surgery and rewvery,andthe highlevel of clinical expertise necessdoyensure positive
outcomegypically render this treatmeimfeasiblefor routine public healtin developing

countries such as IndiRecent research suggesiattES maybe a viable alternativi®

conventional DB$Sat least for some mental disordefse second part of our work describes how
tES can be used faubjectspecificnoninvasive DBS and extends our computational workflow to
facilitate clinical use of this new technology.

3.2 Transcranial Alternating Current Stimulation (tACS)

While some mentalisorders involveabnormal (and polaritgpecific) neuronal excitabilitand
can therafre be treated by the applicationdbf r ect current, ot her s,

such
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Al z h ei mepilepsy aracorctelated with abnormal brain rhytlfwisich typicallyrange from
0.05Hz to 500Hz)Reato 2013] Treatments for these conditions may therefore involve attempts to
restore normal brain wave activity in the affected argag alternating curre. AC stimulation

can improvebrain rhythm either by entrainment (where brain oscillation frequency is aligned with
the forcing frequency) or by modulation (where brain oscillation amplitusesied bythe

external signglas shown in Figure [Reato 2013]

Entrainment Modulation

—_—N N\

- AC stimulation

- Brain oscillations

Figure 7. Effects of AC stimulation on Brain Oscillation [Reato 2013].

3.3 Temporal Interference in tACS

Ift he mal functioning neur ons a rcavehtionedappleatoni n deep br a
of tACS via scalp electrodes will sufféom the same limétionsas hose outlinedor tDCS.
However,as demonstrated by Grossman et al [Grossman 210 W ,usetwo frequencies instead
of one, it becomes possible to selectively stimulate the deep brain without affecting the
surrounding tissuby exploiting thgphenomenon of wave interferenceonsider two electric

fields i, andli, of equal magnitudéhat coexistit the same point in space. If the two fields
oscillate at slightly differenfrequenciesf andf2 =fl+ad), the resultant linearly superposed field
will oscillate at the average frequen@¥+ f2)/2 but its amplitude will be modulated at the

di f f er e n treguencysd. Mdoeevartthé beat amplitude will depend on the degree of
alignment of the two fielslli, andi,. This is illustrated in Figure B on the left sidewe see that
the envelope of the-component ofesultantmodulatedield Gy = 0, + {i, has a high amplitude

if they-components ofi; andli, have similar ragnitudeswhereas the reverse igue if their y-
componenthave dissimilar magnitudeShe net amjitude of the modulated signély, at any

point in space is the vector sum of the amplitudes okthg, andz-components ofi oy .

The main point of this discussion is that if it weregibi to specifyli; and(i, at every point in
some closed domain, we would be able to control the amplitude of the resultant linearly
superposed field throughout therdain. In regions where a high amplitude envelops desired,
we would need to ensure close alignmiarthe magnitude and directiaf the individual fieldgi,
andii,, whereas in regions where minimal or no modulation was desiedpuld have one field
be much stronger than the otheor the simpleD case of &losedcircular domain, this concept
is illustrated o the right side of Figure ®here we can see that andl, are aligned and of equal
magnitude in the central region of the domain. Therefore the beat amplitude would be highest in
this regon and would gradually decrease as we move away frorhig.concepbf linearly
superposing two oscillating electric fields (also known as tempasfénence) suggests a
technique to stimulate specific structuodshe brainwith minimal impact on ther structures.
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Figure 8. Temporal Interference in tACS [Grossman 2017].

3.4 Neurophysiology of Temporal Interference in tACS

Temporal Interference tACS (EACS) relies ortwo important neurophysiological characteristics.
The first is hatneurors respond to low frequenaixternal fields but theiresponse decreases
significantly at high frequencies. In essence, the neuron acts aspasavilter that is effectively
insensitive to frequencies aboseme thresholdypically ~1kHz). Moreover, geatr the

amplitude of the local excitation, greaterhg theuronal response. fiigure 9[Reato2013] we

see thatmembrane polaration (i.e., theesponse of the neuron) decreases as the frequency of the
applied ACsignal increases andcreases with increasing@Asignal amplitudeT herefore jf we

set he frequency of botkignals(li, and(i,) above the threshold, we witimulate only those
regions in the brain where the tvields result inamodulated signal of appreciable amplitude. In
other regions, the mothtedamplitudewill be too low and the average frequency too high to
effect any change in the neurons. As such, we can selectively stimulate the brain 48iG& T

Increasing AC frequency
L]

-J\MAN-.MMNWW

W R i

i -

v — AC stimulation - Transmembrane polarization

Increasing AC amplitude
B @ H

Figure 9. Effects of AC stimulation on Single Neurons [Reato 2013].



3.5 Verification of TI-tACS Simulation in Abaqus

We begarourtACS project by replicatinghe computational tests of Grossman et al [Grossman
2017].0n the left side of Figure 1@ve show the Grossman model, a cylinder of 50mm diameter
and 10mm height. The grey electrode pdithe bottom applies a 1kHz signal while the black
electrode pair on the top applies a 1.02kHz frequency sighal contour plot show the

normalized magnitude ofi¢ modulated resultafield oscillating atee f= 20Hzthroughout the

domain with yellow rpresentinchigh amplituderegions and dark blue representingy amplitude
regions On the right, we show the equivalent Abaqus modet see that our modéhigh

amplitude in red, low amplitude in blues)able to replicate the spatial chageaigtics ofthe

Grossman model; in particulat generates the samspatial contrash amplitude computed by the
Grossman model. We also verified our results against the Grossman model for different electrode
configurations and current ratidSince the electricgrocedire in Abaqus does not permit

frequency domain analysfand since a time domain simulation would be unnecessarily
computationally expensive), we used the following methodology. For each electrode pair, a single
DC analysis (dstep tincrement) wasanductel to determinghe nonoscillatingelectric field

vector at every point in space for a unit amplitude irgigiial The results of both analyses were
thenvectorially superposedsing a Python scrifithat enaked scaling of individuasignal
amplitides(and frequencies)s needed. The resultanbdulated field is taketo oscillate at the

beat frequencyand thecontours indicate the magnitude of the modulation

Figure 10. Comparison of Grossman Model (left) and Abagus Model (right).

3.6 High Definition TI-tACS Simulation in Abaqus

Having verified the concept of TACS with Abaqus for a simple geometry, we then began using
an MRIderived subjeespecific FE model to assess the clinical feasibility of this techniqitel
simulation runs wereonductedvith simple bipolar electrode configuratiofts each frequency.

For instancegne frequencynight beapplied via an electrode padcatedat F9 and F1@hile the
otherfrequency applied via another paicated athe coromlly symmetric regioaPO9 and

PO1Q It was observed that the resulting mtaded field was quite diffusé.€., it was difficult to
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generge focused amplification of the modulated signiloreover, in some cases, we observed
constructive interference in multiple disconneategions (i.e., oftarget locations were being
stimulated as effectively as the target locati@oth issues can be seen in Figlidfor the
configuration mentioned abov&o circumvent thesproblens, we decided to deplawultipolar
electrode configuttéons, also known as High Definition tACS (HIBCS) in which more than 2
electrodes are used for each frequeMgg used a 4x1 multipolar cfiguration as shown in
Figure 2. For both frequencies (1kHz and 1.02kHhke polarity of the center electrode
(highlighted inyellow) is opposite to that of the four surrounding electrodes and the applied
currents are scaled accordingly (e.d.m for the central electrodd).25mA for each of the
surrounding electrodedn the Abaqus DC analy3is

1020 Hz Disconnected Areas
T Stimulated Equally

Figure 11. TI-tACS Simulation using an Electrode Pair for each Frequency.

1000 Hz 1020 Hz

Figure 12. High Definition 4x1 Montage used for TI-tACS Simulations.
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Subjectspecific HD THACS simulations were conducted for 16 urécelectrode montages.
Contour plots of the resultant modulated field amplitude on thesamjittal plane@re shown in

Figure B for 4 different scenarigsvhere the locations listed correspond to the position of the
central electroddt is clear that byelecting the appropriate electrode montagecan control

both the focusnd the extent of effective neurostimulation. While F3/F4 is able to stimulate only
the cortical region, the other 3 configurations are able to selectively stimulate deep boaia regi
with little impact on the rest of the brain. In fact, if we use more sophisticated electrode montages
(M1xN; electrodes for frequendy and MxN, electrodes for frequendy), it is possible to

acheve highlevels ofspatialconcentrathtn and amplitud of neurostimulationThus, we have
demonstratethat clinicians can use ouomputationalvorkflow to devise optimal subpe

specific THACS treatment protocols for noninvasive deep brain stimulation.

F3:1000 Hz, F4: 1020 Hz FC3:1000 Hz, FC4: 1020 Hz

Max: +1.516e-001

+9.000e-02
+1.763e-04
Max: +1.516e-01
Elerz: PART-1-1.942928
todé: 100862
O0B: test.odb

: test.odb _Abaqus/Standard 3DEYPERIENCE R2017x  Fri Jan 26
p: full_121, s«mmnﬁ? 4
Sum frama p

1000 Hz, FT8: 1020 Hz

Figure 13. Selected Results of Subject-specific HD TI-tACS Simulations.

4. Clinical Usability of Personalized Neuromodulation Workflow

4.1 Clinical Visualization of Simulation Results

While FE meshbasedcontourplots are usefuio engineersthey maynot be idealfor clinicians

who are typically unfamiliar witlsuch visualization modalitie3 o facilitate clinical analysis of

the simulated results, the SPM toolkit was used to overlay Abaqus EPG results on seividard
ICBM 152template In Figure #, we show two ways in which simulation results can be
visualizedin MRI space. In the tACS image on the left, we plot the modulated resultant amplitude
for the F7F8 pair discussed abowéth the crosshairs indicating points of maximum amplitute

12



is clear that MRIbased presentation of the result allows easierifitziton of the anatomic
structures likely to be stimulatekh the tDCS image on the right, we shtwe difference in tDCS
induced EPG distribution faheresponder versubenonresponder. Areas in red correspond to
regions where EPG magnitude washagfor the responder while those in blue indicate where
EPG was higher fahe nonresponder. We see that ttesponder shows more localized activation
in the inferior parietal lobule while the n@asponder shows more diffuse activatibhese results
are in accordance with oearlier observations; however, by examining the responder and non
responder resulverlaid on each othgdinicians cammore readilyconnect the differences in
stimulated neuroanatomical regions to differences in response tbCS. As such, we can
combine the benefits of patiespecific modeling with standardized clinical visualization practice.

tACS

Figure 14. Simulation Results projected on Standard MRI template.

4.2 Subject-specific Optimization of tACS Treatment Protocol

A typical subjectspecificFE modelruns to completion in under 30 minutes on 128 cores. It is
therefore possible to sequentially assa®sut25-50 differenttreatment configurations within a

24-hour period fromthe ubj ect 6 s ar r i inad effdrit ofrseled Bé best aparoachi n g

for a particular subjecThis can be done in two ways. In the simple casattent configurations
can be standardized such that the same ssécfrodeconfigurations is run for all subjects to
identify the o best suited for the specific subje@bviously, this approach is limited by the
computational resources availabiternatively, by using a intelligentparametric optimization
tool such as Isighthe clinician can specify the brain region to be skatad and let the
optimization code determirtee optimal choice of montage parameters (number and position of
electrodesjo achieve the desired objectif@ that specific subjectWhile this approach is also
ultimately constrained by the available cortgiional resources, it is certainly more effective at
devising optimal treatment protocols than the simple approgetn the same HPC capacity.
Once the optimal electrode configuration has been identtfiedsuperposition theorem for linear
electric cicuits allows usd furtheroptimize the current characteristics in an interactive manner
Since the normalied magnitudes of therecompted DC solutions are invariant with respect to

13



changes in amplitude or frequency, we can modify these parametersHdiedd individually and
examine the resultant current distribution in real tifrfés allows the clinician to fine tune the
current characteristics xhieve more focused neurostimulatiBor instance, by retaining the
optimal electrode positions bmtodifying the amplitudeatio of the two input frequenciethe
clinician can shift the faa point in real time (using visual feedback for guidanté)s two-step
optimization of subjeespecific tACStreatment protocols illustrated in Figure 15

STEP 1 STEP 2

Automatic Exploration of Interactive Modification of
Parameter Space to Identify Current Characteristics to Select

Optimal Optimal
Subject-specific Subject-specific
Electrode Configuration tACS Protocol

Figure 15. Two-step Methodology to Optimize Subject-specific tACS Treatment.

5. Conclusion

In this paper, we have describe@¢omputational workflow to guide the clinical application of

subjectspecific tES for the treatment of neurological and psychiatric disorders. In Figure 16, we
show the key components of the workflow. Beginning with a high resolution FE mesh derived

from subjectspecific structural MRI data, we can automate the number and location of electrodes

for tDCS and tACS given the desired region of maximal neurostimulation. Wibeamap the
simulation results on MRI space to facilitate clinical analysis andhmiation. Finally, we can

support real timénteractive modificatiorof current characteristics ttecide on the best treatment

protocol for a specific subjedtlsing this workflow, clinicians can devise optimal patispécific
treatment plans ia pradical timeframe.

Structural MRI Scan Data High Resolution FE Mesh tES Simulation Scenario Set-up

Interactive Modification Clinical Visualization tES Electrode Placement Optimization
of Treatment Protocol of Simulation Results

Figure 16. Computational Workflow for Personalized Neuromodulation.
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Future work ontiis project will include both scieniif and practicatomponentsTo deploy this
workflow at scale in a clinical sitg, the Image>Mesh process néds to be robust and fully
automated. More research needs to be dord-¢ACS, HD electrode configurationgnd the
effect of electrical anisotropgf the brain. V¢ arecurrentlydeveloping a multiscale methodology
to couple single neuron biophysics (®ms)modelsto 3D whole brain (FE) modets elucidate

the neurophysiologicathanges induced by tE®/e arealso usingnachine learningo develop a
more holisticpredictiveframework based 08D imaging and physiebasedsimulation as well as
on subjectspecific geneticclinical, biometric,behavioraland environmental informaticio

beter guide thadiagnosis and treatment of neurological and psychiatric disorders

6. Acknowledgments

This work wassupported by the Swarnajayanti Fellowship Research @ER&8T/SIF/LSA
02/201415) awardedby the Department of Science and Technology (Government of Indix) to
Ganesan VenkatasubramaniatberCloud, Advania, Hewlett Packard Enterpresed Intel
providal cloudbasedHPCresources for verification @ubjectspecific TI-tACS optimization.

7. References

1. Ashburner, J., K. J. Friston, AiUni fied Segmentat.i

2. Bose, A.V. ShivakumayS. M. Agarwal S. V. Kalmady S. ShenoyV. S. Sreeraj, et al,
AEf fi cacyempofal TRNsoranimect Current Stimulation for Refractory Auditory
Verbal Hallucinations in &izophrenia: A Randomized, Doulbdind, Shamcontrolled
Study, 0 Sc bsearch2pif (inepressp R

3. Grossman, N., D. Bono, N. Dedic, S. Kodandaramaiah, A. Rudenrid ket al,
ANoninvasive Deep Brain Stimulation via Temporall
Volume 169, 2017

4. Huang Y,Y. Sy C. RordenJ. DmochowskiA. Dattg L . C. Parr a, iAn Aut omated
for High-Definition Transcranial Direct Current Stimulatibo d el i ng, 6 I nternational
Conference of the IEEE Engineering in Medicine and RBjgl8ociety, 2012

5. Reat o, D. , A. Rah man, M. Bi ksom, L. C. Parr a, fi Ef

Stimulation on Brain Activityi A Review of Known Mechanisms from Animatu di es, 0
Frontiers in Human Neuroscience, Volume 7, 2013

6. Venkatasubramani an, G. ,Schdeiderian FirdRank $ymptoms S. A. Spenc

and Right Parietal Hyperactivation: A Replication UsingfMRI A mer i can Journal of
Psychiatry, Volume 162, 2085

7. Venkatasubramanian R. D. GreenM. D. Hunter I. D. Wilkinson, S. A. Spence

AExpanding the Response Space in Chronic Schizoph
Cortex, 0 Neurol mage, Vol ume 25, 2005hb

8. Yavari, F., M. A. NitscheH. Ekhtiari,dA Tr anscr ani al Electric Stimulat:i
Medi cine: A Spatiomechanistic Framework, o Fronti
2017

15



