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ABSTRACT

Magnetic resonance current density imaging (MRC&ijl MR electrical impedance tomography
(MREIT) are two emerging modalities, which combimeak time-varying currents injected via
surface electrodes with magnetic resonance ima@itiRj) to acquire information about the current
flow and ohmic conductivity distribution at highatjal resolution. The injected current flow creades
magnetic field in the head, and the component@iriduced magnetic fieldB, . parallel to the main
scanner field causes small shifts in the precedstmuency of the magnetization. The measured MRI
signal is modulated by these shifts, allowing ttedmineAB, . for the reconstruction of the current
flow and ohmic conductivity.

Here, we demonstrate reliabd, . measurements in-vivo in the human brain based wlti-echo
spin echo (MESE) and steady-state free precessgenirfiduction decay (SSFP-FID) sequences. In a
series of experiments, we optimize their robustrfessn-vivo measurements while maintaining a
good sensitivity to the current-induced fields. Wadidate both methods by assessing the linearity of
the measuredAB,. with respect to the current strength. For the mefécient SSFP-FID
measurements, we demonstrate a strong influenceghetic stray fields on theB, . images, caused
by non-ideal paths of the electrode cables, anilata a correction method. Finally, we perform
measurements with two different current injectionfites in five subjects. We demonstrate reliable
recordings ofAB, . fields as weak as 1 nT, caused by currents of 1stnéngth. Comparison of the
AB, . measurements with simulatad, . images based on FEM calculations and individudlizead
models reveals significant linear correlationslirsabjects, but only for the stray field-correcata.

As final step, we reconstruct current density distions from the measured and simulasdg] . data.
Reconstructions from non-correctexB, . measurements systematically overestimate the rdurre
densities. Comparing the current densities recocistd from correctedB, . measurements and from
simulatedAB, . images reveals an average coefficient of detetinimeR2 of 71%. In addition, it
shows that the simulations underestimated the icusteength on average by 24%.

Our results open up the possibility of using MRIsistematically validate and optimize numerical
field simulations that play an important role irvegal neuroscience applications, such as transdrani

brain stimulation, and electro- and magnetoencegaphy.

Key words:
Current-induced magnetic field, magnetic resonangeent density imaging, multi-echo spin echo,

steady-state free precession free induction decayyo imaging
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INTRODUCTION

Accurate knowledge of the current flow distributionthe human head caused by neural or external
sources is important in several neuroscience agits such as targeting control in transcraniainbr
stimulation (TBS) and source localization in eleet(EEG) and magnetoencephalography (MEG)
(Mosher et al., 1999; Nitsche and Paulus, 2000& durrent distributions are usually derived using
forward modeling schemes that employ volume coratugtiodels of the head (Oostenveld et al.,
2011; Tadel et al., 2011; Thielscher et al., 20H8)wever, even anatomically accurate models of the
head still suffer from uncertainties of the tissumductivities. The conductivity values reported in
literature vary substantially across studies, likehused by both methodological differences and
natural physiological variability, with the amouwftuncertainty depending on the tissue type (Dabek
et al., 2016; Faes et al., 1999; Huang et al., 20Mifanda, 2013). Methods to measure the current
flow non-invasively in-vivo are thus important fre validation and improvement of these forward

modelling approaches.

Magnetic resonance current density imaging (MRCarj MR electrical impedance tomography
(MREIT) are two emerging modalities, which combimeak time-varying currents injected via
surface electrodes with magnetic resonance ima@itRj) to acquire information about the current
flow and ohmic conductivity at high spatial res@uat (Eylbglu, 2006a, 2006b; Goksu et al., 2014;
Joy, 2004; Scott et al., 1991; Seo and Woo, 201dg ¥ al., 1994). In short, the injected curreowv
creates a magnetic field in the head, and the camgoof the induced magnetic fieMB, . parallel to
the main magnetic field of the scanner slightlyraes the precession frequency of the magnetization
(here, the z-axis is chosen along the static scaineld, andAB, . is correspondingly the current-
induced field change). This modulates the phasthefmeasured MRI signal proportional A8, .
The current-induced phase changes can thus betaisiEdermineAB, ., and to reconstruct the inner
current flow and the ohmic conductivity distributi(Eytubglu, 2006b, 2006c; Ider and Birgul, 1998;
Joy, 2004; Oh et al., 2003; Scott et al., 1991; &ebWoo0, 2011).

Up to now, successful MRCDI and MREIT recordingsénbdeen demonstrated in phantoms, animal
models and in-vivo in human limbs (Birgul et alo03; Eyubglu, 2006¢; Han et al., 2010; Ider and
Birgil, 1998; Jeon et al., 2009; Jeong et al., 261 et al., 2009, 2008, 2011; Meng et al., 2008;

et al., 2005, 2003; Sadighi et al., 2014; Sadleal e 2005; Seo and Woo, 2011; Woo and Seo, 2008).
However, in order to achieve a sufficient signaktwse ratio (SNR) of thaB, . images, these studies
applied current strengths that were much highen tthese applicable for in-vivo human brain
applications (1-2 mA; Utz et al., 2010). Only rettgnthe first proof-of-principle studies have been
performed that demonstrated the feasibility of &wog AB, . images for the human brain in-vivo
using weak current strengths (Jog et al., 2016jngadéuni et al., 2017). These initial results are

promising, but highlight the need for further impements of the measurement procedures and
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sequences to allow for sufficient quality and unagubusAB, . images in a reasonable acquisition

time.

Using comprehensive theoretical analyses and piranteasurements, we have previously optimized
the sensitivity of two MRI sequences for in-vivo I@RI and MREIT measurements in the human
brain (Goksu et al., 2017). We explored multi-ecdgin echo (MESE) and steady-state free
precession free induction decay (SSFP-FID) seqwenaad derived optimized parameters to
maximize their efficiency for measuring currentdicéd phase changes, given relaxation parameters
of brain tissue at 3 T. Here, we validate the pennce of the optimized sequences for in-vivo brain
imaging and improve their robustness to artifaetg aire of concern in an in-vivo setting, in orter
ensure the validity of the results. Using the agldmpproach, we perform measurements with two
different current injection profiles in five subjecusing SSFP-FID, and demonstrate reliable
recordings ofAB, . fields as weak as 1 nT. We compare ARy . measurements with simulations
based on the Finite-Element Method (FEM) and irtliglized head models reconstructed from
structural MR images of the same subjects. As Biep, we reconstruct the current flow distribusion
from both the measured and simulatd®} . data. Taken together, the results presented hginégt

the importance of careful validation of the measest procedures to ensure unambiguous current
density reconstructions. They optimize the noyBl . measurements for in-vivo applications, and

pave the way for their application in future MRCidd MREIT studies of the human brain.

METHODS

ubjects

Thirteen healthy subjects were included in the ystwdich consisted of five successive experiments.
Five participants took part in two of the experitsgr@and two participated three times. They had no
previous history of neurological or psychiatricaliders and were screened for contraindications to
MRI and TBS. Written informed consent was obtaiffieain all participants prior to the scans. The
study complied with the Helsinki declaration on lamrexperimentation and was approved by the
Ethics Committee of the Capital Region of Denmaik§032361).

Sequence of Experiments

Our study is organized in five successive experisien

» First, we compare the SNR and qualityA8, . images acquired with single- vs. multi-gradient-
echo readouts. Our prior results demonstratedekd to use long echo times for MESE and long
repetition times for SSFP-FID in order to maximeéciency. The resulting SNR-optimal low
readout bandwidth (BW) decreases image quality esuses considerable distortions particularly

for in-vivo applications. Here, we test to whichtent these effects can be prevented by using
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multi-gradient-echo readouts that are acquiredraglaer BW and that are subsequently combined
to reconstruct thaB, cimage.

» Second, we validate the methods by assessingribariiy of the measuresB, . with respect to
the strength of the injected currents.

e« Third, we focus on the more efficient SSFP-FID neasents and assess the influence of
magnetic stray fields on theB, . images, caused by non-ideal paths of the feedibies that are
connected to the electrodes. We propose and val@anethod to correct for these undesired
influences.

» Fourth, we re-evaluate the impact of the choseatitign times on measurement efficiency and
image quality in the presence of physiological eoM/e test whether decreasing the repetition
times below the theoretically optimal values carlphto improve image quality without
substantially sacrificing the SNR of th8, . images.

» Fifth, we performAB, . measurements with two different current injectwofiles (right-left and
anterior-posterior), and compare the measuremeititssimulations based on the Finite-Element
Method (FEM) and individualized head models recamsed from structural MR images of the
same subjects. We also reconstruct and comparecutrent density distributions from the
measured and simulatedB, . data. For both thaB, . images and current flow distributions, we
test how much the correction of the cable-inducedymetic stray fields affects the similarity

between measured and simulated data.

MRI sequences for MRCDI

We tested the in-vivo application of two differddRCDI sequences, MESE (Fig. 1a) and SSFP-FID
(Fig. 1b). Details of the sequences can be foun@iiksu et al., 2017). In short, we selected MESE
because of its high SNR for the magnitude imageki@nrobustness to field inhomogeneity (Nam
and Kwon, 2010), and SSFP-FID for its high phasesitigity (Lee et al., 2016; Scheffler et al.,
2006).

For MESE (Fig. 1a), the measured current-inducegnetic field for the spin-echoABQC is given
as
ABY, = (OM},— OMR)/ 2y Tegh, @

where y is the gyromagnetic ratio of protons, ands The echo spacing. The measurement is

performed twice with opposite current injectionfges, andpm ; and O\, are the phases of the

acquired complex MR images for the positive andatieg current directions for thd"recho (Goéksu
et al.,, 2017; Nam and Kwon, 2010; Scott et al.,2)9%he finalAB, . image is determined as the

weighted sum of the&BQCimages of the single echoes, with the weightingsdgoproportional to the

inverse of the variances of the images (Goksu.eR8l7). When a multi-gradient-echo readout is
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used, the finahB, . image is determined in the same way after summaitooss all acquired gradient
echoes.

For SSFP-FID (Fig. 1b), th&B, . image in case of weak injection currents is giasn

AB, = DMSSl_DMSSZ’ -
m

seq

with [Mgg. and [IMgq, being the phase images for echoes with positivé regative current

injection. The constanfM, :a(DI\/I ss1— M ssz)/aAsz is the phase sensitivity to magnetic

field changes (Goksu et al., 2017). We calculatedai spin simulations based on 3D rotation and

relaxation matrices (Jaynes, 1955), and it dependbe sequence and tissue relaxation parameters.

Measurement procedures

All experiments were performed on a 3 T MRI scanf®fAGNETOM Prisma, SIEMENS
Healthcare, Erlangen, Germany) equipped with ah@el head coil. Multi-channel signals were
combined using an adaptive combine algorithm thgileys a spatial matched filter created from the
individual coil images without a-priori knowledgé @il sensitivity maps (Walsh et al., 2000). The
electrical current waveforms were created using aveform generator (33500B; Keysight
Technologies, Santa Clara, CA, USA), amplified gsan MR-conditional device for transcranial
weak current stimulation (DC-STIMULATOR PLUS, ne@ann GmbH, lImenau, Germany), and
were applied to the participants via circular rubdlectrodes (5 cm in diameter) attached to thipsca
We used two different electrode configurations ttratated current flows either from right to left-(R
L) or from anterior to posterior (A-P) in the braiRor R-L current injection, the rubber electrodes
were attached symmetrically at positions directboee and slightly anterior to the ears using
conductive paste (Ten20, Weaver and Company, Qidor&SA). This corresponds roughly to
positions above the temporoparietal junctions. & injection, one electrode was placed centrally
on the forehead and the second centrally supeithe inion. Unless stated otherwise, peak current
amplitudes of + 1 mA were used. A ramp up periodlOfs was used in order to prevent sudden

subject motion. MR data acquired during this pen@de discarded.

We used single-slice MESE and SSFP-FID measuremeitisan axial slice placed in the upper half
of the brain. Based on an initial structural imgdetails are given below), the slice position was
chosen to contain approximately the electrode ceniéhe fat signal was suppressed by a chemical-
shift-selective (CHESS) fat suppression techniddaaée et al., 1985). A field of view (FOV) of
224x180 mrfy an image matrix of 112x90 and a voxel size ofX&®nn? were used for both
sequence types. For MESE, the echo spacing was 60 ms, repetition time was¥ 1.5 s and the
number of spin echoes wagd\¥ 3. For SSFP-FID, the tip angle was 30°. The other MR sequence
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parameters varied across experiments and are diated. All experiments were performed with
both positive and negative current directions (w0 subsequent acquisitions of each k-space line;

the first corresponds to the positive direction #mal second to the negative). The current waveforms

were employed as indicated in FigurelJ;(for the first acquisition and . for the second). By that,

each k-space line was acquired twice in successadout periods with opposite currerllt:fs andl _

to measure two phase images with opposite curneluieed phases. After acquisition of the complete
k-space, the measurements were repeated. The ME&&nements were repeated twicgLh 2),
with a total scan time of = 9 mins. For SSFP-FID, the number of measuremeptss Maried
across experiments and are stated below. Genetiadly, were selected as high as possible while
limiting the total duration of each experiment tbe participants to 2 hours. This included up to 1
hour 20 minutes of MR scanning (in experiment 2aile are stated below), of which maximally 45

minutes were combined with current stimulation.

For all subjects, a high-resolution structural imagas acquired using the Pointwise Encoding Time
reduction with Radial Acquisition (PETRA) sequerft@a et al., 2015) with number of sliceg; &
320, image matrix 320x320, voxel size 0.9x0.9x0r@ntip anglea = 6°, Tx = 3.61 ms, E = 0.07
ms, inversion time T= 0.5 s, BW = 359 Hz/pixel, and turbo factor 408e images exhibited a-T
weighted contrast for soft tissue. In additioralibwed locating the rubber of the electrodes drtie
cable insulations due to the short. The visibility of the cable tracks was furtherpmaved by
covering them with Play-Doh (Hasbro Inc., RI, USAfich provides strong MRI signal due to its

high water content.

For participants in which the current flow distrilmn was estimated using FEM calculations,
additional T- and T-weighted images were acquired for the construatibmdividualized volume
conductor models. The ;fveighted images were based on a Magnetizationalfedp Rapid
Acquisition Gradient-Echo (MPRAGE) sequence withmiver of slices i = 208, image matrix
256x256, voxel size 1x1x1 rr?mip angleo = 9°, T = 2700 ms, ¥ = 3.63 ms, and inversion time T

= 1090 ms with selective water excitation. Thewkighted images used a Sampling Perfection with
Application-optimized Contrasts using differenpflingle Evolutions (SPACE) sequence with N
208, image matrix 256x256, voxel size 1x1x1 N, = 3200 ms, = 408 ms, and turbo factor 282.

Experiment 1. Sngle- vs. Multi-gradient-echo acquisition

In three participants, we compared the quality 8NdR of theAB, . images based on multi-gradient-

echo readouts at high BW versus their single-gragieho counterparts at low BW, employing an R-
L electrode montage. The experiments were perforomtld with and without current injection. The

MESE experiments were repeated foie¥ 1 (BW = 19.2 Hz/pixel; echo time point relatiie the

7
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preceding refocusing pulsezg=30 ms) and bk =5 (BW = 103.6 Hz/pixel; gradient echo time psint
relative to the preceding refocusing pulsee8.8, 19.6, 30, 40.6, 51.2] ms). The SSFP-FID
experiments were performed withy F 120 ms and Mas= 12 (T = 4.5 mins). They were repeated
for Nge = 1 (BW = 12 Hz/pixel; gradient echo time poinliatese to the preceding RF pulsezgE60

ms) and Ng = 7 (BW = 75 Hz/pixel; gradient echo time poinige = [8.33, 22.43, 36.53, 50.63,
64.73, 79.00, 93.16] ms).

MESE was tested at its optimatsbf 60 ms, while SSFP-FID was tested at its optiimabf 120 ms,
resulting in a different number of readouts for thelti-gradient-echo cases. For both sequences, the
number of readouts was chosen to result in a BWMaa high enough to prevent visible distortions.
The quality of the resulting\B,. images was evaluated by visual inspection. In tandi the
performance of the methods was quantified by argaliistograms of the noise floor in thd, .
images acquired without current injection. For timaasks created from the magnitude images were

used to extract the values from the brain. Gaussigtnbutions were fitted to the histograms, amel t

differences in the meap 5z, and standard deviatiodi,g,. of the fits were evaluated.

Experiment 2: Linear dependence of the measured AB, . on current strength

In order to verify the linear dependence of the sneadAB, . on the strength of the injected currents,
MESE and SSFP-FID experiments using multi-gradesfite readouts were performed in four
participants. The data of one subject was discaddedto severe motion artefacts. For MESE;z N

5 was used. The parameters for SSFP-FID were T20 ms, Neas= 12 and Ng = 7. For each
participant, measurements at four currents strefigth 0, 0.33, 0.66 and 1 mA) were acquired in
random order, using an R-L electrode montage. Tédsilted in 4x12=48 SSFP-FID and 4x2=8
MESE measurements per participant. For each measutg averageé\B, . values were extracted
from a region-of-interest (ROI) that was individyagbositioned to exhibit clear current-induced phas
changes for the MESE measurements at 1 mA. Lireggession models of the extracte8, . values
as a function of Iwere fitted both to the MESE and SSFP-FID resualtg] the mean shiff% and

slopesB; and their standard errors are reported.

Experiment 3: Correction of cable-induced stray magnetic fields

Given the higher efficiency of SSFP-FID comparedMBSE (Goksu et al., 2017), we focused on
SSFP-FID in the rest of the study. The sequencanpeters were = 120 ms, Meas= 24 (Tt = 9
mins) and Ng = 7. In the proximity of the head, the cables @mtimg the electrodes to the current
stimulator should be fully parallel to the main magc field of the scanner. This ensures that the
magnetic fields created by the current flow throdigd cables do not contribute to the phase of the
measured MR images. Any deviation from an ideahlgrcable path can result in strong stray fields

which change the measured, . distribution. For example, a straight wire of 1 ¢ength that
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carries a current of 1 mA and is placed paralleatoaxial imaging plane at a distance of 10 cm
changes the z-component of the magnetic fieldenplne by up to 0.9 nT. This is approximately the
situation encountered if the electrode cables fuseétbove or below the head, and the resultird fie
change is similar to that caused by current flogide the head. However, parallel cable paths are
difficult to achieve in practice, as modern muhliaonel receive coils fit tightly around the head.
Changing to, e.g. birdcage coils would stronglyuesdthe SNR of the measurements. In addition, in
our measurements, the stray fields were severezaamployed a twisted wire pair that branched out
only in close proximity to the head. This was cauisg the need to employ stimulator equipment that
was CE approved as medical device.

Using SSFP-FID measurements in four participanésgemonstrated the impact of the cable-induced
stray fields on theAB,. images. A wire loop was placed around the heath wie upper half
following a similar path as the cables in the otherasurements. The lower half of the loop was
extended inferior, with the wires being as paradlielpossible to the main magnetic field for 30 cm
before they were twisted and connected to the #itmu By that, the stray field of the wire loop
coarsely mimicked that of the cables in the axiaging slice in the upper part of the head.

In order to correct for the effects of the stragldi we reconstructed the wire path from the PETRA
images, calculated the wire-induced field using Biet-Savart Law, and subtracted it from the
measured\B, . image. We validated this correction method by canmg the correctedB, . images
with the results of control measurements withoutent injection. Histograms of both measurements
were obtained, and the mean and standard deviaftiGaussian distributions fitted to the histograms
were compared. For both the experiments with anilont current flow, Neas= 24 measurements

were used. The experiments were repeated twiastdhe reproducibility of the results.

Experiment 4. Dependence of measurement efficiency on repetition time

In our prior study (GoOksu et al.,, 2017), we emptbyghantom experiments and simulations to
demonstrate a strong influence of the SSFP-FIDtitegretime Tg (Fig. 1b) on the efficiency of the
MRCDI measurements. We derived an optimal valu&of 120 ms, which is higher than usually
employed in order to allow for sufficient phase woalation. However, a longgTcan also increase
the influence of physiological noise on the measnats, leading us to re-evaluate the impactof T

on measurement efficiency in the in-vivo case.

We performed SSFP-FID experiments in six partidipaamploying an R-L electrode montage. The
experiments were repeated with and without curirgattion. The data of one subject was discarded
due to severe motion artefacts. In each particjghnge repetition timesgl= [40, 80, 120] ms were
tested in a random order. The number of measurerapatitions Neaswas adjusted to keep the total
acquisition time T close to 9 mins. The remaining MR sequence paemetere adjusted to

optimize the measurement sensitivity and imageityuar the given k:

9
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e Tr=40ms: Ee =20 ms, Ne= 1, BW = 276 Hz/pixel, Neas= 72

e Tr=80ms: Ee=[7.46, 19.73, 31.86, 43.99, 56.13] mg=N 5, BW = 88 Hz/pixel, Neas= 36

e Tgr =120 ms: Ee = [8.33, 22.43, 36.53, 50.63, 64.73, 79.00, 936] N;sg = 7, BW = 75
Hz/pixel, Npeas= 24

The AB, . images were corrected for the cable-induced dietys as described above. Histograms of

the AB, . images without current injection were obtained] #éme mean and standard deviation of

Gaussian distributions fitted to the histogramsenggtermined.

Experiment 5: AB,. measurements for two different electrode montages

We compared thaB, . images obtained for R-L versus A-P electrode ngedan six participants.
The sequence parameters werg I 120 mS, Neas = 24 (Tt = 9 mins) and N = 7. The
measurements were repeated with and without cunirgettion. The data of one subject was
discarded due to motion artefacts. &, . images were corrected for the cable-induced diedys.
Histograms of the\B, . images without current injection were obtained] &me mean and standard

deviation of Gaussian distributions fitted to thstdgrams were determined.

FEM simulations of the current flow and the induced magnetic field
We compared the\B,. images measured in experiment 5 with simulatedgésa using FEM

calculations of the current flow distribution ingidhe head based on our open-source pipeline

SIMNIBS 2 (www.simnibs.org; A Thielscher et al., 1&). An anatomically realistic volume
conductor model was automatically created fromdtnectural T and TL-weighted MR images. The
model consists of five tissue compartments, narbeiyn gray matter (GM), white matter (WM),
cerebrospinal fluid (CSF), skull and scalp. Isoicaghmic conductivities were assigned to the tissue
(WM: 0.126 S/m, GM: 0.275 S/m, CSF: 1.654 S/m, b&dn@10 S/m, scalp: 0.465 S/m) (Thielscher et
al., 2011). The electrode positions were determfrad the PETRA images. The electrode pads were
modelled as disks with 50 mm diameter and 5 mnkii@ss with a conductivity of 1.0 S/m. For the
FEM calculations, Dirichlet boundary conditions fitve electrostatic potential were applied at the
electrode surfaces (Saturnino et al., 2015). Thaulsitions were performed for both R-L and A-P

montages, assuming a current strength.of 11 mA. The Biot-Savart Law was applied to the

calculated current density distributipm order to determine theB, . image.

Reconstruction of current density images
The measuredB, . images for the two electrode montages R-L and (&x¥periment 5) were used to
determine current density distributions. We recamtsed the x- and y-component of the current

density in the imaging slice using the approacHampd in (Ider et al., 2010; Park et al., 200HeT

recovered current density... , termed “projected current density” in (Park ef 2007), is given as
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with y  being the permeability of free space. The varialgsand Angdenote the current density

and magnetic field distributions that would occar & uniform conductivity distribution inside the
head. They were determined using FEM calculatidie projected current density images were
reconstructed from both the measurements with dtiebut stray field correction, and compared with
the simulation results. A median filter (3x3 neightood) was applied to th&B, . measurements to
remove spatial high-frequency noise before applyfregreconstruction algorithm. For comparability,
the same filter was applied to the simulatg] ., even though it affected the images only margynall
There are more advanced filtering (Lee et al., 2@kid current density reconstruction (Ider et al.,
2010; Park et al., 2007) techniques, which mighitquen slightly better. However, they are beyond
the scope of this study.

RESULTS

Subject Experiences

For both the MESE and SSFP-FID methods, the synéted injected current induced similar side
effects in each of the subjects. All subjects regmbphosphenes, which were stronger for the A-P
compared the R-L electrode configuration. They absperienced subtle tingling near the electrodes,
which disappeared after a short while. None ofstligiects reported any discomfort due to the current

injection.

Experiment 1. Sngle- vs. Multi-gradient-echo acquisition

For both the MESE and SSFP-FID measurements, #iaaion of the\B, . images acquired without
current injection (Fig. 2a) shows that the mul&djent-echo readouts consistently reduce the noise
floor. In case of multiple echoes, the depicidg} . images are the weighted sum of the single echo
results, with the weighting factors being proparéibto the inverse of the variances of the images
(Goksu et al., 2017). The better quality of the tirgiiadient-echo results is corroborated by thediow
mean values and standard deviations obtained frAB,. images of the multi-gradient-echo
readouts, as listed in Table 1 (Supplementary &lgshows the corresponding histograms). In this
respect, the mean values indicaR, . offsets, while the standard deviations charactetiee“noise
power”, i.e. the strength of the spatial fluctuaoof the noise. As a side note, the MESE

measurements with multi-gradient-echo readouts kiaadowest noise standard deviations across all
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four tested conditions. However, it should be ndteat the listed values are not normalized per unit
time, and the total scan time of MESE was two titoeger than that of the SSFP-FID counterparts.
The use of multi-gradient-echo readouts also hadpanprove the quality of the MR magnitude
images (Supplementary Fig. S2) amB,. images obtained with current injection (Fig. 2b).
Specifically, the results for the single-gradieahe readouts suffer from ghosting-like patternsicivh
are absent when multi-gradient-echo readouts agd. 0disual inspection suggests further that the
multi-gradient-echo readouts result in more simidB,. images for the MESE and SSFP-FID

measurements in each of the three subjects.

Experiment 2: Linear dependence of the measured AB, on current strength

Figure 3a shows the MR magnitude anB,. images for MESE and SSFP-FID measurements
performed atJ= 1 mA. In each of the subjects, th8,. images of the MESE and SSFP-FID
measurements show a good similarity. Average. values were extracted from the indicated ROIs
for each of the four tested current strengths datlggl against the current strength in Fig. 3balln
cases, the fitted regression models are highlyifgignt, demonstrating a good linear dependency
(Table 2). The mean shiffi (i.e., the intercepts of the fits) are close tmza all cases, which proves
the absence of systematic biases. For all threjecsbthe slopeB; are similar between the MESE
and SSFP-FID results. For SSFP-FID, the small st@hdrrors indicate a good accuracy of Al

results that were obtained by averaging acrosyvenekasurements.

Experiment 3: Correction of cable-induced magnetic stray fields

TheAB, . fields created by currents flowing in a wire lcaqound the head and measured using SSFP-
FID are shown in Fig. 4b. Corrected images weraiobt by subtracting\B, . fields that were
determined via forward calculations based on tlwenstructed wire paths and the Biot-Savart Law
(Fig. 4c).

Comparing the corrected images with coniBl, . measurements without current injection (Fig. 4d)
demonstrates that the remaining noise after theecioon is in a similar range to that of the cohtro
images. This is confirmed by evaluating the mednesand standard deviations of i, . images,

as listed in Table 3. For both experimental ruhs,rmean values of the corrected and control results
are close to zero. The standard deviations arétblifpigher for the corrected results, indicating a
small residual effect that was not corrected bystiigtraction procedure. The underlying reason might

be small inaccuracies in determining the wire péthis the PETRA images.

Experiment 4. Dependence of SS-P-FID measurement efficiency on repetition time
The AB, . images acquired using SSFP-FID at three differgpetition times, both with and without
current injection, are shown in Figure 5. The inwgeth current injection were corrected for the

impact of the cable-induced stray fields as desdribove. The SNR of the images acquiredgat T
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40 ms is clearly lower than obtained at the twaebptiepetition times. The results obtained at=180

ms and k = 120 ms exhibit similar sensitivities to the ant-induced magnetic field changes. An
exception is the\B, . image obtained for subject &ithout current injection (fourth row of Fig. 5a),
which has a poor quality compared to the otherligspresumably due to motion outside of the
imaged slice. This occurred even though the MR ritage images show no considerable image
artifacts (Supplementary Fig. S3). Comparison efstandard deviations of ti8, . images obtained
without current injection confirms the visual impseon (Table 4). On average, the standard deviation
is reduced by 61% forgl= 80 ms and 53% forgl= 120 ms compared to the measurementiat T
40 ms. The measurements using=T80 ms perform slightly better than those with=T120 ms in

four out of five subjects.

Experiment 5: AB,. measurements for two different electrode montages

The AB, . images obtained by SSFP-FID measurements for theaRd A-P electrode montages are
shown in Figure 6, both without (Fig. 6b) and waibrrection of the cable-induced stray fields (Fig.
6¢). Visual comparison confirms the importance mflging the correction (please note, that the blue-
red patterns are actually inversed between undedeand corrected images). Focusing on the
corrected images (Fig. 6¢), the results of the mdhtage exhibit very similar spatial distributioofs
the current-induced magnetic fields across thedivgjects, while the obtained peak intensitiesriiea
vary. The results obtained with the R-L montagéedifnore between subjects, with the variation in
the electrode positions likely contributing to teelifferences.

The controlAB,. images obtained without current injection (Supm@atary Fig. S4) exhibit an
average mean shift gfyg, . = 0.005 nT (averaged across the five subjects)aandverage standard
deviation ofo,g, . = 0.111 nT. These values ensure a sufficient Seyiwhen measuring magnetic

field changes caused by the current flow at thesehtrength of 1 mA.

Comparison of measured and simulated current-induced magnetic fields AB,¢

We simulated the current-induced magnetic fielddoth the R-L and A-P electrode montages (Fig.
7a shows exemplarily the results for subjegt B general, the simulated and measured fielthdéx
similar spatial distributions and variations, suping the validity of the measurements. Scattetsplo
of the measurements (with and without correctionhef stray fields) versus simulations show clear
linear dependencies for the correctdsl, . data, which are absent for the uncorrected meamaumes
(Fig. 7b depicts the results for;)S Correspondingly, fitting linear regression maddb the
dependencies between correc) . measurements and simulations reveals signifiesilts for all
subjects (Table 5), with the coefficients of detexation being on average 0.68 and 0.88 for the R-L
and A-P montages. Interestingly, the estimatedeslogre slightly lower than unity. That is, the

simulations underestimateB, . slightly, but quite systematically in 9 out of thé measurements. It
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is worth noting that we do not expect identicalies as the simulations were based on a head model

that employed standard conductivity values froerditure.

Comparison of the current density measurements and simulations

We reconstructed the x- and y-components of theentidensity distribution in the imaging slice
from the AB,. measurements (with and without stray field corogtand additionally from the
simulatedAB, . data in the five subjects for both R-L and A-Pclede montages. The results of the
first subject are exemplarily shown in Figure 8agementary Fig. S5 lists the results of the other

subjects). For the simulations, the reconstructedeat densities] .. differ markedly from the

original current densities = that were determined via FEM calculations and sktuecalculate the
AB, . distributions via the Biot-Savart Law. While coafgatures of the current flow pattern such as
generally higher current densities close to thetaddes and in the longitudinal fissure (for thePA-
montage) are maintained, fine inflow effects in tudci are mostly lost. Visual comparison of the
current density reconstructions from the uncoreeetrsus correctetiB, . measurements reveals that
the current densities close to the electrodes eeeestimated when theB, . data is not corrected for
the cable-induced stray fields. In addition, ineegh current densities in the CSF-filled longitudlina
fissure are only observable for the corrected c&mmparing the current density distributions
reconstructed from the measurements versus thdations by means of scatter plots (Fig. 8b) and
linear regression analyses (Tables 6 and 7) cosftirat the difference between measurements and
simulations is overestimated without stray fieldreotion. Specifically, the slopes of the regressio
lines increase by on average 0.16 (uncorrectedorsected: 0.65 vs. 0.81, pooled across A-P and R-
L). Also for the corrected data, the slopes atelster than unity, i.e. the simulations systeroaliy
underestimate the current densities by on averdfe. Zhe coefficients of determination are only

slightly increased for the corrected data, for Wwhitey reach on average 0.71.

DISCUSSION AND CONCLUSIONS

We tested two MR sequences, MESE and SSFP-FIDmEasurements of weak current-induced
magnetic fields in the human brain. The sequenceee vpreviously optimized using extensive
computer simulations and phantom tests (Goksu.et28lL7) to maximize their sensitivity to the
current-induced fields. Here, we assessed theifopeance in-vivo and demonstrated that both
sequence types could be successfully used to réweamagnetic field distributions for a current

strength of 1 mA, in turn allowing us to reconstrihe current flow distribution in the brain.

Optimization and validation of the MR sequences and measurement procedures
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Our results demonstrated the need to adapt theogaglsequences for in-vivo application by
including multi-gradient-echo acquisitions. Spegfly, long echo times (MESE) and repetitions
times (SSFP-FID) are required to maximize the siwitgiof the measurements to the current-induced
magnetic fields (Goksu et al., 2017). This in talecreases their robustness to physiological noise
(e.g., due to respiration, blood flow and smalljsabmovement) when single-echo readouts with low
bandwidths are used. Our results show that mudtiignt-echo readouts at higher bandwidths
improve the image quality and allow selecting l@atpo and repetition times to maximize sensitivity,
even though the total available readout periodlighty shortened by the time needed for the
additional gradient switching in that case.

In contrast to the better efficiency of SSFP-FIDnpared to MESE observed in the prior phantom
tests, both sequence types had similar noise lemetbe in-vivo case when matching the total
acquisition time. Specifically, comparing the awgranoise standard deviations listed for MESE
(Nge=b) in Table 1 to the results for SSFP-FID with=120 ms in Table 4 (both acquired witfg, ¥

9 mins) reveals similar values. This indicates ftfatsiological noise is a dominant factor that tani
the sensitivity of the in-vivo measurements. Inctice, the higher number of measurements that are
obtained during SSFP-FID acquisitions open up aipiigy of discarding (partial) measurements
with strong noise, thereby possibly improving thmlify of the final averaged magnetic field image.
Nevertheless, MESE may still outperform SSFP-FIDnialti-slice acquisition, as it allows for
interleaved slice excitation without prolonging ttedal acquisition time (Goksu et al., 2017). The
impact of physiological noise also became appandr@n testing different repetition times for the
SSFP-FID measurements. As expected, increasingfrdm 40 ms to 80 ms increased the
measurement sensitivity. However, an additionalgase to 120 ms tended to decrease the sensitivity
of the in-vivo results slightly again, in contrastthe theoretical and phantom results. This indica
that a 'k moderately below the theoretically optimal valien de chosen for in-vivo applications
without losing sensitivity, while potentially imprimg robustness.

For both sequence types, the dependence of theuradamagnetic field on the current strength
exhibited a good linearity. In each of the threstad subjects, the slopes of the linear fits ofréseilts
obtained with the two sequences were similar. Thigates the chosen scaling factogdfor the
SSFP-FID measurements (Eq. 2), which relates trgnet field and phase changes, and which was
determined via spin simulations (Goksu et al., 2017

We have demonstrated strong effects of the magsetg fields created by the current flow in the
cables on the measured magnetic field and on tenstructed current flow distributions, and have
validated a correction method that employs delinaatof the cable paths derived from structural
images for forward calculations of the stray fieléfghile improved cable designs might help to
ameliorate this problem, we would like to emphagimg even a small deviation from an ideal path
parallel to the field direction of the scanner wiluse non-negligible distortions of the measuield f

distributions when it occurs close to the measurgmelume, e.g., 10 cm away. This effect results in
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miscalculated current flow distributions, and hights the importance of controlling for and, if

required, correcting the impact of the stray fields

Comparison of measured and simulated fields

The measured magnetic fields showed a good comespce to the fields obtained via FEM
simulations, with average coefficient of determioas R2 of 68% and 88% for R-L and A-P
montages. Following up on the reasons why the Adhtage is on average revealing a better
correspondence might be interesting for future istidThe simulations based on “standard” tissue
conductivities taken from literature systematicallyderestimated the strength of the current-induced
AB, . in 9 out of the 10 measurements (average regresiipes of 0.80 and 0.90 for R-L and A-P).
Also the current density distributions estimateairirthe corrected magnetic field measurements and
the FEM simulations were in good agreement, withaarrage coefficient of determination of
R2=71%, with little difference between the R-L afid® montages. The simulations underestimated
the current strength on average by 24%. The likedyn reason are inaccurate ohmic conductivities
assigned to the brain tissues in the FEM simulatidm addition, the use of isotropic conductivity
values for white matter might affect the accuratthe simulations, as its conductivity is knowno®
anisotropic (e.g., Nicholson, 1965). Future stud@gd therefore test whether the use of condugtivi
tensors estimated from diffusion MRI (e.g., Opitak, 2011) improves the fit between measurements
and simulations. Along similar lines, it could bested whether more detailed models of the pad
electrodes (Saturnino et al., 2015) increase thénferestingly, recent studies using invasivevie
recordings to measure the electric field injectgdranscranial weak current stimulation indicatat th
FEM simulations based on standard conductivity esisimilar to the ones used here over- rather than
underestimate the electric field strength (Huangalet 2017; Opitz et al.,, 2016). This apparent
contradiction might be resolved by considering tatreconstructed the current density rather than
the electric field. Huang et al. (2017) derivediwdblally optimized ohmic conductivities to best fi
the simulated to the measured electric fields, fuohd that optimization resulted in higher-than-
standard tissue conductivities consistently acsokgects. Increasing the conductivity of brainuess
would in turn tend to increase the current stremggide the skull, in line with our results. Whtlas

explanation seems plausible, it should be followpgde.g. by future simulation work.

Prior Studies

To our knowledge, only two prior studies reportvige MR measurements of current-induced
magnetic fields in the human brain. In (Jog et 2016), standard field mapping sequences were
employed to measure the constant fields of diraoteats. While the use of standard sequences has
the advantage that 3D coverage can be readily\aghig¢his approach is not robust to slow temporal
drifts of the MR signal that occur due to both teichl and physiological reasons, inherently lingtin

the achievable sensitivity. The results presentedKiasinadhuni et al., 2017) were based on a
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measurement approach that was more similar topgheoach tested here. However, their method is
comparably less sensitive to current-induced fighdnges and the results were not corrected for
cable-induced stray fields. The spatial patternthefmeasured magnetic field distributions reported
in that study vary substantially across subjeatspide using the same electrode locations. The peak
magnetic field values exceed those, which we obthifor the uncorrected images, and are
consistently higher than those indicated by theot aur FEM simulations. Even when considering
that a higher current strength of 1.5 mA was applieese observations indicate that cable-induced
stray fields likely affected the results of thamdst. As the employed current flow reconstruction
algorithm was based on first order spatial denaggtiof the measured current-induced magnetic field
(Ider et al., 2010; Park et al., 2007), any nonstamnt stray field will distort the reconstructedremt
flow. This opens the possibility that also the sab8al differences between the measured and
simulated current density reconstructions repoite@Kasinadhuni et al., 2017) might have been
amplified by neglecting putative cable-inducedstields. As a side note, the detrimental effedts o
cable-induced stray fields on the reconstructedeatirflow do not occur for methods which rely on
the Laplacian oiAB, . (e.g., Ider et al., 2010), as the Laplacian of ¢dable-induced stray magnetic
fields is zero inside the imaging region. Howeas these methods employ second derivatives, they

might suffer more from amplified noise in the reswacted current density images.

Limitations and Future Work

The main focus of our study was on the optimizatiord validation of the MR sequences and
measurement protocol. In the future, the measuregaasitivity can possibly be further increased by
using pulse sequences such as balanced alterrstagly-state free precession (bSSFP) which
exhibits a more than 10 times higher phase seitgitiBieri et al., 2006; Minhas et al., 2010). A
higher sensitivity would be beneficial to limit scime when aiming to extend the spatial coverage
towards multiple slices. Increasing the currengérggth from 1 mA up to 2 mA is also feasible, but
requires careful piloting. Stronger currents alsorease the side effects such as tickling and pain
sensations underneath the electrodes, which mdiesmeasurements less comfortable for the
participants and might result in stronger head muwam. In addition, the correction method for the
cable-induced stray field used here requires mamaeking of the cable paths that are, howeverl wel
visible as dark regions inside the bright Play-Ddhe tracking accuracy depends on the spatial
resolution of the employed PETRA images (0.9 mmviaxel in our experiments, which is
sufficiently small to guarantee sufficient accunadywould be desirable to optimize the cable dgesi

in order to reduce the influence of the cable-imdustray fields, which might help to further ingea
the robustness of the final results.

The employed current density reconstruction canfusther optimized. The observed similarity
between the reconstructions from measured and aietltlata suggests that the method in its current

form is already sufficient to obtain a coarse agpnation of the current flow. Replacing the median
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filter used to denoise th&B, . image before applying the reconstruction algoritiyrmore advanced
filter approaches (Lee et al., 2011) might helpeteeal some more detail in the reconstructed ctrren
density images. The reconstruction was based orsithplifying assumption that the x- and y-
components of the current-induced magnetic fiekdsanall and can be neglected (Sajib et al., 2012).
This also implies that the measured conductivitstriiution does not vary along the z-direction.
However, the head and brain clearly vary alongozthsit accurate estimations of the current flow
require assumptions that are more realistic. Coetbinvith the imaging of multiple slices,
reconstructing the current flow from 3BB,. data should help to increase the accuracy of the
reconstruction (Ider et al., 2010). However, it'dddoe noted that these limitations do not affegt o
finding that the FEM simulations underestimated therent strength, as we applied the same
reconstruction steps to the simulation results eratthan using the originally simulated current
distribution for comparison (Fig. 8a). Finally, will be interesting to explore the usage of the

measuredB, . data for the estimation of individual tissue coctduties (Kwon et al., 2016).

Conclusion

We have demonstrated the feasibility of reliable GIR measurements in-vivo in the human brain at
a current strength of 1 mA. Future studies might & further improve the sensitivity of the MR
methods and their robustness to physiological nasewell as to extend their spatial coverage
towards multiple slices. Our results are promisang indicate that MRCDI measurements combined
with the reconstruction of current densities arsduée conductivities (Eyubt, 2006c; Ider et al.,
2010; Park et al., 2007; Seo et al., 2003; Seo Wiad, 2011) might be useful for validating
simulations based on volume conductor models ofhireed and for improving the accuracy of the

simulations.
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FIGURE CAPTIONS

Figure 1. Schematic diagrams of the MESE and SSFP-FID segsdiplease see Goksu et al., 2017
for details). (a) Diagram of the MESE sequence $&quence is composed of a 90° excitation pulse
preceding repetitive 180° refocusing pulses, so thaltiple spin echoes are created. The injected
bipolar current waveform is synchronized with thdio frequency (RF) pulses, so that the phase of
the continuous complex transverse magnetizaiq) (ncreases linearly over time. The measurement
is performed twice with opposite current injectimofiles (indicated by red and green dashed lines),
and the difference between the phase images istagigtermine the current-induced magnetic field.
Either single-gradient-echo readouts (single & multi-gradient-echo readouts with fly-back (thu
Gy are used. (b) Diagram of the SSFP-FID sequehite.sequence is composed of repetitive in-
phase excitation pulses with constant tip angle @mmbstant repetition timerI A bipolar current
waveform is injected in synchrony with the SSFP-E&juence. The current-induced phase of the
continuous complex transverse magnetization evoinespposite directions in odd and evep T
periods (indicated by red and green lines), whedults in two different steady-state conditionshwit
opposite phases. Either single-gradient-echo raadsingle @ or multi-gradient-echo readouts with

fly-back (multi G) are used.

Figure 2. Experiment 1. Comparison of single- vs. multi-gesatecho acquisition in three subjects.
The Tes (MESE) and | (SSFP-FID) times were kept identical between lmatbes. All images are
shown in radiological convention, with the oriergatindicated for the lower right slice in subfigur
b. (a)AB,.images of the measurements without current igactiFor both MESE and SSFP-FID
(Tr=120 ms, Neas= 12), the results of the multi-gradient-echo asitjons exhibit a lower noise floor
than those of the single-gradient-echo acquisitiqghb$AB, . images of the measurements with current
injection. For better visualization of the spataltterns, mean-corrected images are shown (ie., th
averageAB, . in the brain was subtracted). The quality of tmages is improved by the use of multi-
gradient-echo readouts, which prevent the ghodilkegpatterns observed in the results of the single
gradient-echo acquisitions. Please note that tted &mquisition times differed for MESE I~ 9
mins) and SSFP-FID (= 4.5 mins) in this experiment, as the primary geas to compare single-

versus multi-gradient-echo readouts.

Figure 3. Experiment 2: Test of the linear dependence ofmkasured\B, . on the applied current
strength in three subjects, performed for both ME®EH SSFP-FID (=120 mS, Neas= 12) with
multi-gradient-echo readouts. (a) Magnitude ald . images for the measurements at=11 mA.
The black rectangles depict the regions-of-inte(B€Is), in which the averageB, .was extracted.

In subject § a line-like artifact is visible in the MESEB, . images in the phase encoding direction
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and to a lesser extent also in the SSFP-FID restiis artifact is consistent with flow effects from
vessels. We did not observe this type of artifagetim (b) Dependency of the averag®, . in the

ROI on the applied current strength. For MESE, rémults of the two measurements are shown as
blue and orange lines, and their average is shevengreen line. For SSFP-FID, the average of the 12

measurements is shown; the bars represent theastiaeitor.

Figure 4. Experiment 3: Correction of the cable-induced netignstray fields for SSFP-FID
measurements §£120 ms, Neas 24) with multi-gradient-echo readouts in four jgabs (no tissue
current). The experiments were repeated twice, #ned figure shows the results of the first
experimental run. (a) Magnitude images. (b) UrexiedAB,. images showing the stray field
generated by the current flow in the wire loop athe head. (c) CorrectadB, . images, in which
the stray field was calculated based on the renacted wire path and subtracted from the measured

AB;. (d)AB,.images of the control measurements performed witbarrent injection.

Figure 5. Experiment 4. Comparison of SSFP-FID measuremeitkts multi-gradient-echo readouts
performed in five subjects using three differenpet@tion times k. (a) AB,. images of the
experiments performed without current injectiorh) 4B, images of the experiments with current
injection. The experiments usingg E 40 ms exhibit the highest noise levels. Thel tatguisition
time was kept the same for the three repetitiorsitoy adapting the number of measurements40
MS: Npeas 72; T==80 MS: Neas= 36; Te=120 MS: Neas 24).

Figure 6. Experiment 5: SSFP-FID measurements=[20 ms, Neas= 24) with multi-gradient-echo
readouts of five subjects for the R-L and A-P eled¢ montages. (a) Magnitude images. (b)
UncorrectedAB, . images (left column: R-L montage; right column:PAmontage). (c) Corrected
AB,. images. The electrode positions are indicated lask boxes. Note that cable contributions

dominate the uncorrected images.

Figure 7. Experiment 5: (a) SSFP-FID measurements and FEMilations of the current-induced
AB, . for subject S1 in Fig. 6. Shown are the MR magfetimage, and the correcta, .images and
FEM results for the both the R-L and A-P montagése electrode positions are shown as black
rectangles. (b) Scatter plots of thB, . measurements versus simulations (left column: Relntage;
right column: A-P montage). The results are plofi@dthe cases with (blue) and without (orange)
cable-induced\B, . correction. The results without stray field cotr@e have no correspondence to
the simulations. The red regression lines are basea linear regression of the correci®f, .
measurement results versus the simulations (plediseto Table 5 for the results of the regression

analyses for all five subjects).
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689
690

Figure 8. Experiment 5: (a) Reconstruction of the curremsity distributions from simulated and
measured\B, . images. The results for subjecta®e exemplarily shown (upper row: R-L montage;
second row: A-P montage). The norm of the 2D curdemsities is depicted. Visual comparison of
the simulated current density distributiodsew With their correspondingl .. images that were
reconstructed from the simulata@, . images shows that the reconstruction algorithrovecs only
the coarse features of the current flow patterrecBigally, higher current densities close to the
electrodes and in the longitudinal fissure are maded. Visual comparison of the reconstructions
from uncorrected and correctetB,. measurements reveals that the reconstructions fitten
uncorrected measurements overestimate the curssditets close to the electrodes. For the A-P
montage, an increased current flow in the longitabifissure is only visible for the corrected
measurements. (b) Scatter plots of the projecterkst flow measurements versus simulations for
subject $ (1% row: R-L montage; " row: A-P montage). The results are plotted for ¢hees with
(blue) and without (red) cable-induced stray maigrfegld correction. The results without stray del
correction overestimate the current flow densiggulting in a smaller slope of the fitted regressio

line (please refer to Table 6 for the results efragression analyses for all five subjects).
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691 TABLES

692
MESE SSFP-FID
HABL\.ICG(E:Ale,c) Nee=5 Nee=1 Nee=7
S 0.066 (0.166) 0.037 (0.086) -0.043 (0.149 0.02623)
S, 0.126 (0.186) 0.089 (0.117) -0.024 (0.201 -0.01211)
S; 0.144 (0.150) -0.035 (0.103) -0.078 (0.150 -0.02t151)
Avg 0.112 (0.167) 0.030 (0.102) -0.048 (0.167) -0.009 (0.128)

693  Table 1. Experiment 1: Comparison of single- vs. multi-gesdi-echo acquisition for the case without
694  current injection in three subjects. The tablesltse mean shiftg,g, . and standard deviationgg,
695  (given in brackets) of the noise distributionsA@, . values in the brain. The last row lists the averag
696  papzc and average,g, . values across subjects. The units are in nT. Btir IESE and SSFP-FID,

697 the multi-gradient-echo acquisitions have lower mghifts and standard deviations.

698
699
MESE SSFP-FID

B B1in B B1in

Fis®) | inm | mrima | Fee® | infam | pTimal

s 57 -0.05 0.90 46 -0.07 0.80

(<0.310%) (0.08) (0.12) (<10° (0.07) (0.12)

s, 50 0.07 1.03 27 0.02 1.09

(<0.410%) (0.09) (0.15) (<10°) (0.13) (0.21)

s, 1527 -0.04 1.44 225 -0.01 1.42

(<10°) (0.02) (0.04) (<10°) (0.06) (0.10)

700 Table 2. Experiment 2: Linear fits of the measured depeoeeof AB,. on the applied current
701  strength. The table lists the F- and p-values,itterceptsf3, and the slopef, of the fitted linear

702  regression models. The standard errof$,cdind3; are given in brackets.
703

704
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705
706
707
708
709
710

711

712
713
714
715

1% Experiment

2" Experiment

=0 mA =1 mA, | =0mA =1 mA,

HaBzc (OaBzc) corrected ¢ corrected
S 0.013 (0.136) 0.049 (0.138) 0.016 (0.095 -0.0.194)
S, -0.067 (0.120) -0.012 (0.148) -0.022 (0.091 0.01233)
S; -0.110 (0.110) -0.169 (0.130) 0.011 (0.108 -0.(0L829)
S, 0.031 (0.072) 0.110 (0.170) 0.103 (0.096 -0.(B025)
Avg -0.033 (0.110) -0.006 (0.147) 0.027 (0.098) | -0.024(0.145)

Table 3. Experiment 3: Correction of the cable-induced nagign stray field for SSFP-FID
measurements in four subjects. The experiment epsated twice. The table lists the mean shifts
HaBzc and standard deviatiomsg, . (given in brackets) of the distribution aB, . in the brain. The
last row lists the averagg,g,. and averagev,g,. values across subjects. The units are in nT.

Correcting the stray field induced by the wire loaund the head results in noise distributions,

which are similar to those of the control measumsevithout current injection.

Tr=40ms Tr=80ms Tr=120ms
IJ-ABZ,C (GABZ,C)

S 0.039 (0.202) 0.115 (0.092) -0.046 (0.111
S -0.012 (0.191) -0.007 (0.073) -0.026 (0.095
S -0.045 (0.212) 0.053 (0.076) 0.011 (0.090
Sy -0.042 (0.259) 0.049 (0.084) 0.179 (0.210
S -0.002 (0.192) -0.052 (0.091) 0.038 (0.084

Avg -0.012 (0.211) 0.031 (0.083) 0.031 (0.100)

Table 4. Experiment 4: Comparison of SSFP-FID measuremeartf®ormed in five subjects without
current injection for three different repetitomtts k. The table lists the mean shifigg, . and
standard deviations,g, . (given in brackets) of the noise distributionsA®; . in the brain. The last

row lists the averagg,g,. and average,g,. values across subjects. The units are in nT. Bugh
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716
717

718

719

720
721
722
723
724
725
726

727

728

729

730

731

732

measurements atgT= 80 ms and 120 ms exhibit lower noise standardiatens than the

measurements aRE 40 ms.

R-L A-P
Bo 2 Bo 2
in [nT] B R in [nT] B R
0.18 0.81 0.04 0.80
S +0.002 +0.12 0.87 +0.003 | +0.004 0.91
0.04 0.75 0.06 0.87
S +0.003 +0.15 0.80 +0.004 +0.005 0.90
0.06 071 0.08 1.04
S5 +0.003 +0.04 0.59 +0.004 | +0.008 0.84
0.30 0.07 0.14 0.84
Ss +0.005 +0.01 0.69 +£0.003 | +0.005 0.89
0.10 0.77 -0.01 0.94
Ss +0.006 +0.02 0.44 +0.003 +0.006 0.87
Avg 011 0.80 0.68 0.01 0.90 0.88
+sE | +006 +0.05 +0.08 +0.04 +0.04 +0.01

Table 5. Experiment 5: Linear fits of thaB,. measurements and simulations across five different
subjects for the two current injection profiles (Rand A-P). The table lists the intercefg the
slopesp;, and the coefficient of determinatiorf Bf the fitted linear regression models. Bgrand

B,, also the standard errors are stated. The lastistaithe averages across subjects, and the standa
error of the averages. Most estimated slopes amerldhan unity (i.e., the simulations slightly
underestimate th&B, ). The significance of the regression models wasicoed using F-tests, with

the results being highly significant (p<%dn all cases.
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733

734

735
736
737
738
739
740
741
742
743

744

745

746

747

748

R-L
Uncorrected Corrected
Bo 2 Bo 2
in [A/m?] B1 R in [A/M?] B1 R
0.021 0.56 0.018 0.68
St +0.001 +6.410° 0.68 +0.001 +8.710° 0.63
0.016 0.71 0.014 0.78
S +0.001 | +6.610° 0.75 +0.001 | +7.510° 0.74
0.016 0.69 0.007 0.89
Sy +0.001 | +7.410° 0.73 +0.001 | +8.910° 0.76
0.018 0.61 0.014 0.74
S +0.001 | +10.710° 0.53 +0.001 +9.210° 0.69
0.019 0.65 0.011 0.80
S +0.001 | +6.810° 0.74 +0.001 | +7.410° 0.79
Avg 0.018 0.64 0.69 0.013 0.78 0.72
+SE +0.001 +0.03 +0.04 +0.002 +0.03 +0.03

Table 6. Experiment 5: Linear fits of the current densitystdbutions reconstructed from
measurements and simulations. Listed are the sefgulthe current injection profile R-L, for bothet
cases with and without stray magnetic field cofogctThe table lists the interceg, the slope$,,

and the coefficient of determinatiorf Bf the fitted linear regression models. Bgrandp,, also the
standard errors are stated. The last row listatleeages across subjects, and the standard ertog of
averages. The estimated slopes increase on avieya@e 4 for the corrected vs. uncorrected case.
Also for the corrected case, the estimated slopesstll lower than unity (i.e., the simulations
underestimate the current density). The signifieanfcthe regression models was confirmed using F-

tests, with the results being highly significant10°) in all cases.
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749

750
751
752
753
754
755
756
757

A-P
Uncorrected Corrected
Bo 2 Bo 2
in [A/m?] B R in [A/m?] B R
0.032 0.49 0.023 0.71
St +0.001 +7.410° 0.55 +0.001 +9.210° ‘&
0.022 0.67 0.015 0.84
S +0.001 | +6.410° 0.74 +0.001 | +7.910° 0.75
0.022 0.70 0.014 0.83
Sy +0.001 | +9.010° 0.65 +0.001 | +10810%| ©6°
0.023 0.79 0.009 0.84
S +0.001 | +10.210° 0.68 +0.001 | *+10.210° 0.71
0.018 0.67 0.010 0.91
S +0.001 | +6.510° 0.77 +0.001 | +7.610° 0.82
Avg 0.023 0.66 0.68 0.014 0.83 0.71
+SE +0.002 +0.05 +0.04 +0.003 +0.03 +0.04

Table 7. Experiment 5: Linear fits of the current densitystdbutions reconstructed from
measurements and simulations. Listed are the se$oitt the current injection profile A-P. The
estimated slopes increase on average by 0.16 éocdlrected vs. uncorrected case. The estimated
slopes are still lower than unity also for the eoted case (i.e., the simulations underestimates th
current density). This is similar to the resultssetyed for current injection profile R-L. The

significance of the regression models was confirraeihg F-tests, with the results being highly

significant (p<10) in all cases.
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