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Purpose Current electrocardiography (ECG) devices in MRI L
non-conventional electrode placement, have a narrow bandw
and suffer  from signal distortions including
magnetohydrodynamic (MHD) effects and gradiemtuced
artifacts. In this work a system is proposed to obtain a
quality 12lead ECG.

Methods. A network of N electrically independent MR
compatible ECG sensors was dimped (N=4 in this study).
Each sensor uses a safe technolegyhort cables, pre
amplification/digitization close to the patient and optic
transmission and provides 3 bipolar voltage leads. A matt
combination is applied to reconstruct al&ad ECGrom the raw
network signals. A subjedpecific calibration is performed tc
identify the matrix coefficients, maximizing the similarity with
true 12lead ECG, acquired with a conventionatli#ad device
outside the scan room. The sensor network wagestadl to
radiofrequency heating phantom tests at 3T. It was then test
4 subjects, both at 1.5T and 3T.

Results Radiofrequency heating at 3T was within the Ml
compatibility standards. The reconstructedd&d ECG showed
minimal MHD artifacts and itsnorphology compared well with
that of the true l2*ead ECG, as measured by correlati
coefficients above 93% (respectively 84%) for the QRS comg
shape during SSFP imaging at 1.5T (respectively 3T).

Conclusion High quality 12lead ECG can be reconstted by

the proposed sensor network at 1.5T and 3T with reduced M
artifacts compared to previous systems. The system might
improve patient monitoring and triggering, and might also be
interest for interventional MRI and advanced cardiac
applications.

Keywords: Electrocardiography
Compatibility, Optical Sensor.
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INTRODUCTION

Electrocardigraphy (ECG) devices in the MR scan roane
required for monitoring specific patient populations (e.g. pediatric
or unstable patients) and when the MR examination is performed
under anesthesiél). Furthermore it is the reference standard
device for reatime synchronization of imaging sequences to the
heart rate. Nevertheless ECG devices used in MRI differ from
conventional nes usedn general cardiologysuch agliagnostic
12-lead ECG devicesThis is due to the physical and technical
constraints imposed by the MR electromagnetic fields. The use of
radiofrequency (RF) fields implies potential hazandih long
conducting cablegéative to the RF wavelength) placed close to
the RFemission coil, as the local heating can result in patient burns
(2). Most commercially availabl&R-compaible ECG systems
useshort cables from the electrad®man ECG box, placed on the
patient, where the signal is amplified, digitized and transferred
safely, i.e. by optical or wireless transmissi(n3,4) Only a
reduced number of electrodes is used (2 to 4), resulting in non
conventional leads. Furthermorehen the patient is placed inside
the MR magnet, the ECG is distorted due to the
magnetohydrodynamic (MHD) effe¢b) (mainly during systolic
ejection).Finally, when MR sequences are played, magnetic field
gradient switching can cause artifacts on the ECG. To minimize the
latter effect, the ECG is acquired with rearrow bandwidth
(typically between (bHz and 20-60 Hz). However this does not
eliminate all gradieninduced artifacts which are in the range of O
to 15 kHz. Realtime signal processing methods have been
proposed to minimizéoth gradieninduced (6 #3) and MHD
induced(11,14)artifacts Radiofrequency shieldingf the sensor
box and lowpass filtering aralso used to eliminate RRduced
ECG artifacts.

Conventional 12dead ECG devices use a standardized eldet
placement 10 electrodes) This standardized placement is
especially useful for interpreting/localizing the origin of
arrhythmiador diagnosis or treatment purpose, eligring catheter
ablation procedure$Vhen the acquisition bandwidth is 0.05 &01
Hz, the ECG quality is odiagnosticquality. When it is loweras
in current MR-compatible devices(0.5 to 2060 Hz) it is
consideredf monitoring quality. Monitoring quality allows heart
rate analysis, but only diagnostic quality allows accurate
meaurement of certain features such SiE segment elevation
during a stress teét5). Applying these definitions to MECG is
howevernot straightforward, as residual artifacts from gradient
induced and MHEInduced voltagesften result in marked change
of the ECG morphology, even at the monitoring bandwidth.
Therefore it may be more convenient to define ECG signal quality
in MRI using objective similarity metricsthle correlation
coefficientis used in this studyin comparison to a gold standard
ECG aquired outside MRKeither at diagnostic or monitoring
bandwidth)

Advanced cardiac MRI applications may benefit from a standard
12-lead ECG acquisition simultaneous to the imaging. Catheter
interventions performed under MRI guidanicave been shown
feasble for arrhythmia ablatior§16,17) Such procedures would
definitely benefit fromhaving asafel2-lead ECGwith diagnostic
or neardiagnostic quality An MR-conditional system has been
proposed for use with 1.% interventionalscannes (11). This
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ECG Sensor Network

technology usedong coaxial cables (several meters) from the

(< ) . S
Sehsarhok Figure 1. (a) Positioning
HaliSe of the MRcompatible
all Sensor
ECG sasor network on
(x )Y [z
the volunteer (the
¥ l ! conventional  precordial
[—.‘ e electrods V1 to V6 are
l highlighted) and scheme
” Front-end Fiber-Optic of an ECG sensor
" ECG Module ) including theoptical fiber
.

transmission moduldight

gray). (b) Electronics
design of the proposec
ECG deviceandmeasured
ECG leads.

= Analog signal ™ Digital signal & Optical fiber

module with 2 kHz sampling frequengyresampled at 1 KHz

HOHFWURGH FOLSV WR WKH H[LW dRde'WKH VADBEL00IBEMR, Pvalp® DebicedDinc NDddotISA). Note the

to minimize induced RF in the cablése coaxial cable shield was
connectedto DC-blocking capacitors ahgrounad to the scan
URRPYV SHQHWdnd fatiit® ¢holeb @dieOmounted at
specific points of the cables (beyond th&&uss line) However
this technology does not eliminate all risks of heating. Furthermore
the long cable distance from the electrodettte amplification
module results in a sign#bd-noise ratio penalty and increased-RF
and gradientnduced artifacts orthe ECG signal, compared to
conventional MRcompatible ECG devicesThis system did
include realtime signal processing methods for gead artifact
and MHD reduction, and was demonstrated to proeldecally
useful signals for interventional MR applications. However the
large distances between electrodes in-éed# setup result in high
MHD voltages which cannot be completely suppedseven with
stateof-the-art modelling and signal processifid.,14)

In this work a network of ECG devices is propgsezmprised
of several electrically independent sensors using a conventional
MR-compatible technology (i.e. short cables, digitization close to
the patient and optical transmissiofheobjective of the study is
to show the feasibility of reconstructing high-quality 12lead
ECG using a linear combination of the sensoetwork$ raw
signals A calibrationprocedures describedo best it thetrue12-
lead ECG on a subjeespecific bais, while minimize MHD
artifacts The proposed setup is shown to particularly efficient
in terms of MHD voltage reductiordue to the use of short

distances between electrodes and due to a smart combination of the

raw signalsThe sensor network is tesl insubjectsn both 1.5T
and 3T scanner¥alidation is achieved byompamng theMRI 12-
lead ECG to a conventional-1€ad ECG (acquired outside the scan
room prior to MR scanning)Thepreservation of thenorphology

of the main ECG waves (P, Q, R,,is analyzed

METHODS

ECG SensorNetwork

The ECG sensor networkas comprised ofN (N = 4 in this
study) independent devices compatible with MRI (ECG sensor
prototypebased on theéechnology of théMaglife system Schiller
Medical, Wissembourg, Franc@he electronic design architecture
of the device is shown in Fid. Each deviceonsisedof a flexible
patch with three short branches protected agadesibrillator
shocls, allowing four electrode supports (one common lead
reference electrodet three measurement electrodedo be
connected to the sendmwx. The sensor providihree independent
bipolar ECG leads with a bandwidth of 8.0150 Hzand araw
resolution of3.27uV/LSB at 19 bitgthe recalculated resolution is
1 uV/LSB at 16 bitsusablenput dynamic + 500 m)/ The analog
signalswerefirst preamplified and digitized in an ECG freend

ECG frontend moduleusedoversamplig; details regarding the
antialiasing filtering/undersampling stages are given the
Supporting Information documenthe sensor boglsointegratel
three Hall effect probesith a usablegsolutionof 659 uV/LSB at
12 bits, and ausable input dynamiof + 1.35V (CYSJ362A,
ChenYang Technologies, Finsing, Germatoyjneasure the local
magnetic fieldchangein X, Y, Z (during switching of MR
gradients) with a sampling frequency of 1 kHzand a
microcontroller allowing realime processing (gradient artifac
denoising and QRS detectioMote that for this study, resiime
gradient artifact denoising was disabl@ffline correction was
applied insteadin order to recordhe raw dataand quantifyfECG
signal with/without artifact reductionThe signalswere finally
modulated and transferred by optical filrem the sensor bato a
computer (RS232 serial communication protodobm the
microcontroller to the optical emission modal460800 Baud).

RF Heating Experimentsin Phantoms

The risk of overheating nesis a key topic inMR safety. The
temperaturéncrease irlead wires does not only depend on the type
of material butalso onthe length and positiomithin the RF
emission coilwhich canresult in arantennaeffect (23.4cm at 1.5
T,i.e. forf=64MHz;11.7cmat3T, i.e. forf =128 MHz).

RF heatingof the sensor network was investigateith an
ASTM phantom following the CEI 60602-33 standard, on a
Discovery MR750 3T scanner (General Electric, Milwaukee,
USA). Temperature were measured witReFlex optical probes
(Neoptix Inc, Quebec, Canaddhhis device has a precision of
0.8°C To mimic the thermal and electat properties of human
skin,a semirigid conductive gelvas madeThe recipe for this gel
was asdescribed in ASTM F 2182A,e. 98.9% deionized water,
0.13% NaCl and 0.99% polyacrylic gel (commonly called PAA).

Two spatial configurations of the sensors were teaseshown
in Supporting Information Figur8laand Supporting Information
Figure S1h In order to maimize the antenna fefct, electrodes
were sharedbetween the individual sensors (unlike in Hubject
experimerg whereeach sensowas independent)The sensors
were placed in a way to maximize the tangential electric,field
based orsimulated electric field maps, computiedm a model of
birdcage RF emission coil withn electromagnetisimulation
software CST, Darmstadt, Germany The temperatureprobes
were placed under the transparent conducting gel of the electrode
(see Supporting Information Figure SpcTemperatureswere
recorded for 3 min withoutny sequence in order to have a stable
baselinethen forl5 min withan RFintensivesequencémaximal
transmit gain was setland then agaifor 5 min without the
sequenceDue to the limitechumberof temperature probed(=
4), themeasuremerntycle 3min / 15min / 5min was applied 4 times
for each configuratiofseeFig. S2aandS2b).
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VolunteerExperimens

ECG acquisitions werebtainedon four healthy volunteers3(
males and female,age rang@9-56 years old weight ange 5895
kg). Each subject underwentioexperimental protocol on both a
1.5T AvantoFit scannerand a 3T Prisma scannéBiemens,
Erlangen, Germany). This study was approved by an ethics
committee and all subjectgave informed written consent
(ClinicalTrials.gov identifier: NCT02887053). A total o2 MRI-
compatible electrodes weptaced orthesubject(10 electrodes for
calibration with the 12ead standard EC& 12 extraelectrodes for
the ECG sensaretwork)

The experimental configuration was adduls. The subjedirst
lay on theMR examination table, ithe MRI preparation rooifi.e.
outside the scan roonflfenMR-compatibleslectrodes were placed
on the chest and limbs of the gadi (LA, RA, LL, RL, V1 to V6)

A conventional 1dead ECG devicé@hysiogard Touch 7, Schiller
Medical, Wissembourg, Franyewas connected to these 10
electrodes and a reference-l2d recording was acquirefihen

the 12lead device was disconnected and the N=4-ddRpatible

ECG sensors were placed. Each sensor wasgia a way to reuse
one of the precordial electrodes already in place (sensor 1: V1,
sensor 2: V2; sensor 3: V4: sensor 4: V&3 shown in Figl.
Therefore 12 additional electrodeseded to be place@ extra
electrodes per sensorhis setup has seval advantages: it ensures
multiple electrical projections are acquired, rotating around the
heart; it makes use of the conventionally used electrode placement
by reusing some of the precordial leads, while leaving some
flexibility for the placement of dter electrodes to adjust to the
patient morphology; this setup is feasible with womavoiding
electrodes on the breagtme of the volunteers was a femahgte

that the setup does not have to be reproducible from one subject to
another since a subjespecific calibration is performed hereafter.

A recording was done with the sensor network in the preparation
room. Then the examination table was entered into the scan room.
Anotherrecording was done with the sensor netwasith the
subject V F KlddgdNat the isocenter of thescanner as for
conventional cardiac examinatignbefore any sequence was
played

Additionally, in one of the subjecta12-lead ECG was acquired
with the subjecplacedinside the MR scanner (both at 1.5 T and 3
T), using theconventional 12ead device. The device monitor was
kept outside of the 40 mT line (i.e. at the end of the examination
table) to avoid attractioby the magneand dysfunctioningand no
MR sequence was played in this setup for safety reaBois
allowed a direct comparison of the MHD voltages with a
conventional 12ead system and with the proposed system.

The MRI acquisition protocoincluded sequenceso testthe
robustness of the reconstructedié2d ECG during MRI scanning:
first atypical sequencesgd in cardiac imaging, i.e. a cine balanced
steadystate free precessiqBSFP)sequence (TRUFRcquisition
matrix 224x208,slice thickness = 10 mnilip angle = 40°,
TE/TR=1.3/3.1 mp and then a sequence providing worsase
gradient switching artifactd.e. a diffusiorweighted echo planar
imaging sequence (DMEPI, acquisition matrix 192x156, slice
thickness = 5 mm, EPI echo train length = 59, 6 diffusion
directions, Bvalue = 100D These DWEPI settings providéa
combination of fast gradient switcty (EPI train) and strong
diffusion gradient pulses (approximately 20 ms plateaus) applied
in all threespatial directions, includingombinations of them (i.e.
obliquegradient directiog). Furthermore &1 weighted sequence
(axial Dixon VIBE, FOV 410x4Dx350 mmi, 1.2x1.2x4 mr#)
covering the whole torsawas includedin order to have a
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RawECG data from the tRad device were exportéalaUSB
memory stick Raw data from the sensor network, including ECG
and Hall effect probes (X,Y,Z)were saved to hard disk on the
acquisition computer. All signal processingsks described
hereafter, for 12ead reconstruction, ECG denoising and

guantitative analysis, were performed offline using MATLAB
(Mathworks, Natick, USA).

Twelvelead ECG Reconstruction Minimizing MHD
Effects

The 12lead ECG reconstruon methoduseda method similar
to that described iRefs (18,19) It is based on the assumption that
the conventional kad ECG & g g &P, can be estimatelly a
linear transformation of the signals from the sensor network
8 @ cea4B: as described by a matfik in the equation below :

Gagol L/ HE&gceadB (1)

Here & & g o P is a vector of 12 elements representing one time
sample. & g . ¢4 4B is a vector of 3N elements (N sensors, each
providing 3 bipolar leads, 3N=12 in this studyhe M matrix is
therefore of size 12x12 and determined on a subjespecific
basis, in a calibration step described hereafter.

The calibrgéion stepusedonel2-lead recording and one sensor
network recording, whichdid not need to be acquired
simultaneously. The processiognsisted of the following step(i)
QRS peak detection 085 ¢ g oand 0N & ¢ e 2 {RRS detection
library of the PB1000 ECG device, Schiller Medijcal
Wissembourg, Frange(ii) slicing of & g g 53nd & ¢ ¢ 2 Signals
into a number Nand N of cardiac cytes respectively(iii) robust
averaging of all cardiac cycles, using the median over the N
(respectively N) cardiac cycles, providingO &g go P and O
8 gceasltemplates (iv) regularized inversion of system (1),
rewritten in the form#/ L >(with A andb constructed from the
template signalssee detailed description in Appendix Ae. / L
# # E &+ 5# >(Tikhonov regularizationwith +the identity
matrix). The regularization parametétwas set tos r’® for the
whole studyThiswas to prevenbverly noisyleads in8: g ¢ ¢ 2 §&
be given a largeveight in the reconstructioigince the QRS peak
detection was performed on different lead systems, e
&agoP and O8& gceas templates may be slightly
misalighed. Therefore the reconstruction was performed after a
variable time shift (from40 ms to + 40 ms with steps of 1 ms). The
time shift providing the mostcaurate reconstructiowas kept,
defined as the one providing thest correlation coefficierin the
QRS complexi.e. a 120 msvindow centered at the QRS pgak

Two calibration strategies were testedsf)Ccalibration using
the & gceassignals recorded outside the scan room (in the
preparation room) and ({f calibrationusing the & ¢ ¢ ¢ 3 gignals
recorded inside the scanner, i.e. whensihigiectwas placed at the
isocenter of the magnéwith no sequencelayed) The difference
between the two strategies is that in, e 8 g ¢q 5 ignals are
corruptedby MHD artifacts. As a consequence, the M matrix
providesa linear combination 08; 4 ¢ ¢ 3 gignals that intrinsically
minimizes MHD atifacts to best fit O &g go R By contrast
calibration Gu provides an M matrix that is blind to the
propagation of MHD artifacts, therefattge reconstructiois likely
to amplify MHD effectavhen the subjeds subsequently placed in
the MRIbore

GradientinducedArtifact Reduction

We aimed to check that the proposedldad reconstruction
method can be combined with existing methods for gradient artifact
reduction.To this end greviously publishedorrection method
was appliedo the raw gnals (before combination into the-lead
reconstruction)In particular we meant to check how the residual
artifacts propagated into the reconstructigradientinduced
artifacts on the EC@uring the SSFP sequences were reduced by
siwa\eﬁqp%passfil tering with cut-off frequendes of 0.5-30 Hz
(zerophase digital butterworth # order filter, i.e. forward
backward filtering. For the DWEPI sequencesthe banepass
filtering was not sufficient. Thereforgradientinduced artifacts
were reduced using areviously described adaptive filtering
techniqug7,13) Details of the method are giventime Supporting
Information document
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Quantitative ECG MorphologyAnalysis

The fidelity of the reconstructed ECGnorphology was
quantifiedusingcorrelation coefficient metric€ECG waveswvere
assumed to be highly reproducibieer the duration of the exaim
our healthy subjecpopulation. The templatel2-lead ECG O
& sk g o B, constructediuring thecalibrationprocedurewas used
as a reference for comparis@ach hearbeat of the reconstructed
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correlation coefficient, calculated for each of théekls Statistics

of thesecorrelation coefficients were computed over the duration
of the following recordings: (i) in the preparation room; (ii) inside
the MR bore; (iii) during the cine SSFP sequence; (iv) during the
DW-EPI sequenceCorrelation coeffiients were computed on the
whole PQRST wave (window duration set&@% ofthe median

cardiac cycle, starting 200 ms before the detected QRS peaks) and

on the QRS complex (window duration set i Ins centered at
the QRS peaBsA manual correction ofie QRS peak detection
was done when necessdrgfore computing all the statistidsor
SSFP and DMWEPI recordings, only heart beats during actual
gradient pulsing were analyzed.

Monte-Carlo Simulation of Pathological ECG Changes
and MHD changes

The experirents in healthy volunteers did not include
significant changes in the ECG morphology during the course of
the acquisitionThey also did not include significant changes in the
MHD morphology, which can happen if the cardiac output flow
patternchanges, ai the case of a stress test. Furthermore the
robustness to electrode placement was not invedtifadeoughly
in the subjectsindeed withthe proposed placemettiere area
number of degrees of freedom for connecting each sensor to the
four chosen precdial electrodes (V1, V2, V4, V6). Therefore
changes in both ECG morphology and MHD morphology were
assessed by a Mon@arlo simulation,designedto test random
variations of electrode placement

In order to test the robustness of theld&d reconstru@n
method to sudden changé&s ECG morphology a numerical
simulation was performed. The simulation consisted of a 3D torso
model providing body surface potential mg§BSPM) of different
ECG morphologies (see Fig). The BSPM were generated by
spline irterpolation of the unipolar voltages fr@yntheticl2-lead
ECG signalswhich weregenerated by an ECG simulator device
(MS 410, MedTec & Science GmbH, Ottobru@ermany) In this
3D numerical model,lectrodes from the tad ECG and from
the proposedensometwork (N=4 sensorsyere placedn a way
to mimic the configuration used in the volunteer experimérits.
Monte-Carlo scheme consisted repeatinghe experiments with
randonvariationsof the electrode placements, under the constraint
that onemeasuremerglectrode of each sensor walaced on V1,
V2, V4 and V6 (for sensor 1, 2, 3, 4 respectively). This means that,
for each sensor (3 measurement electrodes): the electrode
connected to the precordial lead was randomly drawn; a rotation by
a randon angle about the torso surface normal vector was applied.
Bipolar voltages from the proposed sensors wleeasynthetized
by difference of the BSPM values at the corresponding electrode
positions The following ECG morphologies weresynthetized
normal snus rhythm (SR), SElevated acute coronary syndrome
(STE-ACS), nonST-elevated acute coronary syndrome (NSTE
ACS), atrial tachycardia (AT), ventricular tachycardia (VT), atrial
fibrillation (AF) and ventricular fibrillation (VF). SR signals were
used forcalibration, and theesulting / matrix wassubsequently
applied to reconstruct I2ad signals during STECS, NSTE
ACS, AT, VT, AF and VF, thus simulating a wide range of
morphological changesccurringafter the calibration steplhe
quality of the reonstruction was assessed by computing correlation
coefficients between the true and reconstructeded@ ECG
signals for each morphologyThe number of Mont€arlo

Figure 2. The 3D model used for numerical simulation ofetient
ECG morphologies. The body surface potential map (BSPM)
synthetized by interpolation of the unipolar voltages from th&ead
ECG. Sensor network signals are synthetized by local bipolar vol
measurements from the BSPM, using virtual elelgsolocated as in
the volunteer experiments.

experiments was set g s 5L W iin order to have a wide range of
electrode placeméwariations.

In order to test robustness to sudden changes in MHD
morphology, weperformed additionadimulaionsincorporating an
MHD signal model The MHD signal was generated using a
previously published modé¢14), based ora geometrical model of
the aortic arch and aortic flow curveas measured by phase
contras MRI across the aortic arcltwo MHD models were
generated: a model at rest which was addechtSRIECG at 60
bpm, and a model at stress, which was added 8RaECG at 120
bpm(using a cardiac output factor of 1.9 compared to.restyder
to simulaé a worstcase scenario, the amplitude of the MHD
signalsresulting from the aortic arch modeére scaled by a factor
of 5, which visually seemed to correspond to worst case recordings
at 3T. Both the shape an@amplitudeof the MHD signal were
markedly clanged between rest and stress. Signals obtained in SR
at 60 bpm (with added MHD model at rest), were used for
calibration, and the resulting matrix was subsequently applied to
reconstruct 12ead signals during stress (SR signal at 120 bpm
with added MHD model at stress). The quality of the reconstruction
was assessed by computing correlation coefficients between the
ground truth 12ead ECG, the MHEcorrupted 12ead ECG and
reconstructed #ad ECG signals. Here again the MoG@rio
scheme was used vary electrode placemen@g s sL w).

RESULTS

RF Heating Results

The ASTM phantom experiments 3T showed a temperature
increase betweel.2 °C and 4.6 °C (x 0, &} for the firstspatial
configuration fig. S2a) and between 2.4 °C and 4.7 °C (£ C§ °
for the second configation Fig. S2b). In both configuratios, the
largest temperature increase was recorded at the common lead
electrode that was located farthest from the center, i.e. closest to
the RF emission coil.

Volunteer Experiment Results

The experimental protocalas successfully pplied to all 4
suwjects atboth1.5 T and3 T. Complete datasets were obtained in
all cases, including tRad reference and network signals
outside/inside the scanner and during MR scanning.
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a) Raw ECG signals
inside the MR scanner, no sequence

b) Raw ECG signals
during DW-EPI sequence
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c) Raw signals from
the Hall probes
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Figure 3. Example raw ECG
signals from the proposec
sensor network in one of the
volunteers.  Signals  are
shown with the subject
placed inside the MR
scanner (a) and during ¢
DW-EPI sequence
with/without LMS denoising
(b); zoomed signals from the
Hall probes X)Y,2)
embedded in each sensor bc
are also displayed (c).
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The calibration procedut® calculate the/ matrix for a given
subject and scann&ok approximately 5 with MATLAB code.

Exemplaryrawsignals from the sensor network are displayed in
Fig. 3, i.e. before 12ead reconstruction. Fig3 shows signals
acquired withthe subject placed inside the RMiscanner (no
sequence played), and during a BBR1 sequencdwith and
without LMS denoising)Zoomed signals from the Hall probes
(X,Y,Z probes from each sensor box) are also displayed and show
characteristic magnetic field changes occurring during this
sequence, including a wide bipolar diffusion encoding gradieht
followed bya fast switching EPI gradient pattern (two repetition
times shown in Figc).

Exemplary 12-lead ECGreconstructios of one subjectare
given in Fig 4 (1.5 T) and Fig.5 (3 T). Detailed versions of these
two figures (with all 12 leads) are shown as Supporting Information
Figures S3 and SZ&he twocalibration strategie€out and G, are
shown. It can be seen that, when the calibration matrixwas
calculated using & calibration (i.e. from the network recording
outside the scanner) the most accurate reconstruction was achieved
in the preparation roomnd provided an excellent matdiowever
when the patient was placed in the scanner, the best reconstruction
was found with @ (i.e. from the recording with the subject at the
magnet isocenter). When using €alibration, the residual MHD
artifact was of small amplitude in all 12 reconstructed leads at 1.5
T and resulted in a more conventionav@ive morphology. At 3 T,
the T-waveremaired distorted compared to the conventional 12
lead reference, buthe MHD artifact was markedly reduced
compared to using 4 calibration.The corresponding calibration
matrices show which signals from the sensor netwdid
contribute to each of theeconstructed 12 leadall signals from
the networkwere used in these two exampl&8$e difference in/
coefficients between Figda and Fig. 5a, when using Gu
calibration, is indicative of the variability of the calibration
procedure due to the variability of electrode positioning in two
different sessionsThe contribution from each lead of the sensor
network, in terms of energutio (i.e. energy of the contribution of
a particular leado the 12lead reconstructigmormalized by the

energy of the 12ead ECG:| :%Qéggé : :BQGFW&B&Q,O), is

given in the Spporting Information Table S@nly in one subject

4455 446 44.65 447 4475 448

at 3T, one sensor did not contribute to the reconstructddat2
ECG, but in general, all raw leads had a significant contribution
Note that the sum of energy contributions of all leads for one
subject § not equal to 100% since the contributions from all leads
can add up constructively of destructively according to the sign of
the matrix coefficient.

Differences in MHD voltage amplitudes are shown in the
Supporting InformatiorFigure S5. The figure show$oth the raw
and reconstructed signals from the sensor network, which are to be
compared to the ECG obtained with a conventionded device,
both at 1.5 T and 3 Tthe conventional devicehowedthe largest
MHD voltages. The raw network signals alsbosed MHD
voltages of reduced amplitude, as expected from the shorter
distances between electrodes. The reconstructddati2signals
showed a further reduction of MHD voltages. These observations
were quantified in theSupporting InformatioriTable S1, wiih
show a gradual improvement in correlation coefficients from the
conventional 1dead device (59.1% / 32.3% at 1.5 T/ 3 T
respectively) to the reconstructed-lt2d ECG (92.4 % / 77.9 %
respectively).

Example reconstructed signals during MRI sequernreestewn
in Fig. 6in one subject at 1.5 T. Despite the residual MHD effect,
the overall shape of the signals seemvell preserved in the
reconstructed ECG, as well as the relative changes between leads,
especially from V1 to V6. When sequences were playbe
morphology was further affected by gradiémiuced artifacts, but
these were minimized by the filtering to the monitoring bandwidth
of 0.5-30 Hz (which was sufficient in SSFP sequences) and by the
LMS adaptive denoising in worsisesequenceDW-EPI). As a
result of the bandwidth narrowing, the amplitude and sharpness of
the QRS complexeseteslightly decreased compared to the true
12-lead ECG.
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a) Calibration C_,, outside | b) Calibration C,,, inside
the MR scanner (1.5T) : the MR scanner (1.5T)

— True 12-lead ECG
—— Reconstructed 12-lead ECG
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Figure 4. Example reconstructed 48ad ECG of a subject at 1.5 T inside tr  Figure 5. Example reconstructed 4@ad ECG of a subject at 3 T inside tr
MR scanner (template ECG cycle, precordial leads sholvia) superimposed MR scanner (same subject as in Fig. 5, precordial leads shown).
true (blue) and reconstructed (red}l@2d ECG signals are shown: (a) aft  Superimposed true (bluena reconstructed (red) d@ad ECG signals are
calibration Gy (i.e. matrix computed from the sensor network signals recor ~ Shown: (a) after calibrationG(i.e. matrix computed from the sensor netwo
outside the scanner); (b) after calibration @e. from the sensor networt  Signals recorded outside the scanner); (b) after calibratiofi.€ from the

signals recorded inside the scanner). The corresponding calibration matricc. ~ Sensor network signals recorded inside the seinfiée corresponding
shown for Gy (c) and G, (d) calibration. The full ECG datasets are shown  calibration matrices are shown fok,Q(c) and G, (d) calibration. The full

Supporting Information Figure S3. ECG datasets are shown in Supporting Information Figure S4.

Figure 6. Example 12ead ECG of a
subject: true 12ead ECGacquired
outside the scanner €)
reconstructed XRad ECG from the
sensor network at 1.5 T, inside th
scanner (b), during an SSFP cir
sequence (c), during a DWPI
sequence with LMS adaptive
filtering (d) and without LMS
filtering (e). Note the bandwitwas
0.05150 Hz when no sequence we
played, and 080 Hz during MR
sequences.
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Quantitative ECG Morphology Results

Quantitative analysis of the reconstructed ECG morpholegy
summarized in Tabld. The correlation coefficient with the true
12-lead ECG template is indicated for the different experimental
setups (outside/inside MR and during sequences) and calibration
modes.Note that the bandwidth of the reconstructed ECG was
0.05150 Hz (diagnostic quality) when no sequence was playdd
was 05-30 Hz when sequences were played (monitoring quality).

Reconstruction aside the scanner, usingok calibration,
showedexcellent correlation scores (above 96W)is supports th
initial assumption that the conventional-tE2d ECG can be
reconstructed accurately by linear combinations of multiple bipolar
voltage measurements.

Reconstructions inside the scanner addMHD artifacts to be
quantified through the decrease of ctatien coefficients on the
PQRST wave, compared tiee first row of the table. It can be seen
that Gn calibration indeedninimized MHD artifact propagation in
the reconstruction compared teu(88.7% instead of 80.1% at 1.5
T, 75.9% instead of 64.6% &t T). While residual MHD effect
prevened perfect 12lead ECG reconstruction, a relatively good
preservation of the QRS complex morphologgs able tobe

Figure 7. Results of the numerical
simulation, showing the robustness «
the 12lead reconstiction to changes
in ECG morphology. The true (blue
and reconstructed (red) 1€ad ECG
signals are shown during sinu
rhythm, which is used for calibratior
of the M matrix (a). The same VM
matrix is subsequently used ti
reconstruct the following patholazl
ECG signals: SWElevated acute
coronary syndrome (b), neBT-
elevated acute coronary syndrome (¢
atrial tachycardia (d), ventriculal
tachycardia (e), atrial fibrillation (f)
and ventricular fibrillation (g).

achieved, wh correlation scores of 95.6% at 1.5 T &0db% at 3
T. When SSFP sequences were playteele was a larger decrease
of correlation scores, whictvas expected due tie bandwidth
restriction 0.5-30 Hz) applied to minimize gradientnduced
artifacts. Finally, when worstase sequences were played (DW
EPI), correlation scores were reducedtar, especially when no
LMS correction was usecorrelation scores after LMS were still
below those measured in SSFP sequences, Waskexpected as
the LMS filter generally needs a few cardiac cycleadapt its
coefficients The statistics presented Table 1 did take into
accountall heart beats acquired during the EBRI| sequence,
including the early ones were the LMS filtead not converged to
its optimal.

Monte-Carlo Simulation Results

Results from the simulation with different ECG morphologies
are shown in Fig? for an electrode placement close to that used in
the subject experimentsit can be seen that the -lead
reconstructionwas robust to morphologic changes when the

Table 1. Correlation coefficient &tween the true and reconstructeddad ECGn the healthy subjectexpressed as meanstandard deviation over the

12 leads (averaged on N=4 subjects)

Calibration mode Experimental setup 15T 3T
PQRST QRS PQRST QRS

7.0% (+ 1.1%) 97.3% (+ 1.4%) 96.7% (+ 1.8%) 97.4% (+ 1.7%

((? Stéids%“ﬁ% 97.0 97.3 96 8%) 9

Cout ‘ .

(O'%SEL‘EQASZ) 80.1% (+ 7.0%) 93.7% (+ 4.0%) 64.6% (+ 11.4%) 91.1% (+ 3.7%)
(ggt;'lds%'\ﬁs) 92.3% (+ 3.5%) 95.6% (+ 2.2%) 88.6% (+ 5.2%) 92.2% (+ 4.7%)
(O'%SE':E(;"'& ) 88.7% (+ 2.5%) 95.6% (+ 2.1%) 75.9% ( 6.4%) 90.5% (+ 4.7%)
Cin S(SOngfgﬁ"’z‘ince 83.5% (+ 4.5%) 93.2% (+ 3.9%) 62.6% (+ 5.4%) 84.9% (x 5.0%)
DW-EPI Sig“;_gg%;'v's COMMECI® 71 696 (+ 4.8%) 80.7% (+ 4.8%) 34.9% (+ 3.8%) 49.0% (+ 4.9%

DW-EPI sequence, uncorrected
(0.530 Hz)

54.8% (+ 5.5%)

68.6% (+ 4.1%) 22.3% (+ 3.0%) 33.0% (+ 4.7%)
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Figure 8. Results of the
numerical simulation, showing
the robustness of the 4@ad

reconstruction to changes i
MHD morphology. The true
(blue) and MHD-corrupted
(red) raw sensor network
signals are shown at rest (a) ar
during stess (b). The lkad

ECG signals are shown at res
(c) and during stress (d)
including the ground truth
(blue), the MHDcorrupted
ECG using conventional
electrode placement (green) ar
the proposed reconstructiol
(red). Here theM matrix was

calibrated umg the MHD

corrupted network signals a
rest and the ground truth-4€ad

ECG at rest; the same matrix N
was then applied to the stres
data for reconstruction.

calibration was performed during normal sinus rhythm. The also well reconstructed and well recognized. Not surprisingly, the
reconstructin was nearly perfect in case of deflection of the ST largest errorwas made for VF (which is the most incoherent
segment (ST elevation or ST depression), as seen irAEEEand activation pattern), but again, the error in precordial leacsined
NSTEACS signals. The characteristic patterns of AT and VT very small. Those qualitative resuligsere confirmed by the
werealso well reconstructeid most leadsExcept for leads Il and correlation metrics which are summarized in Tabl&t® means
aVvL in the VT signals, the reconstructiwas nearly perfect and and stadard deviations indicate statistics obtained for @g; sL

showedexcellent preservation of the morphology, especially in w Monte-Carlo experiments, with varied electrode positidrse
precordial leads (V1 to V6). Typical patterns of AF and Wére

Table 2. Correlation coefficient between the true and reconstructdea? ECG expressed as meanstandard deviation over the MorBarlo simulations with
randomized electrode position84 s sL W lexperiments).

SR + MHD, rest SR + MHD, stress
Lead SR STE- NSTE- AT vT AF VF Recon. Conv. Recon. Conv.
ACS ACS 120ead?  12dead?  12lead?  12lead?
98.2% _ 97.9% 98.3% 98.0% _ 99.8%  96.8% _ 76.0% 97.6% 92.5%

' +04%  +0.5% +05%  +05%  +0.1%  +18%  +19.8%  +16% 980 iagy  324%
99.2%  99.1% 98.8% 99.2%  99.9%  985%  87.0% 99.0% Lo 9%.6% oo
+ 0, + 0, + 0, +| 0, + 0, + 0, + 0, + 0, : +. 0, .

I +07%  +0.7% +08%  +08%  +02%  +24%  +18.9%  +15% 29 iasu 8.0%
97.8%  97.7% 97.2% 97.7%  91.1%  94.7%  81.0% O75%h g 95.8% .
+1.49 +1.59 +1.39 +1.69 +1.69 +3.19 + 9 +1.49 : +3.79 :

i +1.4%  +1.5% +13%  +1.6%  +1.6%  +31%  +185%  +1.4% o yg7y AT
99.1%  98.9% 98.8% 99.0%  100.0%  98.4%  94.6% 98.8% . 95.7% .
+ 0, + 0, + 0, +| 0, + 0, + 0, + 0, + 0, " +. 0, -

avR +05%  +0.6% $07%  +06%  +01%  #2.2%  +111%  #15% (/0 a7 528%
80.4%  80.4% 82.0% 787%  99.0%  747%  94.8% 73.3% . 46.7% .

avk +5.0%  +5.8% +5.8% +6.4%  +05%  +68%  +4.8% +a79% 0% g8 14.4%
99.1%  99.0% 98.6% 99.1%  99.3%  98.0%  80.1% 9B oo O71% o

avk +09%  +1.0% +09%  +1.0%  +04%  +2.6%  +215%  +1.4% A% 3% 2%
89.2%  88.0% 83.4% 89.2%  99.9%  894%  89.6% 92.6% . 83.4% .

Vi +4.8%  +53% +4.9%  +51%  +01%  +54%  +11.0%  #11%  290%  4o9y  881%
90.8%  89.2% 81.1% 90.8%  99.9%  90.1%  89.2% 93.6% . 85.8% .

v2 +45%  +5.0% +500  +47%  +02%  +53%  +211%  +1.0% 8% 419y  276%
98.4%  98.2% 97.4% 98.3%  99.9%  97.7%  80.9% oTEh 0 9B1% .,

V8 104%  +0.4% +05%  +05%  +0.1%  +15%  +17.2%  +1.5% A% 499 4.5%
99.0%  98.9% 98.7% 98.9%  1000%  98.6%  94.6% 98.7% . 95.4% .

va +05%  +0.5% +05%  +06%  +01%  +1.9%  +9.9%  +15%  004%  ia7y  668%
98.9%  98.8% 98.6% 98.8%  100.0%  98.6%  93.5% 98.5% . 95.1% .

Vo £05%  $05%  :04%  :05%  +0.1%  +18%  +95%  +15%  or/®  i4gy  992%
98.8%  98.6% 98.5% 98.7%  99.9%  97.8%  89.4% 98.4% 94.4%

V6 78.7% 54.6%
+05%  +0.5% 104%  +05%  +0.1%  +2.3%  +11.7%  +1.5% +4.8%

121ead 95.8%  95.4% 94.3% 9550%  99.0%  94.4%  87.6% %4% 89.3% ., .
average +1.20%  +1.2% +1.2%  +12%  +02%  +25%  +0.5%  +1.4% 6% 36% 4%

@ Correlation coefficienbetween the reconstructed-tsad ECG and the true 18ad ECG
@ Correlation coefficieribetween the reconstructed MHirrupted 13ead ECG and #htrue 12ead ECG
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largest error in the calibratiomasmade for the estimation of lead
aVL, which was also the lead with the lowest amplitudenese
errors seerd to propagate in the reconstruction of other ECG
morphologies, in particular of VH-or the particular electrode
setup shown in Fig2, except for leads Ill and aVForrelation
coefficientswere above 98% for the reconstruction of SAES,
NSTEACS, AT, VT and AF. For randomized electrode
placements, the 2ad average correlation wabove 95% for all
tested ECG morphologies (except for VF).

Results from the simulation with different MHD morphologies
are shown in Fig8 for an electrod placement close to that used in
the subject experiments. ThHD-corrupted signal showd that
the simulation modelas able taeproduce large amplitude MHD
voltages resembling worstise scenarios at 3T. These MHD signal
were also very large in theaw network signals athough the
distance between electrodess short. The MHD artifact was
markedly different in shape and amplitude betwtenrest and
stress models. The 48ad reconstructionshowed a good
minimization of the MHD effect compared to tbenventional 12
lead ECGthough aesidual mismatch of theWavecouldbe seen.
Quantitative measures are indicated in Table 2 (last four columns).
Correlation scores for the calibration using the ME@rupted
signals at reswerein line with the subjet experiments, with &2-
lead average correlation of 95.4%against 73.6% for a
conventional 12ead placement).During stress, the MHPD
minimizing properties was still efficient, providing 89.3%
correlation(against 54.5% for a conventional-lEad placerant).

DISCUSSION

This study shows the feasibility of obtaining a high quality 12
lead ECG from a network of MRompatible ECG sensors utilizing
short cables and piamplification/digitization close to the patient.
The proposed method presently requiresatra acquisitiorstep
outside the scannewith a conventional 1kead ECG device, in
order to identify a subjeapecific calibration matrix. The results
suggest identifying the calibration matrix frometworkrecording
with the subject placed insidbe MR bore, so that the calibration
matrix can minimize MHD artifact propagation. The processing
time for this calibrationis short (approximately 1s) and eh
subsequent 2ad ECGreconstrudbn is obtained bya simple
linear combination of the rawetvork signals, which malksethe
method easily applicable in retne. During worsicase
sequences, gradient switching artifacts are still an issue, but such
artifacts were able to be minimized throdiering andpreviously
described adaptive denoisinghe morphology preservation was
quantified in terms of correlation coefficients of the QRS and
PQRST waves, and showed good to excellent results for the QRS
complex, even during scanning with conventional SSFP sequences
(>93%at 1.5T, >84% at 3 Therobustness to sudden changes
in the ECG morphology was shown in simulations, with only minor
errors in specific leads for the most complex morphologies (VT,
VF) which did not seem to affect the diagnostic value of the
reconstructed signal. Irmparticular, the baseline differences
observed during ST elevation or ST depression were well
reconstructedin the absence of MHD artifacgnd most of the
morphologic changes in atrial and ventricular activation disorders
were also well preservedhe robustness taidden changes of the
cardiac output flow pattern was also tested in a rest/stress
simulation, as they result in changes in shape and amplitude of the
MHD pattern. Though residual MHD artifacts were noticeable,
they remaied significantly reduced compared the conventional
12-lead electrode placement setup, andeB?2i ECG signals were
reconstructed with an accuracy of 89% on average during stress.

The sensor network was found to be safe at 3 BaMired
temperature elevatioria the ASTM phantom experimenwere
below5°C on average, which was beldie thresholds defined by
the CEl 606012-33 standard (43°C for devices in contact with

skin, skin temperature being in the range-333C). The
experimerg were designed to obtain werstse resultsin the
phaatom experiments (unlike in the subjectshectrodes were
shared between the different sensors, thus maximizing the effective
length of the conducting wireand thereby the RF antenna effect.
To our knowledge, only an MRonditional 12lead ECG device
was previously reportect 1.5 T(11), sothe present worls the

first report of a safe t2ad ECG systeraperatingatboth 1.5 and

3T.

A high-quality 12lead ECG devicen MRI may be beneficial in
several applicaties. It might help improve patient monitoring, as
the ECG signals can be displayed in a conventional lead system
which is easier to interpret than netandard leads. The main
information that is required foOECG patient monitoringis the
instantaneous hdamate.Thisrelies on robust detection of the QRS
peaks(20). Efficient synchronization of MR sequencesoatioes.

With all 12 leads being available, more robust QRS detection
algorithms may be implemented.g. basedrodeep learningor

one could select one or several leads, e.g. with highest QRS
amplitudeor lowest amplitude of the MHD artifact, to be used a
inputs of the QRS detectoithe MHD artifact minimization
resulting fromthe proposed calibration strategyay also improve

the robustness of QRS detection. In this study 4 sensors were used,
however a 12ead ECG estimate could also be obtained frewer
sensors (even froonly onesensoy. Of course, with fewer sensors,

a lower correlation with the true 48ad ECG would be expected.
The optimal placement of the sensors might be investigated based
on the same methodology as described h€nés would allow
keeping the benefit of interpreting standardized leads with
minimized MHD, with little or no extra hardware. In the case of
only one sensor being usedore advanced reconstruction methods
could be implementeduch as artificial neural network21). To

avoid excessive patient preparation time, a generic calibration
strategy would be usefthther than the subjespecific calibration

used hergwhich requires an additional recording in the preparation
room with a 12ead device.

Advanced applications in cardiac MRI may also benefit from the
proposed system. Interventional MRRquires a cleaECG during
imaging sequences. Rapid gradient echo sequesoel asthe
SSFP sequencassted hereare commonly used to track objects
GXULQJ WKH LQWHUYHQWLRQ
device might also bef interestfor cardiac stresesting MRI as
guantitative imaging parameters could be measured simultaneously
or nearsimultaneouslyith quantitative ECG metricsuch as ST
elevation.However diagnostic quality ECG (0.4%0 Hz) would
definitely be required especially because restive highpass
filters do prevent the accurate measurement of subtle baseline
differences Specific applications such as arrhythmia ablation,
performed under MRI guidancelso needa high quality ECG.
Some of these catheter ablati@thniquesequirea quantitative
analysis of ECG morphology in order to locate the ablation target,
such as the paemapping techniqueused for ventricular
tachycardiaablation(22,23) Therefore a good preservation of the
QRS morphology is essentidhe main challenge to obtain a high
quality ECG for such applications may be the variabilitythe
cardiac output flow pattern (between rest and stress, or during
arrhyhmic events), which leads to changes in MHD morphology.
In our worstcase stress test simulation, the residual MHD artifacts
remained of small amplitude, suggesting that the identified lead
combinationis relatively robusto changes in MHD morphology.
However the method should be tested in actual patients in order to
determine the true diagnostic value of the reconstructed signals.

Electrocardiographic imaging (ECGI), also called inverse
cardiacactivation mapping, is an emerging field in cardiolagyl
is another potential applicationf24,25) ECGI consists of
reconstructing a cardiac activation map from body surface potential
measurements and from a torso model of the paieroluding
geometryconductive propertiegndlocation ofelectrods), which
can be obtained by imaginglectrode vests have d&re developed

L HTheF D WK
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in the past years providingiore than 20®@lectrodeg24). Such
systems are not MRompatible, so they have been used in
combination wih CT imaging Meanwhileadvanced optimization
techniques have shown the feasibility of accurate activation
mappingin PVC (premature ventricular contractiorfsdm the
standard 12ead ECG(26). The proposed system might be a
valuabk tool n that field as it might improve the consistency
between the ECG measurements and the imaging M&hbeing

the reference standard imaging modality for cardiac tissue
characterization

CONCLUSION

Reconstruction of the 12ad ECG has been shovigasibleat
1.5 T and 3 Tfrom a network of MRcompatible sensorshe
system allows high quality #2ad ECG to be obtained with
minimal MHD artifacts, with a bandwidtbf 0.05150 Hz (when
no sequence is played) or €86 Hz (during sequencesThe
systen might be used to improve patient monitoring and sequence
triggering in conventional MR examinations. It could be of interest
for interventional MRI or for advanced cardiac MRI applications.

APPENDIX

A detailed description of the linear systeth/ L > solved
during the calibration process is given belatis a block diagonal
matrix, composed of a blockthat is repeated along the diagonal:

# ® r
#Le ° _id&#t
r ® #
%:g;:%; ® %:ga:%; (A1)
LN - ° - @G

85:R; ® &¢°:R;
Coefficients %'g : R represent the signal from the-lgad ECG
measured by leadf HL s& s and time R (GL s & -, where -
is the number of samples in the template ECG cycle).
The >vector isa concatenation of the sensor network signals:

a5 .p.
i &Gceadls b
iN - |

n :5; . . K
13;@;@335&! N
>L% - % (A2)
56 .D-
T %zgéaéBv N
iN -

_ | %%ac cadBi O

Coefficients 8(;?2, ceaal; represent the signal from the sensor
network measured by lead HL s & st since in this study there
are 4 sensors x 3 leads) and tifgg¢ GL sa -).

When solving for#/ L > a flattened vector representation of
/ is used, sd is a vector of sizesv vH s(instead ofs t H s tin
its 2D representation}tis of sizest- Hs v yvand >ofsizest- H
s-LV RQ WKH RUGHU RI
(the sampling rate is 1 ms per sample}he regularized inversion
procedure/ L :# #E a+5# > the Atuning parameter was
empirically set tos 1?6 ! >,
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SUPPORTING INFORMATION

Supporting Information Figure S1 Schema describing the
filtering/undersampling stagepplied in the proposed ECG device,
including those configured in the freahd module.

Supporting Information Figure S2 Heating tests with ASTM RF
phantom. (a) First ECG sensor network configuration studied. The ECG
sensors were positioned on the ABphantom according to the electric
field map of a 3T MR system. (b) Second ECG sensor network
configuration studied, leading to the worst case temperature elevations
found. For easier visualization, the optical conversion box and optical
fibers are notlsown. (c) Positioning of the temperature probebét

probes ar@lacedunder the transparent conducting gel of the elecjrode

Supporting Information Figure S3.Example reconstructed 48ad ECG

of a subject at 1.5 T (template ECG cycle). The superimpimgedblue)

and reconstructed (red)12ad ECG signals are shown: (a) after calibration
Cout (i-€. matrix computed from the sensor network signals recorded outside
the scanner); (b) after calibration, @.e. from the sensor network signals
recorded iside the scanner). Here using,Ccalibration, correlation
coefficients obtained outside/inside the scanner are 97.1%/82.2%; wsing C
they are 92.2%/92.0%, showing the minimizing of MHD artifacts. The
corresponding calibration matrices are shown fgi @) and G, (d)
calibration.

Supporting Information Figure S4.Example reconstructed 48ad ECG

of a subject at 3 T (same subject as in Fig. S2). The superimposed true (blue)
and reconstructed (red) 1€ad ECG signals are shown: (a) after calibration
Cout (i.e. matrix computed from the sensor network signals recorded outside
the scanner); (b) after calibration, @.e. from the sensor network signals
recorded inside the scanner). Here using; €alibration, correlation
coefficients obtained outsideide the scanner are 87.9%/58.3%; usipg C
they are 75.3%/73.2%, showing the minimizing of MHD artifacts. The
corresponding calibration matrices are shown fgi @) and G, (d)
calibration.

Supporting Information Figure S5 Comparison of MHD effectsroa

KHDOWK\ YROXQWHHUTV (&* DW GLIIHUHQW PDJQHWLF ILHOGV
signals, including (from left to right) raw ECG leads at0 T, 1.5 Tand 3 T,

and reconstructed 12ad ECG at 1.5 T and 3 T (a); signals from a

conventional 12ead device obtained &tT, 1.5 Tand 3 T.

Supporting Information Table S1.Correlation coefficients between the
templateECG cycle inside and outside the MR scanegpressed as mean
+ standard deviation over all leads (data from 1 subject).

Supporting Information Table S2. Contribution of each lead of the raw
sensor network to the reconstructedidad ECG, as assessed by the least
sguares energy ratio.
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Supporting Information

Details of the filteringlindersampling chain of the proposed ECG device

TheECG frontend module embodies a succession of filtering and undersampling modules which were configured as shown in Fig. S1 belo
The signals are first filtered with an aatiasing filter of 65 KHz and digitized with a It SAR (Successive Approximation) type ADC with
a clock rate of 2.048 MHz. The effective number of bits (ENOB) of the ADC is increased from 14 bits to h Isignals are filtered with
low-pass filter (LPF)f 450 Hz, downsampled to 2 KHz and filtered with a LPF programmable filter of 150 fflzal decimation (from
sampling frequency FS=2kHz to FS=1kHgperformed in the microcontroller.

Supporting Information Figure S1. Schema describing the filtering/undersampling stages applied in the proposed ECG device, including those configured in
the frontend module.

Details of theGradientinduced Artifact ReductiorMethod

Briefly, the gradient method consists of predicting the artifact on the ECG from the magnetic field gradient sourcefipitsiingpaulse
response (FIR) model. A least mean squares (LMS) adaptive filter is used to identify the FIR filter paramater3toldifference with
previously published methods is that here, the Hall effect probes were used as inputs of the LMS filter, rather thantttegnadnd signals
from the MR cabinet. A motivation for this is that the four sensors are placeceatiffocations within the gradient coil system. Thereby they
might provide a better representation of actual local magnetic field changes, which may differ from the command, eddgoanents and
concomitant fields. In summary the LMS filter irnglstudy used 3N=12 Hall effect probes as inputs for the denoising of the 3N=12 raw ECG
leads from the sensor network. After LMS denoising, the ECG signals were further filtered {80aHzSHandwidth (same filter as for the
SSFP sequence). The denoigmgcess was achieved before application of theea# reconstruction matrix.

Supporting Information Figure S2. Heating tests with ASTM RF phantom. (a) First ECG sensor network configuration studied. The ECG sensors were
positioned on the ASTM phantoaccording to the electric field map of a 3T MR system. (b) Second ECG sensor network configuration studied, leading to the
worst case temperature elevations found. For easier visualization, the optical conversion box and optical fibers are r©f Bbsitioning of the temperature

probes (the probes are placed under the transparent conducting gel of the electrode).
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Supporting Information Figure S3. Example reconstructed 48ad ECG of a subject at 1.5 T (template ECG cycle). The superimposeltrep and
reconstructed (red) 12ad ECG signals are shown: (a) after calibration Cout (i.e. matrix computed from the sensor network signals recoedbe sotsider);

(b) after calibration Cin (i.e. from the sensor network signals recorded itigdecanner). Here using Cout calibration, correlation coefficients obtained
outside/inside the scanner are 97.1%/82.2%; using Cin they are 92.2%/92.0%, showing the minimizing of MHD artifactespbadiog calibration matrices
are shown for Cout (@nd Cin (d) calibration.
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Supporting Information Figure S4. Example reconstructed 4@ad ECG of a subject at 3 T (same subject as in Fig. S2). The superimposed true (blue) and
reconstructed (red) 2ad ECG signals are shown: (a) after calibration Qautmatrix computed from the sensor network signals recorded outside the scanner);
(b) after calibration Cin (i.e. from the sensor network signals recorded inside the scanner). Here using Cout calibrelsion cmoefficients obtained
outside/insié the scanner are 87.9%/58.3%; using Cin they are 75.3%/73.2%, showing the minimizing of MHD artifacts. The corresloradiog celtrices

are shown for Cout (c) and Cin (d) calibration.
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Supporting Information Figure S5 Comparison of MHD effects@ D KHDOWK\ YROXQWHHUTV (&* DW GLIIHUHQW PDJQHW
(from left to right) raw ECG leads at 0 T, 1.5 T and 3 T, and reconstructieddZECG at 1.5 T and 3 T (a); signals from a conventioné@dd®device obtained
atOT,1.5Tand3T.
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Supporting Information Table S1.Correlation coefficients between the template ECG cycle inside and outside the MR scanner, expresset stamdasth
deviation over all leads (data from 1 subject).

15T 3T
Conventional 12eadECG device 59.1%(+ 20.9% 32.3%(+22.8%9
Sensor network: raw ECG leads 75.8%(+ 24.6%9 43.3%(+28.6%9
Sensor network: reconstructed-lEad ECG 92.4%(+ 3.3% 77.9%(9.4%

Supporting Information Table S2.Contribution of each lead of the raw sensor network to the reconstrucleddlECG, as assessed by the legsares
energy ratio.

Subjects at 1.5T Subjects at 3T
Sensor Lead 1 2 3 4 1 2 3 4
1 20.2% 37.9% 36.0% 23.3% 13.2% 39.6% 14.4% 36.3%
1 2 9.1% 20.6% 22.8% 74.9% 31.8% 11.3% 40.4% 28.8%
3 27.8% 48.5% 54.0% 10.4% 17.4% 24.4% 74.7% 82.6%
1 63.1% 14.6% 14.4% 2.2% 8.4% 15.0% 9.9% 0.0%
2 2 27.1% 18.2% 47.9% 28.9% 49.9% 33.1% 22.1% 0.0%
3 29.6% 45.6% 34.3% 45.2% 51.1% 28.9% 19.0% 0.0%
1 31.4% 13.3% 23.0% 12.6% 42.3% 11.8% 14.8% 20.0%
3 2 39.8% 45.0% 31.1% 13.4% 24.1% 54.6% 31.7% 3.0%
3 2.6% 16.6% 1.4% 0.5% 9.3% 14.5% 3.8% 2.9%
1 11.8% 3.7% 2.2% 4.8% 21.5% 1.7% 3.9% 7.5%
4 2 7.1% 12.9% 3.7% 14.6% 3.4% 24.9% 8.9% 6.1%
3 19.4% 22.6% 8.8% 16.8% 20.4% 40.1% 17.3% 23.0%




