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Abstract

Simultaneous EEGMRI provides anncreasingly attractive research toolinwestigate cognitive
processes with high temporal and spatial resolutitmwever,artifactsin EEG dataintroducedby the
MR-scaner still remain a majolobstacle This studyemploying commonly used artifact correction
stepsshowsthathead motionpne overlookedmajor sourceof artifactsin EEGfMRI data,cancause
plausible EEG effects and EEBOLD correlations.Specifically, lowfrequency EEG(<20 Hz) is
strongly correlated with kscannemovement Accordingly, minor head motion (<0.2 mm) induces
spurious effects in a twofold mann&mall differencesn taskcorrelatedmotion elicit spuriouslow
frequencyeffects and as motion concurrentlinfluencestMRI data, EEGBOLD correlationsclosely
match motionfMRI correlations We demonstrate these effeitsa memory encoding experiment
showing thatobtainedtheta power(~3-7 Hz) effects andchannellevel thetaBOLD correlations
reflectmotion inthe scannerThesefindings highlight an important caveat that needs toalldressd

by future EEGIMRI studies

Keywords: brain oscillations, EEEBOLD correlations, motion artifacts, simultaneous EEG

fMRI, theta oscillations

Highlights

1 Motion causes spurious effects using common artifact correction in 83 analysis

1 Spurious motion effect®semble neurophysiologigallausibleeffects

1 Minor task related motion can cause spurious task related EEG effects

1 Motion-BOLD and EEGBOLD correlations are largely overlapping after convolution

with the HRF



1 Introduction

Simultaneous EEG and fMRécordings providean immensely useful neuroimaging technique as
they offer the unique possibility to noninvasively record neural activity at highest temporal and
spatial resolutioriDebener et al., 2006puch richmultidimensionatataset allow for numerousvays
of merging EEG and fMRI datéHuster et al., 2012)vith the mostpopularapproachbeing EEG-
informed fMRI analysisHere,EEG paraeters of interest anesed to create a model of the BOLD
responseBOLD signalscan be correlated witERP componest(Debener et al., 2005)esting state
alpha powefGoldman et al.2002)or taskrelated oscillatory power changédansimayr et al., 2011)
Resulting spatial maps provide regions in which BGdighalchange correlate with EEG parameters
indicating a common gemator of BOLD and EEGignals

However thebiggest restraining facton simultaneous recordings is stitie quality ofthe EEG
data Usually two types of artifacts are considered: the gradient and bakisimgraphic (BCG)
artifacts(Allen et al., 1998; Debener et al., 2008; Liu et al., 2012a; Mullinger et al., 2013; Niazy et al.,
2005) Another major source ofartifact, spontaneous movemens rarely discussed Motion is a
generalproblem forsimultaneous recordingsince movement ofany conductive materiafi.e. EEG
electrodesnd wire$ in a static magnetic fielths in an MR scannecpuses electromagnetic induction
and consequentlyan artifactual EEG signal Therefore even very mior head motion on a sub
millimeter level severely affects the EEGs for examplethe tiny movementsrelated toevery
heartbeatare visible in the EEGdataas BCG (Debener et al., 2008; Mullinger et al., 201B)ost
researchers employing EEGIRI accept that thesartifacts remain to some extent in theata, even
after careful preprocessingnplicitly assuminghatthoseartifacts aremainly decreasing the signal to
noise ratiobut not introducing spurious effes This logic fails when head motion is correlated with
thetask parameterof interest {.e. paradigmpehavioral performance, BOL§Ignalg. Since it is well
known that fMRIBOLD signals are correlating with motidmoluntaily or physiologicallydriven),
BOLD-motion correlations might be a serious concern for BEHERI correlations(Birn et al., 1999;
Friston et al., 1996; Murphy et al., 2013; Power et al., 2014)

We here present datmeasuring EEGdata inside and outsidean MR-scanner EEG and

simultaneous EE@VIRI data wererecorded during a memory paradigm where we focused on theta

3



oscillations and their relation to BOLD sigedFigure 1A) The memory relevant aspects of this
datasewill be reported in detail elsewhe(Eellner et al., in prep) and are only in so far relevant for
this study as motiommducedspuriousi me m-b i Yeféects.Specifically, wedemonstrat¢hat (i) In-
scanner EEGlataon electrode levak highly dominatedy motion relatedartifacs. (i) Task related
motion in-scannercan cause spurious task related EEG power effeetsare in &ark contrast to
artifactfree out-of-scannedata. (ii) In-scanner motion can drivepgrious but neurophysiologically

plausibleEEG-BOLD correlations.



A Paradigm

Encoding: 20 words Distractor: Visual Detection Free Recall: 20 words Rest
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Figure 1: Paradigm and exemplary oscillatory power and motion timecourses

(A) The experiment consisted of 12 stuggall cycles, each of these cycles consisted of an
encoding phase, a visual detection task, which served as a memory distractor, a free recall phase and a
short rest period, in which participants were allowed laxianove and close their eyes. During recall
participants verbally recalled items presented in the previous encoding phase. Iltems during encoding
were classified as later remembered or forgotten according to those responses. (B) Power time courses
of different frequency bands and motion parametersdupng the whole scanning session of one
exemplary participant. EEG closely resembles motion throughout all four task phases. Task phases are
indicated by the shaded background colors matching coloring in Epdchs of interest in this
experiment were encoding phases highlighted by green boxes. An exemplary encoding epoch is
highlighted by dashed lines and shown in clope Encoding phases exhibited no exceedingly high
motion and only low motion encodingal$ that passed artifact correction highlighted by green boxes

passed visual artifact inspection and were subjected to further encoding analyses.
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2 Methods

2.1 Participants

The same memory encoding paradigm was measured in two different setups: in one group of
twentyfive participants simultaneous EH@®IRI was recorded (ifscanner data), whereas another
group of thirty volunteers participated in an &nly study (ouof-scanner data). tacanner data
from three participants had to be excluded because of poor data quality, one participant had to be
excluded because of a missing structural scan and data from another two participants did not provide
enowgh items in one of the memory conditions, resulting in a sample of ninetsearnner datasets
(mean age=22.95, 12 female). In-afitscanner data eight participants had to be excluded because of
low trial numbers resulting in twentyvo outof-scanner dasets (mean age=20/85, 12 female). All
participants spoke German as their native language, reported no history of neurologic or psychiatric

disease, and had nornmlcorrected to normal vision.

2.2Paradigm
Participants irboth datasets participated in the identical experiment. The experiment consisted of

twelve repeated memory encodirgrall cycles including an encoding phase, a distractor phase, a free
recall memory test and a short rest period (see Figute @éachencodip phase t he partic
was to memorize 20 words. Each encodiacall cycle ended with a 20 sec rest period in which
participants were allowed to relax (blinktc). During encoding participants were instructed to use
two differing mnemonic stratges: The method of loci and the pegword method. Both encoding
conditions are cognitivyg demanding and call for high levels of attention. Both conditions showed no
difference in spurious oscillatory activity and movement pattern and therefore data \gad foethe
current analysis. Each tbeencoded word was presented for 3 sec followed by fixation cross
presented with an exponential jitter from-¥.5ec to improve design efficiency for evealated fMRI
analysis. The encoding phase was followed byisaal detection task serving asdistractor task
(similar task as reported ansimayr et al., 2033In the following free recall phase participants were

asked to recall all 20 words as presented during the preceding encodingR¥wak performance



was used to classify encoding trials as subsequently remembered or foryotseanner, verbal
responses were recorded using an M&hpatible microphone (MRconfon). Scanner noise was
removed from the resulting audio files wusing theeefr software package Audacity
(http://audacity.sourceforge.net/). In eaftscanner EEG recordings recall performance was scored
manually by the experimenter. Each experiment was split into 4 consecutive recording sessions to
keep file sizes manageable.

Different word material was used for each stteht cycle counterbalanced across participants
and between conditions. Participants remembered on average 48.7% (std= 0.12) of the words in the in
scanner dataset and 55.5% (std=0.13) in theoBbstanner datets, revealing a non significant

tendency of higher recall rates eaftscanner (T(39)=1.757, p=0.087).

2.3EEG data-recording
The inscanner EEG data were recorded from 63 channels in an equidistant montage, (EasyCap,

Herrsching, Germany). An MR compdgbamplifier (BrainAmp MR, Brain Products, Gilching
Germany) together with the Syncbox device (Brain Products) was used to synchronize EEG
recordings to the MR scanner clock. Recordings were referenced to Fz and later rereferenced to
average reference (Wit excluded any noisy channels). Impedances were kept below 280G

was recorded by an electrode placed below the left scapula. The signals were amplified between 0.1
250 Hz and a software filter with a low cutoff of 0.3Hz and high cutoff of 70Hz appliging
acquisition. The EEG data were sampled at 5 kHz with a resolution of 0.5uV. Cables connecting cap
and amplifiers were fixated by adhesive tape to prevent any additional movetaded artifacts. The

same EEG amplifier and caps were used in magberiments (irscanner and owdf-scanner). The

only differences in recording between the two datasets concerned specific settings for simultaneous
recordings: in the owbf-scanner data no synchbox was used, data was sampled at 500 Hz with a
resolution of0.5uV, no software filters were set and no ECG was recorded. Durirgf-saanner
recordings participants were sitting upright in front of a computer screen instead of in supine position

in-scanner, where stimuli were presented on a mirror. Changeslynplosition have been shown to



affect resting state EEG in higher frequencies (>30 Hz), but not task related changes in lower

frequency bandRice et al., 2013; Thibault et al., 2014)

2.4fMRI data recording

After EEG preparation participants were placed in the scanner. Extra paddmglaced
surrounding thénead of the participants to suppress head movements and discomfort caused by the
EEG cap. Imaging was performed using-&e3la MR heagnly scanner (Siemens Allegra). During
fMRI scanning, 2472480 wholebrain image volumes, consisting of 34 axial sliessh, were
continuously acquired using a standard i&%ghted echglanar imaging (EPI) sequence (repetition
time TR=2000 ms; echo time ¥B0 ms; flip angle=90°; 64x64 matrices:-ptane resolution: 3x3
mm); slice thickness: 3 mm, interleaved skmguisition). Highresolution sagittal TAveighted images
were acquired after the functional scans, using a magnetizatpared rapid gradient echo sequence
(TR=2250 ms; TE=2.6 ms; 1 mm isotropic voxel size) to obtain a 3D structural scan. To preent EE
artifacts caused by the helium pump and inteconaling of the scanner, both were switched off during

the recordings.

2.5EEG data preprocessing
The first preprocessing step for-ssanner EEG data was to reduce scamukrcedgradient

artifacts. TheEEGLAB plugin FMRIB (www.sccn.ucsd.edu/eeglaiiNiazy et al., 2005yvas used to
reduce gradient artifacts. Synchronisation of scanner clocks by the syncbox ensured accurate sampling
of the gradientartifact BCG artifact correction involved two steps: heartbestedtion and BCG
correction. At first, each heartbeat was identified by detecting QRS complexes in the ECG recording.
Heartbeat detection was carried out using the FMRIB implemented method or@&ddgfhritoolbox
(https://amri.ninds.nih.gov/cdin/softwae, (Liu et al., 2012a) For all but one dataset, the AMRI
method provided a higher QRS detection performance revealed by averagd@B®@dECG ERPs
and visual single trial inspeoti. OBS method was used to reduce the BCG art{fdieizy et al.,
2005)

For analysis of memory encoding effects, encoding phase data from both datasetsner and

out-of-scannerwere epoched into trial2.5 to 3.5 sec around item onset to provide sufficiently long
8



epochs for wavelet analysis. The epoched data was visually inspected, and trials containing residual
scanner artifacts and other idiographic artifacts (channel jumps;le artifacts, noisy channels) were
excluded from further analysis. Noisy channels were excluded in 4 datasets recordbdcanner

and in 3 datasets-scanner, maximally 3 electrodes were excluded in each of these datasets. Infomax
independent coponent analysis as implemented in Fieldtrip (www.ru.nl/fcdonders/fieldtrip,
(Oostenveld et al., 201Was applied to correct for residual artifacts (e.g. remaining gradient@@d B
artifacts eyeblinks, eye movements, or tonic muscle activity). The maximum number of independent
components was estimated, equaling the number of channels in a dataset (59 to 62 ICs). On average
11.8 ICs were rejected owing to these residual artifadise inscanner dataset (rangel® ICs), 3.8

ICs were rejected in the eaf-scanner data (range8LICs) Note that the majority of iscanner ICs

are significantpositively correlated to motion (sdigure S2). Percent variance accounted for by the
rejected ICs is shown in Figure Showingthata greater amount of the total variance is rejected from

data acquired inside the scanner than outside the scanner, as expected from the additional noise
sourcesRemainng ICs were back projected to channel level. Data was again visually inspected for
remaining artifacts and then subjected to further analysis.-4tdnner data, on average 62.05 hit

trials (range 2813) and 65.21 miss trials (range-B#5) passed therttiact correctionslt was also

tested whether specific mion related ICs can be identifiéd order to remove motion related activity.
However motion correlated positively with the majority of ICs, which prevented su@&na@isthg
approach (see Figure2s Out-of-scannerunsconsisted of an average of 107.55 hit trials (range 56

170) and 82.55 miss trials (range-#42). Finally, for datasets with rejected electrodes prior to ICA,

those channels were interpolated using neighboring electrodes.

2.6fMRI data preprocessing

Image preprocessing and statistical analysis was performed using SPM8 (Wellcome Department
of Cognitive Neurology, London: UK, www.fil.ion.ucl.ac.uk/spm). After discarding the first images of
each session, time series were corredtaddifferences in slice acquisition time, and spatially

realigned to the first image of the session. The realignment parameters obtained in this preprocessing



step were used to quantify movement in the latter analyses. The mean functional image was
coregstered with the structural image, and all images were then normalized to the MNI brain
(Montreal Neurological Institute, www.mni.mcgill.ca) using the normalization parameters determined
from segmentation of the structural image. As a last step, imagessme@hed with a Gaussian

kernel of 8 mm FWHM.

2.7EEG data analysis

For time frequency analysis, data were subjected to a wavelet transform as implemented in
Fieldtrip (www.ru.nl/fcdonders/fieldtrip, Datawerefiltered to obtain oscillatory power betweg& Hz
and 30 Hz using wavelets with a 5 cycle length. Resulting data-tvassformed to the mean power
and standard deviation across all trials of each respective frequency band and channel.

To identify timefrequency clusters showing significant difaces between conditions, a sliding
window cluster permutation test was used (for details, (Sésudigl and Hasimayr, 2013) This
procedure was used to analyze memory encoding effects (FiguresBd && to analyze power
differences between high and low motion encoding trials (Figure 4 C). For each 300 ms x 1 Hz time
bin a cluster permutation test, as implemented in Fieldtrip, was calcltet and Oostenveld,
2007, which returned a-palue for each bin. To check if significant time clusters revealed in this
analysis show continuous scalp topography, another cluster permutation test was performed on the

respective timdrequency bin of these clusters.

2.8Movement measure

A movement measure was calculaigsing fMRI realignment parametertn the realignment
procedure absolute displacement in 6 directiongy( ztranslations and 3 rotations: pitch, yaw and
roll, here denoted as;ra=1,.,6) of every MRvolumes relative to the first MR volume is estimated.
Realignment parameters represent absolute shifts in position relative to the first volume acquired in a
given sessiomndcan be used to calculate a relative motion medsetweenconsecutive scans. &V

combined realignment parametefsall dimensions (j=1, k=6jo a single normalized motion measure

mp;:
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ani B Eq. 1

ani —— Eq. 2

M and std denote the respective mean and standard deviations of the realignment parameter or
combined motion parameter indicated in indices. Note tingtis calculated with the mean and
standard deviations of the respective interval of interestafimyss of motion across all scans
(GLM-allmotion, Figure 1B upper plot, correlations in Figure, ZAgure 3¢ mean and std were
calculated based on all scans; for analysis focusinghation during certain epochs, i.e. encoding
trials or low motion epochs (GLMmall motion, Figure 1B lower plot, Figure 2B, Figylf€) mean
and std were calculated based on all scans in these epochs.

Both motion types, rotation and translation, exhibited highly similar time courses (Figure 1B
translation: j=1, k=3; rotation: j=4k=6). Albeit theoretically head rotations should cause the biggest
artifact by cutting the magnetic flux, natural human head motion rotati@taos with translations
explaining the similarity between both measures. Therefoowement collapsed acros$ & motion
parameters was used for all subsequent correlative analyses. To more closely identify the motion
patterns related to the spurious correlations additionallyreport mean relative difference$ each
realignment pammetereferred to as relate translation or relative rotation; (Figure 5).

a i sini p 1nQis Eq. 3
For statistical analysis ims normalized to the respective mean and std in order to ensure

comparable scaling.

2.9Movement analysis of EEG data

To investigate the relationship of oscillatory power anesdanner motion, irrespective of
condition, the continuous artifact corrected EEG recording was epoched58ifhms to 2500 ms

relative to each volume trigger in order to provide a sufficientig lepoch for wavelet analysis. The
11



resulting 2second trials are temporally matched to a certain fMRI volume (i.e. realignment parameter
and motion parameter). The enftscanner datavere epoched into arbitrary consecutives@cond
epochs to create a coamable dataset. Those epochs were subjected to time frequency wavelet
analysis specified above. Theransformed mean power for eacls 8can interval was calculated for
5 frequency bands (delta:3Hz, theta 48Hz, alpha: 9.2Hz, betal: 1d6Hz, beta2: 7-20Hz).

For inscanner data EEG power andsicenner motiomp, were correlatedor each participant,
el ectrode, and frequency b aandextreBp mower valaaslérger cor r el
than 2 were excludetb prevent outlier driven caglations To testif group level correlations
significantly exceeded zero, and to investigate the scalp topographies of those correlations, correlation
coefficients were first Fishertzansformed, and then subjected to a-sta@ge permutation approach.
In a first step Wilcoxon signanked tests were carried out for each electrode testing if correlation
coefficients are different from zero. Then, to correct this result for multiple comparisons across
electrodes a permutation test was employed. The testl@88dpermutation rurshuffling thesign of
the correlation coefficient randomly for each subject and electrode. After each run, a Wilcoxon
signedrank test was calculated returning the number of electrodes showing a significant effect in a
randomly distibuted dataset. After 1000 permutation runs this procedure yields test distribution of the
probability of a given number of significant electrodes in a sample with random correlations. This

distribution was used to calculate the correctedlpe hencefolt referred to a g

2.10fMRI: power and movement correlations

To investigate correlations of BOLD signals with motion &#&s power several randowffects
GLMs were set up. In EE®VRI GLMs, theta power was added as a regressor either throughout the
scanning session (GL¥lltheta) or only during encoding trials that passed stringent artifact correction
criteria (GLM-cleantheta) Realignment parameters were added as regressors of no intdyesd o
GLM-cleantheta. In all other models we strived to identify effects of motion in the data and therefore
omitted realignment parameters from the GLMs.each GLM eventelated regressors modeling
remembered and forgotten trials for each encoding itondtask block regressors modeling rest

periods, free recall periods for each encoding condition andisitikactortask, and sessiespecific
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block and drift regressors were included. GLMs differed only in the specifie tnatotion regressor
added.The EEG power regressors were desampled to match the TRlotion or power of epochs of
interest was normalized (eansformed) andepochs omitted from the respective regressor were
replaced with zeroeddotion or power regressors were convolved with the HRF and orthogonalized
relativeto the task regressors to avoid regressor correlations.

In GLM-alltheta, a theta power regressor was added based on theta power across the whole
experiment including theta power dugi high motion recall phasesdirrespective of motion or other
artifacts (after the standard cleaning methods outlined ablov&LM-allmotion, a motion regressor
was added based on the combined motion paramgieacross the whole recording period.

For GLM-cleantheta, a theta regressor was built by averagitrgnsformed power of all
electrodes showing the positive theta encoding effecteleetrodes highlighted iRigure 4A)during
all artifact free encoding trials. GLigmallmotion was designed tapture only correlations of small
motion with BOLD signals. A motion regressop, was addd including onlyscans in which none of
the relative translational movements exceeded 0.2 mm. The analysis was restricted to those small
movemats thatmatch moverantsoccurringduring encoding trials (see Figurg 5

GLM-cleanalpha and GLMleanbeta were matching Gl-BMeantheta, except that in these
models average alpha and beta powespectivelywas averaged across all electrodes, convolved and
added to the GLM. Nononvolved models were matching GEdlitheta, GLMcleantheta and GLM
allmotion and GLMsmall motion except that inerenonconvolved (no convolution with HRF) theta

power or motiorregressors weradded to the GLM.

3 Results

3.1Low frequency power and motion in scanner

EEG pwer inscanner idargely domirted by head motionthroughout allfour phasesof the
experiment(i.e. encodingdistractor recall, and restsee paradigm ifrigure 1A). Figure B shows

how EEG power in all lower frequency bands closely resesitanslational and rotational head
13



motion during the scanninsesimn. This close relationship isspeciallyevidentduring the free recall
phasewhich was notonsidered a period of intergdue to the high levels oiovement generadey
verbal recall However, motion and power alsm-varied during the low motion encoding phase
(highlighted dashed bo¥igure 1B). Not all encoding phase dateere analyed butonly relativdy

low motion trialsthat passed visual inspection duriagifact correction(highlighted in light green in
Figure1B, alsoseeFigure5 for absolute motion valugsRotational and translational motion measures
are closely related anatonsequently were combined into one motion parameter in all following
analyses|In line with the abovesinglesubjectobservations, analysecrossall participants revealed
that EEG power and motioftombined motion parameter ph@are positively correlate across the
whole experiment in albwer frequency bands (<20 Hz), evafter exclusion of outlietrials with z-
values of power exceeding z>2 (&équency bandg., <0.001)and alsoduring theartifact free
encoding phastrials, wherecorrelationsare smaller but still highly significanta]l frequency bands

Peorr <0.001,Figure2 shows the correlatiotopographies).

A

correlation motion and power: whole scanning period

1 UOIJB|2.1100

2-3 Hz 4-8 Hz 9-12 Hz

correlation motion and power: memory encoding analysis phase

0.1

1UOIB[21100

0.05

13-16 Hz 17-20 Hz

Figure 2: Scalp topographies of motion power correlations across frequencies

Power and motion are significy positively correlated in all lower frequency bands. (A)
Topography plots of Spearman correlation coefficients throughout the scanning sessions (outlier
corrected for power z>2). (B) shows correlation of power and motion for used encoding trials only.
Note that topographies of correlations do not vary across frequency bands. Correlations were more
pronounced on the outermost electrodes resembling a ring like pattern; circles highlight electrodes
showing significant differences. Allg s<0.001
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Figure 3: Mean power and motion across task phases

EEG power is highly distorted iscanner compared with eof-scanner. (A) Mean absolute
oscillatory power across the different phases of the experiment plotted-$oanner and owdf-
scanner data. There isramarkable difference in scaling: power of inside scanner data is 10 times
higher than outside scanner data (note the afieragnitude difference in ordinate scales for in
scanner and ouif-scanner data). (B)-Eansformed mean power of each task phaseal that the
frequency spectrum in the eaf-scanner data varies with experimental phase wheresmimer data
show very little variation between phases. Mean motion per condition is shown in (C) and highly

resembles mean power per conditiorsaanr. Error bars show SEM.
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As anassessmerdf data quality inand outof-scanner, mean raEG powerin-scannerfor all
task phaseswvas contrastedwvith out-of-scanner datdNote thedifferencebetweenin-scanneratato
out-of-scanner data (see Figure 3A), especially in the lower frequaheiagerage power throughout
the experiment i40 times higher ikscanneccomparedo outof-scannerconditions Especially power
during the high motion free recall and rest periods is drastically increased. Note also that the average
power during encoding phases here reflects average power before visual artifact correction (see
difference in motion before and afteiswal trial inspection in Figure 5EEG power irrespective of
frequency bandvas always highest for the rest and re¢aiph movementtonditions, whereas out
of-scanner data show frequency band specific variatimngss the task phasebhis is especially
apparentwhen controlling for the difference in scaling between measurements by normalization to the
respective mean and standard deviatibigyre 3B). For example in data recorded -@fitscanner,
alpha power (9.2Hz) during thedistractor phase a visual attention tasks more pronounced than
during other phases. Also, during the free recall phase, when participants spoke, larger suppression of
alpha and beta {20Hz) is evident presumably related to motor activiilyscanner datasilacking
these pronounced frequency specific effetle difference between these two datasst®wthat the
out-of-scanneEEG reflects general neurophysiological characteristics of the task whersaarniner
EEG power across frequency bands and tasksns to be largely driven by a common generétor.
probable common generat@ motion, as mean EEG power-scanneracross phaseg-igure 3B)

closely resembles averagaative motion across dihsk phasesHgure3C).

3.2 Task-related EEG effects in-scanner EEGcontrasted with ou-of-scanner EEG
In both datasets, irand outof-scanner, memorgncoding effects were analyzed by contrasting

power in frequency bands from2® Hzdepending on subsequent memory performanles. contrast
of later successfully rememberaddlater forgottertrials is usuallytermedsubsequent memory effect
(SME; (Paller and Wagner, 200Zjor inscannedata asliding cluster statistic revead only positive
SMEs i.e. higherpower forlater remembered thafor later forgotten trials Figure 4A). In the theta

band (47 Hz), two clusters of positivBMEswere evident from 500 ms before until 500 ms pastd
16



onset,and anothecluster1500 2500ms after wordonset (highlightecoxes and topographiés
Figure4A). Importantly, thesehetaSMEsin-scanner are in stark contrast to the effects found in the
out-of-scannerdataset(Figure 4 B). In this datasenhegative memonSMEs in the theta frequency
range were foundi.e. less power folater remembered thatater forgotten wordsThese negative
SMEs wee evident 500 1000msand 1500 2500 msafter word presentatioriFigure4B). A direct
comparison of these SMEs also revealed significantly larger increases in powesdaniter SMEs

in contrast to ouof-scanner SMEs (see Figure)SBEG data recorded outsidée scanner is more
reliable i.e. free of any MRelated artifacts, and as solely the factor in/outside scanner was
manipulatedthe positive thet effect inscanneris attributableto artifacts caused by thescanning
environmentNotably, negativeas well agpositive SMEs in the theta frequencgingeare in line with

a host of recent EEG studies (@¢ansimayr and Staudigl, 20149r arecentreview).Of note the n-
scanner theta effects seedrto be notlimited to the theta frequency range bather appea&dto be

part of an unselectivgpower increase ranging from2D Hz.
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A Encoding effects in-scanner B Encoding effects out-of-scanner C Motion during encoding D Encoding trials resorted:

(remembered vs forgotten) (remembered vs forgotten) high motion vs low motion
In-scanner Qut-of-scanner * In-scanner
N 18 18[™ > 0.08 1
T 5 $ 006 £
£14 14 L b S 0.04 €1
2 N 0.02 o <
c 10 10 = 0 &1 o
g 'y 1 S, 0.02 ) <
| A i T | : 8
9] e S £-0.04 _g Ind
= 2 e -0.06 o S
0 2 =femembered -1 0 1 2 3
=forgotten time in s
t-values
. 0.5-1s 1.5-25s -0.5-0.5s 1.5-25s
<0.05 4 -4 0 4
Peor pw"<0.05 pm"<0.0001 p,. <0.01 pm"<0_001

corr

Figure 4: Memory encoding effects and motion

(A) In-scanner data showed clusters of significant positive memory encoding effects. (B) In
contrast, oubf-scanner data revealed positive and negative effects. Specifically, éffabtstheta
frequency range (~4 Hz) are reversed iscanner compared with eaf-scanner: increases in theta
power were found kscanner, whereas decreases in theta power were evideoit szdgnner to be
related to successful memory formation. (C) Mnotivas significantly higher during later remembered
trials than during forgotten trials, bars plotted here show the normalized motion measure during
encoding trials (D) Resorting the same trials as in (A) not regarding memory performance, but
regarding madbn during the trials reveals significant power increases similar as fscaimer
memory effects. Topography plots in (A), (B) and (D) show theta effects highlighted in the time
frequency plots above with grey boxes; circles highlight electrodes shaigindicant differences.
Time-frequency plot shows-palues for timefrequency bin that reveal significant differences between
remembered and forgotten trials. Warm colors indicate increases in power for remembered/high
motion trials in contrast to forget/ low motion trials respectively. Error bars show SEM.

3.3Small eventrelated motion cause spurious eventrelated oscillatory effects
The aboveanalyses show that EEG powarscanner closely tracks motion artifacts suggesting

motion as potential source of the artifactual tesdlated theta increases. However, correlation between
motion and EEG power alone cannot explain the reversal of the theta effects related to task
perfamance (i.e. subsequent memory) between the two datasets. For motion artifacts to drive task
related contrasts, motion needs to be correlated with memory form&maysis of motion

parameters showed that motioasMndeed task relateBligure4C). Specifically,the motionmeasure
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during troseencoding trials that passed rigorous artifact rejection waansformed and contrasted
dependent on memory performan&urprisingly, @rticipants very robustly exhibited more head
motion duringthe encodng of words that were subsequently remembenpared to forgotten
words (T(18)=4.47 p<0.001urthermore, in line with our other findings, splitting encoding trials into
high and low motion trials, regardless of memory outcome, revealed that head amatiBEG power
are indeed strongly related, with highotion relative to low motion trials inducing EEG power
increass, especially inower frequency bands$-{gure4D). Additionally, the timefrequency range of
high vs. low motion effects was comparahtethe positive SMEs obtained in scanfieomparing
FiguresdA & 4D, S3. The motion induced EEG power increases were present in all frequency bands.
Especially in the theta band, this increase was continuous throughouhake trial period Figure
4D). Together, these analyses reveal thatll taskrelateddifferences in motiorcan causdask

related effectin in-scanneEEG data.

3.4 Motion showing taskrelated differences

Eventr el at ed moti on ¢ ausi-mgnmorienfef escpt boof therihree afics u b s
translation and rotatiowlimensions areshown in Figureb. Relative motion between consecutive
realignment parameters are plotted to show the pattern of-eeéated motion in absolute mm and
radians comparable to the typical realignmgatameter output of fMRI preprocessing pipelines. In
general, motion during encodingeven before excluding artifactual trizdlavas small Figure 5A).
Average motion in trials that passed visual inspection during preproceBgige(5A, red and blue
bas) is even lower than in trials before artifact inspection and rejeckimuré 5A, green bars)
demonstrating that visual artifact correction of EEG data also implicitly reduces the magnitude of
motion in the remaining data. Mean motion in each trawsiaand rotation dimension is higher for
successfully encoded trials in contrast to later forgotten tiédgi(e 5A red compared with blue). To
assess the statistical significance of this effect, mean motiptrafsformed relative motion in each
motion dimension wassubjected to a repeated measurement XNQvith factors motion direction
and memory. The ANOVA showed no significant interaction (F(1,18)=1.343), no sighifitain

effect of motion directiorfF(1,18)=1.250) but a significant effect of mewy@F(1,18)=6.617; p<0.05)
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indicating a memory effect for motion that was unspecific to any given movement direction. Albeit
qualitatively the biggest memory related differences in motion were related-trarsslation Figure

5A, red compared with bluefrigure5B shows the distribution of this motion parametetrgnslation)

for each participant and trial, which reveals that mean relative motion across all used trials and
participants did not exceed 0.1 mm with the majority of movement being below Q.2 mgriatter

result shows that the task related effect was driven by movements that were small in magnitude but
which consistently correlated with memory (as opposed to a few large movement outliers driving the
effect). One would expect that motion inea across the recording session and that such an increase
in motion across trials might explain the reported task related effect. Importantly, differences in
motion between remembered and forgotten trials were not related to difference in positictialsthe

in the recordings. Indeed, the higher motion remembered trials tended to occur on average even earlier
(M=1152 scan, std =180) than the lower motion forgotten trials (M=1199 scan, std=209), albeit this

difference was not significant (T(18)244, p0.2).
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A mean relative motion during encoding
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Figure 5: Overview of the relative motion during encoding

(A) shows relative motion (here: differences between realignment parameters of consecutive
volumes) in all 6 motion dimensiong,(y, zplares for translation and rotation) during all of the
encoding epochs (green bar) and for all trials used in memory effects analysis and EE&RIwer
correlations (blue and red bars). To highlight memory related motion differences trials are split into
remembered (red) and forgotten (blue) trials. (B) Distributions of relative translational motionzn the
direction, the direction showing the largest relative movements. The median motion is highlighted in
the center of the boxplots, borders of the rectasiggify the respective first and third quartile. Note

that all relative motion is below 0.5 mm and all average motion is below 0.1 mm.

3.5Motion causes spurious EEG-fMRI correlations

Next, we were interestad whether motion can also introduce spurious HEIRI correlations.
This is a highly relevant question given that EBGLD correlations are the majarotivationof most
multimodal imagingstudies(HansImayr et al., 2011; Mantini et al., 2007; Scheeriegal., 2011)To
this endEEG timecourses are uslly convolved with the HRFRand used as predictors of fMRI time

courses in a GLMTherefore it is important to elucidaté motion driven correlationswith the fMRI
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dataare also evident after convolution with the HRF. To test for this possilBiy,D signals were
separately correlated wittonvolved EEG poweand convolved motian

In a first stepwe were interested ithe general pattern of convolved motiB@OLD correlations
including high motion task phasemdwhetherEEG-BOLD correlationdollow the samepattern. For
this analysishieta power and motion paramettdrsoughout the scanning sessiware convolved and
put as regressor of interest in two separate GLMs (@llMeta and GLMallmotion). Both
continuous theta power and motion regressbimvsd widespread negativBOLD correlations in
largely overlapping aread-(gure6A,p <0. 00 1, c lseeS TableS), egpecally i regions
that are known to be susceptible to artifacts, like the ventricles and areas on tissue borders. However,
strong negative correlations meealso obtained imegionsrelevant to cognitive processemedial
frontal, medial and lateraparietal regions This demonstrates that convolved EEG power and
convolved motion indeed correlate with fMRI and that thesestaiions largely overlap.

These first BOLBmotion/EEG correlations identifiegimilarities betweenmotion andEEG
correlations However including highly artifact loaded data (i.e. EEG data during the recall phase)
does not resemble typical analysis pipelines. A more relevant question thus is if motion can also
produce spurious correlatiomdter stringen; stateof-the-art removal of datacontaining artifacts. A
second set of GLM#/asconstructed to explore if the impact of motionEBEG andBOLD signak is
large enough to also drive théB®LD correlationwhen usinga standard analysis @ne. A theta
GLM (GLM-cleantheta) was designeiaicluding anly convolvedtheta power oencodingtrials that
survived rigorous aifact removal.To further control for movement related artifacts, realignment
parameters were added to the GlcMantheta Matching this more conservative approach of
correlaing theta and BOLD signal, a second motion GLM was setup to investigate the correlation of
small movements with the BOLD signal (Gl:nallmotion only including motion not exceeding
0.2mm in any of the translational dimensions throughout the scanningre3sie results of this
analysis still revealed a similar motion driven patterithasprevious analysis-igure 6B, Table S4).

Theta power during encoding still correlated negatively with BOLD signal predominantly at medial
locations (cyan areabkjgure6B , p<0. 001, clustersize010), areas

areas orrelating with motion Figure 6B, white areas). Lowering the statistical threshold to p<0.005

22



reveals that thetBOLD correlations show a rim structure at frontal coronaksliand in axial slices
(Figure 6B green areas) and exhibit larger overlap withtion-correlated aread={gure 6B, yellow

and white areas)importantly, the correlationsshown in green and cyaoould easily pass as
physiologicaly plausible correlates ahedial frontaltheta power(Cohen, 2014)Clusters showing
positive correlations between motion and BOLD signals, and theta and BOLD signals, are reported in
Figure S3B. These positive correlatis were predominantly found in areas related to voluntary

movements such as the precentral gyrus and the cerebellum.

Figure 6: Negative EEGBOLD signal and negative motionBOLD signal correlations.
Correlating convolved continuous thep@wer throughout the scanning session resulted in large
overlap with areas correlating with convolved motion parameters throughout the recording, including
high motion periods (A). Areas shown in green are significantly negatively correlated with theta
power and areas shown in red are significantly negatively correlated with convolved motion regressor,
areas in yellow indicate the overlap of these effects. (B) Correlations of convolved continuous theta
power restricted to encoding phase trials (differemtistical thresholds in cyan and green,
respectively) that passed artifact correction still showed an overlap (yellow) with areas exhibiting
significant correlation with small movements (red). See figure S4 for unconvolvedBEEDG

correlations, alpha/betsand EEGBOLD correlations, and positive EEG/motion BOLD correlations.

23



