Does motion-related brain functional connectivity
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Abstract

Imaging research on functional connectivity is weily contributing to characterize
the functional organization of the human brain. ¢iomal connectivity measurements,
however, may be significantly influenced by headiorothat occurs during image
acquisition. The identification of how motion inflnces such measurements is therefore
highly relevant to the interpretation of a studygsults. We have mapped the effect of head
motion on functional connectivity in six differepbpulations representing a wide range of
potential influences of motion on functional contngty. Group-level voxel-wise maps of
the correlation between a summary head motion measnt and functional connectivity
degree were estimated in 80 young adults, 71 @rnilds3 older adults, 20 patients with
Down syndrome, 24 with Prader-Willi syndrome anda2th Williams syndrome. In highly
compliant young adults, motion correlated with fiimeal connectivity measurements
showing a system-specific anatomy involving thesseimotor cortex, visual areas and
default mode network. Further characterization stesngly indicative of these changes
expressing genuine neural activity related to nmtas opposed to pure motion artifact. In
the populations with larger head motion, resultsewaore indicative of widespread
artifacts, but showing notably distinct spatialtdizition patterns. Group-level regression of
motion effects was efficient in removing both gerdized changes and changes putatively
related to neural activity. Overall, this study ersks a relatively simple approach for
mapping distinct effects of head motion on functiloconnectivity. Importantly, our
findings support the intriguing hypothesis thabanponent of motion-related changes may

reflect system-specific neural activity.
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1. Introduction

Imaging research on neural connections is makimgigue contribution to our
understanding of the functional organization of laenan brain. Functional MRI (fMRI) of
spontaneous brain activity permits the charactgozaf relevant functional networks on
the basis of region synchronization — typicallyidedl as “functional connectivity” (Buckner
et al. 2013). Despite the broad appeal of the ambrat has become increasingly recognized
that connectivity measurements are influenced lyroon head motion that occurs during
image acquisition. This artifact appears to hagergeral distorting effect of increasing
short-distance connectivity measurements and ndyceeslong-distance measurements
(Power et al. 2012, 2014; Satterthwaite et al. 2@023a; Van Dijk et al. 2012).
Recognition of these effects has generated muctecoras incorrect estimations of
connectivity may lead to erroneous conclusiongudiss comparing groups with different
levels of head motion (Deen and Pelphrey, 2012y asitism where anomalous functional
connectivity is considered a key pathophysiologiaator (Just et al. 2012). In response to
this concern, several analysis strategies have tbeexioped to mitigate the influence of
head motion on connectivity measurements (see Yah 2013a for a review) and have
been applied in challenging populations, such ddrem with autism (Supekar et al. 2013)
as well as normally developing children and ad@ass (Satterthwaite et al. 2013b). It

nevertheless remains unclear which strategy magdst optimal in a given study context.

Functional connectivity-based assessments coukhpiatly be more accurate if the
actual impact of head motion on such measuremenis e predicted specifically for the
population of interest. Samples with the largestiomowill presumably show the most

dramatic effects, but we anticipate that the “amgfoor spatial distribution of these effects



may also vary as a function of the study populatioraddition, there exists the intriguing
possibility that genuine neural activity relatedrotion may also contribute to motion-
induced connectivity changes, as proposed recbptian et al. (2013a,b). The
identification of how head motion influences fuocial connectivity is important both for
understanding how motion may influence a givenytuesults and what should be

expected from the subsequent removal of motiorceff@ith post-acquisition analyses.

In this study we sought to map the influence ofdhemtion on functional
connectivity measurements in different populatidghr®vious studies have comprehensively
assessed the magnitude of motion effects on bkéiRl fneasurements using a variety of
analysis (Power et al. 2014; Yan et al. 2013ag8aivaite et al. 2012, 2013a; Zuo et al.
2013). We aimed to complement this research by mgghe anatomical distribution of
these effects in six samples representing a widgeraf potential influences of head motion
on functional connectivity. To generate the mapgpresentative motion measurement was
obtained for each individual and regressed agahste-brain functional connectivity
measurements at the group level. The averagefiatere head position variation across
each resting-state acquisition was used as an alpsinmmary of the individual’s head
motion (Power et al. 2012; Satterthwaite et al.2204an Dijk et al. 2012) and maps of
“connectivity degree” served to summarize wholeisbfanctional connectivity (Buckner et
al. 2009; Cole et al. 2010; Tomasi and Volkow, 20Qur study populations included
highly collaborative healthy young adults, normalgveloping children, neurologically
preserved older adults and three clinical refergrogrilations: Down syndrome, Prader-

Willi syndrome and Williams syndrome.



2. Methods

2.1. Study populations

Three healthy subject populations with distinct eajeges and anticipated
differences in spontaneous head motion were rectuie also included three genetic
disorder populations with comparable levels of étgm impairment but notably different
clinical syndrome profiles. Prior to exclusionsg$arther) the groups originally comprised
82 young adults, 80 children, 58 older adults, 28vD syndrome patients, 30 Prader-Willi
syndrome patients and 20 Williams syndrome patiéntdhe healthy groups, primary
exclusion criteria included the presence of angvaht medical disorders, substance abuse,
psychiatric illness or current medical treatmeAtkparticipants in the clinical populations
had a genotype-confirmed disorder and estimatedliggnce quotients (1Q) for the final
samples were 45.8+7.1 (range 40-66) in Down syndr@W.6+12.1 (range 40-92) in
Prader-Willi syndrome and 63.7+7.0 (range 57-82)itliams syndrome. Each participant
was capable of understanding the MRI assessmerdeandnstrated a willingness to

participate in the study.

This study was conducted according to the prinsipbgpressed in the Declaration of
Helsinki and was approved by the Clinical Reseé&tttical Committee of the Parc de Salut
Mar of Barcelona and the Corporacié Sanitaria Fandi of Sabadell. Written informed
consent for fMRI assessment and subsequent analgsesbtained from the participants

and parents of the patients with genetic disorders.



2.2. MRI acquisition

Each of the study populations underwent an identicaging protocol at the same
imaging facility. A 1.5 Tesla Signa Excite systeBeferal Electric, Milwaukee, WI, USA)
equipped with an eight-channel phased-array heihdmd single-shot echoplanar imaging
(EPI) software was used. The functional sequenasisted of gradient recalled acquisition
in the steady state (time of repetition [TR], 200€; time of echo [TE], 50 ms; pulse angle,
90°) within a field of view of 24 cm, with a 64 4@ixel matrix, and with a slice thickness
of 4 mm (inter-slice gap, 1.5 mm). Twenty-two imé@wved slices were prescribed parallel to
the anterior-posterior commissure line coveringvitwle-brain. A 6-min continuous
resting-state scan was acquired for each partitgnash was always the first acquisition
sequence after the initial localizer. Participaeteived identical instructions to relax, stay
awake and to lie still without moving, while keegitheir eyes closed throughout. This
sequence generated 180 whole-brain EPI volumesfifBihéour (additional) images in each

run were discarded to allow magnetization to resgphilibrium.

2.3. Image pr eprocessing

Imaging data were processed using MATLAB versioh120(The MathWorks Inc,
Natick, Mass) and Statistical Parametric Mappinigveare (SPM8; The Wellcome
Department of Imaging Neuroscience, London). Rregssing involved conventional
realignment procedures, spatial normalization andathing using a Gaussian filter (full-

width half-maximum, 8 mm). Data were normalizedhe standard SPM-EPI template and



resliced to 2 mm isotropic resolution in Montreauxological Institute (MNI) space. All

image sequences were inspected for potential atiqgniand normalization artifacts.

2.4. Head motion measur ements

Motion was quantified using realignment parametétsined during image
preprocessing, which included 3 translation ancdt8tion estimates. Average inter-frame
motion measurements (head position variations cf @alume as compared to the previous
volume) were used to capture head motion acros8-thsute scan (Van Dijk et al. 2012;
Power et al. 2012; Satterthwaite et al. 2012). Aiomosummary measurement that
combined translations and rotations was computeadnmby adapting the formula of Van
Dijk et al. (2012). Motion was also considered safsy for each translation (in mm) and
rotation (in angular degrees) index in the corfetainalyses conducted for each group.
Results from this separate analysis are reporteshyeheferential correlations were
obtained. A full description of the estimation obtion measurements is reported in the

Supplementary Material.

To optimize the homogeneity of the samples ancebettaracterize group effects,
outliers (and extremes) within each group with rdda mean motion were excluded using
conventional boxplot criteria (cases beyond thetijaa3 by one-and-a-half Q3-Q1
interquartile range [SPSS 15.0; SPSS Inc., ChitlagoThe number of excluded outliers
was 2 for the young adult sample (final n= 80; me&D age= 26.4 = 7.5 years; 35
females), 9 for the child sample (final n= 71; 9.6.9 years; 41 females), 5 for the aged
sample (final n=53; 67.4 + 7.2 years; 29 femalés$pr Down syndrome patients (final n=

20; 24.5 + 4.1 years; 10 females), 6 for Pradedi\8ffhdrome patients (final n= 24; 26.3 +



6.9 years; 12 females), and none for Williams sgnu patients (n= 20; 25.2 + 4.2 years; 9

females).

2.5. Connectivity degree mapping

Whole-brain maps of the degree of functional cotiag were generated on a
voxel-wise basis (Buckner et al. 2009; Cole e2@l0; Tomasi and Volkow, 2011). We
adopted the data-driven method described by Sepatail. (2010), but applied study-
specific parameters. Overall, this approach meagheedegree of connectivity of each
voxel with all other voxels as the sum of correlati above a given Pearson correlation

coefficient threshold (Sepulcre et al. 2010).

As applied here, connectivity degree maps werergéea for each subject using the
preprocessed EPI time-series, resliced to a varemsion of 6.3 X 7.6 x 6.8 mm to
increase signal-to-noise ratio and to optimize cataonal efficiency. Volume means of
white matter, CSF, and global brain signal timerses were regressed from each voxel's
time series and a high pass filter set at 128 secused to remove low frequency drifts.
Each voxel's resulting time series was then caedlwith that of every other voxel, to
generate a Pearson correlation coefficient r-mafite analysis was restricted to gray
matter, which allowed us to define a total amount,697 voxels or brain “nodes”. From
the correlation matrix data, connectivity degreeath voxel was computed by summing
the number of correlations that a given voxel Haalva a threshold r > 0.35, which may be
considered a moderately high connectivity threskBlackner et al. 2009; Cole et al. 2010).
Connectivity degree was finally expressed in reéatialues as the ratio of total supra-

threshold connections over all possible connecti@hsbal (whole-brain gray matter) and



“regional” connectivity degree maps were estimaRehional maps were defined by 30

mm-radial spheres.

2.6. Head motion effect analysis

First-level (individual) connectivity degree imagesere subsequently included in
second-level (group) analyses in SPM8 to generipriectivity-motion” correlation maps
using the motion estimated for each individual asgressor. The results allowed us to
quantify both the severity and spatial distributajrthe effects of motion on functional
connectivity measurements. Separate analyses wadkicted using both global and
regional connectivity degree maps. Data will beorggd only for the regional approach as
both global and regional approaches demonstrasaditar pattern of results, albeit more
robustly for regional connectivity. This latter epgation is consistent with the notion that
motion effects are most relevant on short-distdnnetional connectivity (Power et al.,
2012, 2014; Satterthwaite et al. 2012, 2013a; Vidd al. 2012). Results were considered
significant with clusters of 1.3 ml (4 voxels) abh@ight threshold of p< 0.005, which
satisfied the family-wise error (FWE) rate correntbf Rwe < 0.05 according to recent

Monte Carlo simulations (Pujol et al. 2013).
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3. Results

3.1. Young adults

Figure 1 shows boxplots of motion estimates fohestady population. Young
healthy adults demonstrated a small mean levelatiom and narrow range. In this group,
the effect of motion on connectivity measuremehtsased a notably local pattern. Positive
correlations (greater motion predicting greatemesmtivity) involved the sensorimotor
cortex at the body and feet level and the visugkgdilaterally (Figure 2). Negative
correlations indicating more connectivity in sultgewith less motion involved core regions
of the default mode network, namely the posteringulate cortex, medial frontal cortex
and inferior parietal cortex (Figure 2). It is ned@t to note that this latter finding
corresponds to |aegative correlation with regional functional connectivity, whereaspiror
studies the influence of motion on such measuresrtead been described only in terms of

positive correlations (Satterthwaite et al. 2012).

To examine whether the positive correlation betwaetion and functional
connectivity was biased towards regions demonsgyatironger initial levels of functional
connectivity degree, we compared those regions dstraiing a positive correlation with
motion (i e., sensorimotor and visual cortex) wiftbse regions demonstrating the most
robust connections in our whole-brain mapping. khiai anatomical overlap was observed

between these effects as illustrated in Supplemefigure 1.

To emphasize the anatomical specificity of theifigd for both positive and
negative correlation maps, common resting-statetfomal networks were identified using a

data-driven Independent Component Analysis (ICA) aere spatially compared with the
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brain areas related to motion. Figure 2 shows I ©verlap between motion/connectivity
correlation results and core regions of the ICAstdeed functional networks. The ICA

methodology is described in the Supplementary Ntdter

The motion-connectivity analysis was repeated afiduding the whole-brain
average of connectivity degree for each indivicagah covariate. That is, we performed a
secondary analysis controlling for a global varatfiat is sensitive to the general voxel-
wise effect of motion on connectivity measurementss analysis reproduced the anatomy
of the correlations described above with a tendéoicthe correlations to be more robust
(Supplementary Figure 2). These results therefateate that the initial findings in young

adults likely do not reflect the general effechadtion on brain connectivity measurements.

Mean inter-frame motion is a composite measureroktiiree translations and three
rotations across the x, y and z axes. We furtteetewhether the effect of motion on
connectivity was preferentially related to a spediead motion direction. In these separate
analyses, sensorimotor cortex connectivity wasgpeetially correlated with head rotations
and specifically with the combination of rotaticatsout the x (pitch) and z (yaw) axes.
Figure 3 shows a highly selective correlation bemvieead rotation measurements and
connectivity in the sensorimotor strip from thetfeethe neck and upper face cortical

representation bilaterally.

The primary analyses above determined the natuceroélations between head
motion and whole-brain connectivity degree. Change®nnectivity degree reflect changes
in the functional synchrony of implicated voxelsmmdes withother brain regions, but do

not inform about the anatomy of thexber regions. Therefore, in order to characterize
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these results more comprehensively, a post hoomegftinterest (seed-based) functional
connectivity analysis was performed on the previpigentified region showing the largest
magnitude correlation with head motion (left mdtody representation; MNI coordinates
x=-25, y=-18, z= 68 mm). The corresponding resimticated a positive correlation
between head motion and the functional connectofitthis region with bilateral areas of
the sensorimotor network specifically (Supplemegntgure 3). This analysis is described

in full in the Supplementary Material.

To briefly summarize, young adults showed relajivelv amounts of head motion
that correlated with connectivity measurements shgw neural system-specific anatomy.
This observation does not appear to representghergl distorting effect of motion on
connectivity measurements, but rather appeardiiodte subtle connectivity changes

related to genuine neural activity in sensorimot@yal and default mode networks.

A further analysis was conducted to specificallyess the relationship between the
temporal evolution of motion and the fMRI signah&é course within the selected motor
cortex region in each individual. We observed malitemporal correlation between these
two variables, which had an across-subject mears®eaalue of r= 0.05, SD= 0.11 (range
r=-0.20 to r= 0.35). There were additionally ngnsiicant differences when comparing the
strength of the correlation (using z-transformerhpeeters) between individuals with high
(n=40) and low (n= 40) motion. Inspection of indval data instead suggestéd:only an
occasional coupling between periods of relevanionand periods of signal increasge)
no systematic overlap in the duration and magnitateseen periods of signal increase and
motion; and(iii) that motion periods were more probable at theadnmriods of signal

increase (Supplementary Figure 4). Overall, thesealts are consistent with the notion of
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poor temporal coincidence between fMRI signal clesrand changes in head motion, but
do not argue against an association between serori cortex activity and motion across
subjects. Despite the fact that the temporal caticei was not significant in most
individuals, the subtle but systematic tendencpsindividuals was highly significant at
the group level. This effect was demonstrated witine-sample t-test of the z-transformed
individual correlations between fMRI signal timesese and motion time-course (t= 4.2; p=

0.00006; mean z= 0.48; SD= 1.02).

The above temporal analysis was then expandedawithoss-correlation” analysis
to investigate the correlation between the temparalution of motion (inter-frame motion
at each time point) and fMRI signal at differemhfmoral delays. A conventional cross-
correlation approach (normalized sliding dot prajlu@s used in which the correlation
between motion and fMRI signal time courses wasaggd by successively applying
(forward and backward) time-lags of 2 s (1 franeedhie motion time course. The cross-
correlation was performed at the individual levedl @roup-averaged results are presented in
Figure 4. This analysis revealed two key resultgh&r suggesting the association of motion
with neural activity. Firstly, motion correlatedgtively with fMRI in the sensorimotor
cortex of young adults, whereas the effect expecteuth artifactual correlation should be
characterized by decreasing signal coinciding witition (see the “children” example in
Figure 4). Secondly, the positive correlation wWige aignificant after moving forward the
motion time course up to 4 s (2 frames), which apphes the expected hemodynamic delay
of the fMRI signal with respect to neural activatio the sensorimotor cortex (Handwerker

et al. 2012).
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3.2. Children and older adults

In reference to Figure 1, motion was charactertaed wide range of values in
children, whereas it was more homogenous and Esgegroup in older adults (Figure 1).
In children, head motion was positively correlatégth a notably diffuse connectivity degree
pattern involving large brain areas (Figure 5)tha older adults, the correlation with motion
was also highly distributed (but less prominent) axvolved similar brain regions (Figure

5).

After controlling for whole-brain average conneitjidegree, the effect of motion
on connectivity was dramatically attenuated inafeih whereby only a few clusters
remained significant, including part of the sensator cortex (Supplementary Figure 5). In
older adults, a similar observation was made wighremaining significant correlations also

involving part of the sensorimotor cortex (Suppletaey Figure 5).

Thus, unlike the anatomical specificity of the fimgk in young adults, children and
older adults showed larger head motion that wascssted with widespread and non-

specific changes in functional connectivity.

3.3. Genetic disorders

The three genetic disorder groups showed a relgtiviele range of motion, which
was largest for Williams syndrome patients (FigliyeThe correlation of head motion with
connectivity degree measurements in Down syndraeneodstrated a major involvement of

the anterior and dorsal aspect of the brain (Fi@yréhis finding was almost entirely
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reproduced using the x axis (pitch) head rotati@asarement as a regressor
(Supplementary Figure 6). In Prader-Willi syndropaients, significant effects were
mostly located in basal (frontal and temporal) raigions, although significant
correlations were also identified along the doesdérior cingulate cortex (Figure 6). In
Williams syndrome patients, significant correladretween motion and connectivity

extended broadly throughout gray matter voxelsyfad).

The effect of controlling for whole-brain averageaoectivity degree was also
distinct across these populations. In Down syndrdheecovariate analysis led to a partial
reduction of the anterior dorsal changes; in P syndrome, a smaller decrease in the
magnitude and extent of correlations was obsembdreas in Williams syndrome a
dramatic reduction in motion-connectivity correteis was apparent (Supplementary Figure

7).

Overall, our analyses of the three clinical popatat indicate that large levels of
motion may be correlated with connectivity measimedearly distinct ways. This refers
both to the magnitude and anatomical distributibthe observed correlation patterns, as

well as their association with the general confongeffects of motion.

3.4.Group-level removal of motion effects

Two further analyses were preformed to illustrate autcome of removing the effect
of head motion on functional connectivity measuret®@cross subjects. The child sample
was split into separate subgroups of higher (n=v88us lower (h=36) motion and

compared with respect to brain connectivity degheeexpected, the subgroup of children
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with relatively higher motion showed a widespreacte€ase in connectivity degree (Figure
7) with a similar pattern to the overall group etation results shown in Figure 5. A further
analysis including motion measurements as a cdeamgnoved almost all of the observed

subgroup differences (Figure 7).

Similarly, the young adult sample was split intgher (n= 40) versus lower (n=40)
head motion cases and compared with regards to toainectivity degree. The analysis of
group differences showed increased connectivigeifiault mode network areas in the group
with lower motion (Figure 7) similar to the findis@btained in the overall group correlation
analysis (Figure 2). We performed this contrastzélomotion > higher motion), as these
group differences in regional connectivity degreeshiikely do not represent motion
artifact. The inclusion of motion measurements asariate in further analysis removed all

subgroup differences in default mode network areas.

These two analyses indicate that group-level regrasvith a summary motion
measurement efficiently removes potential motidateal artifacts, but may additionally

remove changes potentially related to neural agtivi
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4, Discussion

We have mapped the association between head nastibfunctional connectivity in
six different populations expressing a range ofiomotiuring resting-state fMRI. Our results
indicate notably distinct patterns across grouph vegard to the magnitude and spatial
distribution of correlations. In highly complianbyng adults, the correlation of head motion
with connectivity degree estimates correspondesystem-specific anatomy involving the
sensorimotor cortex, visual areas and key defaottametwork regions. These correlations
were not explained by a general distorting efféehotion on regional functional
connectivity measurements. In the populations Veithest head motion, motion-
connectivity correlations were generally more psiw@, but also demonstrated population-
specific features. Importantly, group-level regres©f motion estimates led to the efficient

removal of both general changes and putative systuific changes.

It is difficult to consider that our findings in &khy young adults are the sole
consequence of head motion artifact. This noticrolrees apparent when consideriiy:
the exquisite anatomical specificity of the obsdrgerrelations(ii) the lack of association
between these correlations and a representatibalgheeasurement of functional
connectivity;(iii) that the correlation between motion and fMRI sigaanore evident when
adjusting for the hemodynamic delay; gng the fact that head motion does not
appropriately explain the observed increases iloned functional connectivity in default
mode network regions in subjects with low motiae.(ithe opposite effect should be
expected [Power et al. 2012, 2014; Satterthwaitd. &2012]). These findings appear to
suggest that, in the lower range of head motiaretiare relevant motion-related functional

connectivity changes that express genuine varigtddmeural activity within implicated
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regions. This hypothesis was originally proposed’bay et al. (2013a,b) when analyzing the
impact of motion on the fMRI signal. Positive motitMRI signal correlations were
detected in motor areas particularly in subjects vaw motion (Yan et al. 2013a). By
contrast, motion-related signal changes were no¢igdly consistent with neural activity in
the studies by Power et al. (2012, 2014), who thetlusamples with relatively large degrees

of motion.

Our dynamic analysis of individual time-series 1@ee a weak coupling between the
temporal evolution of resting signal fluctuationghe motor cortex and the temporal
evolution of head motion at the individual leved,ia the studies by Power et al. (2012,
2014). Nonetheless, we also observed that a weakybtematic association between fMRI
signal and motion at the individual level may kgngicant across subjects as in the results
of Yan et al. (2013a). Importantly, our cross-ctatien analysis suggests contrasting
temporal dynamics for changes putatively reflectintifacts versus genuine neural activity.
In the case of suspected artifact, motion temppraincided with fMRI signal decrease,
whereas in the case of suspected genuine actindtipn predicted increasing (delay-
adjusted) signal (Figure 4). Considered togetieise previous observations (Power et al.
2012, 2014; Yan et al. 2013a) and our current tesue consistent with the notion that
changes potentially related to genuine neural iigi@wre subtle but significant, and evident

mainly at low-motion range (i.e., less detectahléhe presence of large motion artifact).

It is unclear why motion is significantly assocthteith changes in functional
connectivity of the visual cortex. Some positive@sations between primary sensorimotor
and visual cortex connectivity have been previousported (Doucet et al. 2011), as was

also shown in our region-of-interest analysis (Seim@ntary Figure 3). Nevertheless, the
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motor and visual coupling in the context of headioris not obvious. Yan et al. (2013a)
provided the argument that dorsomedial visual aaeasmplicated in analyzing self-motion
in relation to the environment. Unlike their finds) primary visual cortices were largely
implicated in our results. Future studies may wastther this association may additionally

reflect, for instance, occasional eye opening dusicanning.

A more intriguing finding was the correlation betmehead motion and connectivity
measurements in the default mode network. Subigats more still during scanning
demonstrated more functional connectivity amongehegions. In line with current ideas
about the default mode network (Buckner et al. 26@8rison et al. 2008a; Pujol et al.
2013), this result may represent a putative caeealaigreater self-referential mental
activity. Other previous studies also suggest slewe of functional competition or
antagonism between the default mode network argf ditain systems including
sensorimotor cortex (Doucet et al. 2011; Fox e2@D5; Kelly et al. 2007; Pujol et al.
2013), as well as the attentional modulation oirthmutual interaction (Harrison et al. 2011;
Harrison et al. 2008b; Pagnoni, 2012). Based orcotrent findings, it may therefore be
suggested there is a relative bias to greater Hefende network-related activity in subjects
with low levels of motion. Overall, the resultsyioung adult participants further reinforce
the notion that functional connectivity measuredryresting state conditions does not
only reflect “intrinsic” signal fluctuations amomgetabolically coupled brain regions, but
also superimposed neural activity changes relatsgontaneous mental processes (Sonuga-

Bark and Castellanos 2007; Mason et al. 2007; btamret al. 2008Db).

The populations with largest head motion exhibitesimost pronounced motion-

connectivity correlations, with the most dramati@arges observed in the groups with the
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greatest range of motion (i.e., children and Whitiiasyndrome). However, the spatial
distribution of the correlations was notably di#fet for each group. In Down syndrome,
motion was related to changes in dorsal anteriintmegions, which was mostly explained
by pitch rotations about the x axis. This is avatd finding as head rotation stereotypies are
common in this disorder (Capone et al. 2005; ai.e2011; Carter et al. 2008). The pattern
of connectivity-motion correlations in Prader-Walyndrome patients was also unique.
These correlations showed little modification attdjusting for a measurement of global
connectivity and, interestingly, involved areasexted to show relevant functional
alterations in this genetic disorder, including blypothalamus (Goldstone 2004). The
specificity of these results reinforces the ideartiotion effects should be carefully

characterized before attempts are made to statigtiemove them at the group level.

Group-level removal of motion-related changes imctional connectivity using
summary motion measurements is considered amorgffitbient motion correction
strategies (Yan et al. 2013a). We have shown thiait the magnitude and distribution of
motion-correlated functional connectivity changesymary notably across different study
populations and, consequently, the removal of teéfeets will also be distinct.
Characterization of the impact of motion using etation maps may be useful for
anticipating the outcome of removal strategiescilas highlighted by our findings, may

involve both artifacts and potential genuine changdated to neural activity.

Conclusions. Overall, the current study endorses a relatigetyple approach for mapping
distinct effects of head motion on functional cocthaty measurements at the group level as
well as feasibility in removing these effects wiseithsequently adjusting for mean inter-

frame motion. Importantly, our characterizatiomredults in highly compliant (i.e., low
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motion) subjects supports the intriguing hypothési a relevant component of motion-

connectivity correlations may reflect genuine systpecific neural activity.
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Figurelegends

Figurel. Box-plots of head motion for the six study popiolas (after excluding group
outliers). Group differences are apparent both vatiard to the magnitude and range of
motion. Mean and variance values for young addksiied as the reference population)

were significantly different from each of the otlsamples with p values < 0.005.

Figure 2. Voxel-wise maps representing significant coriefes between head motion and
functional connectivity degree in young adults.it\es correlations involved the
sensorimotor and visual cortices bilaterally. Nagatorrelations involved core areas of the
default mode network including the posterior cirrgeland medial frontal cortices. Color
bars correspond to t values. An Independent Compdkralysis (ICA) was used to

identify the implicated resting-state functionatwerks (bottom panel). Note the clear
overlap between motion/connectivity correlatiorutessand core regions of the ICA-

estimated functional networks.

Figure 3. Voxel-wise maps representing significant coriefs between head rotation
(combined x axis and z axis rotations) and funei@onnectivity degree in young adults.
Note the precise involvement of the sensorimotidgp stextending from the feet to the neck

and upper face cortical representation. Color bamespond to t values.

Figure 4. Group results from the cross-correlation analyli® temporal evolution of inter-
frame head motion was correlated with the fMRI algime course (group mean cross-
correlation r values with + standard error of maaaxis y). The correlation was repeated

after applying 1 frame (2 s) time-lags to the motione course both forward (positive
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values in axis x) and backward (negative x valuesghildren’s dorsal frontal cortex (MNI
-12, 38, 44), the largest negative correlationead zelay (i.e., signal decrease temporally
coinciding with motion) suggests an artifactuakeff In young adults, by contrast, motion
was positively correlated with fMRI signal of theotar cortex (MNI -25, -18, 68) at zero
time-lag and also when applying motion time cowskays up to 2 frames (4 s). This pattern
suggests a coupling of motion with hemodynamicd#iayed fMRI signal increase related

to neural activity.

Figure5. Voxel-wise maps representing significant correlagi between head motion and
functional connectivity degree in children and olddults. Significant correlations involved
widespread areas in both groups, although childhenved the most pronounced effects.

Color bars correspond to t values.

Figure 6. Voxel-wise maps representing significant coriels between head motion and
functional connectivity degree in patients with Dosyndrome, Prader-Willi syndrome and
Williams syndrome. Note the distinct distributiohomrrelations across these populations.

Color bars correspond to t values.

Figure 7. Group-level removal of motion effects: Connectiviiegree differences between
the subgroup of children with higher (n= 35) > loe= 36) motion involved widespread
brain areas. Including motion measurements as arietg removed almost all of the
observed subgroup differences. Similarly, connégtiegree differences between the
subgroup of adults with lower (n= 40) > higher @3 motion were mostly removed when

applying this covariate. Color bars correspondvalties.
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Highlights

Head motion distinctively affects functional connectivity in different populations
Motion-related connectivity changes partially reflect genuine neural activity
Mapping population-specific motion effects may help connectivity data interpretation
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