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Abstract

Moment-to-moment reaction time variability on tasksattention, often quantified by intra-individualsponse variability
(IRV), provides a good indication of the degreewtioich an individual is vulnerable to lapses in austd attention.
Increased IRV is a hallmark of several disordersatiention, including Attention-Deficit/Hyperactiyi Disorder
(ADHD). Here, task-based fMRI was used to provite first examination of how average brain activatmd functional
connectivity patterns in adolescents are relatedhdividual differences in sustained attention asasured by IRV. We
computed IRV in a large sample of adolescents (BF2&ross 'Go' trials of a Stop Signal Task (S@\Tilata-driven,
multi-step analysis approach was used to identfyvarks associated with low IRV (i.e., good susdimttention) and
high IRV (i.e., poorer sustained attention). Low/IRias associated with greater functional segregati@., stronger
negative connectivity) amongst an array of braitwoeks, particularly between cerebellum and moterebellum and
prefrontal, and occipital and motor networks. Imtrast, high IRV was associated with stronger pasitonnectivity
within the motor network bilaterally and betweentaroand parietal, prefrontal, and limbic networknsistent with
these observations, a separate sample of adolssedribiting elevated ADHD symptoms had increadéRIfactivation
and stronger positive connectivity within the sametor network denoting poorer sustained attentammpared to a
matched asymptomatic control sample. With resped¢hé functional connectivity signature of low IRYere were no
statistically significant differences in networksrbting good sustained attention between the ADyBpsom group and
asymptomatic control group. We propose that susthittentional processes are facilitated by ary afraeural networks
working together, and provide an empirical accafrthow the functional role of the cerebellum extemal cognition in
adolescents. This work highlights the involvementotor cortex in the integrity of sustained atienf and suggests that
atypically strong connectivity within motor netwarkharacterizes poor attentional capacity in bgpically developing

and ADHD symptomatic adolescents.

Keywords: Functional connectivity, fMRI, Reaction-time variity, SST, Attention, ADHD



103 Introduction

104 The ability to efficiently and consistently maimtaattentional resources on a moment-to-moment ligsientral to our
105 navigation of everyday life. Sustained attentiom dze examined behaviorally by measuring the intdividual

106 coefficient of variation (IRV), which examines wiithperson trial-to-trial reaction time (RT) incost&ncy on a given
107 cognitive task [1]. IRV is particularly advantagsaon that it is a relatively simple measurement ttemtrols for overall
108 speed of responding (e.g., it can be calculatetieastandard deviation of RT divided by mean RR) may provide a
109 better metric of cognitive impairment than otheumpsychological test measures, such as standdrdizgnitive or
110 psychomotor tasks [2,3,4] or simple RT [5]. Attental deficits are commonly reported in attentiofiaitehyperactivity

111 disorder (ADHD) during both laboratory tasks anddaily life [6,7,8,9,10,11], with higher IRV commignreported in

112 ADHD[12,13,14,15,16,17,18].

113
114 Brain Correlates of Sustained Attention
115 Neuroimaging studies have identified brain regiowslved in sustained attention. For example,taaed fMRI

116 analysis in 42 adults showed that high IRV (i.@qner sustained attention) was associated witlvatain in the middle
117 frontal gyrus (MFG), motor (precentral gyrus ané-prpplementary area; SMA), parietal, thalamic and insula regions
118 [19]. In healthy adults, low IRV (i.e., better saisied attention) was associated with stronger aitin of anterior
119 cingulate cortex (ACC) during a response inhibittask (Go/no-go task) [20], and during a graduaedrcontinuous
120 performance task [21]. In children (thirty 8-12-pedds [22]), low IRV (i.e., better sustained atien) on a Go-No/Go
121 task was associated with stronger Go activatioanterior cerebellum (culmen) and stronger No-Gavatibn in motor,
122 frontoparietal (medial frontal gyruanferior parietal lobe, IPL) and cerebellar netwsrkvhile high IRV associated with
123 stronger Go and No-Go activation in MFG, caudateé #ralamus. To date, however, the brain correlafesustained
124  attention in healthy adolescents, as indexed by IRVe not been comprehensively characterizedh&umore, there has
125 been a surge of interest not only in characteritas§-evoked regional activity, but also in disaovg how such regions
126 fit within large-scale neural networks in suppagtsustained attention [23].

127 Recent research has posited that sustained attehtprocesses may emerge from an array of largle-sc
128 functional connectivity networks [24,25], rathemthfrom single brain regions [26,27]. Functionahmectivity —
129 synchronous fluctuations in neural activity acrhesbrain — can be measured by correlating thedobxygenation level-
130 dependent (BOLD) signal time course between twanbragions. Thedorsal attention network (DAN; comprising
131 intraparietal sulcus (IPS), superior parietal lobule; primate frontal eye fields, and inferior pre-central sulcus) and
132 frontoparietal network have been established for their involvement inegned attention [28,29]. Stronger anticorrelations
133 between taslpositive networks and the default mode network (DMN; including medial prefrontal cortex, posterior
134 cingulate, anterior temporal and precuneus) isca®al lower IRV [30]. However, the extent to whiother networks
135 outside classic vigilance networks (e.g., cereb@lloontribute to sustaining attention is less welilerstood [23,31]. One
136 study in particular [32] examined the relationshigtween task-based functional connectivity andasusd attention (a
137 measure of sensitivity calledion a gradual-onset continuous performance taskpihealthy adults. They identified a
138 low sustained attention network whose connectivifis associated with poorer sustained attention owand a high

139 sustained attention network whose connectivity agsociated with better sustained attention (kiighThe authors also
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tested the generalizability of these networks imparison to separate resting-state data. Stroragerectivity between
cerebellum with motor and occipital networks, ardipital with motor networks predicted better sirgtd attention. In
contrast, stronger connectivity between temporal parietal regions, and within the temporal lobel aerebellum
predicted poorer sustained attention, and alsehagredicted ADHD symptom severity when appliecitoindependent
sample of 113 8-16 year-olds with and without agdasis of ADHD. However, thd’ measure used to assess sustained
attention in this case likely captures a differfaimiet of sustained attention than IRV. Moreovegreing commonalities
in the brain networks implicated in sustained aitenacross different behavioral measures and efgas an important

step in elucidating the neural underpinning of widlial differences in response variability.

IRV and ADHD

Functional connectivity in brain regions that héyeen previously implicated in poor attentional adfyain
healthy (adult) individuals may also be disruptadindividuals with ADHD [32]. ADHD is associated thi altered
functional connectivity within and between the ddfamotor, cerebellar and frontoparietal netwofk3,34], although
findings in relation to functional connectivity ardiDHD remain relatively heterogenous [35]. Neurdtad and
psychopathological research is increasingly remgadidimensionality aspect talevelopmental disorders such as ADHD
[36] and conceptualizing attention-related traésexisting along a continuum shifts the focus frdimgnostic groups
towards diagnostic dimensions [37]. For examplduced ventromedial prefrontal gray matter volumes \asociated
with increased IRV in adolescents with elevated ADBymptoms [38]. Therefore, it is plausible tha¢ ffuisrupted)
functional connectivity patterns related to IRV ADHD may be apparent among those with subclinidééngion

difficulties. This has yet to be examined.

The Present Study

In this study, we first sought to examine the ietathip between fMRI activation and sustained &itben as
measured by IRV on trials requiring a speeded msgoin a large, normative sample of adolesceris @nalysis
identified a number of significant clusters, adtiva in which was then compared between a sepayedap of
adolescents with ADHD symptoms and a matched asymggic control group. Next, given that sustaingdrdion may
be better characterised by the dynamic interactafnisirge scale brain networks than the degreeeofral activation
within single brain regions [12,14,17,30,31], weammned the relationship between functional conmigtpatterns and
IRV in the normative sample. We computed a tasletbdanctional connectivity matrix by correlatingetBOLD signal
time courses of every pair of regions in a 268-nbden atlas [39]. This connectivity matrix was theorrelated with
each individual's IRV score, in order to identifetmorks associated with high and low IRV. Finallse compared the

IRV-linked networks identified in the normative salmbetween the ADHD symptom group and control grou



177 Materials and Methods

178

179 Participants

180 Fourteen-year-olds were recruited at eight sited, @mpleted two fMRI sessions, psychiatric androgsychological
181 assessments. Details of the full study protocol atata acquisition have been provided previously [ 40

182  (http://www.imagen-europe.com/en/Publications_ar@Pphp). Here, participants were allocated to drteree separate

183 groups. The first was designated as mbemative sample (n=758; Table 1). The second, th@DHD symptom sample,
184 (n=30; Table 2) were selected according to the totalescbrADHD parent ratings on the Development andl\Belng
185  Assessment (DAWBA; description below), with a threshold of two standard deviations higher thartiean ADHD score
186 of the Imagen sample. A third group, tsymptomatic control sample §=30; Table 2), had scores of 0 on the DAWBA
187 for ADHD symptoms, and were matched for age, sestuitment sites, handedness, pubertal developmperfogrmance
188 1Q and verbal IQ to the ADHD symptom group.

189

190 Development and WellBeing Assessment (DAWBA) I nterview

191 The DAWBA [41] is a structured set of questionsigiesd to generate DSM-IV psychiatric diagnosescfoldren and

192 adolescents aged 5-17 years. The ADHD subscahedAWBA consists of 31 questions, and includeifiggADHD

193 subscales: hyperactive-impulsive, inattentive amltined. The DAWBA was administered to parentsefadolescents
194 by questionnaire, under the supervision of a reseassistant. Groups were constructed based olassymptom cut-
195 offs suggested by previous studies examining simical ADHD [42,43]. The three subscales were addgeéther to

196 form an ADHD total score and the cut-off scoreA&HD symptoms was calculated as two standard dewisfrom the
197 mean total score, while a score of zero was reduir@rder to classify a participant as a membehefcontrol group (i.e.
198 asymptomatic with respect to ADHD).

199

200 Wechder Intelligence Scale for Children

201 Participants completed a version of the Wechsl&lligence Scale for Children (WISC-IV) [44], whichcluded the
202 following subscales: Perceptual Reasoning, congisif Block Design (arranging bi-colored blocks to duplicate a prihte
203 image) andMatrix Reasoning (the participant is presented with a series obreml matrices and must select the consistent
204  pattern from a range of options); and Verbal Comprehension, consisting Sifmilarities (two similar but different objects
205 or concepts are presented to the participant aeyl iust explain how they are alike or differentfl Abcabulary (a
206 picture is presented or a word is spoken alouchbyekperimenter and the participant is asked toigeeathe name of the
207  depicted object or to define the word).

208

209  Puberty Development Scale (PDS)

210 The PDS scale [45] assessed the pubertal statihe @fdolescent sample, by means of an eight-itdfanegort measure
211 of physical development based on the Tanner stagdsseparate forms for males and females. Fargbale, there are
212 five categories of pubertal status: (1) prepubge(@) beginning pubertal, (3) midpubertal, (4) atsed pubertal, (5)

213  postpubertal. Participants answered questions dbeirtgrowth in stature and pubic hair, as wellr@narche in females

6
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and voice changes in males.

Stop Signal Task
Participants performed an adaptive event-related Stgnal Task (SST) [46,47], which took approxiehatl6 minutes to

complete.The task consisted of 400 Go trials intermingled with 80 Stop trials; with between 3 and 7 Go trials between
successive Stop trials.During Go trials partcis were presented with arrows pointinghegitto the left or right,
shown centrally on a screen for 1000 ms. During Go trials participants were required to make a single button-press
response with their left or right index fargcorresponding to the direction of theowrr In the unpredictable
Stop trials, the arrows pointing left or higwere followed (on average 300 ms latgr)aorows pointing upwards
(i.e. the Stop signal, shown for for 1300 ms), which required participants to inhibit theiotor responses during these
trials. A tracking algorithm [46,47] adjusted tadificulty by varying the stopignal delay (SSD; the time interval
between Go signal and Stop signal onsets; 250-900 ms in 50-ms increments), in accordance witth garticipant’s
performance on previous trials (average percentddehibition over previous Stop trials, recalcealdtafter each Stop
trial). The aim of this was to produce 50% sucadssfiid 50% unsuccessful inhibition trials. The iiritéal interval was
jittered between 1.6 and 2.0 s (mean: 1.8s) to enhance statistical efficiency [48]. If the participant responded to the Go
stimulus before Stop stimulus presentation (i.ep sto carly; STE), then the trial was repeated (up to a maximum of
seven trials).

We calculated each participants’ Stop Signal RTRBSan index of inhibitory function, by subtraaithe mean stop-
signal delay (SSD) from the Go RT at the percemiilzesponding to the proportion of unsuccessfyp $tials. In other
words, the SSRT refers to the time taken to caagakepotent motor response after Stop stimulusptason. IRV was
calculated by dividing each individual's standas¥idtion of mean Go RT scores by their mean Godefes.

MRI acquisition and analysis

Functional MRI data were collected at eight IMAGENes (London, Nottingham, Dublin, Mannheim, DresdBerlin,
Hamburg, and Paris) with 3T MRI systems made byouar manufacturers (Siemens: 4 sites, PhilipsiessiGeneral
Electric: 1 site, and Bruker: 1 site). Standardibaddware for visual stimulus presentation (Norfdieurolab, Bergen,
Norway) was used at all sites. The MR scanningqgoads, cross-site standardization and quality chemle further
described in [40]. Functional runs included 444oigkbrain volumes acquired for each participanhgsecho-planar
imaging (EPI) sequence. Each volume contained aX@l slices aligned to the anterior commissurstgxior
commissure (AC—PC) line (2.4-mm slice thicknesgyri-slice gap ). The echo time (TE) was optimized &30 ms,
repetition time 2200 mslip angle = 75°; acquisition matrix= 64 x 64) to provide reliable imaging of subcortical

areas.

Preprocessing. Preprocessing of the fMRI imaging data from IMAGEvas performed centrally using an automated

pipeline with SPM8 (Statistical Parametric Mappifiottp://www.fil.ion.ucl.ac.uk/spm/). fMRI BOLD inges were co-
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registered with the T1W structural image (MPRAGHE)nctional images were then realigned to correchéad motion
and slice-time corrected using the first slice {tlmvn scanning) as reference for interpolation. Tiidges were
spatially normalized and non-linearly warped on leal Neurological Institute Coordinate System (Mblace, using a
custom EPI template. The custom template (53 xx @& voxels) was based on a subset of 240 pantitgpé80 from

each of IMAGEN's eight sites) mean 480 EPI imadied showed good spatial normalization, as meadwyrete overlap
quality between individual EPI masks and the MNIsknéEPI images were spatially-realigned and thaimgoral-mean
image was rigidly co-registered to their respectwatomical image). This normalization was apptedhe EPI, and
EPIs were then averaged to form an EPI templatentha subsequently applied to all TIW data. Voxadse resampled
at a resolution of 3 x 3 x 3 mm. The functionaladass then smoothed with a 4-mm full width half maxn Gaussian
isotropic kernel. The contrast images were subsequentlyanalyzed using SPM12

(http://www.fil.ion.ucl.ac.uk/spm/software/spm12jcacustom Matlab scripts (Mathworks).

fMRI Activation. First-level activation maps were computed for galdr stop-success trials, and stop-fail trials
versus baseline in individually specifigdneral linear model@GLM). Design matrices included regressors for
stop-success trials, stop-failure trials, Go tde-lesponse trials, Go wrong response trials \fireng button
press), movement parameters, and nuisance coa(age, sex, pubertal status, handedness, perfoeni@n
verbal 1Q, and data collection site®n the second level, average fMRI activation foitrigls, stop-success trials, and
stop-fail contrasts were each correlated with IR¥ the normative sample using SPM12. Uncorregiedlues of .001
(recommended as the minimum lower limit [49,50)d @ cluster extent of 32 contiguous voxels weeglue provide a
corrected family-wise error rate @f < .05. Significant clusters from each statistiparametric maps for the three

contrasts were anatomically labelled by examining MNI coordinates to xjview_(http://www.aliveleanet/xjview).

Mean beta values from the significant clusters vaetifrom the normative samples were extracted lier ADHD
symptom group and asymptomatic control group. Betwgroup two-sampletests were performed to compare regions
of interest (ROI) between groups. Bonferroni caioecwas applied based on the total number of ROIs.

Task-based Functional Connectivity. Whole-brain task-based functional connectivity weaculated using the
following approach: We first removed the effectSibp trials from the fMRI time series (using a $amprinciple to that
described in [51]). Specifically, we generated aayal linear model (GLM) that included Stop-faildastop-success trials
and movement parameters. The Go condition (83%ia$) was not explicitty modelled. The residuaisnfi this GLM,
with stop-related activity and movement removediengsed in the task-based connectivity analysidsRé@re derived
from a 268-node functional brain atlas (referreda® the ‘Shen atlas’) that encompasses fine-graispdtially
homogeneous functional parcellations of the etiegn, including cortex, subcortical areas, analeelum, which serve
as nodes for network analysis [39]. Network labBisgdmann areas (BA), and Montreal Neurologicatitne (MNI)
coordinates were automatically generated, and deegiROIs with more coherent time courses tharettiedined by
other atlases (e.g. automatic anatomic labeliragsd89]). For each participant, the ROI timecousses calculated by

averaging the BOLD signal of all of its constitu@okels. This yielded 444 x 268 data points forreparticipant.
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Since head motion occurs at low frequencies asnéitr blood-oxygen level-dependent (BOLD) signal
fluctuations, it can generate discrete neuralauots that cannot be subjugated by increasing sasig#eor scan duration
[35]. In order to further control for head motiortifacts, we included framewise displacement asiaamce covariate in
all connectivity analyses when computing partiatrel@tions between functional connections and IR€e( below).
Framewise displacement was defined as the sumsoltk scan to scan difference of the six trarsiatiand rotational
realignment parameters [52]. We also conductediaddl analyses to exclude head motion as a causguaous results:
these analyses are described in Supplemental Iaf@m The global signal (GSverage value across all gray-matter
voxels) was included as a nuisance covariate o womputing the partial correlation between RiGtseach group
(see below). The GS mitigates against between-subjtects of head motion [see 53,54]. Although B§ression can
bias group differences by enhancing anti-correlatednections, and some caution should be taken \witerpreting
results [55], much of the variance in the globghal can be explained by head motion, respiratoigen and scanner
hardware-related artifacts [56].

A partial Pearson’s correlation score was calcdla®ong the 268 ROIs to determine their pairwisetonal
connectivity strength, with GS regressed as a nues&ovariate at this point. This yielded a conmigtmatrix of size
268 x 268, with 35,778 unique connections betwe&lisRfor each individual. Data file Supplemental addt mat
contains all pairwise correlations for all subjediatrices were not thresholded based on raw cdimmestrength,
allowing us to consider both low-variance connewidi.e., those that are consistently strongly tp@sior strongly
negative across participants) and high-varianceections (i.e., those that are positive in somégipants and negative

in others); the latter, especially, may contain signal related to individual differences in IRV (see [57,58]).

Functional connectivity correlated with behavior. To assess the relevance of functional connectioiehavior the
following analysis was performed: The 268 x 268 nirabf connections between ROIls was correlated veitith
participant's IRV across the normative sample. Fraige displacement, age, sex, pubertal status, edaeds,
performance 1Q, verbal IQ, and data collection sitge nuisance covariate regressors. Type 1 eragrestimated via
random-label permutation by randomly shuffling IR¢ross participants and re-running the correlatinalysis 1000
times in order to obtain an empirical null disttilbn. This analysis quantifies the probability dftaining a particular
value between IRV and functional connectivity byacte. The observed values between IRV and functional
connectivity were considered significant if thessaciatedp value exceeded a particular percentile of the samthbel
permutation. The resulting thresholded matrix cetesi of connections between ROIs that were nedptieerelated with
IRV (i.e., indexing good sustained attention) andrections between ROIs that were positively catedl with IRV (i.e.,
indexing poor sustained attention). This threshgdivas repeated using a series of significanceslibids p < 0.001,
andp < 0.0001) to identify networks associated with tidk. Regional and network labels for the sigaificresults were
obtained from the previously available Shen atlas.

Having identified connections between ROIs thateasgnificantly positively and negatively relatediRV using
thep < 0.001 cutoff, (for comparison to similar reséaf82]), we extracted and computed the same commmscfor the
ADHD symptom and asymptomatic control groups. Fahefunctional connection, thievalues were Fisher-normalized

and then averaged across participants, within tB&lB. symptom and asymptomatic control groups. Thédded two
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323
324
325

326

327
328
329
330
331
332

333
334

matrices for each group 1): connections positigelyrelated with IRV and 2) connections negativedyrelated with IRV.

Between-group two-sampletests were then conducted to examine group diftereiior each of these two connection

types.

RESULTS

Table 1 displays the summary characteristics ohtirenative sample and Table 2 displays the sumetaayacteristics for

the ADHD and control groups.

TABLE 1: Summary statistics for the normative sample

Normative sample =758}

Age (years)

Sex

Handedness

Pubertal Development
Performance 1Q

Verbal 1Q

IRV

‘Go’ trial RT St. Dev. (ms)
‘Go’ trial mean RT (ms)
SSRT

Head Motion
(Framewise displacement)

Head Motion/IRV correlation

14.55 (0.45
425 Female
664 Right
3(0.69)
110 (14
113 (13
0.235 (.03¢
101(24)
429 (61
217(37)
0.212 (.13¢

22"

T

Mean (standard deviation), unless otherwise itditaSpearman correlatiop,< .0001

335 TABLE 2: Summary statistics for ADHD symptom and asymptien@ontrol groups

ADHD Control p
(n=30) (n=30)
ADHD Total Score (DAWBA) 43 (9.83) 0
Age 14(0.38 14(0.41 16"
Se» 26 Males 23 Males 32"
Handedness 27 Right 24 Right 28"
Pubertal Development 3(0.50 3(0.71 BEM

10



336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

Performance 1Q 101 (13.06 103 (15.11 61"
Verbal IQ 109 (17.20 105 (17.97 48"
IRV 0.258 (0.04  0.228 (0.3€ <.0c5"
‘Go’ trial St. Dev. (ms) 115 (26.2C 90 (22.26 <.00"
‘Ga' trial m ean RT (ms) 446 (72 391 (58.5€ <.00¢"
SSRT 231(39 228(41 7€
Head Motion 0.291 (0.21¢  0.195 (0.10C 0%
(Framewise displacement)

Head Motion/IRV correlation -.0%" .0¢"

" Two-sample two-tailetitest” Chi-square test Non-parametric Mann-Whitney U t€Spearman correlation, p>.05

Behavioral Results

The standard deviation of Go trial RT significantigrrelated with the mean Go trial RT for the natim@sample 1( =
0.77,p < .001), the ADHD symptom group £ 0.67,p < .001) and asymptomatic control group=(0.72,p <.001). The
ADHD symptom group had significantly greater IRM (= 0.258) than the matched asymptomatic controur
.228, t(58)= -2.951p = .005), and significantly greater IRV than themative sampleM = .235, t(786)= -3.216p
.001), while there was no significant differemcéRV between the normative sample and controugr((786)= -1.026,

p = .305). SSRT was not significantly correlatedRV for the normative sample € .06,p = .09), the ADHD sample
(r =.24,p = .19), or the control group € -.08,p = .66).

fMRI Activation Results

Normative Sample. Whole-brain task activity (for Go trials, Stop $ass and Stop Fail trials) significantly correlavgth
IRV in several brain areas in the normative sanfpe Table 3 and Figure 1). During Go trials, IREswpositively
correlated with activation in bilateral postcentggtus, fusiform gyrus, superior temporal gyrus @,Tand right insula
and precuneus. During Stop Fail trials, IRV wasitpeddy correlated with activation in left postcealt gyrus, and was
negatively correlated with activation in insuladbérally and right anterior cingulate cortex (ACOuring Stop Success
trials, IRV was positively correlated with activatiin precentral gyrus bilaterally, left postcehttgrus, right SMA, left
medial orbitofrontal cortex (OFC), precuneus bilallg, and left superior temporal gyrus (STG). DgriStop Success
trials, IRV was negatively correlated with actiatiin right MFG and insula bilaterally.

ADHD Symptom & Control Groups. Compared to the control group, the ADHD symptonmugrbad significantly greater
activation in left postcentral gyrus during Stopl F@als (ADHD m = .30, controim = -.20,p = .03), during Stop Success
trials (ADHD m = .12, controlm = -.27,p = .03). No other significant differences emergedifgp < 0.003 the

Bonferroni-corrected threshold for statistical iigance).

11



362
363
364
365
366
367

368 Table 3: fMRI Activation correlated with IRV (Norma tive sample)

Montreal
Neurological
Institute (MNI)

Brain Region (direction of Brodmann Coordinates
effect) Area Cluster | Z score
Size X y z

Go trial (Positive)
Postcentral Gyrus 28( 4.56¢ 60 -28 46
Postcentral Gyrus 40¢ 5.08: -45 25 614
Insula F 54 4.90¢ 39 -7 1
FusiformGyrus (Occipital) | 18 47 4.90: 21 -76¢  -14
Fusiform Gyrus (Occipital) | 41 4.88¢ 21 -34 -2C
Lingual Gyrus (Occipital) F 11z 5.14: 18 -85 -8
Precuneus 39 4.71% 27 -7¢ 37
STG L 22 50 4.36¢ 54  -1C 7
STGL 411 47 4.23i 45 28 7
ParacentreLobule 43 3.86¢ -3 -19 64
Stop Fail (Positive)
Postcentral Gyrus L 346 102 4.447 -15  -28 76
Stop Fail (Negative)
Insula L 13 47 105 5.062 -36 14 -2
Insula R 13 47 96 4.827 42 17 -5
ACCR 424 85 4.442 3 23 25
Stop Success (Positive)
Precentral Gyrus R 46 98 5.418 27 25 76
Precentral Gyrus R 46 84 5.200 54 -7 52
Postcentral Gyrus L 346 127 5.086 24 -31 55
SMA L 6 57 5.026 0 -22 61
Medial Orbitofrontal L 10 45 4.698 -6 62 -5
Precuneus L 31 176 4.499 -12 55 16
Precuneus R 23 46 4.465 18 -58 19
Postcentral Gyrus L 346 52 4.222 -48  -13 49
STGL 226 37 3.898 -60 -16 4
Stop Success (Negative)
MFG R 89 39 4.699 48 11 43
Insula R 13 47 52 4.675 45 17 -5
Insula L 13 47 34 4.485 -36 14 -2

12



369 *All regions survived corrections for multiple commsons (FWEp < 0.05) at the whole brain cluster level.
370 Abbreviations: L=Left, R=Right, PCC=Posterior Citape Cortex, MOG=Middle Occipital Gyrus, ACC=Anteri
371 Cingulate Cortex, SMA=Suppementary Motor Area, OB@itofrontal cortex, STG Superior Temporal Gyrus,
372 MFG=Middle Frontal Gyrus

373
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376
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384
385
386
387
388
389
390
391
392
393
394
395
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398
399
400
401
402
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404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

A. Go

Postcentral
Gyrus
Lingual
Gyrus
Insula
Precuneus
Fusiform
Gyrus
B. Stop Fail
Postcentral
Gyrus
Insula
Anterior
Cingulate
C. Stop Success
Precentral Gyrus SMA
MFG Precuneus
= |nsula

Medial
Orbitofrontal 14
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430
431
432

433

434
435
436
437
438
439
440
441

442
443
444
445
446
447
448
449

450
451
452
453
454

455

Figure 1. ROIs that positively correlated with IRV (yellowoor sustained attention) and negatively correlatedth Wrl
(blue good sustained attention) for the normative samplerdu(f) Go trials (B) Stop Fail and (C) Stop Succekss.
Average fMRI activation images were created usirigléfioGL software (http://www.cabiatl.com/mricrogl/)

Functional connectivity results

At the significance threshold @f< 0.001 (absolute-value >.12 derived from null models), 1368 coniugrs between
ROIs were associated with IRV. Networks linked wiigh and low IRV were identified (Figure 2). Thetworks linked

with high IRV (i.e., poor sustained attention) wegmmarily characterized by positive correlatioretveeen ROIls (610
connections between ROIs, 80% of which were paiticorrelated), while the networks linked with [oRV (i.e., good

sustained attention) were primarily characterizgdhégative correlations between ROIs (758 connestietween ROIs,
86.7% of which were anticorrelated). In order td #ie interpretation of the findings [59] the tognoections between
ROls correlated with IRV are reported in Table uFe 2 & Video 1 (full results contained in theg@@lemental Data File
1 folder).

Functional anatomy of attention networks. Network anatomy was intricate. However, seveids emerged (see Figure
2). Connections positively correlated with IRV (ipoor sustained attention) were primarily locadb@dterally within the
motor network and between motor with parietal, jnetal and limbic networks. The top 10 nodes pwesiyi correlated
with IRV comprised positively correlated connectobetween ROIs between and within bilateral preaérand
postcentral gyri. Connections negatively correlatdéth IRV (i.e. good sustained attention) weraaiily negative (i.e.,
anti-correlated), indexing functional segregatia@ivween cerebellum with motor, prefrontal and patieggions, and
between occipital and motor networks. The top diinections between ROIs negatively correlated ifthconsisted of

anti-correlations between left cerebellum crusdfitl right precentral/postcentral gyri.

ADHD Symptom & Control Groups. With respect to connections associated with high (ife., poor sustained attention),
the ADHD symptom exhibited significantly strongersjtive connectivity between ROIs (Fisher-normalizealue
=.207) than the control group (Fisher-normalizedlue = .156(1218) = 2.92,p = .003). There were no significant
group differences in mean correlation strengttctmrnections associated with low IRV (ADHD groupsh&r-normalized
r valuem = -.132 control group, Fisher-normalizedraluem = -.148,t(1514) = 1.34p = .177) See Figure 3.
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Table 4: Top 30 Connections between ROIs Correlatedith IRV

Brain Region Brain Region Hem Hem BA BA MNI MNI Normative Control ADHD
1 2 1 2 1 2 1 2 FC & IRV FC
X y z X y z p r r r r

High Sustained Attention

Postcentral Gyrus  Cerebellum Crus 1 R L 2 42 -22 52 -25 -71  -30 .00 -0.219 -0.124 0.056 0.017
Precentral Gyrus  Cerebellum VI R L 6 49 -3 49 -7 -68 -18 .00 -0.216 -0.373 -0.311 -0.548
Precentral Gyrus  Cerebellum Crus 1 R L 6 49 -3 49 25 71 -30 .00 -0.21 -0.269 -0.199 -0.203
Postcentral Gyrus  Cerebellum Crus 2 R L 2 42 -22 52 -9 -82  -32 .00 -0.205 -0.064 0.053 -0.144
SMA Cerebellum Crus 1 R L 6 27 -11 65 -25 -71 -30 .00 -0.204 -0.09 0.089 0.064
Precentral Gyrus  Cerebellum VI R L 6 38 49 -3 49 20 -55 -22 .00 -0.2 -0.361 -0.244 -0.437
Precentral Gyrus  Cerebellum VI R R 6 49 -3 49 7 -69 -20 .00 -0.198 -0.308 -0.217 -0.488
Postcentral Gyrus  Cerebellum Crus 1 R L 2 37 42 -22 52 -3 55 -31 .00 -0.197 -0.163 -0.09 -0.017
Postcentral Gyrus  Cerebellum Crus 1 R L 2 21 -32 67 25 71 -30 .00 -0.193 0.052 0.292 0.241
Precentral Gyrus  Cerebellum Crus 1 R L 6 37 49 -3 49 -3 55 -31 .00 -0.193 -0.29 -0.274 -0.256
Postcentral Gyrus  Cerebellum Crus 1 R L 2 42 -22 52 -25 -71  -30 .00 -0.191 0.000 0.202 -0.038
Precentral Gyrus  Cerebellum Crus 2 R L 6 49 -3 49 -9 -82  -32 .00 -0.191 -0.217 -0.209 -0.275
SMA Cerebellum Crus 2 R L 6 27 -11 65 -9 -82  -32 .00 -0.189 -0.053 0.014 -0.08
DLPFC MTG R R 46 37 47 35 19 59 -45  -15 .00 -0.188 -0.412 -0.617 -0.352
Postcentral Gyrus  Cerebellum VI R L 2 42 -22 52 -7 -68 -18 .00 -0.187 -0.269 -0.153 -0.386
Precentral Gyrus  CerebellumV R L 6 49 -3 49 -6 -56 -25 .00 -0.185 -0.359 -0.267 -0.506
Postcentral Gyrus  Cerebellum Crus 2 R L 40 53 -27 41 -9 -82  -32 .00 -0.183 -0.147 -0.071 -0.12
Postcentral Gyrus  Cerebellum VI R R 2 42 -22 52 24 -73  -28 .00 -0.183 -0.018 0.153 -0.016
Postcentral Gyrus  Cerebellum Crus 1 R L 40 53 -27 41 -25 -71  -30 .00 -0.181 -0.235 -0.09 0.000
Postcentral Gyrus  Cerebellum Crus 1 L L 1 -36 -23 64 25 71 -30 .00 -0.179 -0.026 0.222 0.014
SMA Cerebellum Crus 1 R L 6 37 27 -11 65 35 -55 31 .00 -0.179 -0.119 -0.052 -0.04
SMA Cerebellum VI R L 6 27 -11 65 -7 -68 -18 .00 -0.178 -0.287 -0.254 -0.398
Postcentral Gyrus  Cerebellum Crus 2 R L 2 21 -32 67 -9 -82  -32 .00 -0.178 0.06 0.176 0.009
IPL Cerebellum Crus 2 R L 2 33 -39 48 -9 -82  -32 .00 -0.176 -0.02 0.003 -0.029
SMA Cerebellum VI R R 6 27 -11 65 24 -73  -28 .00 -0.176 -0.011 0.111 0.097
MTG DLPFC R L 37 46 59 -45  -15 -42 41 14 .00 -0.174 -0.372 -0.573 -0.314
IPL Cerebellum Crus 1 R L 2 33 -39 48 25 71 -30 .00 -0.174 -0.091 0.067 0.101
Postcentral Gyrus  Cerebellum Crus 2 L L 1 -36 -23 64 -9 -82  -32 .00 -0.172 -0.052 0.167 -0.248
SFG MTG R R 10 37 37 36 35 59 -45  -15 .00 -0.172 -0.437 -0.545 -0.308
Postcentral Gyrus Cerebellum VI R L 40 53 -27 41 -7 -68 -18 .00 -0.171 -0.294 -0.165 -0.333
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52
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.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

00

0.243
0.227
0.226
0.223
0.221
0.216
0.215
0.212
0.212
0.211
0.21
0.204
0.204
0.204
0.201
0.2
0.198
0.198
0.197
0.196
0.195
0.195
0.193
0.192
0.189
0.187
0.187
0.184
0.183
0.182

0.307
0.206
0.17
-0.152
0.053
-0.178
-0.067
0.19
0.294
-0.073
0.338
0.161
-0.049
0.198
0.108
0.293
0.084
-0.043
0.354
0.281
0.407
0.022
0.224
-0.14
0.309
0.245
0.141
0.27
0.093
0.347

0.318
0.02
0.06

-0.261

-0.132

-0.441

-0.318
0.22

0.235

-0.171
0.52

-0.004

-0.276

0.188

0.012

0.286

-0.027

-0.117

0.381

0.228

0.516

-0.346

0.329

-0.453

0.389

0.375

0.175

0.155

-0.174

0.428

0.579
0.047
0.425
-0.033
-0.048
0.002
0.026
0.393
0.413
0.032
0.591
0.379
-0.161
0.552
0.407
0.391
0.12
0.013
0.409
0.151
0.718
-0.135
0.44
-0.113
0.466
0.493
0.245
-0.011
-0.215
0.722

457
45¢

Abbreviations: L=Left, R=Right, SMA= Supplementavptor Area, DLPFC=dorsolateral prefrontal cortexT ®=Middle Temporal Gyrus, IPL=Inferior Parietal
Lobule, SFG=Superior Frontal Gyrus, MFG=Middle Redrsyrus, SPL=Superior Parietal Lobule.
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Figure 2. (A) BrainNet was used to visualize network connectijéfy], based on specific guidelines [see 61], whgre
nodes are grouped into localized regions. Goodagesl attention denotes all connections betweers R@lt negatively
correlated with IRV (blue)poor sustained attention denotes all connections beti€2is that positively correlated with
IRV (orange) for the normative samp(B) Circle plots were generated using a custom-writfiatlab function (based on

http://www.mathworks.com/matlabcentral/fileexchad@s76-circulargraph) to visualize good sustaingenéion (blue)
and poorsustained attention (red) for the normative sampie plots are arranged in two half circles reftegteft and
right hemisphere brain anatomy from anterior (tbfhe circle) to posterior (bottom of the circl®)odes are color-coded
according to the cortical lobes [61]C) The top 100 nodes and 10 nodes denoting good sedtaittention (i.e.
connections between ROIs that negatively correlatgld IRV, where p<.001). (D) The top 100 nodes didnodes
denoting poor sustained attention (i.e. connectioetsveen ROIs that positively correlated with IRVexe p<.001).
Nodes were color-coded according to network astififesh in [60].

ADHD > Controls
Poor Sustained Attention

Figure 3. With respect to ROI connections associated witlm hiR) (i.e., poor sustained attention), the ADHDmpiom
exhibited significantly stronger connectivity beemeROIs, compared to controls.



481 DISCUSSION

482 To our knowledge, the current research is the ficgiulation-based functional imaging study to examiRV
483  with respect to both average fMRI activity and flimgal connectivity in a large cohort of adolesserind in relation to
484 ADHD symptomology. Average fMRI activation resultsdicated that good sustained attention (i.e., I®&V) was
485 associated with increased bilateral activatiomnisula, ACC and prefrontal regions, while poor sosi attention (i.e.,
486 high IRV) was associated with increased bilatecéivation in PCC, thalamus occipital and motor oegi. The functional
487  connectivity results indicated that good sustaiaétdntion was characterized by stronger negativenectivity (i.e.,
488 greater segregation) between cerebellum and matwaonks, while stronger positive connectivity withihe motor
489 network was a signature of poorer sustained attentrollowing this, we compared these sustaineentdin brain
490 patterns in a separate sample of adolescents WithHIDA symptoms to matched asymptomatic controls. tRelao
491 controls, adolescents with ADHD symptoms had sigaiftly higher IRV, increased Stop activation irsfgentral gyrus,
492  and stronger positive connectivity within low suiséal attention networks associated with high IRY/wall as stronger
493 positive connectivity within good sustained attentinetworks associated with low IRV. However, thevere no
494  significant differences between the groups for-aatrelated connections in networks associated &ittier high or low
495 IRV

496 For average fMRI activation, low IRV was associatgith activation in right MFG and bilateral insudfaring
497  Stop Success trials, and right ACC and insuladaiddly during Stop Fail trials. The ACC and insualatices are part of
498 thesalience network, thought to be responsible for detecting behavipralevant cues and engaging executive processes
499 [62,63,64,65]. With respect to the functional castivity signature of low IRV, our findings highlighhe importance of
500 cerebellar network segregation in the brain. The 16 nodes negatively correlated with IRV were radfative (left)
501 cerebellar connections: with parietal lobe (rigbsteentral gyrus) and frontal areas (right SMA dotsolateral prefrontal
502 cortex; DLPFC), a finding that bears similarity in the adult cestivity literature [32]. The prominent task-aetiv
503 frontoparietal network, incorporating DLPFC, intasietal sulcus and SMA, typically becomes morevattid during
504 attention-demanding tasks than during rest [66Y &nassociated with alertness, response preparatid selective
505 attention [11,67]. Prefrontal and parietal cortibese been implicated in numerous tasks of sustaattention [68,69]
506 and these findings lend support to previous stratfindings, which linked prefrontal anomaliesinoreased IRV [38].
507 The cerebellum is thought to have a critical rolesustained attention [70,71,72]. In healthy adulisent work
508 has shown that enhancing cerebellar functional ectivity via transcranial magnetic stimulation adecrease IRV [73].
509 Distinct subregions of the cerebellum have beentified as being coupled with specific cerebramweks [74,75]. For
510 example, positive connectivity between right hermésijc cerebellar lobules VIIb\Villa with DAN werebustly recruited
511 in a series of resting-state and working memoryéned attention tasks [74]. In a large healthy an{N=1000),
512 intrinsic functional connectivity patterns were eh&ed between lateral cerebellar areas of crusvith DMN, as well as
513 between anterior Crus | with DLPFC, IPL, a pre-Skhilline border and ACC [75]. The finding indicatbst Crus I/1l
514  are major cerebellar components of the DMN [75]eGtudy investigated functional connectivity ostBIMN cerebellar
515 component in healthy adults and adults with ADHfnding that in the healthy sample, less anticatiehs between
516 Crus I/l and DAN regions was associated with geeatattention (high IRV). Adding to this work, veeidence that anti-
517 correlations between left-lateralized Crus I/llmitght-lateralized frontoparietal regions predoamtly characterize good
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sustained attention in our normative sample [76].

For average fMRI activation, high IRV was assodatdth activation in precentral and postcentral dpylaterally
across all trials and in left SMA during Stop Swgérials, a region responsible for successfulptmp monitoring and
resolving task conflict [77]. High IRV was also aswted with DMN, including Go-related activatiamright precuneus
and Stop-Success activation in precuneus bilayerBIMN activation is thought to infringe upon nenab circuits
underlying task performance, and given that DMNctigation is typically required for efficient sugstad attentional
processes [30,78], this positive IRV-DMN is unsisimg. However, DMN connectivity increases with oration into
young adulthood [79,80], suggesting that functicc@inectivity analyses may shed new light on suelral processes.
With respect to the functional connectivity sigmatwof high IRV, our findings evidence robust paaitibilateral
connections within the motor network, and betweetomwith parietal and limbic networks. The topriddes correlated
with IRV were all positive interhemispheric conriens within the motor network, characterizing parstained
attention. The observed bilateral pattern of matdivation likely reflecting the task format, whiokquired both left- and
right-hand responses. Unlike Rosenberg and coleaBR], who found that poorer sustained atteniioadults was
related to connections between temporal and panetsavorks and within the cerebellum, the obserpeditive motor-
motor coupling may reflect a snapshot of neuraktigyment in early adolescence. For example, ageekdecreases in
motor connectivity have been observed in a largepsa of healthy children and young adults [81]. @Giadings lend
support for a more predominant functional segregadif neural networks in childhood and greater fiomal integration
later on in adulthood [66].

Numerous studies have demonstrated behavioral emchindeficits in sustained attentional processeSDHD
[82]. Behaviorally, our results show that adolessenith ADHD symptoms have significantly incread&Y relative to
controls, as previously demonstrated [38,46]. CGstant with this behavioral difference, the ADHD gtom group had
significantly increased activation in the left pmsitral gyrus during Stop Fail and Stop Succesdsfricompared to
controls. This is similar to findings in 8-13 yead children, whereby 25 children with ADHD hacegter IRV-related
activation in left postcentral and right precenggti and IPL during Go trials on a Go/No-go taa&,well as in prefrontal
and parietal regions during No-go trials, comparce@5 controls [83]. Similar patterns of motor centivity dysfunction
have also been shown in resting-state studiesitafreh [84] and young adults with ADHD [85]. Henee found that,
relative to asymptomatic controls, the ADHD symptgroup had stronger positive connectivity withifngarily motor
networks whose connectivity was positively assedatith ICV (i.e., poor sustained attention) in tlh@mative group.
The reason for the divergent results (weaker veanger connectivity in motor networks in ADHD) likereflects the fact
that we measured functional connectivity duringktaerformance, rather than at rest. Stronger tasivagion and
stronger task-based functional connectivity maynbeessary in the context of weaker baseline funatioonnectivity
within motor networks, a hypothesis that could é&stdd by collecting both resting state and tas& ftaim a sample of
adolescents with ADHD. Overall, our findings addhe growing body of literature linking dysfunctedrmpremotor/motor
systems to poorer behavioral control in ADHD [88Holescents with ADHD [86] and subclinical attemtideficits
[87,88] also display delays in cortical maturati@md as such, it is possible that any localizedomaobnnectivity
associated with IRV exhibited by the individualsthin our samples will subside as more global, speed brain

networks develop.
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At the other end of the spectrum of brain-behavéationships with IRV, average fMRI activation eaed no
differences for brain regions associated with |8V between the ADHD symptom and control group. Whpect to the
functional connectivity signature of low IRV, noagip differences were observed for functional cotioes associated
with low IRV (i.e., good sustained attention). Sasdhave previously demonstrated that brain-behaelationships can
be modified in the presence of categorical diaganosech as ADHD, and that not all diagnostic effecam be
simplistically understood as dimensional (i.e. oatluum of too much or too little functional comtigity)[89,90]. Our
result may reflect a similarly complex interactibaetween the dimensional brain-behavior relatiorshigsociated with
ADHD symptoms and IRV.

Data-driven analyses are commonly applied to rgsitate data, whereas directional analyses (oeusing on
particular seed regions) are usually used in tasleth studies [91]. Our findings solidify the impoite of data-driven
functional connectivity analyses, rather than camsing ROIs a priori [92] in order to better chetexize cognitive
processes. Although the brain-behavioral findifogsustained attention are reliable, there areescaweats to this study.
The relationship between IRV and age may be atsemsnarker of neural development [93] and considethe major
brain changes that occur in adolescence [94], itrislear if the observed functional trends refleome sort of
developmental delay or if they will persist as theglolescents develop. Secondly, although ADHD $symatology
revealed attentional anomalies in behavior anchbiair subclinical sample-size was small, and &rrthvestigations of
ADHD symptomatology using larger datasets will bguired. Thirdly, the ability to rigorously measuhectuations in
temporal resolution, combined with the correspogdihysiological responses (head motion, respiratiemains a
challenge [95,96]. The influence of head motiorfumctional connectivity for example is a well-docemted issue, and is
particularly troublesome for ADHD-related analysd3tominent global artifacts tend to be presergdans and current
methods do not adequately target these artifactsefmoval Error! Bookmark not defined. ,Error! Bookmark not
defined]. Broadly speaking, nuisance regression is theidanh approach for removing signal confounds, aitioit
increases the risk of reducing signals of intef@8}. Scrubbing procedures can alter the tempdratsire of timeseries
data [54], therefore it was not implemented in ttase. Some previous work indicates functional eotivity patterns
remain largely unchanged after scrubbing, and ithdtiding mean framewise displacement as a groug-leovariate
yields similar results to scrubbing [54,98,99]. eTlssue of head motion was at least partially add@ here by
considering motion parameters as covariates irstitistical analysis [54]. Global signal regressiaas also used in the
current analyses, given that several reports hadiedted its merits in robustly handling in-scanmervement [see 100,
101,102]. Nevertheless, we found head motion (irean framewise displacement) significantly coteglavith IRV in
the large normative sample (n=8{5 = .22), but not in the smaller ADHD symptom anchtcol samples (each n=30)
similar to previous research [32]. This further Hights the importance of large sample sizes ireotd control for

spurious effects on functional connectivity data.

Conclusion
The current findings serve to advance our unded@tgnof the brain networks associated with susthine
attentional processes. Functional connectivity ketwa global array of networks, including the cellein, and motor,

prefrontal and occipital cortices serve as a romgitator for sustained attention. In particulgecific subregions of the
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cerebellum Crus /1l are robustly linked to susgairattention, while the involvement of motor corthéty in both low

and high attention networks highlights its sigrafit role in adolescent attention and cognitionadidition, the current
research suggests that fMRI activation and funati@monnectivity within the motor network in the ahse of higher
order cognitive networks, may constitute a noveidator of low sustained attention. The findingsyitle a solid basis
for further research of cerebellar connectivityhaitotor networks in sustained attention. One futlirection will also be

to examine the extent to which these networks préldict subsequent inattention trajectories intdtadod.
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