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Abstract
The association between working memory capacity @Ylind the antisaccade task, which
requires subjects to move their eyes and atteaticay from a strong visual cue, supports the
claim that WMC is partially an attentional constr¢i€ane, Bleckley, Conway, & Engle, 2001;
Unsworth, Schrock, & Engle, 2004). Specificallye WWMC-antisaccade relation suggests that
WMC helps maintain and execute task goals despi¢éeference from habitual actions. Related
work has recently shown that mind wandering (Mc\8alfane, 2009, 2012a, 2012b) and
reaction time (RT) variability (Unsworth, 2015) adso related to WMC and they partially
explain WMC'’s prediction of cognitive abilities. He we tested whether mind-wandering
propensity and intraindividual RT variation accotortWMC'’s associations with two
antisaccade-cued choice RT tasks. In addition,skecawhether any influences of WMC, mind
wandering, or intraindividual RT variation on aatisade are moderated by (a) the temporal gap
between fixation and the flashing location cue, @y)dvhether targets switch sides on
consecutive trials. Our quasi-experimental studgxamined a published dataset (Kane et al.,
2016) comprising 472 subjects who completed 6 WkKks, 5 attentional tasks with mind-
wandering probes, 5 tasks from which we measureaimdividual RT variation, and 2
antisaccade tasks with varying fixation-cue ga@tions. The WMC-antisaccade association
was not accounted for by mind wandering or intraditiial RT variation. WMC's effects on
antisaccade performance were greater with longatiin-to-cue intervals, suggesting that goal
activation processes — beyond the ability to cdmtimd wandering and RT variability — are

partially responsible for the WMC-antisaccade riefat

Keywords: working memory capacity, antisaccadingion control, mind wandering, individual

differences
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Working Memory Capacity and the Antisaccade Task:
A Microanaltyic-M acr oanalytic Investigation of Individual Differencesin Goal Activation
and Maintenance

The antisaccade task presents a salient cue tsid@ef a visual display followed by a
target stimulus to thether side, which often must be identified before begugckly masked;
despite knowing the rule and seeing many suclsinedople have difficulty performing
accuratelyResults from the antisaccade task form a cornegstba prominent account of
individual differences in working memory capaciy/MC; Kane, Conway, Hambrick, & Engle,
2007). The “executive attention” view proposes WWalIC-related differences in higher-order
abilities, ranging from following instructions (Eleg Carullo, & Collins, 1991) to learning a
computer language (Shute, 1991), are caused irbpalitferences in lower-order attentional
control processes. Task analyses of the antisad@adeindicated that successful performance is
produced by suppressing or overcoming a preposspioinses (e.g., orienting to the cue) to
execute a novel, goal-directed one (e.g., shifattgntion away from the cue; Hutton, 2008;
Munoz & Everling, 2004). Thus, WMC's relation toteaccade performance (and to related
tasks requiring habit override) suggests that higC subjects are better able than lower-
WMC subjects to maintain mental access to tasksgaahe face of the interference from
contextually inappropriate, over-learned resporigegle & Kane, 2004).

The executive-attention account grew, in partnfisiudies of the antisaccade task
reported in the early 2000’s (Kane, Bleckley, Copw& Engle, 2001; Unsworth, Schrock, &
Engle, 2004; for other seminal findings, see Convywan, & Bunting, 2001; Conway &
Engle, 1994; Conway, Tuholski, Shisler, & Engle929Engle, Tuholski, Laughlin, & Conway,

1999; Kane & Engle, 2003; Rosen & Engle, 1997, 19B&ter research provided evidence that
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WMC predicts other attention-related individualfeiEnces beyond interference control,
namely, the propensity to mind wander (e.g., Kared.e2007; McVay & Kane, 2009) and to
sustain attentional focus, as indicated by RT ity (e.g., Unsworth, 2015; Unsworth,
Redick, Lakey, & Young, 2010). In light of thesadings and the critical role that the WMC-
antisaccade association plays in WMC theory, hereeawisit the antisaccade task, examining
the contributions of unexplored intra-task variahdé fixation-to-cue (gap) intervals and target-
side switches to the antisaccade’s associationWMC. Moreover, we assess the individual-
differences constructs of mind-wandering propereitg RT variability — measured outside the
antisaccade context — on antisaccade performance.

Two complementary individual-differences methodgeheontributed to attentional
theories of WMC. The microanalytic approach tydicalplores relations between single
criterion tasks and measures of WMC, particulaglyekaminingindividual-by-treatment
interactions(Cronbach, 1957; Snow, 1989) between WMC and #imadly derived
experimental manipulations within the criterionkkaShe macroanalytic approach, in contrast,
examines cognitive processes at the construct lgvabking the shared variance across multiple
tasks to represent constructs (e.g., WMC, atteroorrol) and assessing correlations (and
sometimes statistical mediation or dissociatiomsprag them. The antisaccade task has been
featured in both approaches.

Microanalytic work with the antisaccade task intiésathat WMC is related to
performance in tasks that make minimum memory deisidot substantial demands on
executive control, thus crystallizing WMC as areattonal construct. For example, Kane,
Bleckley, Conway, and Engle (2001) used complex $pdC measures to distinguish high

WMC from low WMC subjects in an extreme-group dasigheir antisaccade task required
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subjects to focus on a central fixation symbol thas removed for a variable interval (i.e., as a
“gap” condition; Munoz & Everling, 2004) before abrupt-onset cue (a flashing “=" symbol)
indicated the left-versus-right location of a baekd+masked targeB( P, orR). In one block of
prosaccade trials, the target appeared at theidocat the cue; in the other block, of antisaccade
trials, the target appeared on the opposite sideeofomputer screen from the cue. WMC did
not predict performance in the prosaccade condibanit did in the antisaccade condition. The
prosaccade condition allows for successful taskptetion by following the exogenously-
driven, habitual response of orienting towardshim flashing cue. But in the antisaccade
condition, subjects must either prevent orientm¢he flashing cue (via inhibitory or other
mechanisms; see Cutsuridis, Smyrnis, Evdokimidi®etantonis, 2007) or quickly disengage
attention from the cue and redirect it in oppositimdeed, in the antisaccade condition, lower-
WMC subjects made more initial saccades towardtleethan did higher-WMC subjects, and
they were also slower to initiate antisaccadessgélimdings suggested that measures of WMC
index subjects’ ability to control their attentionthe face of interference to execute goal-driven
behaviors, even in tasks without substantial merdermands.

Unsworth, Schrock, and Engle (2004) further charamtd the attentional account of
WMC-related differences in a micro-analytic stubgttmixed prosaccade and antisaccade trials,
rather than blocking them (both trials types feadua fixation-cue gap); the fixation preceding
each trial (e.g., in Experiment 2, a small cirdl@immond centrally presented) indicated the trial
type. Subjects thus had to establish their actlan pn each trial in accordance with the cue
(making prosaccade trials less automatic than éineyn blocked procedures). Here, lower-

WMC subjects were slower and more error prone tirare higher-WMC subjects dyoth anti-
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and prosaccade trials, suggesting that WMC diffiaitty impacts task performance whenever
goal activation is at a premium and voluntary coindf attention is needéd

Subsequent macroanalytic work using latent variatméels (i.e., confirmatory factor
analysis and structural equation modeling) has tfichthe contributions of attentional control
abilities to WMC-related performance differenceatdnt variable models allow researchers to
represent the constructs of interest as the comvanance among tasks thought to measure that
construct. An important point to consider herenes Yalidity of the labels used for the constructs:
Simply because a researcher labels a construentaihal control” is no guarantee that the
common variance among the tasks — and the latetdrfderived from it — actually represents
attentional control. It is necessary to look acithesindicator tasks from which the variable is
derived and consider common task requirements.

As evidence of the importance of antisaccade taskseorizing about WMC'’s
attentional characteristics, we examined the fdomdings of 13 independent confirmatory
factor analyses from the WMC literature with a tdtattentional control factor and the
antisaccade as an indicator variable (typicallpgishanual choice responses and not eye-
tracking; Chuderski, 2014; Chuderski, Taradaychd, & Smolé, 2012; Kane et al., 2016;
McVay & Kane, 2012b; Redick et al., 2016; RobinsGath, & Unsworth, 2016; Shipstead,
Harrison, & Engle, 2015; Shipstead, Lindsay, Malisi8aEngle, 2015; Unsworth, Fukuda,
Awh, & Vogel, 2014; Unsworth & Spillers, 2010; Unesith, Spillers, & Brewer, 2009). Factor
loadings can be interpreted similarly to standadizegression coefficients, indicating the
amount of shared variance between an indicatordadtor (i.e., construct). The antisaccade
loadings were large in every model, with a meary0fand range of .43 to .83. In eleven of the

thirteen models, antisaccade had the highest Igathinat most researchers are calling WMC-
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related attentional control, then, consists sulbstiénof antisaccade-related variation. One
reason for this is that antisaccade tasks haveisupeliability compared to other common
measures of attentional control, which tend todiference scores as dependent variables (DVs;
e.g., Stroop and flanker tasks). For example, ineket al. (2016), DVs from eight flanker tasks
had an average internal reliability (coefficientlad) of .53, whereas DVs from two antisaccade
tasks had an average reliability of .®kcause the antisaccade task has become central to
theorizing about WMC and the nature of the indialddifferences in attentional control, it is
critical that we better understand it.

As discussed above, successful antisaccade taskrpance is achieved by executing
the task goal of looking away from the flashing auéhe face of interference from the habitual
response of looking towards it. Models of antisdecperformance suggest that this process may
be analogous to a horse-race between simultaneogsamming of the correct antisaccade and
the erroneous prosaccade, with the winner (eith&égrms of speed or strength) dictating action
(Curtsuridis et al., 2007; Godijin & Theeuwes, 20B2nt, Olk, von Muhlenen, & Kingstone,
2004; Trappenberg et al., 2001). For the corretbiato be programmed, the task goal needs to
be activated in working memory.

WMC-related differences may reflect either theiaitlegree of goal activation or the
ability to maintain the goal of the task afterimiactivation. This follows from Oberauer’s
(2009) suggestion that performance on tasks tlgatineea subject to overcome competition, like
the antisaccade task, can be broken into two feictioe ability to establish goal representations
(or stimulus-response rule bindings) and the gtititmaintain them over delays. If WMC-
related differences are due to differences in gotivation, then we should expect to see higher-

WMC subjects achieve a higher asymptote of perfaceahan lower-WMC subjects; if,
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however, WMC-related performance differences aeetddapses of goal maintenance, then we
should see that WMC does not predict the asymtigberformance, but at longer delays lower-
WMC subjects’ performance should drop off more tehauld higher WMC-subjects’. We
contend that the degree of goal activation andrtamtenance of once-activated goals are
potentially separable mechanisms by which WMC mflyénce antisaccade performance.

Recent work (both micro- and macroanalytic) hasidhted characteristics of WMC-
related attentional control that would seem todféme’s ability to maintain a goal, once
instantiated (e.g., Poole & Kane, 2009). Lower-WHlfbjects are somewhat more prone to mind
wandering than are higher-WMC subjects in situaittrat put a premium on maintaining task
goals (Kane et al., 2007; McVay & Kane, 2012a; 2)1Eor example, McVay and Kane
(2012a) found that mind wandering partially mediatee relationship between WMC and
go/no-go task performance. By analogy, WMC-relalifigrences in antisaccade performance
may also have been partially caused by lower-WMigesais mind wandering during the task
and therefore momentarily losing access to the Ingo@. Mind wandering within a task is most
often measured by embedding thought probes thadwdgkcts to indicate what they were just
thinking about (Smallwood & Schooler, 2005; 20IM)us, mind-wandering reports reflect the
subjective experience of being consciously off-td3ks may only result if the attentional failure
is sufficiently sustained or of a certain depthsIpossible, however, that more subtle attentional
variability, which does not break through to consisi awareness (see Cheyne, Solman, Carriere,
& Smilek, 2009), can also account for WMC-relatedfprmance differences.

In a macroanalytic study, Unsworth (2015) re-anadlydata from several studies where
subjects completed WMC tasks, mind-wandering prossntional-control tasks, and lexical-

decision tasks. Intraindividual RT variability dogi attentional-control tasks (but not lexical
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decision tasks) correlated significantly with WMIC=(-.41) and mind wandering construats=(
40). Similarly, Kane et al. (2016; using the pres#ataset) found that a latent variable
constructed from RT variability measures from aitenand memory tasks correlated with latent
variables for WMC I( = -.32) and mind wandering € .54). Although mind wandering and RT
variability were separable constructs in theseisiydhey correlated strongly and may thus
result from similar underlying neural processes taay quantitatively, with deeper or longer
sustained attention failures marked by the suljeakperience of mind wandering, but with
shallower or shorter failures not necessarily eigpeed as off-task thinking (e.g., Cheyne et al.,
2009; Mittner, Hawkins, Boekel, & Forstmann, 2016).be clear, we conceive of mind
wandering as being a subset of attentional lap$esersubjects are completely disengaged from
the experimenter-stipulated main task. Attentidapses encompass these episodes and episodes
where subjects are partially disengaged from thiea mask (see Adam, Vance, Fukuda, & Vogel,
2015).

These patterns of relations from macroanalyticiegifibe well with findings from
microanalytic studies that have examined the m@tatiip between single measures of RT
variability, WMC, and mind wandering (McVay & Kan2009, 2012a): In go/no-go tasks,
within-subject RT variability on “go” trials corraled negatively with WMC and positively with
mind wandering during the task. Additionally, forneaidence-accumulation modeling indicated
that the parameter reflecting trial-to-trial vaiaat in drift rate correlated with WMC, mind
wandering rate, and RT variability (McVay & Kané12a). What has not been previously
assessed, however, is how much do mind wanderithgnémraindividual RT variability account

for WMC'’s relation with other indices of attentidrentrol. Said another way, is WMC-related
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attentional control anything more than the abii@yavoid mind wandering and attentional
fluctuations (i.e., RT variability)?

In the current study, a large sample of subjeetfopmed two similarly constructed
antisaccade-cued RT tasks (which we primarily azeaeparately). As in Kane et al. (2001) and
Unsworth et al. (2004), both antisaccade tasksanoed variable fixation-to-cue intervals (i.e.,
gap conditions). These different intervals allowsdo test, here, whether WMC-related
individual differences are specific to short ordazue delays. If WMC-related performance
differences are localized to only trials with longkelays, this would suggest that WMC is not
related to the ability to establish the task gadlrather to maintain the goal over the longer
duration. If the WMC-antisaccade relation is lozadl to only trials following short delays, it
would suggest that higher-WMC subjects are morekdyiable to prepare themselves to execute
the goal than are lower-WMC subjects.

We used measures from outside the antisaccadettagksess whether propensities for
mind wandering or sustained-attention fluctuatiores/ account for WMC-antisaccade
associations. We expected that subjects who géyenald-wander (indicated by probed
thought reports) or who exhibit frequent attentidhectuations (indicated by RT variability)
may have particular difficulty on trials with longxation-cue delay intervals because they may
more frequently lose the task goal. If mind wanalgr attentional fluctuations have relatively
independent effects on performance from WMC, waraterested in the extent to which these
variables moderate the WMC-antisaccade relatioreasonable expectation is that subjects who
mind wander a lot or show greater attentional tlatbnandhave a lower-WMC will exhibit

especially poor task performance relative to obeosubjects.
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We also examined the intra-task variable of tasyg¢-switches across consecutive trials.
Eye-tracking studies with antisaccade trials hawe¥ided evidence that the action plan used on
the previous trial can affect performance on thees trial. That is, subjects tend to make more
errors on trials where the target switches sideatnse the previous action plan (elgok lef
interferes with the selection of the current actpen (e.g.Jook right Reuter, Philipp, Koch, &
Kathmann, 2006). Kane et al. (2001) observed thaef-WMC subjects made more erroneous
antisaccades in a prosaccade block when it waggeedy substantial antisaccade practice,
suggesting that lower-WMC subjects had difficulsyablishing a new action plan (or conversely
inhibiting an old action plan). Theories of WMC tleanphasize inhibition (Hasher, Lustig,
Zacks, 2007) or competition resolution (Engle & KaR004) would seem to predict that higher-
WMC subjects would suffer less from these carryafégcts than lower-WMC subjects. Here,
we tested whether this WMC-related difference wdadcevident at the trial level. Indeed, two
groups that tend to have lower WMC than healthyngpadults — older adults and
schizophrenic patients (Salthouse, 1990; GoldmaneR&994) — have shown increased target-
side switch effects relative to controls (Frankalet2006; 2009; Olk & Jin, 2011). If having a
higher WMC confers subjects with more flexible antplans, we may expect higher-wWMC
subjects to show a marked advantage over lower-Vghifjects when the target-side switches
from one trial to the next. This difference maydagticularly large on trials with short cue
delays because the action plan from the previaalswill not have had time to attenuate.

The current study took a hybrid macro- and micrbditaapproach. Although we did not
use formal latent variable models for most analysesdid form z-score composites for our

cognitive constructs of WMC, attentional fluctuatj@and mind wandering from multiple tasks,
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and we tested whether these composites’ asso@atiith antisaccade performance depended on
either fixation-cue delay intervals or target-locatrepetitions versus switches.
Method

Kane et al. (2016) reported how we determined ampde size and all data exclusions,
manipulations, and measures in the study (Simnméelson, & Simonsohn, 2012). That
macroanalytic study used overall accuracy ratas fitte antisaccade tasks reported here (as two
of six markers of an “attentional restraint” lateariable), but did not examine main effects or
interactions involving fixation-cue intervals orgat-location sequences. The WMC, mind-
wandering, and RT variability measures used henmespond to (but are not identical to,
because of dropped subjects reported below) tregseted by Kane et al. (Again, that study
used latent variables rather than the z-score ceitgpeariables we use for our primary analyses
here). This research was approved by the Univeo$iNorth Carolina at Greensboro
institutional review board.
Subjects

The three-session study was conducted over fiveego® semesters. Five hundred forty-
five undergraduates, aged 18-35, participated d@mpulfilment of an introductory course
requirement. Of the 545 subjects who completedrifoeemed consent in the first session, 492
completed two sessions, and 472 completed all three
General Procedure

Subjects volunteered to complete three, 120 mimtgsessions, in groups of 1 — 4. Only
the currently relevant tasks are briefly describerk; the other tasks, and more complete
descriptions of the relevant tasks (as well adixeel task order), are presented in Kane et al.

(2016). We note here that the antisaccade letiskswas completed as th8 &f 8 tasks in
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session 2, and the antisaccade arrows task wadeiaips the*lof 9 tasks in session 3; thus,
all subjects completed the letter task before thews task.
Antisaccade Tasks

Kane et al. (2016) sought to derive latent variatilem multiple tasks that all reflected
the same underlying construct but differed in tisemface characteristics (i.e., method variance).
Because we used two antisaccade tasks (in addititwo Stroop-like tasks and a go/no-go task)
to assess an “attention restraint” construct, wendit want the two antisaccade tasks to be
identical to each other. Thus, we used letter dtimwne task and arrow stimuli in the other,
and we used slightly different fixation-to-cue irals for each task, while still sampling from a
comparable range of fixation-to-cue intervals.

Antisaccade letters. Subjects identified a target lettd, (°, or R) on one side of the
screen that was cued by a flash on the opposie(siddified from Kane et al., 2001). Subjects
first saw a central-fixation array of three astesisver one of five fixation-cue delay intervals
(i.e., gaps) that unpredictably ranged from 2006188 (200, 600, 1000, 1400, or 1800 ms)
followed by a flashing cue (“=") presented 8.6 arthe left or right of fixation. The flashing cue
was presented by having the cue displayed for 1®@md then followed by a 50 ms blank
screen, with the sequence happening twice on éxialyi.e., cue-blank-cue-blank). The target
letter appeared in the opposite screen locatian ftee cue (8.6 cm from fixation) and was
pattern-masked after 100 ms with the leHdor 50 ms then the dig& until the subject
responded. Subjects responded via keys on the mlappad labele®, P, andR with stickers.
Stimuli were presented in white (12 point Couri@wNfont) on a black background. The

dependent measure was errors on 90 test trials.
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Antisaccade arrows. Subjects identified an arrow on one side of theetithat was
cued by a flash on the opposite side (modified fMavay & Kane, 2012b). Each trial first
presented a central-fixation asterisk array for-Z=50 ms (250, 750, 1250, 1750, or 2250°ms)
followed by a flashing cue (“=") 11.4 cm to thetlef right of fixation, followed by a to-be-
identified arrow (pointing up, down, left, or right the opposite screen location from the cue
(11.4 cm from fixation). This arrow was displayed 80 ms and then pattern masked by a plus
sign for 50 ms, followed by a%#”symbol, until response or 10 s, whichever cameso0
Subjects responded with the 2, 4, 8, and 6 keys@number keypad for down, left, up, and
right arrows, respectively. Stimuli were presentetllack on a white background. The
dependent measure was errors on 72 testitrials
Working Memory Capacity

Complex span tasks. We assessed WMC with six computerized tasks. €fehfour
were complex span tasks, wherein subjects memosized sequences of items each interleaved
with a processing task. At the end of each trigugeace of unpredictable length (consisting of
processing and memory components), subjects rddhéememory items in serial order from a
pool of 12—16 possible items. Each task began thite blocks of practice. First, subjects
practiced memorizing small sets, then they pradttbe processing task alone, then they
practiced both task components together. Processilygpractice trials recorded decision
response times (RTs); during the real task, if progessing-task decision was not made within
2.5 standard deviations of the processing-onlytma®&®T mean, the program skipped the
subsequent memory stimulus and the trial was cdwsea processing error. We instructed all
subjects that we could not use their data if thdyndt achieve 85% accuracy on the processing

portion of the task. We dropped individual tasksdabjects who did not meet this accuracy
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criterion. The 85% processing criterion was usethbse: (a) it limits the subject’s ability to
trade-off between the storage and processing perobtasks (i.e., subjects can sacrifice
processing to maximize storage); (b) it screensohjects who are generally being
noncompliant and not putting forth effort, and; ifds conventional in individual differences
research that uses complex span tasks. We usedittied-credit scoring method to score all
complex span tasks, operationalized here as thkrtomber of items from the task recalled in
their correct serial position (Conway et al., 2005)

Operation Span. Subjects memorized sequences of 3—7 letters, e@askried in
alternation with a compound arithmetic equationeafy [e.g.,(3 x 2) — 1 = 4 half were true],
and randomly selected without replacement fromt @fs&2. At recall, all 12 letters appeared in
a grid; subjects recalled each letter by mousd«cdigcon it. Each set length of 3—7 occurred
three times in a random order for each subject.ddpendent measure was the total number of
letters recalled in correct serial position (of.75)

Reading Span. Subjects memorized sequences of 2—6 four-lettedsy@ach presented
in alternation with a sentence to verify as eitbmmsible or nonsensical (e.d.like to run in the
sky'; half were sensible), and randomly selected withheplacement from a set of 15. The recall
phase was identical to operation span, but witiva&ls presented in a grid. Each set length of
2—6 occurred three times in a random order for sabfect. The dependent measure was the
total number of words recalled in correct seriadipon (of 60).

Symmetry Span. Subjects memorized sequences of 2-5 red squarearapypwithin a 4
x 4 matrix. Each red square appeared in alternatitina black-and-white pattern made from an
8 x 8 grid to verify if it was vertically symmetat(half were symmetrical), and was randomly

selected without replacement from the 16 possifpleuses. At recall, subjects saw an empty 4 x
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4 matrix and mouse-clicked the red square locatiBash set length of 2—-5 occurred three times
in a random order for each subject. The dependeasure was the total number of red-square
locations recalled in correct serial position (8).4
Rotation Span. Subjects memorized sequences of 2-5 large and amali's, radiating from
fixation in one of 8 directions. Each arrow appeéarealternation with a rotated capitalized letter
(F, G, J, R). Subjects had to verify the capitalifter as either normal or mirror-reversed (half
were normal). Arrows were randomly selected withepiacement from 16 possible size-
orientation combinations. At recall, subjects samaeay of 8 small and 8 large arrows and
clicked on the arrowheads. Each set length of Zebimed three times in a random order for
each subject. The dependent measure was the twtddar of arrows recalled in correct serial
position (of 42).

Additional WM C Tasks. To bolster our measurement of WMC (and to reducthaak
specific variance) we included two measures thaewet complex spans.

Updating Counters. Modeled after Lewandowsky, Oberauer, Yang, and E@®10),
each trial consisted of 3 phases: learning, upda#ind recall. In the learning phase, subjects
saw a horizontal array of 3-5 boxes. A digit (1#8n appeared serially in each box in random
order (for 1250 ms each). During updating, 2—6 vaes were updated by presenting a digit
with a plus or minus sign (e.2; -5). Some boxes might change multiple times whilerth
not at all. Subjects maintained only the currehi@d1-9) for each box. At recall, each box
outline turned red (in random order, with no tinmeif) to prompt the subject to enter its final
value. Each set size of 3-5 boxes was crossedwitiber of updates (2—6) to generate 15 trials,
presented in random order for each subject. Therdignt measure was the proportion of correct

values entered in the boxes (out of 60).
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Running Span. Following Broadway and Engle (2010), each trialspréged a sequence
of letters (drawn without replacement from a set 2}, with only the final 3-7 to be recalled
(cued by a digit at the beginning of each triahr Bach set size, the trial length was
unpredictably 2, 1, or O items longer than set.ssa sizes were blocked (3 trials at each size),
with block order randomized for each subject. Atatke all 12 letters appeared in a grid, along
with the set size, and subjects mouse-clickeddtiers. The dependent measure was the total
number of letters recalled in their correct sgp@dition (of 75).

Mind Wandering Propensity

During the five tasks that collected mind wandewiagg, subjects reported their
immediately preceding thoughts by responding taediptably appearing probes. Each probe
asked What are you thinking aboutand had subjectsPiease press a number on the
keyboard that most closely matched their thought contarthie instant before the probe
appeared (see McVay & Kane, 2009, 2012a, 2012k®.0Mscreen choices (italicized below)
were re-explained for each probed takkfhe taskon-task thoughts about the stimuli or
response2. Task experience/performanayvaluative thoughts about one’s performaiice;
Everyday thingsthoughts about routine things that have happeneday happem. Current
state of beingthoughts about one’s current physical or emotistee, such as being sleepy,
hungry, or cheerfuls. Personal worriesthoughts about concerns or worriés;Daydreams
fantastic thoughts disconnected from realityExternal environmenthoughts about something
task-unrelated in the immediate environm@&ntQther only those thoughts that do not fit the
other categories. The mind wandering dependentunedsr each task was the proportion of

probe responses 3-8. That is, thinking about thle (@ption 1) or one’s performance (option 2)
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were regarded as a task-related thought, andral oésponses were interpreted as mind
wandering.

Forty-five thought probes appeared during the SustbAttention to Response Task
(SART), a go/no-go task requiring subjects to peeksy for animal names (89% of 675 trials)
while withholding responses to vegetable names (tflftals). Twenty probes appeared during
the second block (150 trials) of a numerical Strtagk, which required subjects to respond via
key-press to the tally of a row of 2-4 digits whidmoring the identity of the digits (e.@2;

444). Four probes appeared in the first trial block¢ of 96 block-1 trials) and 16 appeared in
the second block (16.6% of 96 block-2 trials) ofaarow flanker task that presented a left- or
right-facing target arrow amid a row of arrow distiors. Twelve probes were presented during a
letter flanker task (following 8.3% of 144 triakklat presented a normal or mirror-reversgd “
amid a row of letter distractors. Finally, 15 prelawpeared during a 2-back task (6.3% of 240
trials), in which subjects decided whether eachdwoatched the one presented two trials ago;
25% of trials were 2-back matching targets, and 2&xe 1- or 3-back lures.

Intraindividual RT Variability (RT CoV). We assessed propensity for attentional
fluctuations by examining intraindividual RT varikty from non-conflict trials (i.e., congruent,
neutral, or “go” trials) in five tasks (SART, nunmfetroop, arrow flanker, letter flanker, spatial
Stroop). These were all of the tasks that meadRiiedas a dependent variable and had neutral or
congruent trials. We excluded incongruent triatsrfrthis calculation because we did not want to
confound the experimental effect of incongruencid wie general sustained-attention variation
we sought to capture (see Kane et al., [2016] forendetails regarding this decision).
Specifically, we calculated the coefficient of \aion (CoV) in RT for each subject by dividing

their RT standard deviation by their RT mean, usinty correct trials (but dropping correct
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trials immediately following error trials or thougprobes). We calculated RT CoV from the 600
“go” trials of SART, from the 120 congruent trigtligit-tally matching) from the first block of
number Stroop, from the 24 congruent trials (flaskKacing the same direction as the target) of
arrow flanker, from the 25 neutral trials (dots eppng in flanker locations) of arrow flanker,
from the 48 congruent trials (flankers facing theget direction) of letter flanker, from the 24
neutral trials (dot flankers) of letter flankeroifin the 40 congruent trials from spatial Stroop
(where target directional words appeared in a cdimpascreen locations in a compatible
relative position to an asterisk on-screen; ebg word “LEFT” to the left of an asterisk with
both to the left of the screen).
Data Preparation and L 0ss

Kane et al. (2016) provided details regarding @ditaination and loss from error,
outliers, and minimal performance criteria. Hereaddition, we dropped data from 60 subjects
who had three or more missing values for the WM@dmvandering, or CoV indicator tasks.
Thus, we created z-score composites for all subjeith at least three WMC, three mind
wandering, and four CoV measures. The final sanmgleded 472 subjects (462 subjects
completed the letter antisaccade and 401 comple&drrow antisaccade task).

Data Analysis

Our primary analytic approach used Generalizeg&irMixed Models (GLMM) in the
Ime4 package (Bates, Maechler, Bolker, & Walked ®)0dn the R system for statistical analysis
(R Core Team, 2016). We used GLMMs to examine thdiptors’ influence on the likelihood
of antisaccade errors while accounting for the @b distribution of trial-level accuracy
(Dixon, 2008). In the raw data, correct trials weeered a 0 and errors a 1. Betas for the

GLMMS are reported as log odds ratios with a pesitog odds ratio meaning that an error is
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more likely to be committed and a negative oddse raeaning that an error is less likely

(relative to the overall baseline probability ofemor). These models are fit by Laplace
approximation. We interpret parameter estimateb Wiald z-values greater than or equal to 2 as
statistically significant (with our large sampleeiand number of trials per task corresponding to
p values < .05). In all models reported, we enterdglects as random effects (random intercept
only) to account for the non-independence of thta.d&e did not model random slopes because
the relations between the slopes and our otheiqtoesl of antisaccade errors are central to our
guestions of interest. By not modeling the randtopes, we allowed the variation between
slopes to be represented in the fixed-effect pordibthe GLMM equation.

We formed composite variables for WMC, mind wanagriand intraindividual RT
variability by converting scores from the individuadicator tasks to z scores and then averaging
them together for a given construct. We treated WRd wandering rates, and RT variability
as continuous variables in all analyses, each hten the grand mean of the sample. Our
initial models also coded the antisaccade cue débetion-to-cue delay interval) as a
continuous predictor to make the models more likelgonverge and to keep model output
concise, representing cue delay as a single madahpeter. If cue delay moderated the effects
of one of our other predictor variables, we follawg with a model that had cue delay
represented as a factor with five levels. Thisvedld us to explicitly determine at what delay the
slopes diverged. Target-side switching was includdtde models as an effect-coded variable
(i.e., -.5 represented a trial where the target sigheated and +.5 represented a trial where the
target side changed), so the parameter represenéxperimental effect of target-side switching.

To decompose interactions between continuousiias, we changed the centering for

one of them. For example, if we were interesteannteraction between attentional fluctuations
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and WMC, we ran three models: one centered at thiC\Wwhean, one centered at one standard
deviation above the WMC mean, and another centamedstandard deviation below the WMC
mean. Then we examined the RT CoV parameter feetddferent models. In the model
centered one standard deviation below the mearRTh€oV parameter shows how it predicts
errors for subjects with lower WMC. By comparing tRT variability parameter with WMC
centered in different locations, we learn how thie 1of attentional fluctuations differentially
predicts errors along the WMC continuum.

Because mind-wandering and RT CoV composites wedenately correlated,= .31,
as one would expect if both imperfectly indicatetained attention capabilities (Cohen, 1988),
we first entered mind-wandering propensity intottedel and then, in a subsequent model,
added RT CoV (note that WMC was correlated withhlbatnd-wandering and RT CoV
composites, but not as strongtg;= .13 and .21, respectively). If parameter vafoesind
wandering changed substantially when intraindividRia variation was added, we concluded
that their influence on the dependent measure weagsaltheir shared variance (i.e., a shared
construct or set of mechanisms). We implementeddnge models for each antisaccade task. To
protect against false positives, we adopted theawative approach of focusing our
interpretation on effects that replicated acrogh laotisaccade tasks.

Results

Data and analysis scripts for the GLMM analyseswedre available via the Open
Science Framework (https://osf.io/yrphw/). Tablprésents descriptive statistics for all tasks,
Figure 1 displays violin and box plots for accuratgach antisaccade task by fixation-to-cue
delay, and Table 2 presents correlations amongdesures (with internal consistency scores as

indicators of reliability). In line with expectatis, indicator variables for each construct
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correlated more strongly with those of the samestrant than those of different constructs (e.qg.,
WMC indicators correlated more strongly with eatieo indicators than with indicators of mind
wandering or attentional fluctuations).
Letter Antisaccade

Modelswithout RT CoV. The model included fixation-to-cue delay, targees
switches, mind wandering rate, WMC, and their int&ions as predictors of antisaccade errors
(N = 462); see Table 3 for the fixed effects estamand z values. Subjects were less likely to
commit errors at longer cue delays (and if theyegddigher on WMC measures [see Figure 2]).
Subjects were more likely to commit errors if thed a higher propensity to mind wander in
other laboratory tasks and when the target switslaiels. Cue-delay moderated both WMC'’s
and target-side switching’s effects on errors. &tiect of mind wandering rate was not
moderated by WMC or by cue delay, the latter inghgpthat propensity for mind wandering
was not particularly problematic at longer delaysich might be hypothesized to induce
sustained-attention failures. Target-side switck wat moderated by either of the individual-
difference variables in the model, and none ofhiigher-order interactions were statistically
significant.

In decomposing the WMC x Delay interaction, we fotinat, at the shortest cue delay
(200 ms), higher-WMC subijects were less likelydmenit errors than were lower-WMC
subjects, b =-0.18, SE = 0.03, Z = -5.0, and atwo longest delays this negative slope
accelerated. More specifically, the negative WM@psk at the 1400 ms delay, b =-0.09, SE =
0.03, Z=-2.6, and at 1800 ms, b =-0.13, SE 3,(70= -3.8, were more negative than the slope
at 200 ms delay. Thus, the difference between lnighé lower-WMC subjects was larger at the

two longest delays. (Note that the WMC effectdatintermediate delays were statistically
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indistinguishable from that at 200 ms; 600 ms:40%, SE = .03, Z =-0.3; 1000 ms: b = -.05,
SE = .03, Z = -1.6).

Regarding the moderation of target-side switchinghie cue delay, the effect of target-
side switching was greatest at the 200 ms delai, subjects more likely to make an error when
the target switches sides from one trial to the mempared to when the target side repeats, b =
.36, SE = .05, Z = 7.8. The difference in the likebd to make errors on target-side switch trials
than on target-side repeat trials was significareuced (indicated by negative parameter
estimates) at the three longest delays (1000 ms. ™, SE = .07, Z=-2.1; 1400 ms: b =-.25,
SE =.07,Z2=-3.7, 1800 ms: b =-.26, SE = .0%,-8.9). The effects of target-side switching
and delay did not significantly differ between 2@ ms and 600 ms delay intervals (600 ms: b
=-11, SE=.07,Z=-1.7). Table 4 provides m@drsubject means) error rates for target-side
repeat and switch trials as a function of delay.

Modelsincluding RT CoV. We next added attentional fluctuation propensig;,(CoV
measures from outside the antisaccade contextetmbdel, along with cue delay, target-side
repetition, WMC, and mind wandering as predictdrsroors in letter antisaccade (see Table 5
for all fixed effect estimates and z values). Cakay, target-side switching, and WMC remained
significant predictors. And, whereas RT CoV preglicantisaccade errors, mind wandering
propensity no longer did, suggesting that thesesorea of sustained attention failures accounted
for some shared variance in errors.

As in our initial model that did not include RT Cd&hd decomposed above), the
difference in errors committed between higher aweelr-WMC subjects was greater at longer

cue delays, and the effect of target-side switckag reduced at longer delays. The effect of RT
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CoV moderated the main effects of mind wanderingj@re delay, but no other two-way or
higher-order interactions were significant.

We examined the interaction between mind wandanjintraindividual RT variability
by running a series of simple models with mind weaity and RT CoV as the only predictors.

In a model centered one standard deviation aba/enthd wandering mean, the parameter value
for RT CoV was .22, SE = 0.04, Z = 5.2; when cezdaat the mind wandering mean, this
parameter was .17, SE = 0.03, Z = 5.9, and whetemxhone standard deviation below the mind
wandering mean, the parameter was .13, SE = 0.843.4. Attentional fluctuations were thus a
stronger predictor of errors for subjects who maften endorsed having task unrelated thoughts:
People who struggled according to two indices stained attention performed worse than did
those who struggled according to only one measure.

To better understand the interplay between cueydeld attentional fluctuation, we ran a
simplified model with cue delay as a factor withefilevels (200 ms was the reference level) and
RT CoV as the only predictors (the full model woulat converge). In parallel to our WMC
findings, RT CoV significantly predicted antisaceagtrors at 200 ms, b =0.14, SE=0.04, Z =
3.9, and became a significantly stronger predi@ompared to the 200 ms reference level) at the
two longest delays (1400 ms: b = 0.13, SE = 0.03,39; 1800 ms: b =0.08, SE=0.03, Z =
2.5;at 600 ms: b = .03, SE=.03,Z=0.8; at 1080b = .04, SE=.03,Z=1.2).

Arrow Antisaccade

Model without RT CoV. We constructed the same models as used in owsanafl the
letter antisaccade task on the arrow antisaccadbelmodel with target-side switch, cue delay,
mind wandering propensity, WMC, and their interaict (N = 401; see Table 6 for all fixed

effects and z values), cue delay and WMC were agegrative predictors of antisaccade errors,



WORKING MEMORY CAPACITY AND ANTISACCADE 25

whereas target-side switch and mind wanderingagéén showed a positive relation to errors.
Here, the moderation of delay by WMC approachetidiminot meet, our significance criterion.
The effects of target-side switching were again ematéd by cue-to-fixation delay, and no other
two-way or higher-order interactions were stataticsignificant.

To decompose the target-side switch and fixaticou® delay interaction, we examined a
model that had cue-to-delay interval dummy codeti tie 250 ms delay as the reference level.
Here, as in letter antisaccade, subjects were fikalg to commit errors when the target side
switched at the shortest delay, b = 0.44, SE =,&Z067.5, and this switch cost on errors was
significantly reduced at the 1250 ms, b =- 0.26=.09, Z = -3.0, 1750 ms, b =-0.28, SE =
0.09, Z =-3.3, and 2250 ms b =-0.30, SE = 0.09,-4.5, delays relative to the 250 ms delay
(the effect of target-side switching was not sigaintly different between the 250 ms and 750
ms delays; 750 ms: b=-.15, SE =.08, Z = -1.8).

Model with RT CoV. In the model adding RT CoV (see Table 7 for fiediect
parameter estimates and z values), just as irettex Bntisaccade task, the parameter value for
mind wandering was no longer significant, wherd@sRT CoV parameter was; moreover,
WMC once again interacted with fixation-cue del8@lyis model differed from the letter task
model, however, because here, RT CoV did not saamfly moderate any other effects (it had
moderated cue delay and mind wandering effectsttarlantisaccade). The only other
significant effect was the five-way interaction, ialinwe judged to be uninterpretable.

Because the full model with fixation-to-cue detagded as a factor with five levels would
not converge, we ran a simplified model with onle delay, WMC, and their interaction as
predictors. In this model, the shortest delay di &% was the reference level. Higher-WMC

subjects committed fewer errors than lower-WMC satg at the 250 ms delay, b =-0.33, SE =
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0.05, Z = -6.7. The only statistically significatifference from this slope was at the 1750 ms
delay, where the slope was steeper in favor ofdriyiMC subjects, b =-.09, SE = .04, Z = -
2.1. The slopes did not significantly differ at thtder delays (750 ms: b =-.05, SE=.04, Z = -
1.3; 1250 ms: b =-.04, SE = .04, Z =-1.0; 2250Ims -.06, SE = .04, Z = -1.5).

Although attentional fluctuation propensity did mobderate the effects of cue delay in
this task, in a simplified model with RT CoV andaleas the only predictors, we examined
whether the effect of RT CoV on antisaccade wasgmeat 250 ms delay, as it was with the
letter antisaccade. Indeed, it was, b = 0.23, S5, Z = 4.4. As suggested by the lack of
interaction, however, this effect did not diffed@anger fixation-to-cue intervals (750 ms: b = .04,
SE=.04,Z2=0.9; 1250 ms: b =.01, SE =.04,&E 1750 ms: b = .01, SE =.04, Z = 0.7, 2250
ms: b =.03, SE =.04, Z=0.8).

Disambiguation of the effects of fixation-to-cue delay on the WM C-antisaccade relation

Across both tasks, the slope depicting the reldietween WMC and antisaccade
performance changed as a function of delay (irath@w antisaccade model without RT CoV,
however, this interaction did not meet our criterfor statistical significance). A WMC x cue
delay interaction may have resulted from a changeerformance from people either at the
bottom or top of the WMC distribution (or both).rrexample, higher-WMC subjects’ advantage
over lower-WMC subjects at longer delays may has@ioed because their error rates
decreased more across delays (implicating stragogdractivation processes). Alternatively,
lower-WMC subjects’ errors may have increased wélay, suggesting more severe failures of
goal maintenance.

To supplement our quantitative models and diffeadatoetween these accounts, we

created Figure 2 by splitting subjects into threms by their WMC scores (i.e., low, mid, and



WORKING MEMORY CAPACITY AND ANTISACCADE 27

high WMC) and visually inspected how delay impaateshn error rates for the different groups.
In both antisaccade tasks, subjects at the higieenethe WMC distribution showed a decline in
errors before leveling off towards the two longéstays, whereas subjects at the lower end of
the WMC distribution also generally decreased thaiors across delays, but never reached the
same asymptote that higher-WMC subjects did.

Structural equation modeling analysis

Our GLMM analyses indicated that both WMC and RTVQuedicted antisaccade errors
above and beyond the influences of other varialnlesjding each other. What such analyses do
not indicate clearly is the extent to which #i@aredvariance among our abilities of interest
(WMC, RT CoV, mind wandering) also predict variame@ntisaccade errors. We therefore
conducted a structural equation modeling (SEM)yaigathat excluded the within-subject
variables of fixation-cue delay and target-sidetsies, but did take advantage of the complete
dataset from Kane et al. (2016) and included mobgests than did our focused LMMs above;
we used full-information maximum likelihood estinwat for missing observations.

We modeled adeneral executive/sustained attentiferctor as the shared variance
among all of our WMC, mind wandering, and RT CoVasires, and modeled antisaccade
performance as the shared variance between leitiearaow antisaccade error rates (see Figure
3). Moreover, we modeled the variance that wasuetq WMC, to mind wandering, and to RT
CoV, by creating “residual”’ factors reflecting thariance shared among each of these sets of
measures that was not shared by the other presli@ay., the WMC-Re$ factor represented
variance shared among the six WMC tasks that washared with the mind wandering or RT
CoV measures; this was the only factor for whiayhler scores reflected better performance);

these “residual” factors were modeled as orthogtm#ie general factor and to each other. To
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be consistent with the analyses in Kane et al. §20&e also modeled residual pairwise
correlations between a few of the individual préali¢ask variables (see Kane et al. for specifics
and rationale).

By several well established indicators of mode(Sithermelleh-Engel, Moosbrugger, &
Mdiller, 2003), our model provided an adequatedfitte datay’(142) = 275.81y%/df = 1.94,
CFl = .94, TLI = .91, SRMR = .046, RMSEA [90% CI].642 [.034, .049] (although several
factor loadings< .17 were non-significant with alpha = .05). Of mimsportance, the antisaccade
path estimates (analogous to standardized betdtgaigregression) were significant only from
the general executive/sustained attention factdrithe WMC-Res factor, indicating that
antisaccade performance was predicted by attehjwoeesses shared by WMC, mind
wandering (MW), and RT CoV, but also from WMC-spliecprocesses. Both the MW-Res and
RT CoV-Res factors non-significantly predicted saticade errors in the wrong directfon.

Discussion

Our goal was to examine the association between VeWtCantisaccade-task
performance in greater depth than has been dooecb&cross two antisaccade-cued choice RT
tasks, we replicated the robust influence of WMGaatisaccade performance: Higher-WMC
subjects committed fewer errors than did lower-WB®jects. Beyond replicating this effect,
we found strong evidence that WMC predicts antisdegerformance with the potentially
confounding variables of mind-wandering and atterdl-fluctuation propensities statistically
controlled (in both our microanalytic GLMM analysasd our macroanalytic SEM analysis).
Prior investigations of WMC-antisaccade performagicenot include any other individual-
difference variables as predictors (Kane et aD12@nsworth et al., 2004). By accounting for

(or at least limiting the contributions from; Weti& Yarkoni, 2016) normal variation in mind
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wandering and attentional fluctuations, and siililing that WMC predicts antisaccade
performance, we constrain the interpretation ofattentional mechanisms responsible for the
WMC-antisaccade task performance relation.

In GLMMs with attentional fluctuations (i.e., RT &) WMC, and fixation-to-cue delay
included as predictors, all accounted for uniqugavae in antisaccade errors. Higher WMC and
longer delays led to fewer errors, whereas a higiterof attentional fluctuations (across
independent tasks) led to more errors. Higher-WMKgJexts’ advantage over lower-wWMC
subjects increased at longer delays—despite lathglays generally facilitating subjects’
performance—suggesting that goal activation praesentribute to the WMC-antisaccade
performance relation. This suggestion is consistgtfit previous claims that antisaccade errors
are the product of under-activation of task goal&orking memory (Eenshuistra, Ridderinkhof,
& van der Molen, 2004; Nieuwenhuis, Broerse, Nieleme Jong, 2004; Reuter, Rakusan, &
Kathmanna, 2005). We interpret the pattern depictédgure 2 as evidence that, whereas
subjects across the WMC distribution use the tietevben fixation and cue to activate and
maintain the fook away goal to allow efficient execution of the task (farain imaging
evidence of this see Brown, Vilis, & Everling, 2Q0lbwer-WMC subjects’ goal activation or
accessibility never reaches the same asymptotedirength) as that for higher-wWMC subjects
(i.e., the lines in Figure 2 representing the erabes for the different WMC groups never
converge). Said another way, higher-WMC subject'ebér more quickly) activate the goal, as
evidenced by their advantage at the 200 ms delagy @re also then better able than lower-
WMC subijects to increase the goal’s strength (@syimptote) as the cue-to-interval delays
lengthened. Here, in examining the potential ofl go#ivation and maintenance for linking

WMC to antisaccade performance, we find evidenaehigher-WMC subjects are superior to
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lower-WMC subjects in goal activation. (Note thapport for WMC-related differences in goal
maintenance would have been suggested by findirfgrpgance decrements across increasing
cue delays—as goal maintenance demands increasedeltas lower WMC subjects showing
a greater decrement across delays than higher WMeds.)

The proposal here, that WMC-related performancel&ed to goal activation, fits with
prior assertions that higher-WMC subjects form motaust stimulus-response bindings
(Schmiedek, Oberauer, Wilheli&ii3, & Whitman, 200AVilhelm & Oberauer, 2006) and better
use proactive (anticipatory) control to resolveftion(Redick, 2014; Redick & Engle, 2011;
Richmond, Redick, & Braver, 2015) compared to loW#vC subjects. Schmiedek et al. used
the diffusion model (Ratcliff, 1978) to examine WM€lated performance in speeded two-
choice response tasks with arbitrary stimulus-raspanappings. They found that WMC (in a
latent variable model) correlated strongly with ad®al parameter presumed to represent
stimulus-response bindings. Like the findings h&ahmiedek et al. produced evidence in a
simulation study that attentional lapses did nebaat for WMC's relation to this model
parameter. What we have referred to here as goadion seems consistent with what
Schmiedek et al.’s formation of stimulus-responselings (but inconsistent with findings from
McVay and Kane [2012a], who found that WMC and mivahdering during a long-duration
go/no-go task were more closely related to a mpdedmeter reflecting attentional lapses than
stimulus-response bindings).

This notion of WMC-related performance differenbeig related to goal activation
processes is also consistent with Braver and aplie’a notion of proactive and reactive
cognitive control. Braver et al. (2007) propose thare are dual modes of cognitive control: (a)

a proactive mode where, in accordance with go#ksnton is preemptively deployed in an
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anticipatory manner to resolve conflict and; (lseactive mode, where attention is recruited to
resolve conflict only after it is encountered. ilmel with our findings here, three recent
investigations have found that higher-WMC subjecesmore likely to engage in proactive
(preparatory) control than are lower-WMC subje&sdick, 2014; Redick & Engle, 2011;
Richmond et al., 2015; see also Kane & Engle, 2008ye specifically, in an AX version of a
continuous performance task, where only X’s that@eceded by A’s are targets that require a
response, they find that higher-WMC subjects areemagcurate than lower-WMC subjects in
deciding whether to respond to X’s (Redick, 201ddRk & Engle, 2011) and that higher-WMC
subjects are slower than lower-WMC subjects totrea¥ targets following A trials (Richmond
et al., 2015). Using the A or B cue to preparecacits the hallmark of proactive control, and
both results suggest that higher-WMC subjects battevate the task goal in accordance with
the cue than do lower-WMC subjects. This patterWMC-related differences in goal activation
corresponds to the one we are describing heresiantisaccade task.

Recent evidence has also tied WMC to the memorgdats (MfG) model of goal-
directed cognition (Foroughi, Werner, McKendriclgdes, & Boehm-Davis, 2016). Foroughi et
al. (2016) found that higher-WMC subjects weredasd resume a primary financial
management task after being interrupted by hawrdptarithmetic problems. In the MfG model,
the goal of the primary task is activated and tthecays once task-related operations begin.
Within this cognitive landscape there is a backgbaf interference composed of non-primary
task goals. When a person is performing a cognitisk, they are continually retrieving task
goals. The relative positioning of primary-task lgaetivation to the interference level gives the
probability that the primary-task goal will be sdeth That is, when primary-task goal activation

is high relative to the interference level (whiculd reflect stronger initial goal activation or
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less decay with time), there is a high probabiligt the primary-task goal will be sampled. As
the primary-task goal weakens and the ratio betwigisrgoal and interference lessens, people
will sample task-irrelevant goals at a higher atd therefore suffer from impaired performance
on the primary task. Predictions from the MfG mdada/e matched empirical results and
simulation results from complex cognitive taskg(efinancial planning task [Foroughi et al.,
2016] and the Tower of Hanoi task [Altman & Traft@®02]). Here, the antisaccade is the
primary task and habitual prosaccades and goadsrettto the task are the interference level.
Relative to tasks like financial planning, TowerHdnoi, or reading passages, the antisaccade
task is simple (i.e., it contains fewer subgoaitg) & has discrete trials that happen over a shorte
time span (e.g., Foroughi et al. had interruptiohS, 10, and 15 seconds). That is, different
tasks tap different aspects of ability. Relativaliyple tasks with discrete trials over a short time
span reduce the reliance on goal maintenanceiediéind support the reactivation of the goal for
each new trial and therefore highlight goal ing&tidn abilities. Longer, more complex tasks
with trials happening over a longer time span emsgagoal maintenance abilities to a greater
degree. Because of this, we speculate that thesacfde task emphasizes WMC-related goal
activation/instantiation abilities more than goalintenance abilities and the pattern of results
found here will hold for tasks with similar charagstics.

Both intra-task variables we examined affectedqgrerance, and one moderated the
WMC effect. As previously discussed, errors weuced for trials that had longer fixation-to-
cue delays (see also Fischer & Weber, 1997). Tlggests that as the time elapses between
fixation and cue (beyond 200 ms), subjects engagéténtional preparation for the cue and
target (i.e., goal activation) and the interacdriixation-cue delay with WMC indicates that

higher-WMC subjects are better at activating thal ¢foan are lower-WMC subjects. On trials
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where the target side switched from the previoa$ subjects also committed more errors. The
likelihood of post-switch errors was reduced aglendelays, suggesting that activation levels of
the motor program from previous trials dissipaterdime. Unlike the effect of fixation-to-cue
delays, however, the target-side switch effect m@anoderated by any individual difference
variables. We interpret these asymmetric effectsxation-to-cue delays and target-side
switching as providing evidence that target-sidea@weffects reflect a passive non-executive
decay of a motor program while the WMC-related @fef the fixation-to-cue delays showcase
the execution of an active executive process.

In our GLMMSs, but not the SEM analysis, individwliiferences in vulnerability to
attentional fluctuations (as measured by RT Co\¢paanted for unique variance in antisaccade
errors (even at the shortest gaps). We interpestithque influence of RT CoV on antisaccade
errors based on the results of the GLMMs but nude the evidence for this effect is not as
strong as the evidence supporting the role of WMIGted goal activation processes. We
suggest that subjects who frequently experieneatinal lapses and mind wandering have
difficulty in consistently activating antisaccadesk goals (see also McVay & Kane, 2009;
2012a). This interpretation fits within the MfG meddForoughi et al., 2016). MfG uses ACT-R
(Anderson & Lebiere, 1998) as a theoretical fouilmtiefTrafton & Altman, 2002). In ACT-R,
goal activation processes are subject to noiset. i$hgoals are not always activated to a fixed
height but are activated to a variable height ihabughly centered about an expected value of
goal activation. A given subject may, on averageable to activate a goal above the
interference level—and perhaps even higher thart othsr subjects on most trials. However, if
that subject also has greater variability in actoraaround this goal level than do other subjects,

then on some trials their goal activation may lvediothan the interference level, and even lower



WORKING MEMORY CAPACITY AND ANTISACCADE 34

than that for subjects whose average goal activddieel is lower than theirs. More simply put,
holding average goal activation levels constartjesis whose goal activation varies more than
others will more often experience interferenceifstantiating task goals) and make more errors.
Conclusion

In the current study, we clarified the nature of Wivklated attentional control that
influences antisaccade performance. Here, we firdkace that WMC affects performance, in
part, through goal activation mechanisms that @tndt from the abilities to avoid mind
wandering, attentional fluctuations, and carryceféects from the previous trial (although some
of WMC'’s predictive power is also shared with thesstained-attention constructs). Higher-
WMC subjects perform better overall than lower-Wig@jects, and higher-WMC subjects
commit fewer errors on trials with short fixatioo-¢ue intervals than do lower-WMC subjects.
This advantage for higher-WMC subjects became gredtlonger fixation-to-cue intervals
presumably because higher-WMC subjects used theadd time to better instantiate the goal
(i.e., achiever higher goal activation). This fimgliallows future investigations using antisaccade
tasks to more accurately theorize and define tleatbnal mechanisms related to WMC. The
claim that WMC-related differences in antisaccaddgrmance are partially attributable to goal
activation processes may require researchers igaéisg determinants of WMC-performance
relations to model goal instantiation and mainteegorocesses separately. That is, the evidence
provided here suggests that the WMC-related atteaticontrol construct may be able to be
fractionated. Tying WMC-related goal instantiatiemmd maintenance to neural functions may
provide additional evidence for this fractionatemd allow for a more mechanistic account of
when (i.e., under what circumstances), why, and WOMC-related goal activation processes

and maintenance mediate performance.
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Footnotes

1. Kane et al., 2001, had similarly found that loweM{V subjects’ prosaccade performance
was particularly disrupted when they had previousijnpleted blocks of antisaccade trials,
as if they had difficulty disengaging from the saticade task demands.

2. Following the first semester of data collection, dvgcovered that error scores were near
floor and positively skewed, suggesting subjecteevperforming too well on this second
antisaccade task. We therefore adjusted the tgsiesent the cues and targets for a shorter
duration, to those indicated above; the originairig parameters were longer. We do not
include data from the first semester of data ctbbadn this task in the analyses presented
here.

3. Because the total amount of trials is not evenlysthle by five, all subjects completed either
14 or 15 trials per fixation-to-cue interval, witkation-to-cue intervals sampled randomly
without replacement. The mean number of trialsiperval ranged from 14.38 — 14.42.

4. A structural model analogous to our LMM analyseshweparate but correlated latent
variables for WMC, mind wandering, and RT CoV — titth no general executive factor
— yielded results consistent with the LMMs. WMCrsigantly predicted antisaccade
errors,y = -.53 [95% CI -.66, -.40], as did RT Coy¥= .27 [.05, .49], but mind wandering

did not,y = .04 [-.12, .20].
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Table 1. Descriptive Statistics
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Measure Type Measure M SD Min  Max Skew Kurtosis N
Antisaccade Letter Error Rate 047 0.15 0.08 0.80.39 -054 462
Arrow Error Rate 036 0.18 001 0.79 041 -0.70 401
Working Memory Operation Span 50.95 14.02 6.00 (5.00.66 0.08 424
Reading Span 33.87 11.08 3.00 59.00 -0.21 -0.50 419
Symmetry Span 26.79 7.64 4.00 4200 -0.34 -0.33 422
Rotation Span 2534 793 0.00 42.00 -0.52 -0.01 387
Updating Counters 040 0.16 0.07 0.92 0.55 0.11 472
Running Span 35.59 10.02 8.00 64.00 0.23 -0.10 456
Mind Wandering  SART 050 024 0.00 1.00 -0.01 -0.79468
Number Stroop 045 031 0.00 1.00 0.30 -1.05 467
Arrow Flanker 049 031 000 1.00 0.10 -1.08 471
Letter Flanker 058 0.26 0.00 1.00 -0.50 -0.55 414
N-back 042 031 0.00 1.00 0.29 -1.12 456
RT CoV SART 0.78 032 0.22 208 1.18 1.21 466
Number Stroop 0.23 0.15 0.0 211 7.18 73.56 459
Arrow Flanker Congruent 0.21 0.07 0.07 0.81 180 788. 471
Arrow Flanker Neutral 0.19 0.07 0.07 051 091 0.59471
Spatial Stroop 0.30 0.20 0.09 175 347 16.70 451
Letter Flanker Congruent 0.23 0.10 0.09 0.72 1.48 .003 414
Letter Flanker Neutral 023 011 0.07 0.73 177 .703 414
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Note.M = Mean of subject means; SD = Standard deviaif@subject means; Min = Minimum; Max =
Maximum; RT = Response Time; CoV = Coefficient afriation.
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Table 2. Correlations among individual dependegasares, with reliabilities (coefficient alphasggented on the diagonal.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1. Antisaccade-Letter Error Rate 0.89
2. Antisaccade-Arrow Error Rate 0.59 0.92
3. Operation Span -0.20 -0.23 0.81
4. Reading Span -0.17 -0.18 0.57 0.76
5. Symmetry Span -0.33 -0.30 0.43 0.38 0.68
6. Rotation Span -0.21 -0.36 0.44 0.32 0.54 0.76
7. Updating Counters -0.33 -0.32 0.36 0.22 0.37 0.29 0.85
8.Running Span -0.24 -0.26 0.44 0.36 0.28 0.20 0.38 0.55
9. SART MW 0.12 0.04 0.00 -0.13 -0.09 0.00 -0.05 -0.04 0.92
10. Number Stroop MW 0.13 0.12 -0.04 -0.12 -0.03 -0.03 -0.02 -0.13 0.46 0.90
11. Arrow Flanker MW 0.16 0.07 0.01 -0.08 -0.03 0.02 -0.04 -0.11 0.43 0.67 0.91
12. Letter Flanker MW 0.11 0.07 0.09 0.00 -0.09 -0.01 -0.02 0.04 0.51 0.33 0.37 0.78
13. N-back MW 019 021 -0.06 -0.10 -0.06 -0.14 -0.13 -0.21 0.39 0.44 0.41 0.33 0.90
14. SART CoV 030 0.20 -0.16 -0.17 -0.16 -0.11 -0.112 -0.15 0.18 0.18 0.16 0.17 0.21 0.97
15. Number Stroop CoV 0.09 0.05 -0.01 0.05 -0.10 -0.01 -0.09 -0.05 0.12 0.16 0.13 0.19 0.14 0.11 0.79
16. Arrow Flanker Congruent CoV 0.22 0.18 -0.06 -0.14 -0.14 -0.15 -0.20 -0.19 0.01 0.10 0.08 0.02 0.10 0.10 0.16 0.54
17. Arrow Flanker Neutral CoV 0.12 0.14 -0.06 0.00 0.02 -0.05 -0.16 -0.12 -0.01 0.15 0.10 0.01 0.09 0.10 0.16 0.50 0.56
18. Spatial Stroop CoV 0.04 0.08 -0.01 -0.02 0.04 -0.05 -0.08 -0.05 0.13 0.12 0.06 0.12 0.28 0.09 0.21 0.14 0.26 0.73
19. Letter Flanker Congruent CoV 0.17 0.15 0.01 -0.04 -0.06 -0.04 -0.07 -0.06 0.18 0.09 0.05 0.27 0.16 0.05 0.17 0.22 0.20 0.21 0.50
20. Letter Flanker Neutral CoV 0.21 0.17 0.02 -008 -0.11 -0.06 -0.10 -0.06 0.18 0.12 0.06 0.23 0.16 0.13 0.12 0.20 0.10 0.20 0.52 0.47

Note. MW = Mind wandering; CoV = Coefficient ofnation
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Table 3. Fixed Effect Estimates, Standard Errard, zvalues for a Model with Target-side
switch, Cue-to-fixation delay, WMC, Mind Wanderiagd their Interactions as Predictors of
Letter Antisaccade Errors

Estimate Std. Error z value

(Intercept) -0.13 0.03 -4.6
Target-side switch 0.21 0.02 10.2
Cue delay -0.16 0.01 -155
WMC -0.23 0.03 -8.3
Mind wandering 0.09 0.03 3.3
Target-side switch x cue delay -0.09 0.02 -4.4
Target-side switch x WMC -0.01 0.02 -0.3
Cue delay x WMC -0.05 0.01 -4.5
Target-side switch x mind wandering -0.01 0.02 -0.3
Cue delay x mind wandering 0.01 0.01 0.7
Mind wandering x WMC -0.01 0.03 -0.5
Target-side switch x cue delay x WMC 0.01 0.02 0.5
Target-side switch x cue delay x mind wandering 0.01 0.02 0.4
Target-side switch x WMC x mind wandering 0.01 0.02 0.3
Cue delay x WMC x mind wandering -0.01 0.01 -0.7

Target-side switch x cue delay x WMC x mind wanuigri 0.00 0.02 0.2
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Table 4. Mean (of subject means) target-side requadiswitch error rates (standard errors in paeset)
by antisaccade task and delay

Antisaccade
Task Delay(ms) Target-side repeat  Target-side BwitcRepeat - switch difference
Letter 200 0.49 (.01) 0.58 (.01) 0.08 (.01)
600 0.48 (.01) 0.54 (.01) 0.06 (.01)
1000 0.43 (.01) 0.49 (.01) 0.05 (.01)
1400 0.42 (.01) 0.45 (.01) 0.02 (.01)
1800 0.43 (.01) 0.45 (.01) 0.02 (.01)
Arrow 250 0.37 (.01) 0.46 (.01) 0.09 (.01)
750 0.35 (.01) 0.41 (.01) 0.06 (.01)
1250 0.32(.01) 0.36 (.01) 0.04 (.01)
1750 0.32 (.01) 0.35 (.01) 0.03 (.01)

2250 0.32 (.01) 0.34 (.01) 0.03 (.01)
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Table 5. Fixed Effect Estimates, Standard Errard, zvalues for a Model with Target-side
switch, Cue-to-fixation delay, WMC, RT CoV, Mind \Wdering and their Interactions as
Predictors of Letter Antisaccade Errors

Estimate Std. Error z value

(Intercept) -0.11 0.03 -3.7
Target-side switch 0.21 0.02 9.4
Cue delay -0.16 0.01 -14.7
WMC -0.20 0.03 -7.1
RT CoV 0.15 0.03 5.1
Mind wandering 0.04 0.03 1.3
Target-side switch x cue delay -0.09 0.02 -4.2
Target-side switch x WMC -0.01 0.02 -0.6
Cue delay x WMC -0.04 0.01 -3.9
Target-side switch x RT CoV -0.02 0.02 -1.0
Cue delay x RT CoV 0.03 0.01 2.6
WMC x RT CoV 0.01 0.03 0.4
Target-side switch x mind wandering 0.00 0.02 0.2
Cue delay x mind wandering 0.00 0.01 -0.3
Mind wandering x WMC -0.04 0.03 -1.3
RT CoV x mind wandering -0.07 0.03 -2.4
Target-side switch x cue delay x WMC 0.01 0.02 0.4
Target-side switch x cue delay x RT CoV 0.00 002 20

Target-side switch x WMC x RT CoV -0.01 0.02 -0.3
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Cue delay x WMC x RT CoV

Target-side switch x cue delay x mind wandering
Target-side switch x WMC x mind wandering
Cue delay x WMC x mind wandering

Target-side switch x RT CoV x mind wandering
Cue delay x RT CoV x mind wandering

WMC x RT CoV x mind wandering

Target-side switch x cue delay x WMC x RT CoV

Target-side switch x cue delay x WMC x mind wanualgri

Target-side switch x cue delay x RT CoV x mind
wandering

0.00

10.0

0.01

-0.01

0.01

0.00

-0.04

0.01

0.00

0.01

Target-side switch x WMC x RT CoV x mind wandering 0.02

Cue delay x WMC x RT CoV x mind wandering

Target-side switch x cue delay x WMC x RT CoV x din
wandering

-0.01

0.02

0.01

0.02

0.02

0.01

.020

0.01

0.02

0.02

0.02

0.02

0.02

10.0

0.02

51

0.2

0.4

0.3

1.1




WORKING MEMORY CAPACITY AND ANTISACCADE 52

Table 6. Fixed effect estimates, standard erromd,zavalues for model with Target-side
switch, Cue delay, WMC, mind wandering and theteiactions as predictors of arrow
antisaccade errors

Estimate Std. Error z value

(Intercept) -0.68 0.04 -16.1
Target-side switch 0.25 0.03 9.1
Cue delay -0.15 0.01 -11.4
WMC -0.37 0.04 -8.7
Mind wandering 0.10 0.04 2.3
Target-side switch x cue delay -0.11 0.03 -3.9
Target-side switch x WMC -0.03 0.03 -0.9
Cue delay x WMC -0.02 0.01 -1.8
Target-side switch x mind wandering 0.02 0.03 0.9
Cue delay x mind wandering 0.01 0.01 0.4
Mind wandering x WMC 0.03 0.04 0.7
Target-side switch x cue delay x WMC 0.02 0.03 0.7
Target-side switch x cue delay x mind wandering 020. 0.03 -0.7
Target-side switch x WMC x mind wandering 0.03 0.03 1.2
Cue delay x WMC x mind wandering 0.00 0.01 0.1

Target-side switch x cue delay x WMC x mind wanualgri 0.00 0.03 -0.1
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Table 7. Fixed Effect Estimates, Standard Errard, zvalues for a Model with Target-side
switch, Cue-to-fixation delay, WMC, RT CoV, Mind \Waering and their Interactions as
Predictors of Arrow Antisaccade Errors

Estimate Std. Error z value

(Intercept) -0.66 0.04 -15.08
Target-side switch 0.24 0.03 8.48
Cue delay -0.16 0.01 -11.04
WMC -0.34 0.04 -7.88
RT CoV 0.17 0.05 3.78
Mind wandering 0.05 0.04 1.04
Target-side switch x cue delay -0.11 0.03 -3.99
Target-side switch x WMC -0.03 0.03 -0.97
Cue delay x WMC -0.03 0.01 -2.01
Target-side switch x RT CoV 0.00 0.03 -0.16
Cue delay x RT CoV 0.00 0.02 -0.03
WMC x RT CoV 0.00 0.04 0.09
Target-side switch x mind wandering 0.03 0.03 0.99
Cue delay x mind wandering 0.01 0.01 0.51
Mind wandering x WMC 0.00 0.04 0.02
RT CoV x mind wandering -0.06 0.04 -1.38
Target-side switch x cue delay x WMC 0.01 0.03 0.41
Target-side switch x cue delay x RT CoV -0.02 0.03 -0.7
Target-side switch x WMC x RT CoV -0.03 0.03 -1.13

Cue delay x WMC x RT CoV 0.00 0.01 -0.11
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Target-side switch x cue delay x mind wandering
Target-side switch x WMC x mind wandering

Cue delay x WMC x mind wandering

Target-side switch x RT CoV x Mind wandering

Cue delay x RT CoV x mind wandering

WMC x RT CoV x mind wandering

Target-side switch x cue delay x WMC x RT CoV
Target-side switch x cue delay x WMC x mind wanagri
Target-side switch x cue delay x RT CoV x mind wenmth
Target-side switch x WMC x RT CoV x mind wandering
Cue delay x WMC x RT CoV x mind wandering

Target-side switch x cue delay x WMC x RT CoV x din
wandering

00.0

0.03

0.00

-0.01

0.02

0.00

-0.02

0.00

0.02

0.02

0.01

0.05

0.03

0.03

0.01

0.03

0.01

0.04

0.03

0.03

0.03

0.02

0.01

0.02
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-0.17

1.07

0.28

-0.36

1.13

-0.13

-0.16

0.59

0.77

1.18

2.02
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Figure Captions
Figure 1. Violin (density) and box plots of errates for letter antisaccade (Panel A) and arrow
antisaccade (Panel B) plotted as function of fotio-cue (i.e., gap) delay. Diamonds are the
distribution mean. Horizontal lines in the middfetlee box are the median. Lower Hinge
represents the 25% of the distribution and the uppe represents the 75% of the distribution.

The whiskers extend 1.5 times the interquartilggeainom the upper and lower hinges.

Figure 2. Mean (of subject means) error ratesdtiet antisaccade (Panel A) and arrow

antisaccade (Panel B) tasks plotted as a funcfiiration-to-cue delay and WMC group.

Figure 3. Bifactor structural equation model dapigthe prediction of antisaccade performance.
The circles represent the latent variables for #aucade Performance (Anti-saccade), the
variance common to all predictors (General ExeedBustained Attention [General Exec/
Sustained Attn]), the “residual” variance sharety@mong the WMC measures (WN®, the
“residual” variance for the RT CoV measures [RT 8y and the “residual” variance shared
only among the mind wandering measures (R§VThe boxes represent the observed variables
loaded onto each latent factor. The arrows reptéeermodeled direction of the pathway
between variables. The rightmost column of numherd to boxes indicates factor loadings onto
the General Executive/Sustained Attention factat e leftmost column of numbers next to the
boxes indicates factor loadings on the WMC-specRiT CoV-specific, or MW-specific factors.
For the observed variables, ANTI-LETTER = lettetisecccade, ANTI-ARROW = arrow
antisaccade, OPERSPAN = operation span, READSPAdading span, SYMMSPAN =

symmetry span, ROTASPAN = rotation span, RUNNSPANming span, COUNTERS =
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updating counters, ARROFLNK-neut = RT CoV for naltrials in the arrow flanker,
ARROFLNK-con = RT CoV for congruent trials in the@wv flanker, LETTFLNK-neut= RT
CoV for neutral trials in the letter flanker, LETINK-con= RT CoV for congruent trials in the
letter flanker, SEMSART-go= RT CoV for go trialstime semantic sart, N-STROOP-con=RT
CoV for congruent trials from the number stroo@ BROOP-neut=RT CoV for neutral trials in
the spatial stroop, SART-MW= proportion of mind wlaning reported in the semantic SART,
LETT-MW = proportion of mind wandering reportedlaiter flanker, ARRO-MW = proportion
of mind wandering reported in arrow flanker, NUMSAM= proportion of mind wandering
reported in number Stroop, 2BAC-MW = proportiomahd wandering reported in two-back

task.
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