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Edited by: The ability to direct cognitive resources to target objects despite distraction by competing
David Sobel, Brown University, USA information plays an important role for the development of mental aptitudes and skills. We
Reviewed by: _ examined developmental changes of this ability in a cross-sectional design, using the “attentional
Sﬁtgﬁifg;:"m’w”e’ Princeton blink” (AB) paradigm. The AB is a pronounced impairment of T2 report, which occurs when
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International Educational Research, intervening distractor (Lag 1, 116-ms SOA) and up to 7 intervening distractors (Lag 8, 928-ms
Solmsstrasse 73-75, D-60486 Frankfurt ~ SOA). In the symbol task, younger children linearly increased T2 identi cation with increasing
am Main, Germany. lag. Older children, however, displayed a hook-shaped pattern as typically seen in adults, with

e-mail: heim@dip.de lowest identi cation reports in T2 symbols at the critical blink interval (Lag 2, 232-ms SOA),

and a slight performance gain for the Lag 1 condition. In the verbal task, the older group again
exhibited a prominent drop in T2 identi cation at Lag 2, whereas the younger group showed a
more alleviated and temporally diffuse AB impairment. Taken together, this pattern of results
suggests that the control of attention allocation and/or working memory consolidation of targets
among distractors represents a cognitive skill that emerges during primary school age.
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INTRODUCTION from the presence of task-irrelevant stimulus. This effect dimin
The effective selection of perceptual information for in-depth proceishies as age progresses from childhood to adolescence, which has
ing, at the cost of competing sensory input, is essential for adafteen taken as a developmental index in the ability to better focus
behavior. The capability to selectively attend to relevant visual evettesition Enns and Girgus, 198%n a typical studyQowan etl.,
and to protect the attended information against continued distracti@f06, 8- to 12-year-old children, younger (college-aged), and older
has been associated with the development of higher-order cognétthelts (65—85/ears) responded to color changes of one square
skills and with indices of academic achievenfene(a etl., 2005b; embedded in a multi-object visual array. Results revealed that chil
Heim etal., 200k Recently, advances in the cognitive neurosciendesn and older adults had more dif culty binding visual features
have opened avenues for studying the many facets of such attentiohatations than younger adults. This supports the notion that the
selection in the context of increasingly complex tasks, enhancing abdity to protect selected information against interference shows
logical validity while maintaining experimental control of the stimudi pronounced developmental trajectory, and varies between indi
and task. Research designs are now available that tap into compderals. AccordinglyRueda eal. (2005byeported that Blays of
aspects of attention selection such as resource sharing amonrg rattiéintion training with preschoolers had not only bene cial effects
ple attended objects or the temporal competition among targets andbehavioral and neural parameters of resisting to attentional
distractor items. Work in this area has highlighted the role of strateégterference, but also on more general cognitive abilities, such as
processes of attention regulation, as well as the exible and dynahb&tract reasoning.
nature of attention allocation across spatial and temporal dimensionsAge-related differences in susceptibility to distraction by task-
Although not much is known about the cognitive development ofelevant stimuli were observed in the auditory domain as well
such strategic and dynamic aspects of attention allocation, there {/égizel etl., 200§ Electrophysiological measures indicated that
impressive body of research describing the development of attentitirelstages of early change detection, sensory facilitation, and ori
capacity and selection versus distraction across childhood and émiting were more strongly affected by distractors in 6- to 8-year-
adolescence (for a review, Baglerinkhof and van der Stelt, 2000 old children, than in young adults. Conversely, a recent study of
One traditional and robust measure of the ability to attentivekaining effects on language processing demonstrated improve
select for a particular stimulus dimension is the distractor effeoents in neural indices of auditory selective attention in 6- to
Behavioral accuracy and response speed in a primary task s8{ferar-old language-learning impaired individuals, and to a lesser
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extent in their typically developing age-mateés(ens efl., 2008  For instance, work examining the so-called Lag 1 sparing effect
Importantly, this training regime (Fast ForWord-Languab#p:// showed that two or more targets may be reported at high accuracy,
www.scilearn.com/index.php) aimed to enhance auditory ratelelivered in a row, without intermittent distractor items present
processing through shaping and reinforcement in identi catiofDi Lollo etal., 200}, or if target-distractor-target sequences are
and discrimination tasks, and resulted in gains on a standardipessented within 10fhs (Potter etal., 200). In the same vein,
language assessment. To summarize, previous work on the d@&&kffects have been observed even in the absence of any distrac
opment of attentional selection across childhood and adolesceocs, with two targets separated by a blank intefvVialufvenstein

has highlighted that the vulnerability of attended information tetal., 2009h In addition, robust evidence exists to demonstrate
distraction is greater in younger than older children, and that thiet over-investment of resources into the stimulus (or distractor)
difference is related to other higher-order skills as well. stream of an RSVP task may lead to increased suppression of T2

In the present article, we extend this research to a speci c sidliuracy, i.e., the AB effeClifers etl., 200Y. A similar account
in the context of selective attention and distraction, namely tsiates that repeated selection of a time segment in the stream results
ability to strategically allocate and distribute cognitive resour@@suppression, delay, and diffusion of selective attention available
across multiple stimuli over time. Speci cally, we examine tfer a second targeV/(l etal., 200® These theoretical perspectives
dynamic process of resource allocation to target events embedutetthe AB highlight the need of temporal control of the attention
in rapidly presented distractors. To be successful, this process rgesiem, when rapid stimuli are processed. Importantly, computa
to encompass effective attentive selection of a stimulus as weibaal (Wyble etal., 2009pand empirical evidenc&fapiro eal.,
protection/maintenance of the selected information against distra®0¢ suggest that such control can be altered by the participants’
tion. Both components can be operationalized using a rapid sestehtegic control. This latter property makes the AB an interest
visual presentation (RSVP) task. In RSVP experiments, stimuliiagetarget for developmental research in the context of academic
presented sequentially at a high rate, for instance 10 items-peragdtievement. Thus, although it is currently impossible for us to
ond (seeRaymond etl., 199%. In a typical experimental designhighlight one speci c cognitive process re ected by the variability
participants search the stimulus stream for speci ed target iteinsthe AB effect, there is good evidence that the AB is sensitive to
Attending to a rst target (T1) embedded in the distractor streathe sequence of mental processes of interest, including attention
often leads to a transient impairment in detecting or identifyingsalection and successful consolidation of attended information,
subsequent second target stimulus (T2). This so-called “attentiaes pite distraction.
blink” (AB) effect Raymond etl., 199) has been demonstrated Concerning developmental studies with the AB design, 8- to
for a variety of stimuli such as symbols, letters, digits, and wdt@syear-old children belonging to the upper half readers of their
(e.g.Raymond, 2003Report rates for the second target are usuaifyade were reported to exhibit an overall superior accuracy in
reduced for intertarget intervals between 200 and 500 ms.  second target identi cation(cLean etal., 200). Heim etal.

A number of theoretical views of the AB attribute the impairme(@006) observed two robust relationships between parameters of
for T2 stimuli to decreased availability of cognitive resources (e&spurce sharing and reading/spelling skills in fth and sixth-grad
Chun and Potter, 1995; Jolicoeuakt200¥or attentional capacity ers: First, the ability to optimize target processing at the cost of
(Vul etal., 200% which is assumed to occur as a consequenceexible resource sharing (i.e., a pronounced AB effect) predicted
encoding/selecting the T1 item. In this perspective, over-allocatimiter performance in controlled language production tasks such
of resources to T1 is associated with lack of resources availabksfpseudoword reading. Second, the temporal capacity over time
T2 in a trade-off fashion. Several accounts have explained thgredicted automatized language processing such as reading/spelling
a failure of working memory consolidation of the target due @ familiar words and sentences.
limited resourcesJplicoeur eal., 2005k With regard to the present  Several authors have addressed experimental questions related
developmental study, this raises the question if AB performande gevelopmental disorders. For instaréason etl. (2005 found
related to developmental changes on more traditional measurethaf children with a diagnosis of attention-de cit/hyperactivity
working memory and attentional capacity such as the digit sphsorder showed an overall reduced performance during RSVP with
test. In these procedures, participants listen to series of stringettdrs and were more susceptible to distractors. In a similar vein,
digits read aloud, and are asked to repeat them back in the sadysslexic individuals ranging in age from 10 toy&&rs showed
or reverse — order of presentation. increased and prolonged impairment in a non-verbal AB task,

In the resource sharing account of the AB, resources owempared to age-matched controlégser et al., 2004
allocated to T1 are at the expense of T2 processing, thus predictiniaken together, there is mounting evidence that basic param
overall better performance for the T1 stimuli occurring in triaksters of attentional resource sharing are related to more complex
in which T2 is missed, compared to correct T2 trials. Consisteagnitive skills. Cognitive changes upon entering the academic
with this prediction, relative increases in T1-related neural activétigvironment are a major developmental milestone of higheer
during RSVP as measured by means of magnetoencephalograypéljectual functions. It is unclear however, if such dramatic change
have been related to impaired T2 repdsh@piro etal., 200 in cognitive performance is accompanied by changes in elemental
Sustained reduction of brain activity during correct trials was ataailding blocks of cognition such as attentional control. Primary
observed in a study using dense array electroencephalographgicula in many developed countries aim inter alia to establish a
(Keil and Heim, 2009 A group of alternative theoretical notiongange of skills in areas, such as literacy and mathematics, the autom
of the AB have emphasized non-trade-off aspects during R@W&ed execution of which enables more diverse and sophisticated
target identi cation Qi Lollo etal., 2005; Olivers ei., 200). secondary educatiorHg@ll etal., 2008 To explore this putative
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role, a cross-sectional design is desirable, which compares youmgayses did not reveal signi cant gender differences in terms of
children, entering the academic environment, with older childréhe AB and psychometric test performance (see Experimental and
after several years of basic education. Psychometric Assessmepiyalues varied betweet0.210 and

The present study used such a design in the context of Qt888). This converged with studies in children involving lower male
German education system. In Germany, one major milestoneimfemale ratios, where sex effects were also absent in the AB, reading
compulsory education is related to entering rst grade of primaayd spelling measures, or general cognitive factors (re-analysis of
school, when children are aged 6 gedrs (different schools existdata presented ideim et al., 2006; McLean et al., 2010
for children with special educational needs). Typically, primary None of the children were reported to suffer from develop
school covers four grades. The next major milestone is associaeutal disorders (in particular language-based learning impair
with beginning (lower) secondary education, when most childrements and attention-de cit/hyperactivity disorder), any psychiatric
are around ages 10 or ydars. Lower-level secondary educatiar neurological diseases or taking medication that might affect
includes grades 5 to 9/10 and prepares students for courses of@hiral nervous system functioning. All children had normal or
cation at upper secondary level, which is necessary for vocatiooakcted-to-normal vision. Because stimuli in the AB paradigm
or university entrance quali cationSecretariat of the Standingwere presented very rapidly, only seizure-free participants with a
Conference of the Ministers of Education and Cultural Affairs mégative family history of epilepsy were examined. The protocol
the Lander in the Federal Republic of Germany, 20C0mparing was approved by the institutional review board of the University of
these two groups of children enables us to investigate chang&oimstanz. Written informed consent was obtained from the parents
academic performance levels and mental aptitudes vis-a-vis spthe children prior to the experimental session; children gave their
ci ¢ parameters of attention and working memory, as they chang&rbal assent. Each child received a shopping voucher or cinema
between two important cognitive milestones. ticket for participation.

Here, two speci ¢ aspects of attentional control over time were
examined in German students of early primary and lower sEXPERIMENTAL AND PSYCHOMETRIC ASSESSMENT
ondary level education: First, we quanti ed the amount of L&hildren worked on four tasks: a non-verbal and a verbal AB task
1 sparing as a measure of overall capacity for rapidly presetapging into attentional capacity and resource sharing, as well as
information. Second, we investigated the students’ sensitivityRaven’s Progressive Matricégl(er etal., 1998; Bulheller and
disruptive intervening distractors when focusing on a set of targetker, 200pand the Digit Span subtest of the German version
features, operationalized as the size of the AB effect. Underofhiae Wechsler Intelligence Scale for Children (WISCdlkes
assumption of general non-speci ¢ attentional maturation, botkt al., 199pto assess general intellectual functioning. Being more
measures should show marked improvement in the older childrehallenging, the Matrices always were followed by Digit Span, and
If attention development is characterized by multiple trajectoriesth tests were administered in between the two AB tasks, whose
for speci ¢ sub-processes of attention control, then interactionsgesentation order (non-verbal versus verbal) was counterbal
group and task measure would be expected. Overall, we prediatestd among participants. This procedure allowed us to control
that younger children show a at and linear pro le for the AB tasfqr fatigue and interference imposed by the different task demands.
on an overall lower performance level than older children. Tldach child was tested individually in a quiet room. Including breaks,
would indicate less ability to control the allocation of cognitigessions lasted from 1.5 to 2 h.
resources over time, which paradoxically leads to lower sensitivity
to distractors. With increased ability to control the selection aAdentional blink experiment
consolidation of target objects in a rapid stream, the AB effednhiboth AB tasks, stimuli appeared centrally on a black computer
expected to be greater in older children. Such a difference suggesten with a retrace rate of 189, at a distance of 50n from
a developmental trend from a high-capacity, low control systéine observer. A script written using the Presentation software
in younger children, to more control at the cost of interference (Neurobehavioral Systems, Inc., Albany, CA, USA) controlled
the older group. In addition, we were interested in the relationsisifimulus presentation and response registration. Task requirement
between indices of resource sharing and attentional capacity witlolved identi cation of two green-colored target stimuli (T1 and
higher-order measures of cognitive functioning such as genédi2) interspersed amidst a stream of white distractors, shown at a

intelligence and digit span. rate of 8.7 items per second. Observers were instructed to guess
when unsure about the stimulus. No feedback was provided. Each

MATERIALS AND METHODS item in the stream subtended a vertical visual angle of artP

STUDY PARTICIPANTS had a luminance of approximately 2dddm?. The rapid presenta

Two groups of healthy participants volunteered in this studyon rate was implemented by displaying each stimulus fors$50

21 younger children (seven girls) aged between 6 ayehrd followed by a blank screen for 66 ms.

(M = 6.86years, SB+ 0.36) and 24 older children (eight girls) Intertarget intervals varied to contain none, one, two, four, or
aged between 10 andyidars §/ = 10.7%ears, SB 0.41). Study seven intervening distractor stimuli (i.e., Lag 1, Lag 2, Lag 3, Lag 5,
groups attended early regular classes of primary ( rst grade) amdl Lag 8). Accordingly, stimulus-onset asynchronies (SOAs) were
secondary schools ( fth and sixth grade) in the catchment areal@®ms (Lag 1), 23tns (Lag 2), 34&1s (Lag 3), 58fhs (Lag 5),
Konstanz and were native speakers of German. The gender rati@an@928ns (Lag 8). To avoid anticipation of T1 ( rst target) occur

a constant 2:1 in each age group. Although the excess of boys maghe, trials started with a randomized number of 5-25 distractor
have limited the external validity of the present ndings: hoc items. T2 was followed by 10 distractors. Presentation mode was
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pseudo-randomized, avoiding immediate repetitions of the sakartoffel= potato, Nachmittag- afternoon). Having a mean length
target as well as immediate repetitions of trials belonging to ¢fi&.25 letters, distractors were longer than target items, comprising
same lag condition. Each AB version comprised 100 trials (20 talawverage 4.65 letters, which enabled suf cient masking of the tar
per lag), which were equally divided into two blocks, allowing thets fnderson and Phelps, 2Q0As is customary for all true nouns
child to take a short break. Prior to testing, at least three praciicthe German language, words were presented with capital initial
trials per task were administered to demonstrate the procedietéers. A Times New Roman font, point-size 28 was used. At the end
and make sure that all children understood the task correctlyoffeach trial, children reported aloud the green letters or words they
schematic of an example trial for both the non-verbal and verhatl seen, which in turn were recorded by the experimenter. After
AB paradigm is shown iFigure 1. response completion, participants started the next trial, using the
In terms of the (non-verbal) symbol task, T1 stimuli wereontrol key of the computer keyboard.
sketches of means of transport (car, airplane, and boat) and T2 both AB tasks, target identi cation was expressed as the per
were geometric shapes (circle, triangle, and square), selected éemtage of correct responses for each of the ve lags. Only trials with
the SPSS Marker Set (True Type). Twenty different geometricagcorrect T1 report were considered for determining T2 accuracy.
ures and shapes of the same typeface served as distractor items. All
events were presented in 40-point Arial font. After the end of tPsychometric tests
rapid stimulus stream, participants indicate their response-seMaunger children received the colored form of Raven’s Progressive
tion by mouse clicking the appropriate T1 and T2, all of whidhatrices (CPM), designed to assess the capability to form perceptual
consecutively appear among three alternatives. They initiatedréiations and to reason abstractly from non-verbal stimuli. The CPM
next trial with an additional mouse click. includes three sets of 12 colored stimulus designs, for a total of 36
As to the verbal task, stimuli were selected according to the poablems, arranged in order of increasing dif culty. Each problem
demic achievement of primary and secondary students. In ordeinimlves the completion of continuous or discrete patterns by ehoos
maximize familiarity with the stimulus set, older participants dedlig the correct missing part from among six response options. Since
with simple nouns, drawn from prevailing fourth-grade readiripe CPM spreads out the scores of the bottom 20 percent of the
books, and younger participants worked on letters of the alphalgeneral populationfulheller and Hcker, 200}, itis less appropriate
Thus, we used stimuli that the children in each age group krtewse them for representative children g&8rs and above. Older
very well. Knowledge of the target items was also tested by hastimtents thus completed the standard form of the Matrices (SPM),
the child read aloud the list of letters or words once in a uecdnsisting of ve sets of 12 black-and-white stimulus designs, for
manner at the beginning of the experimental session. All childeetotal of 60 items. Test instructions to the study participants were
successfully completed this initial test. given in accordance with the guidelines presented in the CPM and
In the younger group, 10 selected letters (A, B, K, L, N, O, S, B} manuals. The children indicated their response (by pointing
and Z) served as targets and the remaining 16 letters as distraittthe selected alternative, often enhanced by naming its number) to
(C,D,E,F,G,H,,LJ,M,P,Q,R,U,V, X,and Y). ltems were presehtdxperimenter, who lled in the response sheet. We conibged
in capitals, using 36-point Times New Roman font. In the oldeasmber of correct items via age-appropriate percentile ranks to
group, 11 out of 20 target words were monosyllabic (e.g.7drf T-scores (mearr 50, SD= 10), subsequently used for statistical
lage, Mund= mouth), and nine disyllabic (e.g., Fotophoto, comparison of the younger and older group. Because standard values
Konig=king). Their lemma-frequency varied between 216 and 116ffinsically even out developmental differences, Raven raw scores
per one million words in the CELEX databdsasfyen edl., 199%  were preferred to examine the relationship with experimental indices
thus being considered high-frequekitdhr etal., 200). The distrae  of resource sharing and attentional capacity. Raw scores of the CPM
tor set 2 = 60) included 39 two-syllable words (e.g., Fersten-  were therefore transformed to SPM equivalents, using a table estab
dow, Sommer= summer) and 21 three-syllable exemplars (e.tished by Andrich and DaweB(lheller and tcker, 200

Lag 2 = 232.ms SOA Lag 2 = 232ms SOA

5-25 Distractors before T1

FIGURE 1 | Schematic of the attentional blink design involving either
non-linguistic symbols (left panel) or verbal stimuli (right panel). Rapid
stimulus presentation was implemented by displaying each stimulus for 50 ms,
followed by a blank screen for 66 ms, resulting in a stimulation frequency of

8.7 Hz. Children were asked to indicate the identity of two targets (T1 and T2)
shown in green font amidst a series of white distractor items. In the symbol task

(left), sketches of a car, airplane, or boat served as T1, and a circle, triangle, or
square as T2; other shapes acted as distractors. Verbal stimulus sequences
(right) were realized by letters of the alphabet in the younger group and simple
nouns (not shown here) in the older group. Each of the present examples
illustrates a trial with one intervening distractor betweenT1 and T2, i.e., Lag 2
with a stimulus-onset asynchrony (SOA) of 232 ms.
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The procedure of the Digit Span subtest was performed-as $luig AB interval, where accuracy was high and interference low, and
gested in the manual of the WISC lll. Participants listened to fexformance at the interference-sensitive Lag 2. We used this differ
experimenter reading lists of digits of increasing length, with a ratee measure as an index of performance range, with small values
of one item per second and were asked to immediately repeat gatibating minor differences between early and late interference,
list back in order (forward digit span). Two series of each lengtid high values indicating poor performance in the AB window,
were presented, starting with two digits up to a maximum of niraad effective recovery with longer intertarget intervals.

The task was terminated when the child failed to repeat both seridsag conditions entering the difference measures were selected
of the same digit length. In a second condition, digit strings werh on the basis of earlier AB work with childréfein etal.,
recalled in reverse order (backward digit span), beginning witB@€¢ and ANOVA results obtained in the current study. ANOVA
digit length of 2 up to a maximum length of 8. The criterion to stapteractions revealed reliable differences between groups for the Lag
the procedure was the same as in the forward condition. To incrddkag 2 gradient and for Lag 8 (see Performance in the Attentional
the sensitivity of the digit span measures to small performance Blink Experiment). Using the same lag differences for the younger
ferences (e.g., in items solved on each level), a mean span fordratiolder students imply that both phenomena (i.e., Lag 1 sparing
forward and backward conditions was calculated across item kstd the AB) can be indexed in either group at the same lags. This
for each student in the following manner: In the forward conditioassumption would for instance be invalid if the younger children

we linearly transformed the results for each item list (binary vashowed a pronounced blink at a later time than the older children.
able: solved/not solved) to a scale with a maximum span of nineexamine if such artifacts of lag selection are possible in our
digits (see above). Because the rst two item lists (digit lengtharialysis, we plotted tligL) difference measure against alternative
and 3) have low dif culty and low discriminative value, they wedifference scores formed between Lags 1 versus 3 and Lags 2 versus 3
weighted with a factor of 0.5, whereas subsequent item lists (qdlgigs 3 versus 8 and Lags 5 versus 8), searching for signi cant group
length 4-9) were weighted with 1. In a similar manner, performariisparities of the sparing (AB) pattern as a function of lag choice.

in the backward condition was linearly transformed onto a sci¥e did not nd systematically changing differences between the
with a maximum span of eight digits. Here, already digit lists frage groups as we swapped lags entering the difference scores. It is
a length of 3 were weighted with the higher factor of 1, re ectiognceivable that inclusion of a longer lag, such as Lag 10 or 12 would
the higher complexity (auditory sequencing, temporary storagave led to better recovery in the younger participants, potentially
plus mental manipulation) of the backward task (6egisen, 1980; qualitatively changing the correlation patterns observed here, but

Gardner, 1981; Reynolds, 1997 such an assumption cannot be tested with the present data.
E andL values inherent in the symbol and verbal AB pro les
STATISTICAL ANALYSES described any correlational relationships with Raven Matrices raw

In both AB tasks, the percentages of correct responses on Tlsaarks and Digit Spans. To complete the picture of the current
conditional T2 were evaluated separately in mixed design anatgss-sectional approach, Pearson correlations were run between
sis of variance (ANOVA), crossing the between-subjects fadi@rpsychometric scores and rank-transformed age variable. For all
Group (2; younger, older) and the within-subjects factor Lag émalyses, results were deemed signi cant whef.05.
1=116-ms SOA, 2 232-ms SOA, 3 348-ms SOA, 5§ 580-ms
SOA, 8= 928-ms SOA). T2 report was considered correct ofiESULTS
on trials with accurate T1 identi cation (T2|T1 accuracy). This BEERFORMAN@ETHE ATTENTIONAL BLEMRERIMENT
generally assumed to emphasize speci c effects of limited resouksalustrated irFigure 2A, older participants were generally more
across the two targetBdymond eal., 199). Contrast analysesaccurate in identifying T1 symbols than the younger children,
were used to follow up signi cant ANOVA results. F(1,43)= 13.85p < 0.001. This was also true for the verbal task,
To assess group differences in regard to the AB pro les in greBg#43)=19.91p < 0.001 Figure 2B). In addition, report of verbal
detail, Pearson product-moment correlations were calculafets was lag-dependei(4,172)= 33.06,p < 0.001, with lowest
between participants’ age and two difference measures extraatedracy at Lag 1. A linear trend analysis on the Gagup inter
from conditional T2 responses (see below). Because chronolagtion,F(4,172)= 3.30p < 0.05, pointed to a signi cant difference
cal age (in months) shows a bimodal distribution across the tindhe steepness of the T1 gradients, indicating that relative impair
study groups, we rank transformed this variable with the smalle&nt in rst target identi cation at Lag 1 was more pronounced
age value assigned rank one. Mean ranking was used in the cé&setbé younger students(1,43) = 10.73 < 0.01.
ties. In both the symbol and verbal task, two difference measureBigure 3A depicts the mean percentage of accurate T2 report
(termedE andL) of mean T2 identi cation contingent upon T1contingent on the correctly identi ed T1 in the symbol task at each
report at the following lags were considefgdl; | ... AT2|T1 lag for the two participant groups. Older participants outperformed
(Lag 1-Lag 2) arﬁjsymbolorverbalz AT2|T1 (Lag 8-Lag 2). ValGérom the younger overal(1,43)=49.01p <0.001. Furthermore, Group
the rst equation re ectsarly competition between T1 and T2 membership interacted with Lagf4,172)= 3.86p <0.01: while the
being positive when Lag 1 sparing is observed, and negative whbanger children linearly increased T2 report with increasing lag,
the T2 presented at Lag 2 is better identi ed than the T2 at La§(1,43)=29.43p < 0.001, the older children exhibited a quadratic
Thus, a positivé& indicates intertarget interference at Lag 2, oftgrattern,F(1,43)=21.50p <0.001. Planned comparisons con rmed
taken as a consequence of sharing costs induced by successsigifiant group differences at two positions in the non-verbal AB
identi cation (Shapiro etl., 2006; Keil and Heim, 2008 char pro le: rst, only older participants showed sparing of T2 report
acterizes the difference between T2 report datbéag 8 beyond (~16%) at Lag 1 versus Lagr¢l,43)= 10.18p < 0.01; second,
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FIGURE 2 | Percentage of accurate rst target (T1) report at each intertarget interval (T1 —T2 lag) of the symbol and verbal tasks (A and B, respectively).

Values represent means of 21 younger children (open triangles) and 24 older children ( lled triangles). Vertical bars indicate SE of mean.

the decrease in performance by the AB effect (Lag 2) relative t&§% 1 | Pearson product —moment correlations (- r) of age, difference

symbol identi cation at the latest intertarget interval (Lag 8) wg§3sures Eand L inherentin the AB prole, a”d_pSVChometric
larger in the older<32%) than in the younger studentsl@%), 2ssessmentvariables inthe study sample (- n =45).
F(1,43) = 9.03p < 0.01.

. . . . i Age? Raven’s Forward Backward
In the _verbal task, conditional T2 |de_nt| cation was again less matrices ®  digit span digit span
accurate in the younger observers than in the difle43)= 8.62,
p<0.01 Figure 3B). Linear trend analyses on the kagroup inter  syMBOL AB TASK
action,F(4,172) 3.54p <0.01, indicated that verbal T2 performancge 0.49* 0.36* 0.21 0.15
increased from early to late lags in both the younger and older children, 0.46" 0.32+ 0.18 0.27
Fs(1,43)= 24.62 and 46.66s< 0.001. Group differences, howeveyerpal AB TASK
emerged when conducting focused contrasts on Lag 8 versus Lag 2, 033* 009 _0.14 007
F(1,43)=5.17p<0.05, and Lag 8 versus LdgB43)=4.55p<0.05). | 037+ 0.32* 002 006
Similar to the symbol task, the impairment in reporting verbal F2ens matricest 0.77¢
identity at Lag 2 compared to those at Lag 8 was greater in the Qg g digit span 038" 058
(~29%) than in the younger groupX7%;Figure 3B). The opposite gagward digitspan 044" 0.50¢ 0.53¢
pattern occurred for the latter contrast, showing a more pronounced
decline for the younger children20 versus12% in the older). E=AT2|T1 (Lag 1-Lag 2); L= AT2|T1 (Lag 8-Lag 2). (see Statistical Analyses).
*p <0.05, 'p < 0.01, *p < 0.00L
PSYCHOMETRIC TEST PERFORMANCE aRank-transformed age in months (see Statistical Analyses).

.. . "Raw scores (see Psychometric Tests).
Participants performed in the average or above-average age range

on Raven’s Progressive Matrices, Witkcores varying between Children’s age was signi cantly correlated with the difference
43 and 78. Non-verbal intellectual functioninl ¢& SEM) of measureE of both the symbol and verbal AB pro les. As depicted
the younger (55.86 1.80) and older group (54.291.64) did in Figure 4, older children tended to exhibit more positi/galues,

not differ signi cantly,#43) = 0.65,p > 0.5. ANOVA on digit indicating that the report of two targets presented at Lag 1 is superior
span scores using Recall Condition (2; forward, backward)t@athe report at Lag 2 (i.e., Lag 1 sparing). Furthermore, the older the
within-subjects factor and Group (2; younger, older) as betwestudents, the more positievalues for the two AB tasks were observed
subjects factor showed signi cant main effects: both groufgure5). This suggests that an increase in age was accompanied by
recalled longer digit lists forward than backwa&(d,43)=24.97, impaired performance in the AB window (Lag 2) and effective-recov

p <0.001, but older children outperformed the younger overa#y when T2 followed T1 at greater temporal distance (Lag 8).
F(1,43)= 12.77,p < 0.001. Mean forward and backward spans Participants’ age was also statistically related to psychometric
were 3.11 (SEM 0.29) and 2.29 (SEM 0.16) for the younger test performanceTable 1). Unsurprisingly, younger children
group; respective values in the older group amounted to 4t8Wded to achieve lower raw scores in Raven’s Progressive Matrices
(SEM = 0.26) and 3.23 (SEM = 0.29). and to recall shorter digit lists forward and backward.

AGE-RELATED CORRELATIONS OF ATTENTIONAL AND PSYCHONERRICATONS OF AENTIONAL PARAERTERS AND PSYCHEMRC
ASSESSMENT SCORES TEST SCORES

Pearson product-moment correlations of the rank-transformést is apparent froriiable 1, the relative amount of Lag 1 sparing
age variable, attentional parameters, and psychometric assessfdifierence measui) in the symbol AB task correlated positively
scores across the entire study sample are listadlinl. to the accuracy in abstract reasoning (Matrices raw scores). This was
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FIGURE 3 | Percentage of accurate second target (T2) report given rst target (T1) identi cation at ve T1 -T2 lags of the symbol and verbal tasks (A and B,

respectively). Values represent means of 21 younger children (open triangles) and 24 older children ( lled triangles). Vertical bars indicate SE of mean.

not the case for the verkil Greater conditional T2 impairment  Inthe verbal AB task, older children again demonstrated a-prom
at Lag 2 or a more positivevalue, however, was associated withent drop in conditional T2 identi cation at Lag 2 relative to those
higher Matrices scores for both AB tasks. In contrast, individaalLag 8. Although there was no signi cant difference in accuracy
differences irE and L measures did not show signi cant correlabetween the second and rst intertarget interval, means suggested
tions with forward and backward digit spafialfle 1). that some sparing at Lag 1 emerged in their performance pattern
Because indices of memory span were positively linked(deeFigure 3B). In the younger group, verbal T2s were subject to
Matrices scores and all psychometric variables systematically varimdre alleviated and temporally diffuse impairment in report for
with children’s age, the observed relationships were subsequehéyearly Lags 1-Bigure 3B). Relative to accuracy scores at the
explored by using partial correlations, controlled for chronelogbngest interval, rst graders showed a lesser decrement at Lag 2
cal age in months. Correlations between Matrices and digit sffzan students attending secondary school. However, relative T2
forward ¢ = 0.43p < 0.01) and backward € 0.30p < 0.05) still identi cation remained similarly mitigated at Lag 3 in the younger
reached the alpha level of 5%. In contrast, none of the assdndividuals, while the older already exhibited considerable relief. In
tions withE andL difference measures remained signi cant (rangkoth groups, analysis of performance of the preceding verbal T1
r=-0.19 tor = 0.07, alps> 0.2), indicating that the AB pro le is revealed accuracy losses at Lag Figer: 2B), which were more
related to age, but not to developmental change in terms of nprenounced for the younger children. In terms of our hypotheses,

verbal intellectual capacity. this pattern of ndings suggests that younger children have overall
less capacity for processing rapidly presented visual information
DISCUSSION than the older students. In the older group however, greater-capac

The present cross-sectional study set out to explore developmetytdbr a speci ¢ set of target features comes at the cost of higher
differences in the AB paradigm and its relationship with mengansitivity to intervening distractors or to a second target.
aptitudes in German rst-grade school children, compared to The developmental trajectories of the T2|T1 performance pat
students in early secondary education (grades 5 and 6). Workergs in the symbol and verbal tasks were also con rmed by cor
on two AB tasks including either non-linguistic symbols or verlralational analyses of children’s age with two difference measures
stimuli, the younger group was outperformed by the older overaiktracted from the AB pro les. Greater relative amounts of Lag
The analyses focused on T2 accuracy contingent upon correct Bparing (measurg) and T2 impairment at Lag 2 (measuie

report. In the symbol version, older children showed a hook-shapeegte related to an advanced age in the study sample. This was most
T2 identi cation pattern as found in numerous AB studies in adulgsominent when children were asked to identify symbols in the
(Visser etl., 199). Conditional T2 report was highest at Lag BSVP paradigm (s@&égures 4 and 5).

(928-ms SOA) and decreased linearly with shorter intervals, havin@ifferences between the two AB tasks are apparent: whereas Lag
its minimum at Lag 2 (232-ms SOA) as expected. At the earliesparing was seen in the symbol task, a more linear pattern was
intertarget interval (Lag 1, 116-ms SOA) accuracy increasecevyinced in the letter/word versions. Several factors may contribute
about 16%, indexing Lag 1 sparing (Bigaire 3A). In contrast, to the discrepancy. First, the chance level of correct responses was
younger students did not exhibit Lag 1 sparing relative to Lagubstantially higher in the symbol task, in which one of three symbols
They scored lowest when the second target symbol followed immas a target in a given trial, for T1 and T2 respectively. Second, T1
diately the rst and highest when the target doublet was separated T2 belonged to predictable and distinct categories (T1, means of
by a maximum of seven distractors, re ecting a linear trend oveansportation and T2, geometric shapes) in the symbol, but not the
lags Figure 3A). For both participant groups, accurate report oferbal task. According to recent theoretical warkifle etl., 2009p

T1 symbols did not vary as a function of the temporal dispkych categorical change may facilitate the separation of the-two tar
position (seigure 2A). gets that enter attentive processing together and thus are subject to
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FIGURE4 | Pearson product —-moment correlations  (r) between the rank-transformed age variable and difference measure E=AT2|T1 (Lag 1-Lag 2)

extracted from conditional T2 responses of the symbol and verbal tasks across the entire sample of 45 children.

Symbol Task Verbal Task

100
r=0.46 r=0.37

Difference Measure L

60 . . . . . . . . . . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 0O 5 10 15 20 25 30 35 40 45 50

Rank-Transformed Age in Months

FIGURES5 | Pearson product —-moment correlations  (r) between the rank-transformed age variable and difference measure L =AT2|T1 (Lag 8-Lag 2)
extracted from conditional T2 responses of the symbol and verbal tasks across the entire sample of 45 children.

merging or to temporal confusion errofter etl., 200). Because correct T1 report, it seems unlikely that younger students’ dif culty
participants know the categorigsriori and because both categoriewith rapid tasks in general has led to the present pattern of results.
are distinct from the distractors, T1-T2 pairs in the symbol task n@yly systematic and extremely large T1 differences would distort
trigger temporally circumscribed increases in attentignde etl., the T2|T1 ndings, and such differences were not evident in the
20090, which may help distinguish pairs that are especially closeunrent data set (sé&#gure 2).
temporal proximity Craston eal., 200} Third, earlier research has  As outlined in the introduction, several AB models highlight
suggested that AB suppression during RSVP may be seen eventimethele of engaging and disengaging attention within short epochs
absence of distractor items, if the T2 task is dif cult, and if a gapfigsime (Vul etal., 2003 Developmental models of attentional
present between T1 and T@¢uwenstein eil., 2008). Because our control based on the theory proposed by Posner and colleagues
design included a 66-ms temporal gap between items, one woul(ebg Posner and Rothbart, 199@mphasize the development of
led to predict that the more dif cult verbal task should show less leagecutive control as one key aspect of attention, which strongly
1 sparing than the symbol version. This prediction is in line with tim¥olves facets of inhibition and strategic control of resources.
ndings of our study (seEigure 3). Experimental work with tasks that are sensitive to interference
As a methodological concern, itis important to note that althougind distraction effects has suggested that performance pro les
groups digressed in their overall performance, any effects of dlagv substantial change within the age range examined in the
are likely to be related to interindividual differences in attentiomairrent study Rueda eal., 200), and that executive attention
control, rather than to overall performance differences. Becauseveglicts other aspects of self-regulation and well-being later in
used conditional T2 accuracy, taking into account only trials witfe (Rueda et al., 200pa
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Our data are compatible with most of these perspectives &rdheir chronological age, and these scores did not differ between
cannot speak as to their validity. Rather, it is interesting to peenary and secondary students. Consistent with the memory span
how the current developmental data can be informed by cencéferature (e.g.Gardner, 1981; Brocki and Bohlin, 2)0Both
tual work on the AB mechanism. The AB paradigm representgr@ups recalled more digits forward than backward, with generally
potential avenue to examining time dynamics of attentional engalgigher performance for the older group. The two indices of memory
ment and disengagement, as well as working memory consolidasipan were positively linked to Matrices raw scores in the whole
together in one task. Speci cally, the AB may capture featuresarhple of children (sd@able 1). This is a typical nding given that
competition between attended everisi( et al., 200@hssen eal., the immediate serial recall of digits is part of several standardized
2007). It is also sensitive to the strategic distribution of resourdests of general intelligence. From a theoretical perspective, the
across multiple stimuli and time periods, intentional, or non-inDigit Span scale and Raven’s Progressive Matrices can be arrayed
tentional Shapiro etl., 200§ Thus, the present data are relevamn a continuum of apparent processing complexity (based on their
for our understanding of how and when individuals are capahbigriance accounted for by general ability, G) with the former falling
of applying strategies to the deployment of cognitive resourtgard the border from simple to intermediate complexity and the
over time, during competition. Here, we found strong evidentater in the complex rangé/@arshalek eal., 198R Correlation
for costs associated with correctly identifying T1 in older childremalyses between these psychometric measures and attentional
particularly in the Lag 2 condition, which is most susceptible to {p@rametersTable 1) seemed to suggest that higher achievement in
interference induced by the combination of the T1 and the T1 the Matrices was accompanied by Lag 1 sparing when non-linguistic
distractor. Younger children did not show such a speci ¢ pro largets have to be identi ed. Additionally, larger AB impairment
and also demonstrated less accuracy for the T1 overall. This @thgreater resistance to interference at the latest temporal lag in
line with the nding that younger children evinced greater trade-dfbth the symbol and verbal task were associated with superior
between T1 and T2 accuracy at Lag 1 than older children. The latteres in the Matrices. Such relationships were not evident for the
group showed small cost effects of correct T2 processing on T1farwdard and backward spans. Because Matrices raw scores increased
vice versa, whereas the younger students displayed a performaitigoarticipants’ age, partial correlations were conducted to more
decrease speci cally at Lag 1 for the T1, suggesting that therecleasly examine the role of age versus general intellectual ability in
a linear cost of processing speed, which was stronger than thettagtional resource sharing and capacity. These analyses showed
2 decrease seen in older children and adults. consistently that general ability did not manifest in linear-rela

In light of theoretical views of the AB, this pattern of ndingSonships with measures of attention after chronological age was
points to several important aspects of attention developmewointrolled for. Importantly, Matrices raw scores and digit span
during childhood. Impairment for T2 stimuli during the AB timeresults still shared a signi cant amount of variance despite the
window has been attributed to decreased availability of cognifiwecedure under consideration. Taken together, the ndings imply
resources (e.gGhun and Potter, 1995; Jolicoeuragt 200p or  that changes in parameters of attention inherent to the AB pro le
attentional capacity\(ul etal., 200% which is assumed to be awere linked to age-related development.
result of effortful encoding/selection of the T1 item. From this Considering the correlational and experimental results of
perspective, over-allocation of resources to T1 is associated thithpresent study, we suggest that the ability to allocate men
a lack of resources available for the second target in a tradeéabffesources to multiple events under competition emerges
fashion. Overspending resources to the T1 then prevents T2 fasna cognitive skill, independent of general intellectual- func
being transformed into a durable and reportable working memdigns. Because resource sharing across multiple targets has been
representation. Neurophysiological research on the AB in adultsstemsvn to be associated with other cognitive skills, namely read
supported this notion, showing that trials with correct T2 responseg and spellingHeim etal., 2009, future work may aim to
are characterized by relative reduction in the resource allocatitarify a potential causal role of resource sharing capacity for
to the rst target, compared to incorrect T2 triatsh@piro etl., academic achievement.

2006. A complementary interpretation may focus on the tempo
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