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ABSTRACT

Dyslexia and attentional difficulty have often belamked, but little is known of the
nature of the supposed attentional disorder. ThetaBwed Attention to Response Task
(SART: Robertson, Manly, Andrade, Baddeley and Wjel997) was designed as a measure
of sustained attention and requires the withholadihgesponses to rare (one in nine) targets.
To investigate the nature of the attentional disoid dyslexia, this paper reports two studies
which examined the performance of teenagers wiliedia and their age-matched controls
on the SART, the squiggle SART (a modification loé SART using novel and unlabellable
stimuli rather than digits) and the go-gap-stop tésesponse inhibition (GGST). Teenagers
with dyslexia made significantly more errors thamtrols on the original SART, but not the
squiggle SART. There were no group differencesh@GGST. After controlling for speed of
reaction time in a sequential multiple regressioedting SART false alarms, false alarms
on the GGST accounted for up to 22% extra variame¢ke control groups (although less on
the squiggle SART) but negligible amounts of vat&m the dyslexic groups. We interpret
the results as reflecting a stimulus recognitiotomaticity deficit in dyslexia, rather than a
sustained attention deficit. Furthermore, resuliggest that response inhibition is an
important component of performance on the stan@&&T when stimuli are recognised

automatically.

INTRODUCTION

Developmental dyslexia is the most common developahalisorder, thought to affect
around 4% of the human population (Badian, 1994nJ&hare, Maclean and Matthews,
1986). Defined by the World Federation of Neurol¢§968) as'a disorder in children who
despite conventional classroom experience, faibttain the language skills of reading,
writing and spelling commensurate with their indeliual abilities”, dyslexia is usually
diagnosed when there is a discrepancy of at le8stmbnths between reading and
chronological age, with no immediately apparentseain terms of deprivation, emotional
difficulties or general low intelligence. Althoughphonological deficit is well established as
one of the key difficulties for children with dygia (see e.g. Snowling, 1997; Stanovich,
1988; Vellutino, 1979), and much is known about th&ture of the deficit and its
remediation, less is known about other aspectysiéglia. For example, for many years there
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have been reports of concomitant attentional problein children with dyslexia.
Furthermore, it is a common clinical observatiomttlklyslexia and attentional disorders
frequently co-occur; around 15% of children witlslia are estimated to have concomitant
attention deficit hyperactivity disorder (ADHD) amadound 36% of children with ADHD are
estimated to have dyslexia (Shaywitz, Fletcher &hdywitz, 1994). However, despite these
links, and the impact that an attentional diffigidtone could have on a child’s learning, little
information exists on the exact nature of the regzbattentional disorder. Moreover, there is
little information on whether or not children wittlyslexia butwithout ADHD show
attentional difficulties. Previous studies havedstigated various aspects of attention in
different populations, including children with ADH@yslexia, and good and poor reading
skills generally (e.g. Brannan and Williams, 198%kman, Ackerman and Oglesby, 1979;
Fischer and Weber, 1990; Hallahan, Kauffman and, B&73; Milberg, Whitman and
Galpin, 1981; Pearson and Lane, 1990; Pelham, 19@Bacher, Logan, Wachsmuth and
Chajcyzk, 1988; Sykes, Douglas and Morgenstern3;19arver, Hallahan, Kauffman and
Ball, 1976). However, many results have been incte&rst and some experiments have been
methodologically flawed. Some studies, for exampbe used measures of attention which

involve memory, an ability with which people witlgsfiexia are known to have difficulties.

The nature and extent of the purported attentidiedicit in dyslexia therefore remains
unclear. Three key aspects of attention include dh#ities to focus, shift and sustain
attention. Recent research (Moores, Nicolson ansc€t, submitted) has suggested that
these abilities may not be equally impaired in elysl; teenagers with dyslexia performed as
well as controls on two focus attention conditiobgt{ had significantly worse performance
than controls on a shift attention condition. A idapattention shifting deficit was
hypothesised but not found, and thus it is difficalmake firm conclusions about whether or
not the dissociation reflected pure attentionaffidifties. On the basis of a second
experiment, this dissociation was attributed toaatomaticity deficit of the teenagers with
dyslexia resulting in resource limitations. A crlcpoint is that none of the participants
showed clinical evidence of ADHD. A ‘split-half’ atysis of the shift attention condition
showed that groups with dyslexia could sustainrtatention over that condition (about 15
minutes) as well as control groups, performancéadth groups suffering similarly in the
second half. However, recent neuroimaging evidenggests that areas in the brain involved
in sustained attention are active over periodshag &s 40 seconds (Pardo, Fox and Raichle,

1991), rather than over tens of minutes as prelyatneught. It is therefore possible that
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local fluctuations and attentional lapses may attarese a deficit in sustained attention as

validly as decreases in attention over long peraidane.

The Sustained Attention to Response Task (SART)osiggally designed to counteract
the difficulties of finding a true measure of suséa attention. Traditionally, continuous
performance tests are used for this purpose, whparécipants have to monitor long
sequences of stimuli and respond to infrequentetargHowever, these tasks fail to tap
shorter ‘lapses of attention’ and also often haveblems with ceiling effects, leading
researchers either to perceptually degrade tamets load working memory in order to
reduce high levels of performance. Fisk and Sclangiti981) make the distinction between
automatic and controlled processing of stimuli (a® Schneider and Shiffrin, 1977). For
tasks that have to be performed over relativelyglperiods, they show that performance
decrements over time occur only when controllecc@ssing is required and tha¥jaximum
vigilance decrements occur when subjects must rmaity and redundantly allocate
control-processing resources(Fisk and Schneider, p737). Robertson et al (18830e that
controlled processing would be taxed more heavithé automatic response set could be
transferred to the non-targets, so that contrgliextessing was necessary to cancel out the
automatic response. On the basis of this arguntkatSART was developed, in which a
response is required to every stimulesceptfor the targets, where responses must be

withheld. The task runs over a period of under fiiautes.

Robertson et al (1997) found that the SART was nserssitive to everyday attentional
failures and ‘lapses’ of attention (as measuredsély report questionnaires) than were
continuous performance tests in both control amadinatic brain injured (TBI) patients.
Performance on the SART was not predicted by pedioce on tests presumed to be
sensitive to response inhibition: the Stroop, thisddhsin Card Sorting Test and the Visual
Elevator test. In addition, Robertson et al fouhdttTBI patients were less likely than
controls to slow down after an error, and that mtticipants were more likely to have
‘lapsed’ into an automatic way of responding (shawnfaster reaction times) before an
error. Performance of either group did not detat®rsignificantly with time on task, such
that the authors conclude thhdcal fluctuations in attention or ‘lapses’ may gvide a better

account of poor performance on this task than gkrdecrement over time.”(p.755).

In an attempt to characterise better the attentidaficit associated with dyslexia, the

first study assessed the performance of teenagtrgyslexia and matched (for age and 1Q)
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controls on the SART. Given the reports that cleitdwith dyslexia have difficulty ‘keeping
on track’ (Augur, 1985), we predicted that the sgers with dyslexia in our study would be
more prone to attentional lapses than controlstlaackfore perform less well on the SART.

Experiment 1
Method
Participants

Fourteen participants with dyslexia had been diagdoby a full psychometric
assessment. They were of normal or above normpdp€rationalised as 1Q of 90 or more on
the full scale WISC-IIl (Wechsler, 1976)] and withidknown primary emotional, behavioural
or socio-economic problems. Each participant’s irgacige or spelling age (WORD tests)
was at least 18 months behind their chronologigal @ time of initial diagnosis. Two age
groups were used with mean ages 14.6 and 19.0 ([2absand D19).

Fourteen normally achieving control participantd helso been given a short-form
psychometric assessment and obtained normal oreabawnal 1Q and reading and spelling
ages in line with or above their chronological @ajegime of assessment. Two age groups
were used, approximately matched for chronologaced with the group with dyslexia (C15
and C19).

Participants had also all been assessed for dlieigdence of ADHD on the DSM IlIR
(American Psychiatric Association, 1987). A scofeableast 8 out of 14 markers of the
disorder is required for clinical diagnosis. Nonetloe participants showed evidence for
ADHD. There were no significant differences betwdes score of the dyslexic and control
groups (f 26=2.10, n.s.). All participants were given £5 foeithco-operation in this study

and for an unrelated study which followed this dPgychometric data (means and ranges) for

the four groups of participants are shown in Tdble
[TABLE 1 ABOUT HERE]
SART

The SART program was written in PsyScope™ (Coheac\Mhinney, Flatt & Provost,
1993) by Robertson et al (1997). It visually presemtotal of 225 digits (25 of each of the



nine digits) on the computer screen over a 4.3 taiperiod. Each digit is presented for 250
milliseconds followed by a 900 millisecond maskrtRgpants use their preferred hand to
press the mouse button in response to every digép the ‘target’ digit 3, for which they

are instructed to withhold responses. The targgt & distributed throughout the trials in a
pre-fixed pseudorandom order which is the samalfgrarticipants. To enhance the need for
processing the numerical value of the number rathem looking for a set ‘shape’ the digits
are presented in one of five randomly allocated fres (48, 72, 94, 100 and 120 point:
symbol font): between 12 and 29mm. The mask isreleciwith a cross in the middle

(diameter 29mm). Digits and mask are presentedabnbn the screen in white, against a
black computer screen positioned in front of theipi@ant. A practice is given before the

main condition consisting of 18 presentations gftdj two of which are 3.
Procedure

The method used was a replication of that used ddyeRson et al (1997) using their
SART program and run on an Apple Macintosh Perfo&@2@0 computer. Participants were
instructed to press the computer's mouse buttomuaskly as possible when a number
appeared on the screen, except when that numbea wage. They were informed that in
between each digit there would be a cross whicy sheuld ignore. They were also told that
the digits would vary in size, but that they shoudghore this. Participants were then
reminded to press the mouse button for all numbgcept three, to attempt to do the task
quickly, but also to try not to make errors. A g8 digit practice was given before the main

condition.
Results

The mean number of false alarms (FAs: non-withinetghonses to 3) and mean reaction
times (RTs) for the four groups are presented abld 2. For simplicity, we report only
those results for which p<0.05 (two-tailed). Furtbetails are available on request from the

first author.
[TABLE 2 ABOUT HERE]
i) Error analyses

Robertson et al suggested that FAs on the SAREatefittentional lapse. A two-factor
ANOVA found a main effect of group on FAs madg $=5.48, p<0.05), with the teenagers
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with dyslexia making more FAs (14.3 vs. 10.6). Eherere no age effects or group-by-age
interactions. Performance on the non-targets was gdyslexic groups: 3% misses, control

groups: 2% misses) and did not differ by groupg®.a
il) Reaction time analyses

Faster RTs may reflect a lesser degree of contralteention and therefore more FAs. A
two-factor ANOVA showed no effect of group or age oorrectly pressed RTs and no
group-by-age interaction. Similarly, group and dgenot have a significant effect on RT of

FAs and there was no significant group-by-age augon.

Robertson et al interpreted a larger variability R in TBI patients as additional
evidence that the SART reflects ability to maintaonsistent performance. In a two-factor
ANOVA using the standard deviation of each indiatisl RTs as dependent variable, the
effect of group was not significant, but there veasain effect of age (F4+~7.49, p<0.05),

with younger participants being more variable. Bh&as no group-by-age interaction.

Robertson et al found that, in contrast to contrdBl patients tended not to slow down
following a FA. A three-factor ANOVA therefore instigated effects of age, group and time
(with respect to a target digit: pre-/ post-FA)tbe mean RT of the four responses either side
of a FAL The effect of time was highly significant1(b4=14.40, p<0.001), with post-FA
responses being slower than pre-FA. Time alsoanted with group (F244.31, p<0.05).
Further analyses showed that whereas groups walexig slowed down significantly after a
FA (F117=17.84, p<0.005) control groups did not. There weyemain group or age effects,
but a significant group-by-age interaction did egee(r 244.86, p<0.05)Further analyses
showed a main effect of age;(F=4.81, p<0.05) for the control groups only, witle t619

group being faster.

Robertson et al suggested that FAs could be peztlant the basis of pre-target digit RTs
(the four responses before the target digit: 3)thfee-factor ANOVA supported this

Yhe mean RT was in the vast majority of cases thanmof four responses, although in certain casksreiwo targets were too

close together or participants failed to make rasps to non-target digits. In these cases the widawer responses was used.
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suggestion, showing faster responses before fdens than before correctly withheld
responses (4+~16.90, p<0.0005), but there were no main grougger effects.

iii) The relationship between speed and accuracy

Robertson et al discuss, but tentatively dismisst{@ basis of regression analyses with
other measures) the notion that the slowing of RIloWing errors may arise because
participants adopt a more conservative respongerion. However, our participants showed
a strong negative relationship overall between mie@anand the number of errors made
(r=-0.61, p<0.001); i.e. a speed-accuracy tradeAsfllyses containing each group separately
showed that this correlation was slightly stronfmr the groups with dyslexia than the
control groups (r=-0.72, p<0.005 vs. r=-0.63, p&Y.@lthough the correlation coefficients
do not differ significantly from each other (usiRgher’s r' statistic, z=0.41). A significant
correlation could also be seen between the numbEAs and the mean RT of responses
before acorrectly withheld respons@g=-0.53, p<0.005) showing that the main correlatis
not merely due to the speeding of responses duriegtaihal lapses (as indicated by a FA).

An increased number of attentional lapses may peatgd to increase the mean RT.

The relationship between RT and FAs may have hadesbearing on the increased
number of FAs made by the teenagers with dysleafthqugh the groups did not differ on
RT alone). Mean RT (for all correct responses) wWaefore used as a covariate in a
two-factor ANOVA investigating the effects of agadagroup on FAs. As expected, and
reflecting the strong relationship between RT aAd Fade, the effect of the covariate (RT)
was highly significant (F23=21.68, p<0.0001). However, rather than being &blexplain
the increased number of FAs made in the group ayitthexia in terms of RT, the group effect

was actually increased {F+=10.85, p<0.005). There were no main age effects or

group-by-age interactions.
Discussion

The main result of Experiment 1 was that the teersagith dyslexia made more errors
on the SART than their matched controls, even wR€&rwas taken into consideration. This
finding on its own suggested that, as predicted,tdenagers with dyslexia have difficulty
sustaining attention and are more prone to atteatitapses even during a task that lasts
under five minutes. However, tlggialitatively normal pattern of performance in the groups

with dyslexia prevented a straightforward conclosiand suggested that, at least with
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dyslexic teenagers, performance on the SART mdgatemore than the ability to sustain

attention.

Except for their high number of failures to withloiesponses, the teenagers with
dyslexia in Experiment 1 behaved like Robertsoal’stcontrols; slowing down after making
errors and showing only moderate variation in fieactimes. Compared with their matched
controls they also responded equally quickly anthwgimilar variation in reaction times.
Both groups showed a speed-accuracy trade-off gi8&RT performance, but covarying for
the effects of RT on the number of FAs enhancelerathan reduced group differences.
Therefore, even if teenagers with dyslexia takéoag as controls to make their responses,
they make more errors. It seemed possible thaeteagers with dyslexia were under greater
time pressure than the controls, despite theirlaimieaction times. Indeed, their similar
reaction times were somewhat surprising and mathéeey to explaining their high error

rate.

Nicolson and Fawcett (1994) found that childrerhvdyslexia were slower than controls
at choice RT tasks, though not simple RT taskshdf SART is considered essentially an
omission choice RT task, the teenagers with dyalewduld appear to be responding at a
speed beyond their true ability so their error iatevhat might plausibly be expected from
controls if they were encouraged to respond motiekiyu If the SART is considered a
simple RT task, one might still expect the teensgeith dyslexia to be slower because
naming speed deficits are well established in loftidren and adults with dyslexia (e.g.
Denckla and Rudel, 1976). If the teenagers witHedyas took longer to convert the Arabic
numerals e.g. ‘3’ into the phonological ones, ‘@irgsee also Ellis, 1981), yet responded as
quickly as the controls, they must have devoted tese to deciding whether to press the

mouse button or whether to inhibit their response.

It is also plausible that an additional difficultyth response inhibition may contribute to
the high error rates in the group with dyslexiatipalarly given the links between dyslexia
and ADHD and the suggestion that groups with ADHibwg greater impulsivity and
inability to withhold responses (e.g. Barkley, 1R94owever, it should be emphasised that
none of the teenagers in this study showed evidefcADHD on the DSMIIIR scale.
Robertson et al found no evidence that the SARIEatfd ability to inhibit responses in their
patients, but they do admit that they were unablgeimonstrate that it sits better with tests of

sustained attention than with a ‘pure’ measureesponse inhibition.
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Experiment 2 therefore explored two of the poténéaplanations of the dyslexic
group’s worse performance on the SART. To invegttighe role of labelling in SART
performance we used two SART versions: the stangaiglon and one using non-labellable
‘squiggles’ in place of the digits. A test of regge inhibition (the go-gap-stop test) was also
introduced in order to (i) compare inhibition atds of groups and (ii) investigate whether

response inhibition is related to SART performance.
Experiment 2
Method
Participants

Participants fulfilled the same criteria as Expenmn 1. Eighteen dyslexic and sixteen
control teenagers took part in Experiment 2. Theychometric details are shown in Table 3.
Most of the participants who took part in Experiméh had previously taken part in
Experiment 1 around 8 months earlier. This wasthotght to have unduly affected the
results; Manly et al (1999) have reported on thHbgity of the results of the SART over
time. Participants were given £5 for their co-opierain this experiment.

[TABLE 3 ABOUT HERE]
SART AND SQUIGGLE SART
Robertson et al’'s SART program was used as in bxeet 1.

Robertson et al's SART program was adapted to geosi‘squiggle SART’ program by
replacing the digits with squiggles created in anng program. The squiggles are shown in
Figure 1. The target squiggle (shown within bordegs chosen to be not easily labellable
and other non-labellable squiggles were chosemsasctors to ensure the target could not be
identified simply as ‘the squiggle’. The presergatirate, practice session and duration of
stimuli remained the same, as did the mask betweesquiggles. In contrast to the original
SART, squiggles did not vary in size over the &riahd the order was completely random for

each person.
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THE GO-GAP-STOP TEST

The go-gap-stop test (GGST) of response inhibitvas designed by the first author and
implemented in PsyScope (Cohen et al, 1993). Twasipte stimuli could appear on the
computer screen: a green circle and a red squbeegiieen circle was intended as the signal
for participants to 'go’ and the red square agyaasito 'stop’. The green circle appeared on
every trial for 125ms after a random pause (15008G)0ms, 2500ms or 3000ms)
subsequent to the participant pressing the spacanghthen keeping their hand on a velcro
sticker positioned centrally on the desk in frohth@m. As soon as the green circle appeared
(but not before) they were asked to hit the mousdéohb fixed 50cm away from the velcro
sticker either to the left or to the right of thgaepending on whether they were left- or
right-handed). However, if a red square subsequeapgpeared on the screen (again for
125ms), participants were asked to prevent therasdhom pressing the mouse. Following
the green circle, 1000ms were allowed for a respdregore the trial finished, regardless of
the trial type. The red square appeared on exhatfthe trials. The crucial point was that the
interstimulus interval between the green circle tedred square varied, so that sometimes it
was easy to stop, but other times it was impossibleether or not the red square appeared
(and at what point it appeared if it did) was ramdon any particular trial, although all
participants received all of the possibilities atne point throughout the experiment. The fact
that the red square never appeared on half this teilasured participants followed the
instruction to respond the green circle. The 35simbs interstimulus intervals (Oms, 13ms,
25ms, 38ms, 50ms......450m)etween the green circle and the red square ehshat a
strategy of waiting to check for the red squareoteefresponding to the green circle was
unlikely to be successful, because it was never ¢dlew long to wait. Moreover, the mean of
the 35 reaction times to the green circle only tap trials) gave an indication of any delays
which may have occurred due to such strategiessaiotl effects of reaction time were
controlled for in the analysis. Participants wereeg a short practice at the task (5 trials) to

ensure that they understood the instructions aocepiure.

Design and Procedure

2 A programming error added 500 ms to three deliys 12.5ms became 512.5 ms, 37ms became 537ms
and 62ms became 562ms.
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The order in which the two SART programs were adstened was counterbalanced
over age and group to avoid any order effects.G&ST was always administered last. The
whole procedure lasted under 30 minutes. For samgcipants the squiggle SART practice
had to be repeated because they had difficulty memeeing which squiggle was the target. It
was ensured that all participants were sure oftéinget before commencing the main test.
Observation of participants whilst completing thsttsuggested that even those who made a
lot of mistakes were nevertheless well aware of wtieey had. For the SART programs,
participants instructions were the same as in Hxpt 1, exchanging a picture of the
appropriate squiggle for ‘3" where appropriate tdastions for the GGST are detailed in the

description of the program.
Results

The mean number of false alarms (FAs: non-withhelsponses to 3 or the target
squiggle) and mean reaction times (RTs) for the fyroups in either SART program are
presented in Table 4. For both the standard anddb@gle SART the same analyses were
performed as for Experiment 1. Therefore, for isethe tests used and the reasoning behind
each analysis will not be reported again (see Hxyet 1 results for this information). Both
SARTs and the GGST were then considered togetheroverview of the main results is

provided in the discussion.
[TABLE 4 ABOUT HERE]
Standard SART

In summary, the main results from Experiment 1 wegdicated in the standard SART
except that (i) dyslexic groups now showed largaiability than the controls in their RTS
(ii) both groups now slowed down equally after FAs.

i) Error analyses

The dyslexic groups made more FAs than the cogtralips (F ;~4.73, p<0.05). Age

and group-by-age effects on FAs were not signiticihisses to non targets were rare
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(dyslexic groups 2%, control groups 1%) and geedrato significant group, age or

group-by-age interaction effects.
i) Reaction time analyses

For correct RTs there were no significant grouge, aiy group-by-age effects Similarly,

false alarm RTs generated no significant effects.

In contrast to results from Experiment 1, withubgect variability of RTs generated a
main effect of group (F35=5.34, p<0.05), with dyslexic groups being moreiatale. There
was also a main effect of age; §7=5.20, p<0.05), with younger participants being enor

variable. There was no group-by-age interaction.

The response style analysis revealed faster RT@eé&iAs than after FAs (£=9.66,
p<0.005). There was also a significant interactbtime with age (F;57~6.07, p<0.05), with
younger groups slowing more after a FA, and a na@e effect (F3:~5.61, p<0.05) with

older groups having faster RTs overall. There wssegroup or group-by-age interaction

effects.

The error prediction analysis confirmed that RTsensdower before a correctly withheld

response than an FA responsg,(F22.89, p<0.0001). No other effects were signiftcan

lii) The relationship between speed and accuracy

There was a significant negative correlation betweean RT and FAs made (r=-0.49,
p<0.005). This correlation was slightly stronger thee groups with dyslexia than the control
groups (r=-0.61, p<0.05 vs. r=-0.56, p<0.05) andral a significant correlation remained
even when only the mean RT of responses beforeri@otly withheld response were
considered (r=-0.39, p<0.05).

RT proved to be a significant covariate, {£14.10, p<0.001) when added to the

original ANOVA comparing number of FAs made. Thdeef of group was enhanced
(F1»,579.91, p<0.005) by use of the covariate. Effectsagé and the interaction effect

between group and age were not significant.
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Squiggle SART

Squiggle SART results varied from those of the déad SART presented in Experiment
1 because (i) no group difference in FAs was oleskma the main analysis, (i) age had no
effect on RT variability, (iii) participants weregsificantly fasterafter rather than before
FAs, (iv) this latter effect no longer interactedhagroup, and (v) ANCOVA analysis on FAs

enhanced the group effect to significance.
i) Errors made

Group, age and group-by-age effects were not sogmif for the number of FAs made.
Similarly, investigation of number of misses to #targets yielded no significant effects on

these measures (dyslexic groups 4%, control grais
i) Reaction time analyses

There were no significant group, age, or group-pg-anteraction effects for either

correct RTs, false alarm RTs or within-subject &htlity in RTSs.

For the response style analysis there was a mioteff time (f ;~4.38, p<0.05) but,

in contrast to previous analyses, RTs were fgsbst-thanpre+As. There were no group,

age or group-by-age interaction effects.

The error prediction analysis showed faster RTsorneefFAs than before CWs

(Fy 325.03, p<0.0001). No group, age, or group-by-ageractions were found.
iii) The relationship between speed and accuracy

There was an overall negative correlation betweeanmRT and FAs made (r=-0.65,
p<0.0001). This was slightly stronger (n.s.) foe throups with dyslexia than the control
groups (r=-0.84, p<0.0001 vs. r=-0.55, p<0.05) awtnewhat diminished, though still
significant, even when only the mean RT of respsrisfore a correctly withheld response
were considered (r=-0.34, p<0.05).

In an ANCOVA analysis the effect of RT as covariatad a highly significant effect
(Fy,5=27.44, p<0.001) on the number of FAs made andeffext of group was also now

significant (K ,~7.36, p<0.01), with the dyslexic groups making enerrors. Effects of age,

and the interaction effect between group and ageg wot significant.
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SART vs. Squiggle SART

Because we originally predicted that labelling a$peof the standard SART were
important in determining performance, and that @dngroups’ superior labelling abilities
may have contributed to their superior performanoglependent two-factor ANOVAs
investigating effects of age and SART version ororer and RTs were carried out for
dyslexic and control groups independently. Foratwetrol group, SART version had a highly
significant effect on errors made, with consideyahbre errors made on the squiggle SART
(F 1625.25, p<0.0001). The same was true for RTs, wafiggle RTs being significantly
slower (R ,15.47, p<0.005). However, for the dyslexic grou&RT version had no

significant effect on the number of errors mad&éhalgh their mean RTs were slower with
the squiggle SART (F;,~11.38, p<0.005).

In a three-factor ANOVA (investigating factors afogp, age and SART version on the
number of FAs made) the main group effect narrdailed to reach significance {E=3.77,

p=0.06) and there was a significant main effeGART version (£ ;~14.24, p<0.001), with

the squiggle SART and the dyslexic groups produanage errors. The interaction between

SART version and group was not significant. No otiféects were significant.

Go-Gap-Stop Test

The mean numbers of FAs and mean RTs on "go" tfal®ach group are shown in
Table 5.

[TABLE 5 ABOUT HERE]

The number of FA responses (trials on which paréicts could not stop, but should
have done) were counted for each participant. Thes® analysed using an ANCOVA,
investigating effects of age and group after covmgryor mean RT when no stop-signal was
presented. As would be expected, the effect of ni€amwas highly significant (,16.15,
p<0.0005). There were no group, age, or group-leyediects. Teenagers in the control group
failed to stop on as many occasions (mean = 1&2hase in the dyslexic group (mean =
15.1).
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Relationship between the SARTs and the GGST

To elucidate any relationship between performanmcthe SART and response inhibition
ability, correlations between FAs on the SART armdS33 were performed for each SART
task and for each group independently. For thedsti@hSART, there was no correlation for
the dyslexic group (r=-0.03, n.s.), but a significgositive correlation for the controls
(r=0.61, p<0.01). Similarly, for the squiggle SARfhere was a significant positive
correlation for the control (r=0.49, p<0.05), bot the dyslexic group (r=-0.01, n.s).

However, since speed-accuracy trade-offs found ath basks are able to explain a
relationship between the two taskghout consideration of response inhibition (some people
might always respond quickly and so make more késtaon both tasks) sequential multiple
regressions were performed for each group andaichh SART version independently. These
analyses statistically controlled first for mean B the SART task and then investigated
how much extra variance FAs on the GGST could adcéar. For the controls, on the
standard SART, 39% of the variance in FAs (adj:3504s accounted for by mean RT on
the SART and 61% (adj:56%) by mean RT on the SART @GST FAs together: thus an
increase of over 20% from the addition of perforoeameasures from a response inhibition
test. On the squiggle SART for the controls, 30%:2%%) of the variance was accounted
for by mean RT on the squiggle SART and 41% (a2§6Bby this and GGST FAs together:
thus a smaller increase of between 6 and 11%.Heodyslexic groups, 44% (adj:40%) of the
variance was accounted for by mean RT on the stdrf8lART task, but nothing added by
GGST FAs (R squared=44%, adj: 36%). On the squitagk, dyslexic mean RT explained
70% (adj:68%) of the variance in FAs and respomégbition added at most a negligible
amount (71% - adj 67% - for both measures together)

General discussion

The main findings of the two experiments are tlfgtteenagers with dyslexia made
more FAs on the SART but their response rates a®ffast as those of the control group and

gualitatively normal (though somewhat more variableExperiment 2), (ii) the group

% Both Multiple R square and adjusted R square lvélreported for the multiple regressions, becatise o
the small sample sizes used (in a small sampleseitieral independent variables, R square can ge thre to
chance fluctuations in the data: adjusted R sqgiaes an estimate of the proportion of variancecimight be

expected to be explained should the study be reggat
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difference in FAs was not significant when the SARSed squiggles rather than digits as
stimuli, although covarying for RT did produce agp difference, (iii) the GGST showed no

group differences in response inhibition, and ¢entrary to Robertson et al's (1997) findings
with other tests thought to reflect response iniubj there was a strong relationship between

GGST and SART performance for the control, butthetdyslexic, groups.

At first glance, the finding that the teenagerdwadyslexia were impaired on the standard
SART but not the squiggle SART suggests that wexeqy at recognising the digits in the
standard SART, but did not have a deficit in susdi attention. However, the different
relationships observed between SART performancer@spbnse inhibition suggest that the
SART is a more complex task than originally indezhby Robertson et al's (1997) data. We
will therefore begin by discussing what the congobup's performance reveals about the
SART.

For the control group, response inhibition failufgsAs on the GGST) correlated
strongly with SART FAs and explained a considerahigportion of the variance in SART
FAs even after SART response times had been padialit. This shows that the ability to
prevent a planned motor response being complet@dgertant for avoiding errors on the
SART. Note that Robertson et al (1997) argued that SART measures the sustained
attention needed to overcome automatic respondinigits. Our data show that the ability to
inhibit responses that have already been initiegediso important. However, we propose that
response inhibition is only important when the sfiimare recognised automatically. For
control participants, digits should be well and iediately recognised, allowing rapid
responding that might soon be expected to becomepletely automatised. Automatic
responding requires little or no attention andaistftherefore response inhibition might be
necessary to withhold an automated response thetebeaped detection by attentional
processes. In the squiggle SART, the digits wepkaoed by novel squiggles which required
learning and therefore controlled processing, astlen the early stages of the task. If
response inhibition is only important to overridgamatic responses, then it may only have
become important to performance in the later stajdbe squiggle SART. Non-automatic
recognition of squiggles in the early stages of ggaiggle SART can thus account for the
weaker, though still statistically significant, asgtion between the squiggle SART and the
GGST. The poorer performance of controls on thegsigel SART compared to the standard
SART can also be attributed to non-automatic reitmgnof squiggles making the whole

task more resource consuming.
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For the control group, response inhibition contidol less to performance on the
squiggle SART than the standard SART. If responseibition is only needed for
withholding automatic responses, and if automaéisponding is critical for measuring
sustained attention, then the squiggle SART maw bess sensitive measure of sustained
attention than the standard SART. We suggest thatdecreased relationship between
response inhibition and SART FAs in the squigglendiion reflects low levels of
automaticity, particularly in the early stages bk ttask. Allowing participants a longer
practice session on the squiggle SART may be aavaynd this problem in future. The
larger number of FAs on the squiggle SART may oefeedifferent response criterion, rather
than greater difficulty sustaining attention. Bd#sks showed a speed-accuracy trade-off,
suggesting that at least some errors were madegegarticipants accepted a relatively high
error rate in order to continue responding quicKlyus, in conjunction with Robertson et al's
data, the data from our control group suggestdhstained attention, response inhibition and
speed-accuracy trade-off all contribute to the neindé errors made on the SART. However,
whether sustained attention and response inhibitdontribute independently to SART

performance remains a question for further research

We now move onto explaining the pattern of perfarogashown by the teenagers with
dyslexia.ln both experiments, the dyslexic group made morere on the standard SART
than did the controls, but they were not impairedte squiggle SART. As already discussed
in the discussion section of Experiment 1, one axaion is that phonological processing
problems (see Ellis, 1981), rather than a sustamtéehtion deficit, caused their poorer
performance on the standard SART. This raises tiestopn of why the dyslexic teenagers
did not slow down to compensate for the longer tthey needed to process the digits. They
showed a similar speed-accuracy trade off to tdrols, suggesting they were equally able
to monitor and control their performance. They glsdformed as well as the controls on the
GGST, showing no difficulty in response inhibitiddne possibility is higher motivation than
the control group. Therefore slower phonologicalgessing, combined with fast responding
due to higher motivation, remains one explanatiohe dyslexic group's poorer performance
on the standard SART.

However, interestingly, the GGST data for the d¥islgroup showed no contribution at
all of response inhibition ability to SART perforne. We argued above that response
inhibition is only needed to prevent completionanftomatised responses. We now extend

this argument to suggest that the dyslexic groupy imave never reached the point of
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responding automatically on either SART task. lRerdtandard SART, this may be attributed
to their phonological processing difficulty butghéxplanation cannot apply to the squiggle
SART because the stimuli were not nameable. Thexdfte data from both tasks may be
better explained by a more general automaticitycdeh dyslexia, as proposed by Nicolson
and Fawcett (1990). A stimulus recognition autonitideficit can explain why the squiggle
SART is no more difficult for the dyslexic grougsah the standard SART; recognition of
neither digits nor squiggles has been automatsedeither is more difficult than the other
and response inhibition is unimportant in both. Véas the control participants may have
begun responding automatically as they became rfaraliar with the stimuli on the
squiggle SART, the teenagers with dyslexia remainedcontrolled processing mode for the
duration of the task. The digit/ squiggle manipiolathas therefore not only altered the
phonological component of the task, but also a ammept of previously learned symbol

recognition. This is almost inevitable becauseriedrsymbols tend to be nameable.

We initially set out to discover whether the teasragwith dyslexia have difficulty
sustaining attention. The lack of a group diffeeeme false alarms on the squiggle SART
suggests that they do not. However, this conclusmust be treated with caution for two
reasons. First, the squiggle SART may not measuséaisied attention unless responding
becomes automated, and the lack of importancespbrese inhibition suggests it does not for
the dyslexic group. Second, when the squiggle SAR3 were reanalysed with reaction time
as a covariate, a group difference did emerge. Meweassuming that there is no just cause
for covarying for reaction tinfethen our data show that the dyslexic group peréat as well
on the SART as the control group, providing thé tagjuired no phonological processing or

learned symbol recognition. However, we attribuneirt equivalent performance to the poor

4 Whether or not REBhouldbe covaried for depends on whether you believih&) periods of attentional lapse cause fasteai
errors, or (ii) that faster reaction times causersrregardless of attentional state (i.e. a speedracy trade-off). If it is believed that
attentional lapses alone increase RT [option {fjgn covarying for RT removes the very effects rakiiest because RT and FAs are
statistically and logically inseparable. Howevéit is believed that going too fast on the SARTis@s errors then either (hard version) the
SART is not a measure of attention at all, merélgre's criterion with respect to speed-accuracysaft version) although the SART is a
good measure of attentional lapse, a speed-acctres-off is also involved. We argued above that$3ART measures a combination of
attention, response-inhibition and speed-accunaaietoff [see also Manly et al (1999)]. Since iinpossible to separate RTs that reflect
speed-accuracy trade-off from those that reflenéibnal lapse, covarying for RT presents a tripkgblem. It reduces the noise due to
different response criteria but also removes sohtheovariance of interest i.e. the effects of itenal lapse. The second main issue with
respect to the use of covariates is whether #iistb match groups on reaction time at all. Gittes evidence already discussed for slower
reaction times for dyslexic groups on some taskgching groups on the basis of reaction time magdoepletely unjustified.
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automatisation of the squiggle SART by both groupsher than to their equal sustained

attention abilities.

We conclude that the SART paradigm depends on aittomecognition of stimuli
leading to automated responding and that, becausédékely that neither digits nor squiggles
are recognised automatically in dyslexic teenaghesSART paradigm is not a good one for
dyslexia research into attentional lapses. Furtbezm when stimuli are recognised
automatically, response inhibition is an importasdmponent of the SART, although
sustained attention is likely to be necessary aeoto inhibit responses. When stimuli are
novel and not recognised automatically, there ispaed-accuracy trade-off but response
inhibition is less important. Results of the Go-&&tpp Test suggest no response inhibition

deficit in dyslexia.
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Table 1. Psychometric data for each group of pgaats in Experiment 1. (D=dyslexic,

C=control). Range shown in parentheses.

Group n Mean Age Mean IQ Mean RA | Mean ADHD
D15 8 |14.613.5-15.2) |113(96-134) | 13.4 (9.3-17) 1.0 (0-6)
Ci15 O |15.0(13.8-16.0)| 116(101-129) | 16.2 (14.0-17+ 0.1(0-1)
D19 6 |19.0(17.3-20.9)| 115(101-131) | 12.8 (9.3-16.0) 0.3(0-1)
C19 5 118.8(17.8-19.5)| 114(96-130) 17+ 0.0

" Three of the participants in this group had caughwith their reading since time of diagnosis. §he

were teenagers of high 1Q. Their spelling ages mne@dbsignificantly lowered.
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Table 2. Mean False Alarm (FA: non-withheld respto 3s) and Reaction Time (RT:
in milliseconds) data for the four groups (standatdviations shown in parentheses) in

Experiment 1.

FAs(max.25) |RTstonon-targets RTstotargets (FAS)
D15 14.8 (2.8) 326 (50) 278 (45)
Ci15 10.3 (4.6) 373 (96) 282 (37)
D19 13.7 (3.3) 334 (54) 295 (43)
C19 11.0 (4.7) 297 (49) 253 (40)
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Table 3. Psychometric data for each group of pgrtiats in Experiment 2. (D=dyslexic,

C=control). Range shown in parentheses.

Group n Mean Age Mean IQ Mean RA Mean ADHD
D15 9 |155(14.2-16.4)| 107 (90-126)| 132 (9.0-1%) 1.0 (0-6)
C15 7 |15.8(14.5-16.9)| 116 (101-129 16.4 (13.3-17) (0:8)
D19 9 |19.6(18.0-21.6)| 119 (101-131 14.5 (9.6-17 (0:8)
C19 9 |19.7(18.5-20.2)| 118 (96-129) 17+ 0.0
§

The anomalous score of 17 derives from one dysl@adicipant who has been

diagnosed some years previously and had subseyuesde exceptional progress in reading.
Nonetheless, his spelling was very poor. In addiboe of the controls had fallen behind in
his reading somewhat since leaving education. Perbfinterest is that this person was also
the control with the highest ADHD score. This pautar participant has been in the control
panel at the University of Sheffield for severahgge so was left in the analyses as a control.
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Table 4. Mean FAs and mean correct RTs made irstdwedard and squiggle SART

versions in Experiment 2 (standard deviations showparentheses).

FAs. standard | FAs:squiggle RTsstandard | RTs.squiggle
D15 14.2 (6.26) 14.4 (6.33) 320 (64) 364 (97)
C15 8.9 (2.76) 11.3 (2.55) 330 (56) 374 (65)
D19 13.6 (3.78) 15.9 (3.44) 313 (85) 359 (81)
C19 11.2 (6.38) 14.11 (5.28) 265 (52) 311 (62)
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Table 5. Table showing the mean number of FAs badrntean RT on no stop trials for

the four groups of participants in Experiment 2(&tard deviations shown in parentheses).

Mean FAs GoMean RT
D15 15.6 (7.44) 687 (92)
C15 14.2 (8.26) 682 (37)
D19 14.6 (4.43) 682 (80)
C19 18.1 (7.91) 633 (142)
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Figure 1. The Squiggles (target enclosed in box)
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