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Abstract

Recent research has found links between working memory and performance on National
Curriculum tests. However, these studies have employed only verbal complex span tasks as
measures of the central executive component of working memory. I the present study, chil-
dren at Key Stages 2 and 3 of the National Curriculum {aged 11 and 14 years) were tested on
measures of the phonological loop and visuospatial sketchpad as well as both verbal and non-
verbal central executive tasks, Confirmatory factor analysis identified two factors: one verbal
working memory factor associated with both the phonological loop and verbal central execu-
tive tasks, and one non-verbal working memory factor associated with both the visuospatial
sketchpad and non-verbal central executive tasks. Further analyses were then used to explore
the relationship between working memory and National Curriculum test scores in English,
mathematics and science. The results suggested that both verbal and non-verbal working
memory are important predictors of National Curriculum test scores.

Introduction

The term "working memory’ refers to a limited capacity system responsible for the simul-
taneous storage and manipulation of information during the performance of cognitive
tasks (Baddeley, 1986). In recent years there has been considerable interest in the role of
working memory in the development of skills in key scholastic domains including vocab-
ulary (Daneman & Green, 1986), literacy (e.g. de Jong, 1998; Swanson, 1994) and arithmetic
(Bull & Scerif, 2001). However, the resources proposed to underlie performance on working
memory tasks differ widely across alternative models.

According to the most widely accepted model (Baddeley & Hitch, 1374; Baddeley, 2000)
working memory consists of four components. At the heart of working memory is the
central executive systerm, a domain general limited capacity system capable of contrelling
resources and monitoring information processing (e.g. Baddeley, 1986, 1996, Baddeley &
Hitch, 1974; Baddeley, Emsiie, Kolodny & Duncan, 1998). The central executive system is
supported by two domain-specific storage components: the phonological loop that is
responsible for the maintenance of auditory information, and the visuospatial sketchpad
that is specialised for dealing with visual and spatial information. Baddeley (2000) recently
identified the episodic buffer as a further subcomponent of working memory, responsible
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for integrating information from the subcomponents of working memory and long-term
MEemory.

Other theorists have conceptualised working memory as a limited capacity system where
processing and storage operations compete for a limited pool of resources {e.g. Case,
Kurland & Goldberg, 1982, Daneman & Carpenter, 1980; Just & Carpenter, 1992). The
working memory in this theory corresponds approximately to the central executive system
within the Baddeley and Hitch (1974} model of working memory (Just & Carpenter, 1992).

Working memory is often assessed using complex span tasks, which require simultaneous
processing and storage of information. According to Baddeley and Logie (1999), complex
span performance relies upon a combination of domain-specific and domain-general
resources, the wvisuospatial sketchpad and the phonological loop supporting domain
specific storage, with processing drawing upon domain general resources. [n addition, the
central executive supports the coordination of processing and storage operations required
in these tasks (Baddeley, 19%6).

The contrasting view {Case, Kurland & Golcberg, 1982; Daneman & Carpenter, 1980; just
& Carpenter, 1992) is that a single working memory system supports both the storage and
processing requirements of complex span tasks, Consistent with this view, performance on
complex span (asks with different processing requirements, for example involving either
language or numbers, are highly correlated with one another {e.g. Engle, Cantor & Carullo,
1992; Kyllonen, 1993; Shute, 1991; Turner & Engle, 1989). Other studies, however, have
found marked dissociations between verbal and spatial complex span tasks (Jurden, 1995;
Shah & Miyake, 1996). For example, Shah and Miyake (1996) found no significant correla-
tion between verbal and spatial complex span measures. They used the reading span task
(Daneman & Carpenter, 1980) in which participants read aloud sentences, while remem-
bering the last word of each sentence. The spatial task involved performing a spatial trans-
formation while keeping track of spatial locations. Scores significantly correfated with
spatial abilities but not with verbal abilities. Correspondingly, the verbal complex span
measure was correlated with verbal ability, but not spatial abilities, suggesting separate
pools of resources for the two domains.

The different subcomponents of working memory have close links with a number of
aspects of learning. Within the Baddeley and Hitch {1974) model of working memory,
phonological loop skills have been associated with vocabulary acquisition in children with
learning difficuities {e.g. Hulme & Mackenzie, 1992; Hulme & Roodenrys, 1995; Jarrold &
Baddeley, 1997; Jarrold, Baddeley & Hewes, 1999; Russell, Jarrold & Henry, 1996), children
with specific language impairment {e.g. Gathercole & Baddeley, 1990), and also within typi-
cally developing chiidren {Gathercole & Adams, 1994; Gathercole & Baddeley, 1989; Michas
& Henry, 1994). Scores on measures on central executive functioning have also been asso-
clated with vocabulary acquisition {e.g. Henry, 2001), language comprehension {(e.g.
Swanson & Ashbaker, 2000; Yuill, Oakhill & Parkin, 1989), and reading (Siegel & Ryan,
1989; Swanson & Ashbaker, 2000). Furthermore, all three of the main components of
working memory have been associated with mental arithmetic (e.g. Dark & Benbow, 1990;
De Rammelaere, Stuyven & Vandieredonck, 2001; Furst & Hitch, 2000; Hitch, 1978
Reuhkala, 2001; Seitz & Schumann-Hengsteler, 2000).
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Working memory skills have also been found to be closely assoclated with performance on
National Curriculum tests in England, in which all children in state schools are classified
according (o nationally expected standards in terms of their academic achievement
Children are assessed at three key stages, at 7, 11 and 14 years of age. At Key Stage 1 (for
children aged 7 years) children are assessed on tests of English and mathematics, and at
Key Stages 2 and 3 {ages 11 and 14) children are formally assessed on tests of English, math-
ematics, and science. Gathercole and Pickering (2000) found that children with low levels
of performance on National Curriculum tests at 7 years of age showed marked impair-
ments on measures of central executive functioning and of visuospatial memory.
Gathercole, Pickering, Knight and Stegmann (in press) also found strong links between
working memory and attainment levels in English and mathematics at 7 years of age, and
links between working memory and mathematics and science at 14 years of age. Al 14
years, working mernory showed little association with English assessments,

However, each of the complex span tasks employed by Gathercole and Pickering (2000)
and Gathercole et al {in press) to tap central executive capacity were predominantly
verbal in nature, invelving for example the recall of the final words in sentences or
sequences of digits in reverse order. An outstanding issue is whether in the light of
evidence that verbal and spatial complex span tasks tap distinct resources (Jurcen, 1995;
Shah & Miyake, 1996), non-verbal complex span tasks are uniquely related to school
achievements.

The prifmary aim of the present study was to examine whether there is evidence for sepa-
rate verhal and non-verbal central executive resources in children and if so, if the two have
distinguishable dissociations with performance on National Curriculum tests. A further
aim was 1o establish whether previous findings of links between working memory and
National Curriculum test scores (Gathercole & Pickering, 2000; Gathercole et al,, in press)
could be extended to Key Stage 2 (11 years of age) of the National Curriculum as well ag
Key Stage 3 (14 years of age).

Method

Participants

The participants were 55 children (23 boys and 32 girls) with a mean age of 11 years and 6
months (8D = 3.24 months, range 10 years 11 months to 11 years and 9 months) and 73 chil-
dren (35 boys and 38 girls) with a mean age of 14 years and 5 months (SD = 3.00 months,
range 13 years 10 months to 14 years 9 months}). The two groups of children were from two
different local education authority schools in a suburban area of a city in north-east
England. The socioeconomic background of the pupils at both the schools was mixed, but
well above average. Percentages of pupils achieving level 4 or above on National
Curriculum tests at 11 years of age were 81 per cent in English, 61 per cent in mathematics
and 74 per cent in science, higher than percentages achieved nationally (65 per cent, 59 per
cent and 68 per cent respectively). The percentages of pupils at 14 years of age achieving
level 5 or above were 62 per cent in English, 67 per cent in mathematics and 68 per cent in
science, in excess of the national percentages of 56 per cent, 59 per cent and 60 per cent,
respectively. Both the working mernory assessments and the National Curriculum tests
were conducted during the summer term of the school year.
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Procedure

All children took part in one testing session in which eight working memory tasks were
administered. Two tasks tapping each putative aspect of working memory were used in the
study. There were two measures of the phonological loop, taken from the Working Memory
Test Battery for Children (Pickering & Gathercole, 2001), and two of the visuospatial
sketchpad. Two verbal complex span tasks, listening recall and backwards digit recall, were
used along with two nenverbal complex span tasks, the spatial span task (Shah & Miyake,
1996) and the odd-one-out task, to tap the central executive component of working memaory.

Fach child was tested individually in a quiet area of the classroom. The order of presenta-
tion of the tasks was held constant with phonological loop tasks administered first.
Visuospatial sketchpad tasks were administered second, followed by verbal and then non-
verbal central executive tasks. A fixed order of testing across all children was empioyed in
order to minimise individual variation due to differences in testing sequences.

Phonological loop tasks.

Each participant completed the digit recall test from the Working Momory Test Battery for
Children (Pickering & Gathercole, 2001). Participants are asked to recall, in the same order,
sequences of digits spoken aloud by the experimenter. The digits are presented at the rate
of one per second. Testing begins with three trials at a list length of two digits. The number
of digits then increases by one every three trials until two lists of a particutar length are
recalled incorrectly. The score given is the maximum list length at which three sequences
are recalled correctly. Test-retest reliability for digit recall is .82 for children aged 9 (o 11
years (Pickering & Gathercele, 2001).

In the word recall test (Working Memory Test Battery for Children, Pickering & Gathercole,
2001) participants are asked to recall, in the same order, sequences of monosyllabic words
spoken aloud by the experimenter. The structure of testing is identical to that for the digit
recall taslk, but the score given is the maximum list length at which at least two out of three
trials are recalied correctly, with an extra half a point if one out of three is correct at the next
list length, Test-retest reliability for word recall is .64 for children aged 9 to 11 years
(Pickering & Gathercole, 2001},

Visuospatial sketchpad tasks

The Visual Patterns Test (Della Sala, Gray, Baddeley, Allamaho & Wilson, 1999} was admin-
istered to all children. Although it was originally developed for use with adults, it is suit-
able for use with children and can be normed alongside the Working Memory Test Battery
for Children (Pickering & Gathercole, 2001). Participants are required to remember and
recall chequerboard patterns. Each pattern is created by filling in half of the squares in a
given grid. Following a practice trial, there are three trials at each grid size, from a 2 x 2
matrix o a 5 x § matrix. Each pattern is presented for three seconds, but there is no time
limit for responding. The score given is the level of complexity (the number of filled squares
contained by the grid) at which at least one of the three patterns is recalied correctly.

The dynamic matrices task is a computerised version of the Corsi blocks task, developed
for the purpose of this study. The test was presented using Microsoft PowerPoint on a
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personal computer with a 33 cm monitor. Matrices increasing in size in the same manner as
for the visual patterns test were presented in the centre of the screen. Squares within the
matrices changed from white to black for one second in sequence. The participant was then
asked to recall the sequence. The sequences were random with no location being high-
lighted more than once within a trial. The level of difficulty was increased by increasing the
number of squares that went from white 1o black in a trial. Following a practice (rial there
were three trials at each level of difficulty. The score given was the longest sequence at
which at least two of the three sequences were correctly reproduced.

Verbal central executive tasks

In the listening recall task (Working Memory Test Battery for Children, Pickering &
Gathercole, 2001) participants hear a series of sentences and are asked to judge the veracity
of each. At the end of each trial they are asked to recall the final word from each sentence.
After two practice trials, each participant is given four trials with two sentences. After each
four trials the number of sentences is increased by one. When two trials at any list length
are incorrectly recalled, then the test ends. Each participant is given a score of the maximum
list length at which they are correct on at least three out of four trials, and an additional half
a point if correct on two trials at the next list length. Test-retest relfability for listening recall
is .38 for 9- to 11-year-old children (Pickering & Gathercole, 2001).

The backwards digit recai} test (Working Memory Test Battery for Children, Pickering &
Gathercole, 2001) reguires each participant to recall a sequence of spoken digits (between
one and nine) in reverse order. The structure of the testing includes discontinuation and
scoring criteria the same as for the digit recall test outlined above. Test-retest retiability for
backwards digit recall is .71 for children aged 9 to 11 years (Pickering & Gathercole, 2001).

Non-verbal central executive tasks

The spatial span task (Shah & Miyake, 1996) was modified for the purposes of the present
study in order to eliminate any involvement of long-term memory or verbal working
memory. The test stimuli were thus five nonsense shapes presented either in a normal view
or as a mirror image, in one of eight spatial orientations. Each participant was required to
state whelher each shape presented was ‘normal’ or a ‘mirror image’ of an original shape,
while keeping track of the orlentation of each shape. After each trial at list lengths of two
to seven shapes, the participant was asked to recall the position of the top of each shape.
Each shape was shown for only two seconds to minimise the possibility that participants
delay the mental rotation in order to rehearse the orfentations. Participants were given a
score of the longest list length at which they were correct on at least two out of the three
trials. They were given half a point extra if they were correct on one out of three trials at the
next list length

The odd-one-out task {based on the procedure used by Russell et al. 1996) consisted of sets
of three shapes. Two of the shapes were identical and one was different. The participant’s
task was to indicate the odd one out. Each set of three shapes was shown for only two
seconds. then immediately followed by another set, to minimise the possibility that partic-
ipants delayed the judgement of the odd one out to rehearse the spatial locations.
Following each trial {in list lengths of two (o seven) the participant was asked to recall the
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spatial location of all the odd-one-out shapes. The participant was given a score of the
longest list length at which they were correct on at least two out of three trials. An extra haif
a point was awarded if the child macle a correct response on one out of the three trials at
the next list fength,

National Curriculum tests

The schools supplied attainment fevels in English, mathematics and science for each pupil.
These levels were based on standardised tests taken in the summer term, and were inde-
pendent of teacher assessments of ability. At Key Stage 2, English test scores incorporate
measures of reading, writing, speliing and handwriting. Two mathematics papers and a
mental arithmetic test are used (o generate a mathematics score, and there are (wo science
papers. Fach test has high reliability, with Cronbach’s alpha for each subtest ranging from
86 t0 .89 {QCA, 2001). Attainment levels provided for each child range from 3 to §, with
level 4 Indicating nationally expected standards. At Key Stage 3 English assessments differ
somewhat from at Key Stage 2, assessing more complex abilities, For example, within the
‘reading’ subtest of English, children have to demonstrate their understanding of literature
and make comments on reacler-writer refationships within text. Again, a mathematics score
is generated from mathematics and mental arithmetic tests, and there are two science
papers. Cronbach's alpha for subtests range from .85 to .94 {QCA, 2001). The levels of
attainment at this Key Stage range from 3 to 8, with levels 5 and 6 indicating nationally
expected standards.

Results

Descriptive statistics for all the working memory measures and National Curriculum test
Jevels are presented in Table 1. Within both age groups, skew and kurtosis for all measures
met criteria for muiltivariate normality (Kline, 1998}, No univariate or mulitivariate outliers
were identified.

Table 1. Descriptive statistics of working memery measures and National Curriculum test
scores for English, mathematics and science

Key Stage 2 Key Stage 3
Measures Mean SD Mean SO
Working memory measures
Digit recall 4.82 0.92 5.21 0.93
Word recall 3.28 0.64 3.75 072
Visuat patterns 7.24 1.32 8.41 1.31
Dynamic matrices 3.29 0.92 3.56 0.76
Listening recall 2.81 0.74 312 1.60
Backwards digit 4.00 0.92 4.56 0.85
Spatial span 250 0.59 3.08 0.40
Odd-one-out 348 0.80 3.60 0.77
National Curricuium tests
Engiish level 4.44 0.74 5.89 1.14
Mathematics fevel 4.26 0.78 588 1.46
Science level 4,53 0.60 542 1.10
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Table 2. Zero order correlation coefficients between the working memory measures and
national curriculum attainment levels; upper triangle displaying coefficients for Key Stage 2
fower triangle displaying coefficients for Key Stage 3

1 2 3 4 5 6 1 8 9 W N 12

Age - 32% 38* 14 40 26 .21 37 20 06 19 .26

1

2 Digit recail 45~ Agre B B3 22 37 40 31 340 44
3 Word recall 34% B3P~ AT* B4* 30* 468%™ 32¢ .36% 40% 53 3T
4 Backwards digit J3B*% 56 38% -~ 1 32¢ 35" 26 .38 38%% 497 27
5 Listaning recall 27 ABT 347 43¢ - A7FF 0 BgR B14 470 4G6*F 58 46
6 Visual patterns A8 .30t 37 4zt 3T - SB* B1v J2R 290 467 42
7 Dynamic matrices 08 .19 .20 35 17 B -, BEFC G2 33% 57RO 38%
8§ Odd-one-out g9 .43* 37t 87T 27 33 25 - B0 427 B4rt AGYT
9 Spatial span 19 18 28T 33T 26% 41 44t 35Y - 26 AT AT
10 English leve! A7 3B 4T B0*% B2 36 25¢ 45T 3T - T80T
11 Mathematics lovel .05 .23% 407 4T 371%™ 42%% 32 48* 477 T3 - 68
12 Scignce level 09 21 A4% 5DM 24%  34%Y 22 4BY 417 657 85T -

e 08 p < 01

Correlational analyses

The correlation matrix of the working memory tasks and the National Curriculum attain-
ment levels is presented in Table 2. Age is also included. The upper triangle displays corre-
lation coefficients at age 11, and the lower triangle displays correlation coefficients at age 14.

At 11 years of age, age was significantly correlated with digit recall, r(53) = .32, p< 05, word
recall, r(53) = .36, p < .01, listening recail, r(83) = 40, p< 01 and odd-one-out scores, r(53} =
37, p<.01. At 14 years of age, age was significantly correlated to digit recall, 1(71) = .45, p
< 01, word recall, r(71) = .34, p < .05, listening recall, 1{71) = .27, p< .05 and backwards digit
recall, {71} = .36, p < 0L

The majority of the scores on the working memory measures were also significantty corre-
Jated with each other. The correlation coefficients between scores on the two tasks aimed at
tapping the phonological loop were significant at age 11, r(53) = .49, p< .01 and age 14, r(71)
= .53, p < 01, as were those between the two tasks aimed at tapping the visuospatialk
sketchpad, r(53) = .56, p< .01, #(71) = .56, p < .01. Scores on the two verbal central executive
tasks were also significantly correlated in both age groups, r(53) = .61, p < .01, r (72) = .43,
p= .01, as were those on the two non-verbal central executive tasks, r(83) = .50, p< .01, r{71}
=35 p=<.0L

The correlation coefficients between scores on phonological foop and verbal central execu-
tive tasks were also highly significant in both age groups, the highest correlation being
between digit recall and backwards digit recall, r(83) = .76, p < .01, r(71) = .56, p < .01. Scores
on visuospatial sketchpad and non-verbal central executive tasks were also significantly
correlated in both age groups, the highest correlations being between scores on the visual
patterns test and spatial span, r(53) = .72, p < .01, r{71) = .41, p< 0L :

Correlational analyses also revealed that at 11 years of age, odd-one-out scores correlated
highly with scores on non-verbal tasks such as dynamic matrices, r(58) = .55, p < .01, and
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the visual patterns test, r(53) = .51, p < .01. However, at 14 years of age, the odd-one-out task
correlated more highly with tasks within the verbal domain, such as backwards digit span,
r{71) = .57, p< 0L

Highly significant correlations were also found between a number of the working memory
measures and National Curriculum attainment levels. At Key Stage 2 the strongest associ-
ations were found between English levels and listening recall, r{53) = .46, p < .01, and math-
ematics levels and listening recall, r(53) = .58, p < .01. Science scores were highly correlated
with listening recall, r{83) = 46, p < .01 as well as odd-one-out scoves, r(83) = .46, p < .01,
and spatial span, r(53) = 47, p < .01, At Key Stage 3 the strongest associations were found
between English levels and backwards digit recall, r(71} = 50, p < .01, and listening recall,
r(71) = .52, p = .01. Mathematics levels were most strongly associated with odd-one-out
scores, 1{71) = .48, p < .01, and spatial span, r(71} = 47, p < .01, as well as hackwards digit
vecall, r (71) = 47, p < .01, Science levels were most highly correlated with backwards digit
recall, 1(71) = 50, p < .01, and odd-one-out scores, r{71) = .48, p < .01.

In order to evaluate the extent to which unigue associations were obtained between working
memory tasks and National Curriculum attainment levels, composite scores were calculated
for the phonological loop, visuospatial sketchpad, verbal central executive and non-verbal
central exccutive by averaging the z scores on the associated tasks. Partial correlations
between each construct and English, mathematics and science scores were calculated, elim-
inating variance related to age and the other working memeory constructs in each case.
Corresponding correlational analyses were conducted partialling out variance associated
with age andl the constructs in the opposite domain, for example, in the partial correlations
involving the phonological loop the visuospatial constructs (visuospatial sketchpad and
non-verbal execulive) were partialled out. Flowever, the high correlations between the odd-
one-out task with tasks in the verbal domain at age 14 suggest that the task tapped a verbal
rather than a non-verbal construct. Scores on the odd-one-out task were therefore excluded
from further analysis of the data at 14 years of age, with the spatial span task used as asingle
measure of non-verbal executive processes. This procedure is highly conservative, given the
high degree of intercorrelations between the variables but does provide a very stringent test
of the specificity of the relationships between the components of working memory and
attainment. The partial correlation coefficients are presented in Table 3.

The partial correlations revealed that when the other three working memory constructs
were taken in to account, the only unique link between working memory and National
Curriculum attainment levels at Key Stage 2 was that between nonverbal central executive
scores and science, r{49) = .29, p < .05. The few significant partial correlations, however,
were likely to be a result of the high intercorrelations between stmple and compiex span
tasks within the same domain. When partialling out only the constructs in the opposite
domain, i.e. verbal or non-verbal as appropriate, a stronger pattern of associations
emerged. The verbal constructs (phonological loop and verbal central executive) were
highly correlated with English levels, r{50) = .33, p < .01, r(5) = .33, p < .01, and mathematics
levels, r(50) = .41, p < .01, r(50) = .39, p < O1. The visuospatial constructs {the visuospatial
sketchpad and non-verbal central executive) were significantly related to mathematics
levels, r(50) = .39, p < .01, r(50) = 44, p < .01, and science levels, r{50) = .30, p < 01, r(50) =
40, p< 01. At Key Stage 3 even when all other working memory constructs were partialled
oul, verbal central executive scores were significantly correlated with levels in English,
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Table 3. Partial correlation coefficients between working memory constructs and attainment

levels in English, mathematics and science

_Working memory construct

Working memory construct

Assessment PL VSSP VCE  NVCE  SS PL. VSSP VCE NVCE 8§
Constructs  VSSP PL PL PL PL VISP PL VSSP PL PL
partiailed YCE  VCE  VSSP VSSP VSSP NVCE/ VCE NVCE/ VCE VCE
out! NVCE/ NVCE/ NVCE/ VCE  VCE SS SS

N 35 sS
Key Stage 2
English 4 -00 13 a7 - 3316 A3 23 -
Mathematics 19 a7 15 20 - A1 390 397 44
Science -03 02 a2 29* - 08 30% 15 407 -
Key Stage 3
English 21 00 R 20 39 08 N AR 21
Mathernatics 17 A3 .25% - 32% 290 260 34 - 38%
Science 18 02 23 - 28* 3 4 33 - 3

Note: PL = phonological toop; VSSP = visuospatial sketchpad; VCE = verbal central executive; NVCE = non-verbal central
executive; 35 = spatial span.
e 057 p < 01

H{67) = 41, p < .01, and mathematics, r(67) = .25, p < .05, and non-verbal central executive
scores were significantly correlated with mathematics levels, r(67) = .32, p < .01, and science
levels, r(67) = .28, p < .05. When controlling for constructs in the other domain phonolog-
ical loop scores were also significantly correfated with levels in English, r(68) = .39, p < .01,
mathematics, r{68) = .29, p < .05 and science, r(68} = .31, p < .05 and visuospatial sketchpad
scores were correlated with mathematics levels, r(68) = .26, p < .05

Factor analysis

Factor analysis and structural equation modelling were then conducted using the EQS 6
structural equation package (Bentler, 2001}. The purpose of this approach was to test,
formally, different theoretical models of the relationships between latent constructs tapped
by a number of measures. Each model assessed in structural equation modelling generates
coefficients for the paths between constructs and variables, indicating the strength of rela-
tionships. A number of statistics are produced that indicate the goodness of fit of the model
to the input correlation matrix. By comparing the fit indices across competing models it is
possible to find the best theoretical account of the data.

Consider first the data from the children at 11 years of age. Four models of the structure
of working memory were tested. The first model (CFAY) corresponded to the standard
Baddeley and Hitch (1974) working memory model with three factors representing the
central executive, phonological loop and visuospatial sketchpad. The second model
(CFA2a) fractionated the central executive in to distinct verbal and non-verbai compo-
nents (Shah & Miyake, 1996), and was therefore composed of both verbal and nan-verbal
central executive components in addition to the phonological loop and visuospatial
sketchpad. The third model {(CFA3a) eliminated the distinction between the central exec-
utive and (he two domain-specific storage systems and consisted of one verbal factor
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Figure 1a. Diagrammatic representation of the confirmatory factor analysis models
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incorporating the phonological loop and verbal complex span measures, and one non-
verbal factor including both the visuospatial sketchpad and non-verbal complex span
measures. In the final model (CFA4), all of the working memory tasks were associated
with a single common factor. A diagrammatic representation of these models is shown in
Figures 1a and 1b.
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The fit statistics for these models for the Key Stage 2 data are presented in Table 4. The fit
statistics used are chi squared (1), the comparative fit index (CFi) (Bentler, 1980}, Bollen’s
incremental fit index (IFD), the standardised root mean square of the model residuals
(SRMR), and the root mean square error of approximation (RMSEA}. The best-known index
of fit is 2, which measures the degree to which the covariance’s predicted by the model
differ from the observed covariances. Small and insignificant %? values indicate good fit.
CFI and IF] indicate the extent to which the model is better than a baseline model with all
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Figure b, Diagrammatic representation of the confirmatory factor analysis models
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covariances set to zero. Values should equal or exceed .90 for adequate fit of model to the
data. The SRMR is the square root of the averaged squared residuals, i.e. differences
between observed and predicted covariances. A value of 0.08 or less represents acceptable
goodness of fit (Hu & Bentler, 1999). The RMSEA is also a measure of the discrepancies
between observed and predicted covariances, and values less than .05 correspond to a good
fit and values less than .08 correspond to an acceplable fit.

Model 1, the standard three-factor working memory model, did not provide satisfactory fit
to the data (both fit indices < .90). The model that yielded fit inclices (CFI and IF]) in excess
of 90 was the two-factor domain-specific model composed of one verbal and one non-
verbal factor (CFA3a}. It should, however, be noted that the fit of this model was not ideal.
The ¥? value was significant (p = .03) and the RM3EA value was .11. The factor loadings and
item error terms for this model are presented in Figure 2a. All loadings and variances are
significant at the .05 probability level.
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Table 4. Goodness of fit statistics for the estimated models

i"_\_/‘iu{;!el s y? p CFl IFl SRMR RMSEA
Key Stage 2

CFAY 17 555 00 80 A1 A1 21
CFA2a 16 41.3 Q0 87 .88 24 7
CFA3a 18 32.0 03 93 .94 09 1
CFA4 20 72.9 L0 g2 T3 a2 22
SEM 49 56.3 21 87 97 08 05
Key Stage 3

CFA1 11 14.7 20 98 98 07 07
CFA2b 9 22.8 01 .86 88 16 A5
CFA3bL T4 11.4 58 1.0 1.0 05 00
CFA4 T4 28.5 01 B5 86 09 A2
SEM 39 47.2 A7 97 97 08 05
Note: CFl = Bentler's comparative fit index; IFl = Bollens incrementai fit index; SRMR = standardised root mean sguared
residual; RMSEA = root mean square error of approximation

The factor ivadings produced in the best fitting, two-factor confirmatory factor analysis
model ({CFA3) were then incorporated into a structural equation mode! (SEM) in which
verbal and non-verbal working memory predicted English, mathematics and science
scores. In the model, hoth verbal and non-verbal factors were causaily finked with a singie
attainment factor associated with English, mathematics and science attainment levels. The
fit indices produced for this modei are shown in Table 4. Alternative models in which
verbal and non-verbal working memory differentially predicted English, mathematics and
science were also tested, but failed to satisfy statistical criterta for a good fit.

Figure 2. Confirmatory factor analysis model and fuil structural equation model for Key Stage 2
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This model provided an excellent fit to the data, with a CFI of .97, an RMSEA value of .05,
and a non-significant ¥ value (p = .21). In this model highly significant paths existed
petween each working memory domain and attainment: for verbal working memory the
standardised path coefficient was .40, p < .05, and for non-verbal working memory the stan-
dardised path coefficient was .43, p < .06. A structural equation model diagram of this
maodel is presented in Figure 2b.

Corresponding analyses were then performed on the data from the 14-year-old children. As
with the younger children, four confirmatory factor analysis models of the structure of the
working memory assessments were tested. Models CFAZb and CFASD differed in one
respect. As a result of the high correlations between the odd-one-out task anc the verbal
measures al Key Stage 3, the odd-one-out task was not included during modelling, Thus in
CFA2b Spatial Span was used as a single indicator of nonverbal central executive capacity
and in CFA3L only visual patterns, dynamic matrices and spatial span were used as
nonverbal working memeory indicators. For a diagrammatic representation of the models
assessed for children aged 14 see Figure 1 (CFA1, CF2b, CFA3b, CFA4). The fit statistics for
these models are presented in Table 4.

Model 1, with separate phonological loop, visuospatial sketchpad and central executive
factors produced fit statistics indicative of a satisfactory fit (both fit indices > 90). However,
all the fit statistics [or modef 3b with one verbai and one nen-verbal working memory
factor indicated improved indices from model 1. The fit indices {CFI and [F]) were both 1.0
and the RMSEA value was .00. Factor loadings and item error terms for this model are
shown in Figure 3. All loadings and variances ave significant at the .05 probability level.

The factor loadings from the two-factor confirmatory factor analysis model were then
incorporated into a structural equation model (SEM) in which the verbal and non-verbal

Figure 3. Confirmatory factor analysis model and full structural equation model for Key Stage 3
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factors predicted National Curriculum scores, In the model, the two working memory
factors were both specified as predictors of a single attainment factor that was associated
with linglish, mathematics and science. The fit indices for this model are shown in Table 4.
Alternative models in which verbal and non-verbal working memory differentially
predicted English, mathematics and science were also tested, but failed to satisfy statistical
criteria for a good fit.

This model provided an excellent fit to the data, with a CFL of .97, an RMSEA of .05, and a
non-significant ¥? value {p = .17). In this model highly significant paths existed between
each working memory domain and attainment: for verbal working mermory the standard-
ised path coefficient was .46, p < .05, and for nenverbal working memory the standardised
path coefficient was .29, p < .05. A structural equation model diagram of this model is
presented in Figure 3b.

Discussion
This study provides direct evidence for links between working memory and performance

on National Curriculum tests at 11 and 14 years of age. Both verbal and non-verbal working
memory predicted attainment at both ages.

The results build upon previous evidence of relationships between National Curricutum
test scores and working memory at 7 years of age and at 14 years of age (Gathercole &
Pickering, 2000; Gathercole et al., in press) and findings of the involvement of the phono-
logical ioop, visuospatial sketchpad and central executive components of working memory
in domains of skill related to education (e.g. Gathercole & Baddeley, 1993; Seitz &
Schumann-Hengsteler, 2000; Reuhkala, 2001). It should, however, be noted that the present
findings of close associations between working memory and attainment in English at Key
Stage 3, are inconsistent with previous reports {Gathercole ef al., in press) and provide little
evidence for developmental changes in the contribution of working memory to the acqui-
sition: of knowledge and skill in language,

Detailed analysis of interrelations between specific working memory tasks and attainment
indicated that complex span tasks that are associated with the central executive in the
Baddeley and Hitch {(1974) model of working memory were most closely related to attain-
ment in all curricutar areas. The central executive was uniquely correlated to attainment at
Key Stage 3. Verbal central executive tasks were significantly correlated with attainment
levels in English and mathematics. Spatial span, an index of non-verbal central executive
processes, was significantly correlated with mathematics and science levels. The two slave
systems, however, were not uniquely related to levels in English, mathematics and science.
This supports previous evidence that the central executive in particular plays a crucial role
in the acquisition of complex cognitive abilities and skills such as literacy, comprehension
and arithmetic {e.g. Bull, Johnson & Roy, 1999; Swanson, 1964; Yuill et al., 1989).

It should, howeves, be noted that the data did not provide strong support for the specific
Baddeley and Hitch (1974) mode! of working memeory incorporating a domain-general
central executive and subsidiary domain-specific storage systems. As tasks used in the
present study all incorporated a storage element, it was not possible to assess the unique
contributions of storage and processing to attainment in the present study: The finding of a
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dissociation between verhal and non-verbal working memory however, are consistent with
those of Shah and Miyake (1896), who found evidence for separate pools of resources for
verbal and spatial working memory, and further extend these findings to 11- and 14-year-
old children,

Detailed analysis also revealed that the predlictive relationships between verbal and non-
verbal working memory abilities and school achievements reveal a marked degree of
domain specificity (e.g. see also Daneman & Carpenter, 1980; Daneman & Tardiff, 1987;
Shah & Miyake, 1996). Partial correlations revealed that verbal working memaory lasks were
uniquely associated with English and mathematics performance, whereas visuospatial
tasks shared unique links with mathematics and science. One apparent developmental
change in (he assoclations between working memory and altainment concerns science,
Verbal complex span tasks were uniguely correlated with science scores at 11 years of age,
but not at 14 years of age. In addition, it is notable that non-verbal working memory
contributes rather less (o attainment at Key Stage 3 than at Key Stage 2.

A further important difference between the two age groups concerns the correlations
between the odd-one-out task and the other working memory measures. At aged 11, odd-
one-out scoves correlated highly with other non-verbal measures but at aged 14 it correlated
highly with verbal measures. In considering the demands made by (he odd-one-out task it
is plausible to suggest that in the older age group, where speed of processing is likely to be
more efficient (e.g. Carella & Hale, 1994), participants were able to recode the spatial loca-
tions within the task in to a verbal format, such as 'left, middle and right’. In the younger
age group, the time constraints imposed during the task may have prevented this recoding,
resulting in visuospatial working memory being used to complete the task. Nonetheless,
the lack of validily of the odd-one-out task as a non-verbal complex span task has implica-
tions for its further use.

In conclusion, this study provides further evidence for a distinction between verbal and
spatial working memory resources. It also demonstrates that working memory is a strong
predictor of educational attainment, as measured by National Curriculum attainment
Jevels. The impact of working memery capacities on performance on National Curriculum
tests is fikely to be a result of working memory being employed for storage. processing and
integration of information during complex and demanding activities {(Just & Carpenter,
1992). Such activities are common in the school classroom, for example writing while
formulating the next part of a text, or engaging in mental arithmetic.

The strong links found here between working memory capacities and children’s scholastic
attainments have important practical implications for educational practice as well as cogni-
tive theory. First, using measures of working memory in addition to more commonly used
knowledge- based assessments may provide better estimates of a child’s chance of future
acaclemic success. Secondly, one reason why children may fail to achieve expected levels in
key curricular domains is that their performance on learning tasks in the classroom is
constrained by their working memory capacities. There may be significant benefits from
creating structured learning activities that reduce opportunity for failure due to inadequate
working memory resources. One way of achieving this may be to decompose complex task
sequences involving intermediate storage and concurrent processes in to component stages,
supported where possible by external memory prompts rather than working memory.

137



Educational and Child Psycholagy. (2003), Vol. 2003)

Note

The authors would like to thank the pupils and staff of Gosforth Central Middle Schooi and
Gosforth High School in Newcastle upon Tyne for their time and assistance with this study.
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