Journal of the International Neuropsychological Socigt998),4, 474—-490.
Copyright © 1998 INS. Published by Cambridge University Press. Printed in the USA.

A study of performance on tests from the CANTAB
battery sensitive to frontal lobe dysfunction in a large
sample of normal volunteers: Implications for theories
of executive functioning and cognitive aging

TREVOR W. ROBBINS! MERLE JAMES? ADRIAN M. OWEN,® BARBARA J. SAHAKIAN,3
ANDREW D. LAWRENCE! LYNN MCINNES,* aNp PATRICK M.A. RABBITT?®

1Department of Experimental Psychology, University of Cambridge, Cambridge, U.K.

2Department of Psychology, National Hospital for Neurology and Neurosurgery, London, U.K.

SDepartment of Psychiatry, University of Cambridge, Cambridge, U.K.

“Northeast Age Research, Department of Psychology, The University of Newcastle-upon-Tyne, Newcastle, U.K.
SAge and Cognitive Performance Research Centre, University of Manchester, Manchester, U.K.

(RECEIVED May 12, 1997 RevisEp December 24, 1997AccepTED January 30, 1998)

Abstract

Several tests from the CANTAB neuropsychological test battery previously shown to be sensitive to frontal lobe
dysfunction were administered to a large group of normal voluntéérs 841) ranging in age from 21 to 79 years.

The main tests included a computerized form of the Tower of London test of planning, a self-ordered spatial
working memory task, and a test of attentional set formation and shifting. A computerized form of the Corsi spatial
span task was also given. Age-related graded declines in performance were seen, sometimes in a discontinuous
manner, especially for the attentional set shifting task (at the extradimensional shift stage). Patterns of deficits
reminiscent of frontal lobe or basal ganglia damage were observed in the oldest age group (74-79). However,
overall the data were only partially consistent with the hypothesis that frontal lobe functions are the most sensitive
to effects of aging. Factor analyses showed that performance in the executive tests was not simply related to a
measure of fluid intelligence, and their performance had a factor loading structure distinct from that for the
CANTARB tests of visual memory and learning previously administered to the same sample. Finally, only limited
support was found for the hypothesis that cognitive aging depends on slowed information processing.

(JINS 1998,4, 474—-490.)
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INTRODUCTION and appropriately in altered circumstances, efficient sched-
uling of behavior and attentional resources, as well as the
“suppression of inappropriate responding, the use of strat-

S”reme”F of e>_<ecut|v_e func'qonmg both in n_ormal |nd|V|d-_ egies to enhance mnemonic function, and the formulation
uals and in patients with brain damage, particularly those INf hew plans of action

whom there is frontal lobe or closed head injury (Burgess, A number of neuropsychological tests have been devel-

.19?,7; Tranel et al., 1994). The term. “execghye_ funct|on.-0ped to measure frontal lobe dysfunction, such as the Wis-
ing” refers to those processes by which an individual Opti-.onsin Card Sorting Test (Milner, 1963), the FAS and

mizes his performa.nce n muIchmponent tasks. Thes%ategory tests of verbal fluency (Benton & Hamsher, 1976),
different processes include the ability to respond erX|nythe Stroop test (Vendrell et al., 1995), and the test of cog-
nitive estimates (Shallice & Evans, 1978). These tap vari-
ous aspects of executive functioning, although it is important

_ } . to realize that executive and frontal lobe functions are not
Reprint requests to: Trevor W. Robbins, Department of Experimental

Psychology, University of Cambridge, Downing St.,Cambridge,CstEB,Synonymous' A major Q|ﬁ|cglty, however, is th? hetero-
U.K. E-mail: twr2@cus.cam.ac.uk geneity of frontal lobe impairments and executive forms
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There is currently much interest in the definition and mea
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of dysfunction. Consequently, novel means of testing and A main purpose of the present study is to report data from
measuring such functions are constantly being devised anal large population of normal, healthy older people on the
evaluated. three tests sensitive to frontal lobe dysfunction: self-ordered,
The CANTAB (Cambridge Neuropsychological Test Au- spatial working memory; the Tower of London; and atten-
tomated Battery) was originally devised for the assessmeritonal set formation and set shifting. We were able to test a
of cognitive function in elderly and dementing subjects (Rob-large sample of individuals between the ages of 55 and 79
bins et al., 1994). It is a battery of computerized tests adyears, together with a sample of participants younger than
ministered with the aid of a touch-sensitive screen. The mais5 years of age. The majority of the older sample had also
guiding principles have been to use some tests that can breceived testing with the CANTAB Visual Memory battery,
related to the extensive neuropsychological literature in anwhich includes tests of recognition memory and visuospa-
imals and to employ tests that can be broken down into theitial learning (Robbins et al., 1994). Thus, it was possible to
cognitive components in order to define more readily whichperform a factor analysis which examined the factor struc-
functions are impaired and which are spared. The batteryure of the entire CANTAB battery as well as to establish
has now been used quite extensively in the testing of pathe factor structure of the tests with executive components.
tients with Alzheimer’s disease and other forms of demenBoth of these analyses are important. First it is necessary to
tia (Sahakian et al., 1988, 1990; Sahgal et al., 1991,1992jest the hypothesis that certain functions, probably medi-
patients with basal ganglia disorders such as Parkinson'ated by specialized regions of the posterior neocortex, are
disease (Downes et al., 1989; Owen et al., 1992, 1993), Koreorrelated to only a minor extent with performance on tests
sakoff’s syndrome (Joyce & Robbins, 1991), depressiorwith large executive components. Second, it is important to
(Abas et al., 1990; Beats et al., 1996), schizophrenia (Eldefine possible interrelationships among the various as-
liott et al., 1995), HIV-positive patients (Sahakian et al., pects of executive functioning, potentially in order to relate
1995), and children with minimal learning disabilities or au- different aspects of executive functioning to different re-
tism (Hughes et al., 1994). The tests have also been valgions of the prefrontal cortex (Robbins, 1996; West, 1996).
dated in neurosurgical patients with excisions of the temporalhere is already some evidence from psychometric and func-
or frontal lobes and amygdalohippocampectomy (Owertional neuroimaging perspectives that some of the CANTAB
etal., 1995). Results from these studies have confirmed thaests of executive function are closely interrelated (Owen
some of the tests are sensitive to temporal lobe damage ard al., 1996a, 1996b; Robbins, 1996).
others to frontal lobe damage. Ancillary aims of the study were to examine the relation-
Adetailed study of some of the tests from the visual mem=ship between test performance, age, and intelligence. The
ory battery of CANTAB was made on a large population of data could be analyzed within the context of one theory of
elderly volunteers, for the purposes of standardization (Robeognitive aging—that speed of information-processing un-
bins et al., 1994). This study showed that, whereas perforderlies all age-related declines in cognitive function (Salt-
mance on some of the tests showed a gradual and continuohsuse, 1985, 1996)—by using one set of variables from the
decline with age, performance on other tests showed signif ANTAB battery to provide indices of speed of processing
icant decline within particular age ranges. A factor analysiqreaction times) (Nettelbeck & Rabbitt, 1992).
of data from almost 800 participants provided a solution with  As it has recently been suggested that tests of executive
four main factors, which were tentatively associated withfunction require high levels of fluid intelligence (Duncan
visual memory and learning, speed of processing, executivet al., 1995), we also used a factor analytic method to ex-
functioning, and perception. However, relatively few of the amine the relationship between performance on this battery
tests employed are sensitive to frontal lobe dysfunction oand scores on the AH 42 (Heim, 1968), a set of tests of
have obvious executive components. For example, thgisuospatial reasoning that requires fluid intelligence. This
CANTAB test of self-ordered, spatial working memory has analysis enabled us to determine to what extent the sensi-
been shown to be sensitive to frontal lobe damage in humativity of some of these tests to frontal lobe dysfunction could
patients, but this impairment depends in part on the formube predicted from their loading fgr(or general intelligence).
lation of an effective strategy for carrying out this self-
ordered memory task (Owen et al., 1990, 1996c¢). The study
did not include an assessment of strategy in this large eMETHOD
derly sample. Furthermore, two other prominent tests sen-
sitive t_o frontal Iobe_ damage were not included in thisResearch participants
analysis: a computerized form of the Tower of London test
of planning (Owen et al., 1990; Shallice, 1982), which al- Participants were drawn from a sample of 341 normal healthy
lows measurement of both the speed and latency to solveolunteers, aged 21 to 79 years. Those over 50 were drawn
the test problems, and a test of attentional set formation anfilom the North East Age Research panel based in Newcastle-
shifting, modeled after the Wisconsin Card Sorting Test butupon-Tyne. Participants younger than 55 were drawn from
simplified and presented in a graded format suitable for the variety of sources in the Cambridgeshire area. Details of
testing of experimental animals (Dias et al., 1996; Robertsheir numbers by age, sex, and verbal 1Q (as estimated by
et al., 1988). the NART; Nelson, 1982) are shown in Table 1 in terms of
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Table 1. Characteristics of population by age visit they did the CANTAB Visual Memory battery as de-
scribed previously (Robbins et al., 1994), including tests of

Age NART score  pattern recognition memory, spatial recognition memory, si-

Age group N (M. SD) (M. SD) multaneous and delayed matching to sample and a test of
Under 55 77 34.2 (10.0) 114.9 (7.6) visuospatial paired associate learning. They also completed

Male 34 37.4 (10.8) 112.9 (8.9) amatching to sample, visual search test from the CANTAB

Female 43 3L.7 (8.7) 116.5(6.0) Attentional battery, also previously described (Robbins
55-59 49 57.8 (1.1) 118.0(6.9) et al., 1994). Data from the tests completed on the second

Male 9 57.0 (1.0) 118.1(46)  yisjt have already been published using this sample (Rob-

Female 40 57.9 (1.1) 117.9 (7.4)  ping et al., 1994), but were also used here to compare with
60-64 36 621 (1.5 119.6 (6.4) tests sensitive to frontal lobe damage

Male 9 62.3 (1.3) 120.1 (4.9) '

Female 27 62.0 (1.5) 119.4 (6.9)
65-69 61 67.3 (1.4) 118.3(7.2) Spatial short-term span

Male 26 67.4 (1.4) 120.3 (5.4)

Female 35 67.3 (1.4) 116.8 (8.0) This computerized version of the Corsi Block Tapping task
70-74 83 71.9 (1.4) 119.5 (6.4) (Milner, 1971) was used to determine the ability of partici-

Male 40 724 (1.4) 119.5(6.2) pantsto remember a sequence of squares highlighted on the

Female 43 715 (1.4) 119.4(6.7) screen. Precise details are provided in Owen et al. (1990).
75-79 35 76.4 (1.4) 116.1(6.5)  After each successful trial, the number of boxes changing

Male 15 76.5 (1.5) 116.4 (6.6)  in the next sequence was increased by one to a maximum of

Female 20 76.3 (1.3) 116.0 (6.6)

nine boxes. After an incorrect attempt at any particular level,
an alternative sequence of the same length was presented.
This continued until the participant had failed three consec-
utive trials at any one level. The spatial short term memory
5-year age bands or “quincades.” It was not possible to obspan was calculated as the highest level at which the par-
tain data on all tests or variables from all participants; thereticipant had successfully recalled at least one sequence of
fore, the precise numbers of participants used for eachoxes.

dependent variable are indicated throughout the text. The

f_uI_I sample was used un_less othemise indicate_d. Forthe pagpatial working memory task

ticipants older than 50, it was possible to obtain scores on a
test of visuospatial fluid intelligence, AH 4 2 (Heim, 1968; The rationale for this task and its implementation has been
see Nettelbeck & Rabbitt, 1992), as well as the Nationaldescribed previously in some detail (Owen et al., 1990). The
Adult Reading Test, which can be used to estimate verbabarticipant was required to search through a number of col-
IQ (Nelson, 1982). ored 3-cm boxes presented on the screen by touching each
one in order to “open it” and thus revealing its contents (see
Figure 1-1). The goal was to collect blue tokens hidden in-
side the boxes and, once found, to use them to fill an empty
The main tests were taken from the Cambridge Neuropsyeolumn at the side of the screen. The participants were in-
chological Test Automated Battery (CANTAB). This series structed that at any one time there would be a single token
of computerized tasks was run on an Acorn BBC Mastehidden inside one of the boxes. Their task was to search
128 microcomputer with a high resolution Microvitec (Brad- until they found it, at which point the next token would be
ford, U.K.) 12-inch VDU and a Microvitec Touchtec 501 hidden. The key instruction was that, once a blue token had
touch sensitive screen. Participants sat at a comfortableeen found within a particular box, that box would not be
height approximately 0.5 m from the monitor. It was ex- used again to hide a token for that particular trial. Since
plained that they would have to respond to stimuli by touch-every box was used once, the total number of blue tokens to
ing the screen. They were introduced to the apparatus blge found on each trial corresponded to the number of boxes
way of a motor screening task in which they were asked tmn the screen. In order to analyze performance, it is conve-
respond to a series of flashing crosses on the screen by placient to consider each sequence of responses that termi-
ing the index finger of their preferred hand on the centemates in finding a token as a “search.” Two main types of
point of each cross as soon as possible after it appeared. Adearch error are possible. First, a participant may return to
volunteers passed this introductory screening task and wei@en a box in which a blue counter has already been found
then given the following test batteries over two visits within in a previous search (a between-search error). Second, a par-
a few weeks of one another. On the first visit they com-ticipant may return to a box already opened in the same
pleted the tests of spatial span, spatial working memory, andearch sequence (a within-search error). It is of course pos-
the Tower of London from the CANTAB Planning and Work- sible for an error to be counted under both categories, and
ing Memory battery and the attentional set shifting para-such examples were counted under both categories (they gen-
digm from the CANTAB Attentional battery. On the second erally form a small proportion of the total errors).

Equipment and Procedure
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| lar search strategy associated with superior performance in
normals (Owen et al., 1990). The extent to which each group
used this repetitive searching pattern as a strategy for ap-
proaching the problem was estimated from the number of
search sequences starting with the same box within each
of the more difficult six and eight box problems. The total
of these scores provided a single measure of strategy for
each participant, with a high score (many sequences begin-
ning with a different box) representing low use of the strat-
egy and a low score (many sequences starting with the same
box) representing more extensive usage.

Planning task

This task is closely related to one developed by Shallice
and McCarthy, the Tower of London, which provides a sim-
pler version of the Tower of Hanoi problem (Shallice, 1982).
The computerized version of the task is described in detail
by Owen et al. (1990). Two sets of three colored balls were
presented, one in the top half of the screen and one in the
bottom half. These were described to the subject as snooker
(or pool) balls since they appear to be hanging in pockets
(or socks) (see Figure 1-I11). On each trial a red ball, a blue
ball, and a green ball were placed in predetermined posi-
tions in the pockets of each of the two displays. The par-
ticipant was asked to rearrange the balls in the bottom display
such that their positions matched the goal arrangement in
the top half of the screen. A ball could be moved by first
touching it and then touching an empty position in one of
the other pockets. Once selected, a tone sounded, and the
rim of the ball began to flash, indicating that it was ready to
be moved. At any time, the participant could cancel a se-
lected ball by touching it a second time. Illegal moves, such
as trying to remove a ball while there was another sitting
above it in the same pocket, were carefully explained to the
participant, and if attempted they were registered but evoked
no response from the computer.

The starting position of the balls was varied such that in
any particular trial the solution could only be reached after
a minimum of two, three, four, or five moves. Participants
were instructed to examine the position of the balls at the
Fig. 1. Three tests from the CANTAB battery: (I) Spatial work- beginning of each problem and to solve it in the minimum
ing memory; (II) Tower of London; (111) Attentional set shifting. possible number of moves. This instruction was given to

them verbally and displayed on the screen throughout each
trial. They were encouraged not to make the first move un-
til they were confident that they could execute the entire

Participants could search the boxes in any order, but fosequence needed to solve the problem. The maximum moves
control purposes the number of boxes visited (excluding erallowed corresponded to twice the minimum number pos-
rors) before a token was found was determined by the consible plus one or, in the case of five-move problems, plus
puter. Thus, each participant received the same degree of0. The program stored the number of moves required by
feedback prior to the first error. After two practice trials with the participant to rearrange the balls and measured the se-
three boxes, there were four test trials, each with four, sixlection and movement latencies for both the first and the
and finally eight boxes. The task was scored according teubsequent moves. After six practice problems with one and
the total number of between- and within-search errors.  two moves, the participant was given two each of two- and

A previous investigation has shown that impaired perfor-three-move problems and four each of four- and five-move
mance on this task in neurosurgical patients with frontal lobgroblems. These test problems corresponded exactly to those
excisions may be related to the inefficient use of a particuused in the original Tower of London test.

11
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For each test problem a yoked control condition was emsubsequent thinking time scores were divided by the num-
ployed to provide baseline measures of the times taken tber of moves to give an estimate of the average thinking
initiate and execute single movements defined as motor initime per move. In this way, pure estimates of initial and sub-
tiation and execution times. On each trial of this control con-sequent thinking times were derived, unconfounded by mo-
dition, the participant was required to follow a sequence oftor initiation or execution times.

single moves executed by the computer in the top half of

the screen by moving the corresponding ball in the lowerattentional set formation and shifting

arrangement. Thus, initially the two arrangements differed

by just one ball. Once the subject had made the appropriathis includes a series of visual discrimination tasks (see

move, the top arrangement Changed again so that the pdp.ownes etal., 1989) The test set-up and stimuli were shown
ticipant had to make another single move. The test was yokel the participants. Four rectangular boxes—to the top and
to the main test in the sense that in each trial the movemenottom and to the right and left of center—appeared on the
of the balls was an exact replication of those moved by thé&creen. Two of these contained the test stimuli, but the boxes

participant in the corresponding test trial. The measureused changed from trial to trial. Participants were instructed
ment of selection and execution latencies in this control conin the following way:

dition provided baseline estimates of motor initiation and
execution times.

Test trials and yoked control trials were arranged in four
blocks of six problems each. The first six test trials were
given (two problems at each of two, three, and four moves),
followed by their corresponding yoked control trials. Then

Now you can see two patterns. One of the patterns is correct.
You must point to the one you think is correct. There is a rule
you can follow to make sure you make the correct choice each
time. The computer will be keeping track of how well you are
doing and when it is clear that you know the rule the computer
will change it, but this will not happen very often. To begin with,

there is nothing on the screen to tell you which of the two pat-

terns is correct, so your first choice will be a simple guess. How-

ever, the computer will give a message after each attempt to tell
you whether you are right or wrong. You can start now.

the remaining six test problems were presented (two at four
moves and four at five moves), followed by their yoked con-
trol trials. Between each block change there were two prac-
tice trials to ensure that the requirements of the current set
of tasks had been fully understood. The test then proceeded through a number of stages, each
with a different contingency, up to a maximum of nine (see

Accuracy of performance.Across the 12 test prob- _. . .
. : Figure 1-111). For each, continuation to the next stage was
lems, the main measure was the proportion of problems

. L o N dependent on a criterion of six successive correct discrim-
solved in the minimum number of moves specified (“per-. .. . L
o inations being reached. If criterion was not reached at the
fect solutions”).

fiftieth trial of a stage, the test was discontinued, and the
Latency measures of performanceBaseline measures participant did not proceed to the following stage. The or-
of motor initiation and motor execution times were ex- der of discrimination was fixed so that the EDS always fol-
tracted from the 12 yoked control trials. In all cases, latendowed the IDS. However, previous work has established that
cies were recorded in hundredths of seconds and convertedmparable effects are found when the alternative ordering
to seconds for the purpose of presentation. The motor iniis used (Roberts et al., 1988). More detailed rationales for
tiation time was the mean time between the onset of eacthe exact design of the test can be found in previously pub-
problem and the completion of the first move (i.e., a correctished articles (Downes et al., 1989; Roberts et al., 1988).
touch of the required ball). The motor execution time was To begin with, participants were given a simple simulta-
the time between touching the first ball and completing theneous discrimination in which the stimuli varied along only
sequence of single moves that comprise the whole problenone of the two dimensions for deriving the stimuli. These
Since these control problems were yoked to the test probdimensions were purple-filled shapes or white lines. The
lems, the total execution time was divided by the number oktarting dimension was balanced across participants and
moves to provide an estimate of the average movement timgroups. Feedback for responses was in the form of the words
per move. correct and wrong, presented respectively in green and red
The motor initiation and execution times were used tolettering above the middle two boxes.
derive estimates of planning or “thinking” time in the main  Following the initial simple discrimination (SD), the re-
task. Two separate estimates were calculated. In each prolraining eight stages were as follows. For the second stage
lem, the initial thinking time was the time between the pre-(SDR), the discriminanda remained the same, but the pre-
sentation of the problem and the first touch minus theviously incorrect choice became the correct one and vice
corresponding latency to make the same response on theersa (i.e., the contingencies were reversed). At the third
yoked control task (i.e., subtracting motor initiation time). stage (C-D), the second dimension was introduced with one
The subsequent thinking time was the time between the sexemplar of each dimension paired together to form a com-
lection of the first ball and the completion of the problem pound stimulus in two of the response boxes. To succeed, a
minus the total motor execution time summed over all moveparticipant had to continue to respond to the correct exem-
when made separately, from the corresponding control prolplar of the previous stage. For this and all subsequent stages,
lem. Since this measure clearly varied with problem lengthexemplars of the different dimensions were paired in a
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pseudorandom fashion so that all four possible compoundesults, providing evidence for the consistency of the factor
stimuli were used, with the constraint that runs of no morestructure obtained. An additional factor analysis was used
than three trials with the same pairings were allowed. Then order to relate the data from the tests used in this study to
stimuli for the fourth stage (CD) and subsequent stages wergata obtained using other tests of memory and perception
also compounds, but the two exemplars from the differen{see above for descriptions) previously reported for the same
dimensions were superimposed, with the white line alwaygopulation (Robbins et al., 1994). Finally, we also con-
in the foreground. The contingencies were again unchangestructed an intercorrelation matrix for participants with com-
from those for the previous two stages. A reversal then ocplete data on a slightly smaller subset of cognitive tests
curred at the fifth stage (CDR). New exemplars for both(N = 215) for Pearson’s and also computed partial corre-
dimensions were introduced at the sixth stage, the intradilations where appropriate (see Results).

mensional shift (IDS), but the relevant dimension (i.e., shapes

or lines) was unchanged from Stage 1. This was foIIoweIc"iB

by a further reversal at the seventh stage (IDR). For the pen- ESULTS

ultimate stage, the extradimensional shift (EDS), new ex- . -
emplars were again introduced, but success at this poiri‘bttem'on"’II Set Shifting

depended on the participant shifting response set to the exigure 2 shows the proportion of participants from each of
emplars of the previously irrelevant dimension. Finally, con-the five age groups reaching criterion at each stage of the
tingencies were rev.ersed to the previously incorrect exemplajttentional set shifting paradigm. Likelihood ratio analysis
of the new dimension (EDR). One of the measures of perof the numbers of participants passing or failing all stages
formance on this task was the stage successfully attaine@s the test indicated a significant age group difference
Another was the number of errors made summed over the, 2(5) = 20.25,p < .01], whichpost-hoacontrasts showed
stages up to but notincluding the EDS stage (Total errors tg be wholly attributable to the differences between the youn-
EDS). This provides a measure of set formation and maingest and oldest age groups and the rgs(]) = 10.20,p <

tenance. A specific measure of set shifting is provided by o1; andy 2(1) = 11.60,p < .01, respectively]. Further anal-
the errors made at the EDS stage. For participants failing

the test at earlier stages, 25 errors was substituted for their

score.
—O— Age<55 ——  Age 65-69
—e— Age55-59 —f— Age70-74
Statistical analysis —O— Age60-64 —h— Age7579

Most of the dependent variables described above were sub-
jected to one-way analysis of variance (ANOVA), with age
group as a factor, using the SPSS package (Norusis, 1990).
Following the finding of a significant effect of age group,
pair-wise comparisons between means were made using the
Newman—Keuls test. In the case of repeated measures de-
signs (e.g., the Tower of London test), multivariate analysis
of variance (MANOVA; SPSS) was used, and the two fac-
tors were age group and difficulty. For the attentional set
shifting task, the numbers of participants succeeding and
failing to reach criterion at each of the nine stages of the
test were cast into contingency tables and analyzed using a
likelihood ratio analysis (Kullback, 1968; Robbins, 1977)
which allows the use of small cell frequencies, the resulting
statistic, 2, being distributed as chi squared. In order to com-
pute the relationship between the strategy score on the spa-
tial working memory task and the main index of memory
performance, the between-search errors score, Pearson’s cor- Stage

relation coefficienty, was used. _ _ o ) o
The data for the main variables reported in this articleF'9: 2. Proportion of participants passing the criteriof@&or-
rgct) for each stage of the attentional set shifting paradigm (full

were subjected to factor analysis. The method employed wa

. . . . N sample, see Table 1). Abbreviations: Simple discrimination;
a varimax rotation with Kaiser normalization (SPSS). Asgp, simple reversal: C-B- compound discrimination, with sep-

complete data sets were not obtained for all participants, e elements; CB compound discrimination, superimposed

the method of pair-wise comparisons was employed (Norugjements (see Figure 1C); CDR compound discrimination re-
sis, 1990, p. B46), which uses all of the available data in thgersal; IDS= intradimensional shift; IDR= intradimensional re-

analysis. However, separate analyses using the sample witlarsal; EDS= extradimensional shift; EDR= extradimensional
the complete data sel(= 101) gave qualitatively similar shift reversal.

0.8

0.6 1

0.4 1

0.2 1

Proportion Reaching Criterion

L T T L) L L Ll T T
SD SDR C_D CD CDR IDS IDR EDS EDR
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ysis was undertaken to determine which stage of the tesp\
most distinguished these groups from the rest. For this pur-
pose, we considered the performance of participants up to
and including the IDS stage and those participants only at-
tempting the EDS stage. This showed no significant differ-
ences in the former casg f(4) = 4.34,p > .05], but the
pattern of results was similar at the EDS stage to that for the
test as a whole; that is, both the youngegf[1) = 13.24,
p < .001] and the oldesty (1) = 9.00,p < .01) differed
significantly from the rest, combined.

Figure 3 shows data for the total errors measure summed
across stages of the test for the five age groups. It is obvi-
ous that the major differences between the groups are present
at the EDS stage. One-way ANOVA of the data at that stage
showed a significant effect of age grolip(5,335 = 5.33,

p < .0001], andpost-hoccomparisons revealed the same
pattern of significant effects as found for likelihood analy-
sis at the EDS stage: that is, the youngest group made
significantly fewer errors, and the oldest group made sig-
nificantly more errors than each of the other groups. B

S

Error:

Spatial Working Memory

Figure 4a and 4b shows the effects of age group on the

between-search errors and strategy measures. The strate

measure was only available for a limited subset of partici- 3
pants, whose data are shown in Figure 4. For between-s
search errors there was a significant age group effect®
[F(5,259 = 6.64,p < .0001]. Further analysis showed that =
the 75 to 79 year old group committed significantly more
errors than the three youngest groups, the 70 to 74 year old

Stra
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<55 55-59 60-64 65-69 70-74 75-79
N=19 N=46 N=33 N=52 N=75 N=35
Age Range

—O— Age<55 —&—  Age 6569 197 55 5559  60-64 6569 7074  75-79
- ) i ] ! !
—o— Age5559 —A— Age70-74 N=19 N=34  N=24 N=40 N=60 N=28
20 4 —— Age60-64 —A— Age7579
Age Range

Fig. 4. Spatial working memory: (a) Mean number of between
search errors as a function of afje= number of participants tested

Errors

Fig. 3. Attentional set shifting paradigm: Mean number of errors

Stage

for each age group. (b) Mean strategy score for each age; lower
scores indicate greater use of strategy.

group made significantly more errors than the two youngest
groups, and the 65 to 69 year old group made significantly
more errors than the youngest group. No other significant
differences were present.

The significant differences for the between-search errors
measure contrasts with the lack of effect of age group on
the within-search errors measuifg5,254 = 0.79,p = .56].
Mean values were 5.95, 8.33, 7.27, 10.25, 7.97, 10.29 across
the six quincades (youngest first).

For the strategy score there was no significant age group

made at each stage. Participants not attempting a stage were all&@ffect[F (5,199 = 1.78,p = .119]. However, there was a

ted 25 errors for that stage. See Figure 2 for abbreviations.

significant age-related difference when the relationship be-
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tween the between-search error score and the strategy scogg
was computed using Pearson’s correlation coeffiaiehig-

ure 5 shows that there were highly significant correlations
between these two measures (confirming previous findings
for a much smaller sample; Owen et al., 1990) for all age
groups, except the eldest (75-79), even though strategy
scores were not available for all participants and were quite_
low in certain cases. The failure of the eldest age group to§
show a significant relationship is unlikely to have been due?
to the small sample sizeN(= 28), as the youngest group
showed a significant value for Pearsom’svith an even
smallerN (= 19).

Spatial Span

Figure 6a shows that spatial span held relatively constant
across quincades at about the level of 5. Nevertheless there
was a significant decline over age grofip$5,210 = 3.23,

p = .008]. However, the Newman—Keuls procedure failed
to find significant differences among subgroups.

o

Tower of London Planning Task

ions

Figure 6b shows that the number of problems solved in the
minimum number of moves did not decline greatly in over-
all terms (from 8.112 [youngest group] to 6/82), but de-
clined significantly across age gro[iig(5,209 = 2.78,p =
.019]. Further analysis showed that the two youngest groups
solved significantly more problems than did the oldest group. €
For the latency measures, Figure 7a shows that initialg
thinking time varied both by age group and by problem dif-
ficulty. The ANOVA revealed a significant main effect of

ove Solut
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Fig. 6. (a) Maximum spatial span score as a function of age. (b)
Tower of London test of planning, minimum-move solutions. The
data are from the full sample (see Table 1).

age groug F(5,209 = 2.63,p = .025]. There was also a
significant interaction between age groups and difficulty
[F(15,627 = 1.73,p = .041]. When each level of difficulty
was analyzed separately in order to determine simple main
effects of groups, significant effects were found only for
three move problemd=(5,209= 5.83p < .001].Post-hoc

<55 55-59 ~ 60-64 6569  70-74  75-79 tests applied at this stage confirmed that the oldest (75-79)

Age Range

age group had significantly longer latencies than the three
youngest groups, and that the 70 to 74 age group was sig-

Fig. 5. Spatial working memory: Relationship between strategyaniC?‘r‘tly S'QWGF than th? two youngest groups, no other
score and memory performance 68 box stage) for each age Significant differences being evident.

group, as measured by Pearson’s correlation coefficietitp <
.01, *p < .05.

The subsequent thinking time measure is shown in Fig-
ure 7b. Again there was a significant main effect of age group
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Fig. 7. Tower of London test of planning. (a) Initial thinking time.
(b) Subsequent thinking time. The data are from the full sampl
(see Table 1).

[F(5,209 = 3.97,p = .002]. However, there was also a sig-
nificantinteraction of Age Group Difficulty [F(15,627 =
2.26,p = .004]. When each level of difficulty was analyzed

€,
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The movement time measures will not be shown or ana-
lyzed in detail. However, there was a highly significant main
effect of Age Groupx Initial Movement Timd F (5,194 =
10.44,p < .00001]. Mean values for the six age groups,
from youngest to oldests, were 1921, 2582, 2431, 2881, 3761,
and 3529 ms, respectively. For subsequent movement times,
the analysis again showed a significant main effect of age
group[F (5,194 = 8.32,p < .00001]. Mean values were
2211, 2220, 2119, 2534, 2860, and 3002 ms for the six age
groups in ascending order.

Factor Analyses

The results of the varimax rotation for the main tests of ex-
ecutive function are shown in Table 2 (tofdl= 341). A

four factor solution was derived based on eigenvalues of
3.82, 1.42, 1.23, and 1.03, which cumulatively accounted
for 62.5% of the variance. Only factor loadings greater than
.40 are shown, as none of the others exceeded .30. The four
factors probably correspond to the following constructs on
the basis of the tests and measures which contribute load-
ings. Factor 1 includes measures of accuracy and of sub-
sequent thinking time on the Tower of London test, as well
as the between errors score on spatial working memory, the
strategy measure, and spatial span. This factor may corre-
spond to a planningpatial working memory construct. Fac-
tor 2 includes contributions from the set formation and
shifting paradigm and the yoked control task for the Tower
of London, which has elements of a continuous perfor-
mance test. Note the loadings of AH 4 2 both with Factor 1
and Factor 2. Factor 3 captures both of the main latency
measures on the Tower of London. Presumably it does not
simply reflect response speed, as neither initial nor sub-
sequent movement time from the yoked control task load to
any significant degree. Factor 4 (spatial memory) incorpo-
rates the between- and within-error scores on the self-
ordered spatial working memory task and presumably reflects
the more mnemonic aspects of this task.

The second factor analysis incorporated data not only from
the tests of executive function described here, but also those
of tests of visual memory and learning, together with visual
search, that had been analyzed for a laflge=(771) factor
analysis in a previous publication (Robbins et al., 1994).
The resultant analysis fod = 215 is shown in Table 3 with
only loadings greater than .4 listed. Six factors were gener-
ated, with eigenvalues of 5.93, 1.98, 1.60, 1.32, 1.16, and
1.07, accounting cumulatively for 62.2% of the variance.
Factor 1, as in the previous study, represents primarily vi-
sual memory and learning functions, but with a contribu-
tion from the perceptual encoding of visual material (MTS
visual search task). Factor 2 captures some of the variance
shown under Factor 1 (planning and executive function) in
the analysis shown in Table 2. Factor 3 loads mainly on la-

separately, there was asignificant main effect of age group onltency measures for the Tower of London, MTS visual search,
for the most difficult (five move) problems. The oldest age and delayed matching to sample and thus appears to repre-
group was significantly slower than each of the other groupssent a speed of response factor. Factor 4 captures other as-

there being no other significant effects.

pects of the executive and planning functions represented
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Table 2. Summary of loadings for CANTAB tests on Factors 1-4 following
factor analysis

Test Factorl Factor2 Factor3 Factor4

Spatial Working Memory
Between-search errors .70 .57
Strategy score .70
Tower of London
Minimum moves —.63
AH 42 —.58 —.46
Tower of London
Initial movement time .56 44
Subsequent movement time .55 .46
Spatial Span -.52
Attentional Shift
Total errors  ED stage errors) .78
ED stage errors 77
Tower of London
Initial thinking time .89
Subsequent thinking time 41 73
Spatial Working Memory
Within-search errors 91

by Factor 1 in Table 2. Factor 5 represents attentional sdence of tests of fluid intelligence to those sensitive to fron-
formation and maintenance (total errors) and shifting (EDSal lobe dysfunction.

errors). Factor 6 seems equivalent to Factor 4 from the anal-

ysis shown in Table 2. It should be noted that one of theAnalysis 1

variables, spatial recognition score, did not load to any great

extent on any of the six factors, though it was highest forTabIe 4 shows the intercorrelation matrix for various test

Factor 1 (.29) and Factor 2-(30). The measure of fluid battery variables and measures of age, speed (i.e., choice
intelligence (AH 4 2) loaded most highly on Factors 1 (vi- '¢action time on the matching to sample task), and intelli-
sual memory and learning) and 2 (planning and executivd€nce (AH 42 and NART scores). In order to reduce the
function). Loadings on Factors 3 to 6 were as follows22, pumber of comparisons, other variables relating to'the match-
—.21,—.18, and—.09. When age was added as a variable"9 to sample, visual search and delayed matching to sam-

to this factor analysis, it loaded as follows across Factors PI€ tasks were excluded.
to 6: —.30, .06, .67, .32-.11, and .18. Thus, by far the Also shown in Table 4 are the effects of speed when age-

largest loadings for age were with Factor 3, which loadg€lated variance is controlled by partial correlation and the

highly on latency measures such as initial movement tim&ff€Cts of age and when speed-related variance is similarly
and matching to sample, visual search reaction time. partialed out. According to Salthouse (1985, 1996) and
Nettelbeck and Rabbitt (1992):

If age only affects cognition by reducing information-processing
Correlational Analyses speed, then correlations between mental speed and perfor-

mance on cognitive tasks should be unaffected by controlling
Two main analyses were conducted. Analysis 1 focused on for (i.e., partialling out) the effects of chronological age . If
the interrelationships between the main test variables, age, information-processing speed is the sole factor that mediates
and an index of speed of information-processing (choice re- correlations between chronological age and cognitive perfor-
action time for matching to sample between two visual stim- mance on a particular skill, then partialling out the contribu-
uli) (Downes et al., 1989; Robbins et al., 1994). This enabled tions of_ individual differences in speed should eliminate the
a test of two predictions derived from Salthouse’s (1985, Corgil.at'ogszbethen age and performanghiettelbeck and
1996) theory of cognitive aging (see Nettelbeck & Rabbitt, Rabbit, 1992, p. 191)
1992). We also analyzed the contribution of fluid intelli- The first prediction is upheld to some extent, except for the
gence (AH 4 2 scores) to the age-related correlations withests of spatial working memory and attentional set shift-
specific cognitive measures. Analysis 2 focused on the ining. The second is also upheld, as age-related variance was
terrelationships of the various test variables after the effectattenuated considerably by partialing out the effects of speed.
of age and intelligence had been partialed out to test th€onsidering the'? values, this attenuation of age-related
hypothesis of Duncan et al. (1995) concerning the equivavariance was by over 80% for spatial working memory, ex-
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Table 3. Summary of loadings for CANTAB tests on Factors 1-6 following factor analysis

Test Factor1 Factor2 Factor3 Factor4 Factor5 Factor 6

Paired Associate Learning
Trials —.76
Memory score .76
DMTS (del) accuracy .73
Pattern Recognition .61
DMTS (sim) accuracy .54
MTS (visual search) accuracy —.48
Spatial Working Memory
Between-search errors .67 .58
Tower of London
Initial movement time .67
Spatial Working Memory
Strategy score .62
Spatial Span —.57
Tower of London
Subsequent movement time .54
AH 42 43 -.51
Spatial Recognition
MTS (visual search) latency .76
DMTS latency .75
Tower of London
Subsequent thinking time .78
Initial thinking time 46 .60
Minimum moves —.54
Attentional Shift
Total errors < ED stage errors) .81
ED errors .81
Spatial Working Memory
Within-search errors .87

DMTS, delayed matching to sample; del, delay trials; sim, simultaneous condition trials; MTS, matching to sample;
ED, extra-dimensional shift.

tradimensional shifting, and paired associates. However, sigdowever, when the effects of age were partialed out of these
nificant correlations remained for between search errorsgorrelations, both AH 4 2 and NART scores, in slightly dif-
minimum move solutions, and initial thinking time on the ferent ways, were significantly related to performance on
Tower of London, as well as on paired associates learningnany of the test measures. The NART and AH 4 2 scores
The parallel analysis partialed out effects of AH 4 2 from were highly correlated, as would be expected. Table 5 shows
the correlations between age and cognitive performance arttie intercorrelation matrix for most of the main task vari-
found a globally similar picture as for speed: that the valuesbles after partialing out the effects of fluid intelligence (AH
of r were significantly diminished, but remained significant 4 2). Substantially the same results were obtained after con-
in many instances (Table 4). Finally, when effects of bothtrolling for the effects of NART or of NART and AH 42
speed and fluid intelligence (AH 4 2) were partialed out to-combined. As can be seen, there were a substantial residual
gether from the correlations of test performance with agenumber of significant correlations, wherevas significant
there were substantial residual correlations with test measeyond the .001 level when the effects of intelligence were
sures from the spatial working memory test (between searctontrolled in this way.
errors), the Tower of London task (minimum move solu-
tions), and paired associates learning (see last column %ISCUSSION
Table 4).
This study has provided some information on the perfor-
mance of healthy normal volunteers on a subset of tests from
the CANTAB battery, which has been used in the neuropsy-
As Table 4 shows, there were few major correlations bechological assessment of patients with neurological and
tween the cognitive test variables and either AH 4 2, the meaneuropsychiatric disorders. The subset, which included tests
sure of fluid intelligence, or the NART score, which estimatesof self-ordered working memory, planning, and attentional
verbal intelligence. The only obvious exception was patterrset shifting, has been shown to be particularly sensitive to
recognition memory, which correlateg & .001) with both.  frontostriatal syndromes ranging from neurosurgical exci-

Analysis 2
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Table 4. Correlations with speed, age, and intelligence

Age/
Speed Age/ Age/ AH42  AH42/ NART/
Age Speed AH42 & speed Age Age
Test Speed partialed Age partialed AH42 NART partialed partialed partialed partialed
Spatial Working Memory
Between-search errors 31** 15 43** 19* —-05 03 25%* 21* —29** —29**
Within-search errors 17* 13 12 -04 -08 03 00 —-04 -08 —19*
Strategy score 12 05 35** 10 -08 11 11 11 —22* 06
Tower of London
Minimum moves 0 10 =31 27 11 —-04 -23 —29%* 20* 13
Initial thinking time 26** 19* 19* 21 04 01 14 —05 05 03
Subsequent thinking time 25%* 25%* 27** 11 -15 00 17* 09 —29** —19*
Attentional set shifting
Total errors - ED) 21* 07 17* 11 -05 00 13 12 —23** -05
ED errors 15 07 25%* 03 -07 —=17* 03 03 —30** —23**
Paired Associates
Total trials 22% 17* 42%* 20* -15 —-16* 26** 25%* —33** —27**
Spatial Recognition —=27*  —20* —23**  —13 16* 13 —21* -13 29%* 16
Spatial Span —22* —18* —33** 14 15 -12 —20* -16 28** 19*
Pattern Recognition —21* -15 —18* -11 29**  —27* 15 -12 42%* 32
AH42 -13 —30%** 19* 01 — 45%* — — — 50**
NART -14 -11 12 -07 45%* — -07 -09 50** —

*p < .01; **p < .001; two-tailed probabilityN = 215. Total errors{ ED) = errors up to but not including ED$ EDR stages. Other measures defined
in text. Values shown arevalues with decimal points omitted.

sions for tumors or epilepsy (e.g., Owen et al., 1990) to Parkfrom 21 to 79 years. This sample includes a subset of a larger
inson’s (e.g., Owen et al., 1992) and Huntington’s diseasepopulation \ = 787) who also received other tests from
(Lawrence et al., 1996). The present data set is derived frorthe CANTAB battery involving tests of visual memory, learn-
the performance of 341 normal participants ranging in ageng, and perception (Robbins et al., 1994, in press). It ex-

Table 5. Correlation matrix for main task variables with AH 4 2 scores partialed out

Total
errors
Test BS WS St Min IT ST (-~ ED) EDS PA SR SS PR
Spatial Working Memory
Between-search errors — 53* B53** -36** —04 25%* 12 20** 27 =33 —40**  —24**
Within-search errors — 12 -10 —-02 08 20** 17* 11 -08 —-12 —27**
Strategy score — —-31* -03 25%* 11 16** 15 —20** —22** —10
Tower of London
Minimum moves — 06 —46** —13 —22* 35 21 18** 32
Initial thinking time — 45** 09 05 03 -—-05 01 -12
Subsequent thinking time — 21** 28** 32%% —24** —16* —31*
Attentional set shifting
Total errors ¢ ED) — 35%* 20%* —17* —-04 —21**
ED errors — 27 —=33** —20** —26**
Paired Associates
Total trials — —33**  —25%*  _GE**
Spatial Recognition — —27** 33**
Spatial Span — —21**

Pattern Recognition —

*p < .01; **p < .001; two-tailed probabilitiedN = 215. Total errors{ ED) = errors up to but not including ED$ EDR stages. Values shown are
values with decimal points omitted.

BS, between search error; WS, within search errors; St, strategy score; Min, minimum move solutions; IT, initial thinking time; ST, subseqognt think
time; EDS, extradimensional shift; PA, paired associates; SR, spatial recognition; SS, spatial span; PR, pattern recognition.
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tends that study by presenting data from the tests of executiierms of neurosurgical excision, the delayed matching to
function (in the case of the spatial working memory test,sample test is much more sensitive to temporal lobe than
in considerably more detail than in the earlier study) androntal lobe damage (Owen et al., 1995). Thus, it would be
considers the structural relationship of these tests to thdifficult to claim that frontal functions are the only ones
CANTAB battery as a whole. susceptible to decline in 55 year old normal individuals, al-
The results also address two main questions. First, whethéhough the present extradimensional shift deficit indicates
tests sensitive to frontal lobe and basal ganglia dysfunctiothat aspects of cognitive flexibility are already compro-
are especially sensitive to the effects of aging, as comparedpised by late middle age.
for example, to tests in the CANTAB battery such as pat- Some aspects of performance (e.g., spatial span; mini-
tern recognition, which are more sensitive to damage of thenum move solutions on the Tower of London) held up re-
temporal lobes (cf. West, 1996). Second, whether any relamarkably well in the eldest (75-79) group, but other aspects
tionship between particular tests of executive function andesembled the performance of individuals with frontal lobe
age can be attributed to general factors, such as informatiomamage. On the attentional set shifting test, there was a trend
processing speed (Nettelbeck & Rabbitt, 1992; Salthousdpr some of the participants from this group to fail on the
1985, 1996) or fluid intelligence (Duncan et al., 1995).  earlier stages preceding the critical intradimensional and ex-
tradimensional shift stages (Figure 2), but this failed to reach
significance. The 75 to 79 age group, however, made sig-
nificantly more errors than did the 70 to 74 year group at
Considering first the performance of the young grosp ( the critical extradimensional shift stage, suggesting that this
55 age groupyersusthe other groups, the largest differ- test was especially sensitive to age-related decline. This is
ences were found on the test of attentional set shifting, spealso consistent with evidence of prefrontal alterations in a
cifically at the extradimensional shift stage. This greatly functional activation study in the elderly of Wisconsin Card
modified analogue of the WCST significantly differenti- Sort performance (Esposito et al., 1995).
ated the under 55 group from the 55 to 59 subgroup, and it This apparently selective decline in performance in the
is noteworthy that it has been shown previously to be parmost elderly group was also evident in two other executive
ticularly sensitive to basal ganglia dysfunction (Downesmeasures from the tests sensitive to frontal lobe dysfunc-
etal., 1989; Lawrence et al., 1996; Owen & Robbins, 1993}ion. Thus, on the spatial working memory test this group
and excisions of the frontal, though not temporal, lobe (Owerselectively lost the benefit for overall performance nor-
etal., 1991). The data also accord very well with analogousnally provided by the use of a defined strategy (Figure 5).
analyses reported by Daigneault et al. (1992) for the relaSpecifically, although they showed the same tendency to em-
tively early decline in performance on the WCST in normal ploy the strategy as for younger groups, the normally high
individuals age 50 to 59 years. By contrast, there were ne@orrelation with memory performance, as measured by
significant differences between the youngest group and thbetween-search errors was lost. This could be interpreted as
other age groups on tests of spatial span, spatial working failure to implement strategy to the same degree as nor-
memory, or spatial planning, as indexed by the Tower ofmal. There was also a significant, selective lengthening in
London test. The latter two tests have been found sensitivehe subsequent thinking time measure of the Tower of Lon-
to frontal lobe damage in a group study (Owen et al., 1990)don Test of planning relative to all other age groups, which
as well as basal ganglia damage, although in qualitativelys normally seen in patients with frontal lobe damage and
different ways from the effects of frontal lobe excisions interpreted to reflect the greater need in this group to mon-
(Owen & Robbins, 1993). In a previous comparison of theitor and correct incompletely formulated plans (Owen
larger populationl = 787), subsuming the present partici- et al., 1990). These signs of frontal lobe dysfunction may
pants (Robbins et al., 1994, 1996), we found with the aid ofeflect impairments in the executive monitoring of perfor-
the greater statistical power afforded by the larger samplenance of relatively late onset in the normal elderly popu-
that there was a significant difference between the under 5&tion. The analysis would, of course, be strengthened by
and the 55 to 59 subgroups on the spatial working memorgvidence from repeated testing of the sample in a longitu-
test and also for two of the other tests from the present batdinal design, which would avoid possible cohort effects; this
tery (paired associates learning and delayed matching to sans planned in further work.
ple). The spatial working memory test is susceptible to
damage to the temporal, as well as the frontal, lobes, al- . “ A
though the deficits are milder and are not related to impr:lir-Re'atIon to “Speed of Processing
ments in the use of strategy for temporal patients (OwerThe results do not support a strong version of Salthouse’s
etal., 1995, 1996c¢). The earlier declines in performance 011985, 1996) theory of cognitive aging that age-related de-
the spatial working memory test in this study were also notlines in performance can be reduced to a single underlying
clearly related to impaired use of strategy. An analogous redeficit in speed of information-processing. Specific tests of
sult has been reported by Daigneault et al. (1992) using ththis hypothesis were made by considering the relationships
Petrides and Milner (1982) self-ordered memory task. Morebetween measures of speed of information-processing, age,
over, while the paired associates task is also sensitive to botind test performance. Consistent with Salthouse’s hypoth-

Sensitivity of Cognitive Tests to Aging
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esis, partialing out the effects of age (Table 4) failed to reral, but not frontal, lobe damage, and the paired associates
move existing correlations between speed of processing artdsk is sensitive to damage to both the temporal and the fron-
certain CANTAB test measures. Moreover, controlling for tal lobes, as well as the basal ganglia (Owen et al., 1993,
the effects of speed (Table 4) significantly reduced age1995).

related variance in virtually all of the computerized test mea- Overall, our findings are compatible with the results of
sures. However, some of the data were inconsistent with atudies using a variety of neuroimaging modalities that aging
strong version of the Salthouse hypothesis. Specifically, conis especially associated with structural, metabolic, and neuro-
trolling for age did render nonsignificant the correlationschemical changes in regions of the prefrontal cortex (Pan-
between speed and either spatial working memory or attertano et al., 1984; Riege et al., 1985; Waldemar et al., 1991),
tional set-shifting performance, suggesting that variancehe striatum (Murphy et al., 1992; Riege et al., 1985; Rinne
associated with information-processing rate was not primaret al., 1993; Sawle et al., 1990; van Dyck et al., 1995), and
ily associated with these tests. In addition, significant re-also the temporal lobes (Arrigada et al., 1992; Loessner
sidual correlations were evident for spatial working memory.et al., 1995; Pantano et al., 1984, Price et al., 1991). This
certain measures of Tower of London performance, angbosition is not very different from that reached by West
paired associates learning after partialing out the effects 0f1996), after a comprehensive review of the available neuro-
speed by itself or in conjunction with a measure of fluid biological evidence.

intelligence (AH 4 2). Thus, the relationship of age to per-

formance on these tests was also not wholly secondary tgo~jonship of Executive Test Performance

changes in information-processing rate. The persistent rel-_o General (Fluid) Intelligence

lationship between age and the test of visuospatial paired 9
associates learning is consistent with data reported by Netteikn important part of the present report is the principal com-
beck and Rabbitt (1992) and by Nettelbeck et al. (1996)ponent analyses relating different aspects of performance
even though they employed somewhat different indices obn the three tests of executive function to one another, to a
speed of information-processing. Our results are also conmeasure of fluid intelligence (performance on the AH 42
patible with those reported by Rabbitt and Maylor (1991)intelligence test), and to performance on other tests from
and Baddeley (1996), which also suggest that certain exethe CANTAB battery. A solution was found for the tests sen-
utive functions may be related to age, over and above angitive to frontal lobe dysfunction, suggesting that at least
relationships with speed of processing and 1Q. four factors are necessary to account for individual differ-

Some caveats are, however, in order. A study by Rozences in performance. The first factor, which captured load-
nowski (1993) made it clear that the assumption of linearings from both the Tower of London task and the test of self
relationships between speed of processing and cognitive pesrdered spatial working memory, confirm the finding from
formance in the predictions of the Nettelbeck and Rabbitheuropsychological and functional neuroimaging studies that
(1992) study may not always hold, especially when perforthese tests have many common cognitive requirements
mance reaches asymptotic levels. The second problem is tf{®wen et al., 1996a,b; Robbins, 1996). However, there were
possible lack of purity of some of the measures, for examdifferences between the two tests on certain measures. Thus,
ple, of speed of processing, fluid intelligence, and indeedsome of the variance associated with the latency measures
chronological age itself (which may better be determinedoaded with the test of attentional set shifting and some
by an hitherto undiscovered index of biological aging). (initial and subsequent thinking time) on a separate factor.
Nevertheless, the apparent consistency of findings acrosghis confirmed the impression, also gained from both neuro-
different tests and measures of speed of processing igsychological and neuroimaging studies (Owen et al.,
encouraging. 1996b), that the Tower of London test has several cognitive
components.

The measures of strategy and performance accuracy
(between-search errors) for the spatial working memory test
With its emphasis on the rate of information-processingwere closely related, as expected from previous studies
Salthouse’s theory is relevant to the neuropsychologica{Owen et al., 1991). However, they also covaried with the
concept of subcortical (or frontosubcortical) dementiaminimum moves accuracy measure of the Tower of London
(Cummings, 1986) and appears to be consistent with th&est of planning, confirming that this factor loads highly on
burgeoning evidence for accelerated aging in frontostriatastrategic aspects of executive function. Some of the mem-
structures (see West, 1996). However, while some of ouory requirements on the spatial working memory test itself
psychological evidence is consistent with this biological per{oaded separately (Factor 4), as would be expected of a test
spective, we have no specific evidence to support the hyhaving separable mnemonic and executive components
pothesis that aging selectively implicates subcortical ofOwen et al., 1996c¢; Robbins, 1996).
frontosubcortical circuitry. Thus, of the other tests for which  Performance on the test of attentional set shifting loaded
marked declines in performance occur in the most elderlymainly on an independent factor (Factor 2), only covarying
of the two age groups (Robbins et al., 1994), the delayedvith the measures of movement time. The relationship be-
matching to sample test is particularly sensitive to tempoiween these seemingly very different variables may have

Relevance to Neural Theories of Aging



488 T.W. Robbins et al.

been observed because the movement-time measures podthe factor analyses conducted here. Thus, the measure of
sumably index, to some degree, the speed of processing préuid intelligence, AH 4 2 performance, loaded on both the
cesses that do seem to account for much of the age-relat@danning/spatial working-memory factor and the atten-
performance on the attentional set shifting test (Table 4)tional set shifting factor, but was not related uniquely to ei-
Nevertheless, it is striking that the test of attentional set shiftther. When the entire battery was analyzed, the AH 42
ing segregates so completely from the others in this batterywariable also showed considerable loadings on the factor tap-
Consideration of the relationships with the overall CANTAB ping visual memory and learning (Factor 1, Table 3), again
battery (Table 3) shows a similar independence from otheconfirming its utility as an index of general intelligence but
tests. In a related analysis (Robbins et al., 1997), we founéurther showing the distinctive nature of some of the mea-
that the Hayling test of frontal lobe functioning (Burgess & sures of the executive test battery. This is substantiated by
Shallice, 1996a) is also independent from the present testie demonstration that, when considered separately, perfor-
of executive function based on a factor analysis of patientenance on the AH4 2 correlated significantly with a test in-
performing tests in addition to the CANTAB battery. This sensitive to frontal lobe damage, pattern recognition, and
analysis showed that the traditional tests of frontal lobe funcalso paired associates learning. However, as Table 4 makes
tioning, such as cognitive estimates and verbal fluency, werelear, when the effect of age is partialed out of the relation-
more related to the CANTAB Visual Memory tests than to ship between performance on the computerized tests and
any of the tests sensitive to frontal lobe dysfunction. How-the NART and AH 4 2 scores, both of the latter are signifi-
ever, the Brixton test of spatial anticipation, a spatial setcantly related to a number of the measures, consistent with
formation and shifting task (Burgess & Shallice, 1996b),the factor analyses discussed above.
did load with accuracy measures from the Tower of London Overall, this study has provided detailed information from
probably because of the contribution of such set shifting funca large sample of normal volunteers on a battery of neuro-
tions to efficient problem solving (Robbins et al., 1997). psychological tests that has already been shown to be use-
These patterns of intercorrelations of measures, from exful in the assessment of brain damaged and psychiatric
ecutive and nonexecutive tests, which show some clustepatients. The data support evidence from other neuro-
ing but also considerable independence among the differemisychological and neurocimaging studies of the specificity
executive test measures, are not dissimilar to the observaf some of these tests in measuring different aspects of
tions of other investigators who employed different batter-executive function and also contribute to cognitive theories
ies (Baddeley, 1996; Burgess, in press; Lehto, 1996). Foof aging by providing an important neuropsychological
example, the EDS errors score correlated with Tower of Lonperspective.
don performance to a lesser extent than did pattern recog-
nition performance and also loaded on measures other than
those related to planning on the factor analyses shown iRNCKNOWLEDGMENTS
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