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Selective Impairment of the ‘‘Central Executive’’

Component of Working Memory: A Single Case Study
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We report the case of a head-injured patient (AM) with a specific short-term
memory impairment, He did not show any deficit in long-term memory and
presented no sign of either intellectual or frontal dysfunction. His spans for
verbal and nonverbal material were reduced and he showed a lack of recency
effect in free recall for visually presented words. We observed word length
and phonological similarity effects as well as the abolition with articulatory
suppression of the visual and auditory word length effect and of the visual
phonological similarity effect, indicating that both the phanological store and
the articulatory rehearsal mechanism were functioning. Furthermore, our
investigations did not evidence any structural defect in either the control and
planning functions of the central exccutive, or in its storage functions. The
deficit AM presented on a verbal and nonverbal Brown-Peterson task,
especially when the distractor tasks were more demanding, suggests that
AM’s central executive disposed of fewer processing resources. This resource
reduction seemed to affect only short-term storage but not processing, and
was interpreted as the consequence of strategic adaptation by the patient.
Finally, the resource reduction did not cause interference on those divided
attention tasks not requiring storage. As such, these results call for a more
accurate specification of the allocation of resources in dual tasks.
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INTRODUCTION

Confronted with the numerous problems inherent in the short-term
memory (S.T.M.) conception in Atkinson and Shiffrin’s (1968) model
Baddeley and Hitch (1974) decided to abandon the idea of a unitary short:
lcrm. storage system and replaced this view with a model that assumes a
multi-component working memory concept. This concept refers to a
general and central system that is responsible for the processing and tem-
porary storage of information in the realisation of varying cognitive tasks.

The working memory model comprises a modality-free controiling
central executive of limited capacity that is aided by a number of subsidiary
._s'iave systems, which are responsible for temporary maintenance of
mfgrmatnon. Two such systems have been cxplored in more detail: the
articufatory loop and the visuospatial sketchpad (see Baddeley 1986. for
an exien.si\'e presentation of the working memory model). ‘ ‘

"ijhc visuospatial sketchpad system is assumed to be concerned with the
setting up m_]d the maintenance of visuospatial tmages. The articulatory
loop system is specialised for processing verbal material and it is composed
of two subsystems: a phonological store and an articulatory rehearsal pro-
cess, The phonological store receives directly and obligatorily any informa-
tion auditorily presented and stores it in terms of a sound-based code
Althoqgh material in this store is subject to decay and interference, it car;
be. maintained and reinforced through the articulatory rehearsa]1mcch-
anism. The phonological store is also able to receive visually presented
1!6{115 bm_thcsc must first have been converted into an articulatory form
before gaining access 1o the store. These items are conveyed to the store
by the articulatory rehearsal process. \

The core of the working memory model is the central executive. It is
assumeq to play a role in the selection, the planning, and the control of
the varilous processes used in short-term storage and more general pro-
cessing tasks. Following Morris and Jones (1990), it is especially involved
in the co-ordination of working memory updating in real time. This central
processor also contributes to the regulation of the slave systems and to the
mntegration of information from these and from long-term memory
Furthermore, according to Vallar and Baddeley (1982), it also has a speciﬁ(;
storage function, namely, responsibility for operating maintenance rehear-
sal. meﬂly. an important characteristic of this system is that it has a limited
processing capacity to be divided between its different control and storage
functions. Baddeley (1986) has suggested that the S.A.S. component of
the atlen}ionat control of action model proposed by Norman and Shallice
(1986) might be an adequate approximation of the central executive 5ys-
tem. Following Norman and Shallice, some action schemata (rou;i:;e
actions) can run themselves off automatically, whereas ;| er actions
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require deliberate attentional resources. These authors assume the exist-
ence of two attentional contro! processes: the contention scheduling mech-
anism, which should be involved in the selection between conflicting
routine actions, and the supervisory attentional system (S.A.S.}, which
should intervene when the selection of routine actions is not sufficient (for
instance, in tasks that require planning or decision making, or when coping
with novel or dangerous situations). According to Shallice (1982; 1988), a
dysfunctioning of the S$.A.S. system could plausibly account for the cogni-
tive deficits following frontal-lobe lesions.

The performance of particular patients with a specific deficit of S.T.M.
has been claimed to provide evidence for the existence of the different
components of the working memory model. Thus, some patients have
presented a deficit of auditory verbal 8. T.M. that was imputed either to a
selective impairment of the phonological store (Vallar & Baddeley, 1984)
or to a disturbance of the articulatory rehearsal process {Believille, Peretz,
& Arguin, Note 2). Furthermore, a failure of the central executive was
assumed to be the cause of the S$.T.M. defect observed in Alzheimer’s
disease {A.D.) (Baddeley et al., 1986; Morris. 1986; Morris & Baddeley,
1988). This central exccutive dysfunction in A.D. patients was investigated
by means of dual-task procedures in which the patients must divide their
attention between ongoing processing and short-term storage {Baddeley
et al., 1986; Morris, 1986). Several authors have also suggested that the
elderly have difficulty on tasks that make demands on the central executive
(Light & Anderson, 1985; Wright, 1981). Recent studies support the hypo-
thesis that older people have a smaller storagc capacity (Foos, 1989),
whereas others favour a processing deficit (Morris, Gick, & Craik, 1988).
Finally, rejoining Shallice’s proposal, Baddeley (1986) has argued that the
central executive is involved in the “dysexecutive” frontal lobe syndrome.

Following Baddeley (1986), the central executive is certainly not a
unitary system and, as a consequence, it could be damaged in different
ways. Thus, he distinguishes between at jeast two different alterations to
the central executive: a global reduction in the processing capacity or a
deficit of the control and planning component (flexibility). In this regard,
frontal patients would show a deficit of the control processes, the elderly
a reduction in the processing resources, and the Alzheimer patients a
problem affecting both aspects.

Baddeley (1986; Baddeley et al., 1986) admits that littie is known about
the workings of the central executive. Yet he suggests applying this model,
despite its fimitations, to the analysis of neuropsychological problems
because such studies could help in determining the nature and the com-
ponents of the central executive system. We think this also holds for the
neuropsychological study that follows. The study involves a head-injured
patient (AM) who pr  nted a selective working memory deficit attributed
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to an impairment of the “central executive” system and particularly to a
reduction in the central processing capacity. AM showed no sign of intel-
lectual deterioration, no frontal dysfunction, and no attentional deficits.
We shall suggest that only the processes impiicated in short-term storage
were affected by AM's resources reduction. The results will be discussed
with regard to the internal structure and functions of the central executive,

CASE HISTORY

AM is a 29-year-old right-handed man who was employed as a geo-
metrician. In August 1987 he sustained a severe head injury in a traffic
accident. We have no detailed information concerning the immediate post-
traumatic events, except that the patient was comatose, presented mutitiple
fractures, and showed no signs of lateralisation upon clinical examination
or at the E.E.G. recording. The patient had been placed under barbiturate
coma for 3 weeks.

AM came to the Neurological Unit of the St Luc Hospital at Brussels
in January 1988, four months after the accident. At that time, the patient’s
complaints were mainly memory deficits, hypersomnia, cephalalgia, and
irritabiiity. At the neurological examination, the tendon reflexes were
increased and plantar reflexes were in flexion. A diminution of the super-
ficial sensitivity of the left inferior limb was observed. There were also
dysaesthesia after thermoalgesic. pinprick, and proprioceptive stimula-
tions. Magnetic resonance imaging (M.R.1.) showed restricted left low-
intensity fronto-basal lesions, a left hyper-intensity white matter lesion in
the left frontal periventricular urea, a cerebellar and a moderate bilateral
frontal atrophy.

A short neuropsychological examination administered in February 1988
was normal for language, intellectual, and attentional functions, More
specifically, the patient was alert and well oriented in time and space. Oral
language was fluent. without lexical or syntactical deficits, and comprehen-
sion was essentially normai. Reading and writing evidenced no difficulties.
Mental and written simple calculation were normal and there were no signs
of apraxia and agnosia. Long-term memory assessment indicated normal
results in a verbal and a nonverbal memory task. On a 15-wordlist learning
task (Selective Reminding Task, Buschke & Fuld, 1974), AM recalled an
average of 12.6 words per trial (controls: 12.8, s.d. = 0.69) and his
C.L.T.R/L.T.R. (consistent long-term retrievalflong-term retrieval) score
was of 79.3% {controls: 85%, s.d. = 11). After a 30-min. defay, the patient
recalled 15 words, achieving the maximum score. On the Complex Figure

Test (Rey, 1959), AM scored 31 on the memory reproduction task: His
performance was at the 100th percentile. The only weak memory perform-
ances were a forward digit span of 4, a backward digit span of 31 ‘echsler,
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1955) and a visuospatial span of 4 (Corsi block-tapping procedure, Milner,
1971:1}i~4ay 1988, AM was directed towards the .Neuropsycholoigl.caldRezzlr::
dation Unit in order to undertake a l’e-CduCE}thﬂ. AM'c.omplamzmwlar
tially about memory problems in his prof.esmonal activities. r:hp e thaé
he mentioned being unable to reac}i1 scller:jt;ﬁc Fz;;;i;s ;)r\]l.c'ilnhgel(:vasetherefore
he would forget the information he had just ree was therefore
frequently obliged to reread- paits of t}_:e papcr.' l\dor;aove},Id could ot
attend a technical conversation with clients b@cause he (:(lu oL une e
stand and memorise simuhaneogs!y \:vhal the Fllentslfgis. T 1lejfeq;eff0rtm
appeared to be only for techmc.al. mformat:jo?, t\:k;cm;:;’; mez;su;es i
processing. Finally, as a geometrician, he ha. to . casures
is se measures before transcribing them into ar

tt:)efxc:lrzn;g;‘?;ctig(ént. he was able to maintain S-digit.nup(‘;bc‘rs in memory,
a performance he was unable to carry Ol:lt a.fter hl.s acct f_:nd. ! between

A detailed neuropsychological examm.atllon was carried ou ween
May and September 1988. The characten_stlcs of the mefmory co:1f;:)r e
and the existence of an impaired span with normal p«a-rdormlar}cVeSti the
other functions (and particularly in long-term memory} led us to in g
AM’s working memory efficiency more deeply.

NEUROPSYCHOLOGICAL EXAMINATION

Methodological Remarks

E) M r
For all the tasks we presented to AM, perfon:'.éncc was'cton:gatr;: :;2;25
isti i h norms did not exist,
already existing norms or, if suc ' :
z)(:)tained 3l/)y a group of 10 normal adult subjects of the same educational

level and age (mean: 25.5; range: 22-34).

Attentional Functions

i €
A three-component attentional battery of tests 1mpiemcn}ed on zntﬁgpl)f
[le microcomputer and elaborated according to Posqer 51;?71;(): p
attentional processing was administered (Posner & Boies, .

Alertness. The subject had to react to a centrally Iocatedl sttm?ézsfforz;
n isi i ienai-stimulus intervals var
by an advertising signal (the 8 signa 1s interv: '
?)e?efl Ssic in steps of 0.2sec.). There were 3 conditions: \._flsubal, au((ijl_ttggl):,
nd vi audi i 40 signal-stimulus pairs by condition,
and visuo-auditory signal. There were : condier,
i i M’s results were normal for eac
S by each interval duration. A : . e
it i i tion time of 201msec. (co
onditions: he obtained a median reac ' ' ;
ESGmsec.) in the visual ndition, 230msec. (controls: 244msec.) in th
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auditory condition, and 232msec. in the visuo-auditory condition (controls:
246msec. ).

Selectivity. A signal was presented in the centre of the screen for
300msec., then it was replaced by an arrow pointing to the left or the right.
After a delay of 0.5 or I second, the arrow disappeared and a red or blue
square appeared on the left or right side of the screen. The subject had to
select 1 of 2 coloured buttons according to the colour of the stimulus. In
80% of the trials, the stimulus was presented in the cued part of the screen
{congruent signal-stimulus essays); in 20%, the stimulus was not congruent
{non-congruent signal-stimulus essays). For all task conditions, AM scored
a few above the normal range. He obtained a mean reaction time of
429msec. {controls: 480msec., s.d.; 81). His rate of error was negligible
and in the normal range.

Processing Capacity. This was assessed through two different tasks: a
lateralised reaction time with a counting backward task, and a visual
divided attention task.

In the lateralised reaction-time task, 64 stimuli appeared on the screen,
16 by each quadrant, in a non-predictable position. The visual task was
the primary task. The sccondary task was counting backward by steps of
3 starting at 800. The primary task was first realised in isolation, then with
the secondary task. The lowering of performance in the primary task when
carried out with the concurrent task enabled us to measure the level of
interference caused by the secondary task. AM’s results at the primary
task alone were normal: His mean reaction time was 259msec. {controls:
315msec., s.d.: 73). At the primary task with the counting task, AM’s
results remained perfectly normal: his mean reaction time was 333msec.
{controls: 395msec., s.d.: 85).

The visual divided attention task consisted of a primary tracking task
and a secondary detection task. This is a highly interfering task since it
recruits very similar spatial and visual attentional processing. In the
tracking task, the subject was asked to track (with the right hand) a little
target rectangle that continuously changes its position on the screen along
a horizontal line. In the visual detection task, the subject had to press a
button {with the left index finger) when little vertical lines (displayed at
irregular intervals on a horizontal line} moving at a constant pace from
teft to right passed through a centrally displayed window. Each task was
first realised in isolation, then together. On the tracking alone, the mean
distance (measured in pixels) between target rectangle and patient's
rectangle was 4.27 (controls: 4.25, s.d.: 0.85); in the divided condition, it
was 4.48 {controls: 7.47, s.d.: 2.7). The very good performance of AM on
the divided attention task was not due to an attentional bia¢  ward the
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primary task since performance on the secondary detection task was in the
normal range (AM: 4.7; controls: 4,92, s.d.: 1.17).

intellectual Efficiency

AM's intellectual efficiency has been assessed by the Progressive Matrices
and the Wechsier Aduit Intelligence Scale (W.A.LS). ‘

On the Progressive Matrices, AM scored 54 (95t!1 percentile}. On the
W.A.1.S., AM obtained a verbal 1.Q). of 110, a performance 1.Q. of 122
and a total 1.Q. of 116. AM only scored outside of the norms on the digit
span subtest (scaled score: 6). These results indicate a normal intellectual

efficiency.

Erontal Tests

Given the presence of frontal lesions, four tests sensitive to frontal dysfunc-
tion were administered.

A “Tower of London’ Planning Task. This' was elaborated and
administered following the description given by Shaliice (1982). There were
12 problems requiring 3. 4, 5, and 6 moves, with 3 problems at each length.
AM''s performance was perfectly normal: he scored 3,4,6.7, and ?.'I rr.u)ves
respectively at problems of 3, 4, 5, and 6 moves {10 control subjects: 3.8,
s.d.: 0.8, 6.8,s5.d.0 2.8, 7.8, s.d.: 0.7; 9.8, s.d.: 0.4).

A Modified Card Sorting Test (Nelson, 1976). AM'’s performance was

strictly normal: He achieved six categories, making only one perseverative
error.

A Stroop Test. The Nehemkis and Lewinshon versio.n (1972) was
administered. On the colour dots naming task, AM was a little too slow:
His naming time was 78sec. (controis: 62.7sec., s-.d. = -12.7)'. On the word
black print reading task, he was also too slow: His readm‘g time was Odsec.
(controls: 44.3sec., s.d. = 9.9). Finally, on the cologr mferference task,
AM’s result was almost in the normal range: His reading time was 139sec.
(controls: 105sec., s.d. = 27). The error scores for the 3 conditions were
in the normal range. Furthermore, and contrary to controls, AM never
made uncorrected errors: His slowness thus appears to be the result of

excessive carefulness.

A Phonemic Fluency Test. {Letters P, F, and L.} AM scored in the
normal range: He gunerated a total of 35 words (controls: 29.3,5.d.:6.7).

Considered overall, these findings did not suggest frontal dysfunction-
ing. Furthermore, th shject’s judgement was not altered; he reacted
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appropriately to everyday situations and his social adjustment was essen-
tialty normal.

Long-term Memory Assessment

We administered two verbal memory tests and one nonverbal memory test.
The two verbal tests were the Auditory Verbal Learning Test (Taylor’s
[1959} version) and a recall and recognition task (Bertaux et al., Note 3);
the nonverbal task was the “Ruche™ Test {Violon & Wijns, 1984).

On the Auditory Verbal Learning Test, AM’s recall scores on each trial
of the A-list were 6, 13, 15, 15, 15. These results were within the normal
range except for the first trial (Lezak, 1983). After learning the interpolated
wordlist (B-list), the patient again recalled 15 words of the A-list; thus he
clearly remained within the normal range. Finally, he recalied 13 words
and recognised 14 words after a 30-minute delay; these results can also be
considered as normal.

In the recall and recognition task, a list of 40 related words was pre-
sented to the patient. The words fell into 8 semantic categories, 5 words
per category. Words from the same category were presented successively,
foliowing their category label. Then, the patient received a cued recall test
and a 2-item forced recognition test. AM recalled 15 words and recognised
35 words. Controls recalled an average of 22,3 words (s.d.; 7.6} and recog-
nised an average of 36.8 words {s.d.: 2.3). AM’s results were just within
the normal range at recall and normal at recognition.

The “'Ruche” Test (Violon & Wijns, 1984) consisted of the presentation
{for 45sec.) of a matrix of 41 rhombs of which 10, located at different
positions in the matrix, are coloured black. The patient was asked to
memorise the position of the black rhombs in order to colour them in on
an empty response matrix. The task consisted of 5 successive recall trials
and 2 delayed recall and recognition trials. AM obtained the maximum
score {10 rhombs) at the immediate and delayed trials.

[n summary, AM presented well-preserved intellectual, language, and
perceptual abilities and no frontal tmpairment. Finally, the examination
did not reveal any deficit of long-term memory, nor any disturbance of
attentional functions (even on divided attention tasks).

CHARACTERISTICS OF THE WORKING MEMORY
DEFICIT

immediate Memory Spans

AM’s immediate memory span was tested with respect to different
materials and both a repetition and a recognition response me  d were
used {results can be seen in Table 1).
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TABLE 1
Span Sizes on the Different Span Tasks
AM Conirols
Digit Span
Auditory presentation 5 6.9{0.99)
Visual presentation 4 7.0(1.05)
Block-tapping Test 4 5.7{0.82)
Recognition Span
Objects 4 4.5 (KD
Ahstract designs 2 3.5(1.57)
Sentence Span 0 3.1{0.80)

Forward digit spans were tested in auditory and visual modalitk?s. Lists
of 2 to 9 digits were presented either auditorily (read by the examiner) or
visually (on cards) at the rate of 1 digit per sef:ond. Three sequences at
cach digit length were presented until the patient fallt?d 2 out of thf: 3
sequences of the same length. His span was 5in t.he auditory presentation
(controls: 6.9; s.d. =0.99) and 4 in the visual one (controls: .7;
s.d. = 1.05). Visuo-spatial span was assessed by the Corsi block-tapping
procedure (Milner, 1971). AM obtained a span of 4 (controis: 5.7,
s.d. = 0.82). _

We also administered 2 visual recognition span tasks on mean'mgfu!
(objects) and meaningless {abstract designs) material (Belville, Luss1e_r, &
Peretz, Note 1). Sequences of 2 to 8 items were presented to {hg patlel}t.
There were 4 rials at each list length. After the last item on a given trial
was presented, the patient was shown a random array of t-he 9 desxgns.from
which the sequences were selected. Then, his'task was to mdicz.tte the |tfzms
just presented in the correct serial order. Testing contmued- until the patient
failed 3 out of the 4 trials of the samc length. AM obtained a span of 4
on the object material (controls: 4.5; s.d. = 1) and a span of 2 on the
abstract design material (controls: 3.5; s.d. = 1.57). ‘

[n addition, AM was assessed for sentence span by using Daneman and
Carpenter’s (1983} technique. This is a test devised to tax b'0t11 the proces-
sing and storage functions of working memory rather than just the storage
functions. The patient was given sequences of 2 to 6 sentences of 13 to 16
words. He was asked to read the sentences aloud and to remembgr tl?e
last word of each. He then had to recall as many last words as possible in
any order. There were 5 trials at cach length. The'span correspondec} to
the length at which the patient succeeded in recalling the last words in 3
out of 5 trials. If he recalled 2 words at the following length, he recel\fed
a bonus of 0.5 points. At this task, AM scored very low: following

Daneman and Carpen s formula, he scored 0 (controls: 3.107,
s.d. = 0.80).
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All spans were below the average score of the controls except for the
recognition spans with meaningful and meaningless material, which were
in the normal range and just within the normal range respectively.

We have attempted to interpret this moderate span reduction in terms
of Baddeley's (1986} working memory model, but as the subcomponents
involved in the visuospatial sketchpad have to date been less widely
explored and are less well understood, we have only evaluated the sub-
components of the siave system responsible for the retention of speech-
based information, that is, the articulatory loop system.

The Articulatory Rehearsal Mechanism and the
Phonological Store

To assess whether the articulatoty rehearsal process and the phonological
store could function normally, we administered span tasks intended to
show the existence of a word length effect and of a phonological similarity
effect. The word length effect and the phonological similarity effect with
visual presentation have been considered to reflect the use of the articu-
latory rehearsal mechanism. These effects disappear if the subject is pre-
vented from rehearsing by being asked to utter some sounds continuously
{articulatory suppression). As to the phonological similarity effect with

auditory presentation, it should reflect the operation of the phonological
store,

The Phonological Similarity Effect

We have assessed the patient’s span for phonologically similar and dis-
similar items in the auditory and the visual modalities. Five sequences of
two to six similar and dissimilar monosyllabic words have been prepared.
None of the words was repeated in the different sequences. In the suditory
condition, words were spoken by the experimenter; in the visual condition,
upper-case words printed in black were presented on white cards. The item
sequences appeared in ascending order and at a rate of onc item per
second. The patient was asked to repeat the sequence in the correct order.
Presentation of further sequences continued until the patient failed to
recall, in the correct scrial order, three out of the five sequences at a given
length. Furthermore, the effect of articulatory suppression was investigated
in the visual condition. The patient was required to count repeatedly from
one to ten during presentation. The same procedures were administered
to ten control subjects.

AM and the control subjects showed the typical advantage of phonolog-
ically dissimilar words over phonologically similar words in both modalities
(see Table 2). Furthermore, with visual presentation, the articulatory sup-

pression abolished the phonological similarity effect in both /  and the
controls.
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TABLE 2 -
Memory Span of AM and Controls {(Mean Scores and S_tar'nd:.j)rd Deviation} for
Short/Long Words and Phonologically Sirpilar/Dissimitar Words

Auditory Visual Suppression
Word Type  AM Controls AM Controls AM Conirols
[
Similar 2 4.6(0.51) 3 4.4 ({158) 3 L;g igg‘;;
bissilllilar 4 5.5{0.52} 4 5.4(0.51} 2 30
Short 3 4.8(0.42) 4 4.8 (15.42) 2 :I’; (gi;})
L(::g 3 4.2{0.63} 3 4.3 {().48) 2 3.7(0.

The Word Length Effect

The procedure we have adopted is similar to that for the ph(()jng;osg}:garxi
similarity effect except that the item sequences were )composihem hort
(I-syllable) and long (3- or 4-syliable) words. Furihcrmcj)ricaé there veve
high-frequency short and long words (frequency of occurl;ntl thg tor 1o
15 in the Vikis-Freiberg (1974) word frequ?ney count). Both wilg)h e
and the control subjects showed a dscre_ase :n ngﬁiﬂirzgg::}rﬁﬁe 5 wnﬁ

ared to short words in the visua: o .

:fc;ﬁi:; ::‘z:entation, AM’s performance on t_he short—wor;:i strilaen t\:)'?;cg;r;:
parable to that on the long-word span. Yf}i, if we comzu ef Jotal pre.
portion of items recalled in the appropriate serl_al order for o
sequences of the lengths 2, 3, and 4, we find a httl‘e adva;]ta{ge oh sl:)n
;xlords over long words (88% folr the short wori(és;} a\%?t;l?s‘tifja/io p;);; nft:atioﬁ

, the articulatory suppress '
gggjlé}inaarne{isif;n of the span and abolished the word-length effect in

the controls. - o

bOtl‘:\ i:lﬁr?\z?y AM showed the expecte_d phono!oglcal.mmxiar;tz :;l]da ;v?lr]c:
tength effects on both auditory an'd visual presentation, as .;m} s he
abolition of these effects with the aruculfuory suppression onlw ;icilatory
tation. These results suggest that the patient was able to use the ar

rehearsal mechanism and phonological store. As these components of

working memory did not seem to be involved in AM’s verbal span deficit,

it remained to explore central executive functioning,

The Central Executive

In order to assess the ceniral executive system, :rdc ha_wz f;lga{gteg (;hsc; :rl;c::s:!
ively by Morris a ,

d nonverbal procedures used respectively ‘
élrl?i?l and Gfowdon {1986) in studies conducted on A.D. patle;ts. Tl(l)?‘y
consistéd of Brown-Petf -on tasks (Brown, 1958; Peterson & Peterson,
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1959} in which the subject had to retain infra-span verbal or nonverbal
material over different short delays filled by distractor tasks varying in
complexity.,

The Verbal Task

Vallar and Baddeley (1982) showed that articulatory suppression leads
to minimal forgetting in the Brown-Peterson task with three visually pre-
sented consonants, whereas the performance is severely disrupted by
counting backward. They concluded that the retention of the consonant
sequences relies on maintenance rehearsal, a process that is achieved by
the central executive without the support of the articulatory loop system.
According to Morris (1986; see also Morris & Baddeley, 1988), if the
central executive is defective in AM (if its capacity is reduced), it will be
unable to cope with the processing demands of the maintenance rehearsal
processes and with the demands of the distractor task. Moreover, the deficit
will be greater as the distractor tasks become more complex. In other
words, if the tasks require a greater part of the processing resources of the
central executive, the latter would be unavailable to regulate the mainten-
ance rchearsal.

The verbal task was a closed adaptation of the Morris {1986) paradigm.
The patient had to retain 3 verbal items (consonant trigrams) and to recall
them after delays of 0, 5, 10, and 20sec. The trigrams were presented on
cards and were selected to avoid acoustic confusability and known abbre-
viations. There were 4 conditions: unfilled intervals and intervals filled
with either articulation, digit reversal, or digit addition. Articulation
requires few central processing resources (Baddetey & Hitch, 1974) and
causes little forgetting on the Brown-Peterson task in young subjects
(Vallar & Baddeley, 1982), contrary to digit reversal and especially digit
addition, both of which are more demanding and give rise to more for-
getting (Dillon & Reid, 1969). We administered 6 trials for each delay
within each condition. In the unfilled interval condition, the patient was
asked to concentrate on remembering the trigrams but not to rehearse
them vocally. In the articulation filled condition, the patient had to count
repeatedly from 1 to 10. In the digit reversal and digit addition conditions,
the patient was instructed to reverse or add series of 2-digit numbers.
Performance was measured in terms of the mean percentage of consonants
that were recalled in the correct position (see Fig. 1).

With no distraction, AM showed virtually no forgetting. With articula-
tion, the difference between AM and the controls was minimal but AM’s
deficit increased dramatically with digit reversal and digit addition: For all
delay intervals, he recalled 98.6% of the items in the unfilled condition
(controls: 100%), 91.7% in the articulation condition (contry” - 99.1%,
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s.d. = 3.27), 68% in the reversal condition (controlsz‘(,lls.fi el{;l})— 1‘\?/13)2,
and 61.1% in the addition condition (controls: 93.2, ;/1 . n_d th'c éoerIS
over, the difference between the performance‘of A c]a
became more and more important as the delay increased.

The Nonverbal Task |
tionship between the visuospatial sketchpad
m, Morris (1987) suggested that the gentral
d in the encoding (and possibly in the
i i i nce
retrieval) of visuospatial material and thatt:ts rt(:ie :]nh;}:;:ar:?::;p;em
ial is qui i He has show
rehearsal of such material is quite minor. et
activity (tracking) introduced during a 10-sec. delay between presenta

In a study exploring the rela
and the central executive ‘syste
executive is principally involve
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and recall did not disrupt performance of normal subjects on a spatial
memory task requiring subjects to recall the locations of circles randomly
p.resemed in a square. On the other hand, the tracking task interfered with
\*ls'uo-spaiiaE processing when this was performed during stimulus presen-
tation.

The nonverbal task was adapted from that reported by Sullivan et al.
(1986). It incorporated distractor-free and distractor-filled retention inter-
vals. Recall was tested after delays of (, 5, 10, and 20scc. Six tnals were
given at the 4 retention intervals for each condition. The examiner touched
2 of 9 blocks that were displayed irregularly on the board that is usually
used for the Block-Tapping Test (Corsi, 1972). At the end of the interval,
the patient was asked to touch them in the same order. During the dis-
tractor-Alled retention intervals, the examiner touched a point on one of
the subject's hands and the subject touched that point on the other hand.
The performance was scored in terms of the mean percentage of blocks
recalled in the correct location. Globally, AM recalled 87.5% of the blocks
in the unfilled condition (controls: 99.4, s.d. = 1.35) and 62.5% in the
filled condition (controls: 91,8, s.d. = 7.83). These findings indicate that
the patient and the control group displayed poorer recall foliowing filled
rather than unfilled intervals. However, the extent of forgetting on the
unfilled condition was greater for AM; moreover, AM was more severely
disrupted by the distractor task than were the control subjects. Figure 2
shows the results for each delay interval.

An important deficit in AM’s performance was present in the filled
condition for the Ssec. delay interval and remained unchanged for the
longer intervals. AM also showed some difficulty in the unfilled condition
for the 10sec. intervals. In fact, he showed more forgetting for nonverbal
material than for verbal material.
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FIG. 2 .Percemagc of blocks recalled by AM and the controls on the nonwerﬁ" *ask for each
delay with unfilled and ftled intervals.
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In summary, AM showed significant forgetting on both verbal and non-
verbal Brown-Peterson tasks when distraction was present. Concerning the
verbal task, the quasi-normal performance of AM in the unfilled interval
condition indicates that the maintenance rehearsal mechanism functioned
normally. Nevertheless, it could be argued that there was a disruption of
the maintenance rehearsal mechanism so that consequently, in remem-
bering the consonant trigrams, the patient was forced to rely on the articu-
latory loop system. It would follow, then, that as the effect of articulation
is to disrupt the operation of the articulatory loop, we should have observed
a significant forgetting in the articulation condition, yet this was clearly
not the case. We must thus conclude that maintenance rchearsal was intact.
The fact that AM's deficit increased with the complexity of the interferent
task and with delay supports the hypothesis that his working memory deficit
was caused by a reduction in the capacity of the central executive system.
More specifically, the resources of the patient were insufficient to meet the
demands of the distractor tasks and maintenance rehearsal simuitaneously.
In completing the nonverbal task, AM showed some forgetting in the
absence of an interfering task but his deficit was much more important
when distraction was present. From the perspective of Morris’s (1987)
study, that mechanism responsible for AM's deficit on the nonverbal task
could be different from the mechanism that contributed to forgetting for
verbal material: The reduction of AM’s recall in the nonverbal task could
be the consequence of an abnormal interference between the memory and
the distractor task material. The decrement of AM’s central capacity
should fead to faulty encoding and to less noticeable traces, which could
explain poorer recall in both unfilled and filled conditions. In line with
Morris’s (1986) suggestion concerning the deficit of Alzheimer patients,
such an interference interpretation could also apply to some of AM's defi-
cits in the verbal task.

The next experiment was designed to address separately the processing
and storage aspects of the central executive. With this experiment, we
wanted to consider a question which is at the heart of Baddeley’s view: If
there exists a single resource pool for different tasks, when a patient has
fewer resources at his disposal and has to share these resources between
storage and processing, will these two aspects of the central executive be
penalised?

Assessment of the Processing and Memory
Components of the Central Executive

AM was assessed on a verbal span test devised 1o allow us to assess the
impact of the reductio~ of central executive resources on processing and
storage. This task wi  nodelled after that conceived by Daneman and
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T;ardlf -(E987) and it was presented to AM in January 1990 (15 months after
ivlsr;:ii:l neuropsychological examit?ation). During these 15 months.‘AM‘s
world g,d m(‘:molry had gradually improved yet remained significantly
paire (espectally on duat tasks). Table 3 shows the results of the control
testing performed during the last 6 months of 1989, e
In l_hc verbal span test, the patient was presented with cards containi
ig;&nes of 4 separate words such as "MUSE,” “AU “VF(I:?‘FI]‘g’
- f;giii.ﬂ grr:jcachf cz;]rd, new words cquld be created without chzmgir;g
MUSEAU( A[}f\:irg?\]; ¢ given words (in the above example, they are
" AUBE,RGE) o , anc% AUBERGE). For some words {AUVENT
and AUDEROE , X e junction-point between the 2 original words is situ-
ated, (MUSYEZS oundafy (AU-VENT, AU-BERGE). For the other
MUSEAU) Thg’p::?é:;’lg {nioksyllatite rbodundary at the junction point
/ . ask was to find as quickly and : :
F}?:Sébk? the new word that did not contain a syclllableyboundqacr(;‘{)':f\i'}t;::
e given words, The cards were presented 1 at a time in sequences of
2,3, and 4 cards (there were 3 items at each sequence size, thus 27 card
in all), The test comprised 2 conditions (27 examples in ea‘ch conditior S
ia memory-lqaded condition and a memory-free condition. In the memo[r]);
oegied version, the patient was asked to recall the correct words at ti?e
en 'of cach sequence (2, 3, or 4 words) in any order. In the memory-fr
version, he did not have to recall the responses. The patient rcccivcyd tl::e
memory-loaded condition before the memory-free one. Three measuree‘
were compu{eg {Table 4 presents the mean performance of AM and tt .
10 control subjects for each measure): N

1. A memory-loaded
g measure of the processes: The tot
. sses: al m
correct words provided by the patient. mber ot

TABLE 3
Performance of AM on the Control Examination

AM Controls

Digit Span

Audiory presentiation 5

v ' i R 6.9 ((RYY

Blmk-—tappmg Test 6 570 :” 82;
Reading Span 2 312 (ﬂ.'ﬂ)
Verbal Brown-Peterson Task - .

Filled interval (addition, 20sec.)

s . i3 86.60

Nonverbal Brown-Peterson Task A0 1H0E0

Filled interval {20sec.) S0 87.60(13.67)
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TABLE 4
Mean Performance of AM and the Control Subjects on the Verbal
Span Task

Cantrols

— e ——————

AM Mcan S.D.

-

Memory-loaded Measures {max = 27}
26 2540 2.8

Processes
Memory 17 22.10 2.96
Memory-free Processes {max = 27} 23 24.60 1.95

2. A measure of the memory for the products of the processes: The
total number of correct words recalled at the end of each sequence.

1. A memory-free measure of the verbal processes: The total number
of correct words provided by the patient in the condition where he did not

have to store the responses.

AM showed normal scores on the process measures. Moreover, the
processing score obtained in the memory-free condition was equivalent to
that obtained in the memory-load condition. Thus, the processing effi-
ciency was not affected by the storage requirements of the task. On the
other hand, AM’s scores on the memory measure were below the normal
range. Moreover, if we consider the 5 controls {out of 1) who had a
memory-loaded processing scorc equivalent to that of AM, that is, a score
of 26 and 27, we observe that these subjects recalled a mean of 24.4
(s.d. = 2.3) correct responses whereas AM recalted only 17 words. Finally,
the patient recalled 100% of the appropriate responscs at the end of the
2-card sets and only 67% and 45% at the end of the 3- and d-card sets,
whereas the equivalent controls recalled 100%, 87%, and 83% of the
responses respectively.

In conclusion, the evidence from this verbal span task suggests that the
central executive dysfunction observed in AM was strictly a storage capa-
city deficit: AM disposed of fewer total resources, and on a task that
required both the processing and storage of the processing products, these
resources were allocated to processing to the detriment of storage.

In the last experiment {(conducted in September 1988). we wanted to
explore the consequences of such a deficit on primacy and recency effects
‘0 an immediate free recall task, that is, on the dynamic interplay between

long-term and short-term processes.

i
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Primacy and Recency Effects

In order i '
e \igsdféfg(}”;; \E:Zﬁ]tkg]e;riM tw((;uiq ;;]how primacy and recency eff-
o sted by ‘_ sented with a total of 18 lists of 12 2- or
) Supcri(:;r({i; d; ‘i;r?}te o\f/Zsec per word (frequency of word occurrence
s upen 2condm0n:.cf l]\-lf-‘Fl‘CibergS, 1974, word frequency count).
e Vismny). a re.{. “rie recall (12 Itslts were administered, 6 auditorily
e 3 i) ([n thecfa rorrt end (6. I.1sts were presented, 3 auditorily
fecall 26 mans \.mrds < Eree !‘GLHH- condition, the patient was instructed to
e e any wob ((: kt ujcou]d in any order he wished. In the recall from
end. he v mek“q[ o :ggn by recalling as many words as possible from
Fiaure 5 Sh(m.’g ;hac cln to -recaIE as many other words as possible.
e 5 shox 3 ; pro hability of recall as a function of serial position
rol subjects on the free recall and recall from end condi-
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tions. On the free recall condition, AM’s pattern of performance was
completely different with visual and auditory presentation. In the auditory
modality, AM showed primacy and recency effects. In the visua! modality,
he showed a very pronounced primacy effect with no recency. On the recall
from end condition, with auditory modality, the recency effect of AM was
strengthened, and with visual modality, a recency effect appeared but was
strictly limited to the two last positions; moreover, the primacy ctfect
remained very important.

In addition to the serial position curve, we measured recency by means
of the Tulving and Cototla (1970) measure. It assigns to primary memory
words that are recailed with seven or fewer items intervening between their
presentation and their retrieval. Words with an intertrial of eight or more
are considered to be recalled from secondary memory. Table § presents
the primary and secondary memory measures of AM and of ten controls.

With auditory presentation, the primary memory measure is in the
the normal range with visual presentation

il from end conditions. The secondary
long-term memory processes. The
mory capacity did not differ from

normal range whereas it is below
both in the free recall and reca
memory scores are assumed to reflect
data indicate that AM’s secondary me
that of the controls.

Finally, we have examined A
and Phillips’ (1965) recency score. T

M’s order of recall by means of Postman
his score was based on the number of

TABLE 5
Primary and Secondary Memory Scores of AM and
Ten Control Subjects

Controls

—
AM  Mean AW2R
e
Primary Memory
Free recalt (6 lists)

Auditive presentation 33 31 (.91

Visual presentation 1.3 2.6 1.03
Recall from end {3 lists)

Auditive presentation 4.0 34 0.61

Visual presentation 2.3 33 0.66
Secondary Memary
Free recall

Auditive presentation 32 4.6 1.94

Visual presentation 5.7 5.3 2.00
Recall from end

Auditive presentation 2.7 3.8 1.67

Visual presentation 5.6 4.0 2.15

i
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times the first word recalled came from the second half of the list. In the
free recall condition, there were 6 lists and, consequently, the .rccency
score could vary from 0 to 6. AM’s recency score was 6 with auditory input
(controls: 4.4: s.d. = 1.5) and O with visual modality (controls: 5.2;
s.d. = 1.03). Thus, in the visual modality, the first item recalled b).' Al\ri
never came from the second half of the lists: As a matter of fact, AM
began with words that were located at the first 3 positions of the Iisl, for 5
out of the 6 trials. In the recall from end condition with auditory and visuz;!
mput, all the first items came from the second half of the lists both in ‘AM
and the control subjects.

To summarise, in free recall and for visually presented words, AM
showed a lack of recency effect, an important primacy effect ar;d he
recalled the initial words of the lists first. In the auditory mod,ality he
presented a recency effect and he recalled the last words of the lists f%rst
When E?e was asked to recall from the end, he was able to follow thé
instructions and presented a limited recency effect for visuatly presented
\\tords.‘ Finally, his primary memory capacity was clearly defective with
visual input whereas his secondary memory capacity was normal.

Following Vallar and Papagno (1986), the recency effect in immediate
freel recall of auditorily presented words reflects the application of an
ordtpal retrieval strategy to the output of the phonological store. Con-
cerning auditorily presented items, their storage in the phonological store
is considered as relatively automatic whereas visual items must undergo a
phonological recoding and be conveyed to the phonological store by means
of the? a-rticulatory rehearsal. As Vallar and Papagno (1986) point out, this
association between the recency effect in free recall of auditory mat’erial
and ‘iautomatic storage” in the phonological store is illustrated by studies
showmg that concurrent tasks affect recency in immediate free recall for
visually but not auditorily presented material (Anderson & Craik, 1974:
Bartz & Salehi, 1970; Silverstein & Glanzer, 1971). The fact ti;al the:
recency <?ffect is not disrupted by a concurrent task in the free recall of
auditory items suggests that, in this particular case, it is not very dependent
upon central executive resources,

Such a view implies an interpretation of AM’s performance pattern
The reduction of AM'’s processing resources still allowed him both t(;
initiate long-term memory processes (see the primacy effect) and tb apply
a recency strategy 1o the output of the phonological store. On the other
hand, in the free recall and visual input conditions, owing to the reduction
of available processing resources, the patient did not initiate the recoding
and conveying operations of visually presented items {operations which
arc demanding for the central executive). Therefore, only the initial long-
term memory operations were exccuted spontaneously (see the robust
primacy effect, the output order in which beginning it s were pre-
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dominant, and the lack of recency effect). As a matter of fact, the patient
seemed to give precedence to long-term memory processes. If he was asked
to recall last words first, we observed that with auditory input, the recency
effect was strengthened and the recall from other positions was reduced
(see the reduction of the secondary memory capacity). With visually pre-
sented items, a recency effect appeared but was very limited (see the
recency effect restricted to two items and the persistent reduction of
primary memory capacity). This suggested that the patient was able to
recode visually presented material and to use a recait from end strategy.
However, as the recoding of visual information needs processing capacity,
he could devote fewer resources to storage; thus the reduction of the
recency cffect is explained. It may also be possible that the recency effect
we observed in the recall from end condition for visual items reflected the
output of a visual short-term store (Warrington & Shallice, 1972). If this
interpretation is correct, we must assume that the “visual” coding of visu-
ally presented items also required some of AM’s processing resources,
provoking a reduction of his storage capacity.

GENERAL DISCUSSION

[n this study, we have described the case of a head-injured patient whose
intellectual and cognitive skills, long-term verbal and nonverbal memory
performance, and attentional abilities were entirely satisfactory but who
showed a reduction in memory span for verbal and nonverbal material.
The short-term memory deficit was investigated with regard to
Baddeley’s (1986) working memory maodel. Following this model, a reduc-
tion in verbal and nonverbal spans could be imputed to two distinct dis-
orders affecting the articulatory loop system and the visuospatial sketch-
pad, to a single disorder of the central executive, or both. Several charac-
teristics of AM’s performance seem to suggest that his verbal span deficit
cannot be attributed to a dysfunctioning of the articulatory loop system.
Indecd, the observation in AM of word length and phonological similarity
effects, as well as the abolition with articulatory suppression of the visual
and auditory word length effects and of the visual phonological similarity
effect, appears to indicate that both the phonological store and the articu-
latory rehearsal mechanism were functioning. As a matter of fact, the
deficit AM showed on the verbal Brown-Peterson task when the distractor
tasks were more demanding suggests a reduction of the central execcutive
resources. This tesource reduction prevented the patient both from
accomplishing the distractor tasks and from co-ordinating the processes
involved in maintenance rehearsal. Our investigations mainly assessed
AM’s performance on verbal material. As for the visuospatial span reduc-
tion, the data we h- = collected does not allow us totally to rule out the
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participation of the visuospatial sketchpad in the deficit. However, the fact
that the patient was clearly impaired on the Brown-Peterson tasks, both
with verbal and nonverbal material, is consistent with the hypothesis that
the central exccutive system was involved in both the verbal and spatial
span reduction. Evidence from Morris’ (1987) study leads us to suggest
that AM's central exccutive deficit should have a greater effect on the
encoding of visuospatial material (with the consequence of stronger inter-
ference cffects) than the maintenance rehearsal.

It remains for us to account for the way in which this reduction of central
executive resources caused the decrement of AM's spans. The verbal
memory span is considered to be dependent on both the articulatory loop
system and the central executive (Baddeley, 1976; Vallar & Papagno,
§986). The articulatory loop system is able to store in the correct order
only a limited number of items but the central executive may increase this
number either by improving the working of the articulatory loop (for
;xampie, by grouping the items in higher level units) or even by storing
information itse!l. Following Baddeley (1986), the central executive is also
involved in the retrieval process and in the interpretation of the information
retrieved from the articulatory loop system. In this regard, an impaired
span is consistent with a reduction of central executive resources and with
a normal functioning of the articulatory loop system. AM’s central execu-
tive probably does not allocate sufficient resources to co-ordinate the
activities of the slave systems and its own operations. The relatively better
performance of AM on the recognition {pointing) span tasks could be
related to the fact that the retricval demands on the central executive are
less important in a recognition span than in a standard span task.

We have also shown that the decrement of AM’s central executive
resources have modified the strategies he used in an immediate free recall
task on visually presented word lists: More precisely, he did not spon-
taneously initiate all the operations involved in the recency strategy {espe-
cially the subvocal recoding of visual material, which must be a demanding
operation) and he favoured long-term processes.

Our investigations thus suggest that by AM’s resource reduction,
different processes involved in shori-term storage were indirectly affected:
In some tasks, this compromised maintenance rehearsal, caused faulty
encoding and probably disturbed retrieval of information from the slave
systems; in other tasks, it prevented the normal execution of the slave
systems operations.

Other aspects of the study yield a more precise characterisation of AM’s
central executive deficit and two additional conclusions may be proposed.

First, AM's deficit seems to be restricted to one aspect of the central
executive; the processing resources, When sufficient resources were avail-
able, the control, planning, and storage processes that are the responsibility
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of the central executive seemed to operate normally. There is abundant
evidence for the preservation of the control and planning processes: no
impairment of overall cognitive abilities, absence of frontal syndrome, and
normal processing resuits on the memory-free condition in the verbal span
task (Daneman & Tardif, 1987). Concerning the storage processes, pro-
vided the central exccutive was not engaged in another demanding cogni-
tive task, maintenance rehcarsal was intact (sce near-pormal performance
on the verbal Brown-Peterson task with both unfifled interval and articu-
lation}.

Second, AM’s resources are not generally reduced and his deficit can
be narrowly referred to as a “'storage capacity” deficit (Foos, 1989). The
patient obtained normal results on both divided attention tasks (reaction
time with counting and tracking with detection), which should have been
affected by a general decline in resources. AM’s deficit, then, appeared
on divided attention tasks only when one task required storage of informa-
tion. Furthermore, when the patient had to share his diminished resources
between processing and storage of the products of processing, it seems that
processing functions were prioritised to the detriment of storage. This is
suggested by AM's normal processing score on the memory-toad condition
in Daneman and Tardif’s task.

Indeed, AM’s processing seemed only to be affected when the storage
of substantial information was absolutely necessary for its execution and
when processing was demanding. As such, AM complained about difficul-
ties in reading and understanding scientific papers, in attending to and
understanding technical conversations, and in solving auditorily arithmet-
ical problems, because he was unable to maintain information in “active
state” during the execution of mental operations. If we interpret AM’s
discourse processing difficulties with respect to the elaborated capacity
model proposed by Zacks and Hasher (1988), the storage capacity deficit
can be assumed to have prevented AM from retaining in working memory
information derived either from preceding text or from prior knowledge
retrieved from long-term memory. As the relevant information was not
available in working memory, the processing operations (such as inference
generation) could not be executed and, consequently, comprehension was
disrupted. However, AM’s deficit in text processing occurred particularly
for complex scientific or technical material: Comprehension of such
material required many processing resources, thus rendering AM’s
remaining resources insufficient to store already processed information.

In conclusion, AM did not show evidence for a structural deficit of the
control and planning aspects of the central executive system. Similarly, the
system's storage functions seemed to be intact, The different investigations
suggest that AM’s central executive disposed of fewer processing resources.
Moreover, the storage functions of the central executive were essentially
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affected by AM'’s resource reduction. In other words, the patient seemed
to ailocate his limited resources to processing atthc‘expense of';tnr1e

Such a ‘differential resources allocation could be the resul!xof a s;trat:ag?(;
adap:atton‘on the part of the patient, It could also suggest a fractionati%)n
of processing resources, some being devoted to storage and others to
ongoing processing. However this interpretation, postulating the cxist(;nce
of different resource pools, is incompatible with AM’s performance ;)n the
verbal Brown-Peterson task. Indeed, the increase of AM’s deficit in recall

as thfa complexity of the interfering task and the delay increased m:)r!
plausibly supports the notion of a reduction in a general resourcé (;ol ‘ms
of a strategic adaptation of the patient to the requirements of ti‘:e m;ks
Yet guch an interpretation poses another difficulty: How s it possibtle io
expiain t_hc absence of deficit on those divided attention tasks which did
not require storage? It could be that the demands of these dividéd attentio

ta§ks were below the limited resources still available to AM. In ;m casen
this dlﬂbrenﬁa]senshivhy of the patient to interference in dﬁaltaqg;\vﬂﬁ
and without a storage component requires further analysis and ;ug ests
;hatda(;nore precise specification of the resource allocation in dualh tasgks; is
Cﬁ;.e + specifically to fractionate processing resources and storage capa-
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