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Abstract. The objective of this study was to compare performance on different versions of the running span task, and to examine
the relationship between task performance and tests of episodic memory and executive function. We found that the average
capacity of the running span was approximately 4 digits, and at long sequence lengths, performance was no longer affected by
varying the running span window. Both episodic and executive function measures correlated with short and long running spans,
suggesting that a simple dissociation between immediate memory and executive processes in short and long running digit span
tasks may not be warranted.
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1. Introduction

The term working memory was introduced by Bad-
deley and Hitch [1], to replace the older concept of
short-term memory. It refers to a brain system that pro-
vides temporary storage and manipulation of informa-
tion necessary for such complex cognitive tasks such as
language comprehension, learning and reasoning [2].
This capacity to access and hold information ‘on-line’
was attributed to the prefrontal cortex. Evidence from a
variety of sources, animal lesions studies [21,22], stud-
ies of patients with prefrontal lesions [14,19,25,35],and
from PET activation studies [9,11,12,23,24] has more
specifically shown that it is the dorsolateral prefrontal
cortex (DLPFC, Walker’s area 46 and Brodmann’s area
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9) which is involved in tasks engaging working memo-
ry. Although a variety of different tasks have been used
across these studies, the common feature is that they
involved monitoring of behaviour, holding information
‘on-line’ and intrinsic response generation.

The running span or memory paradigm was initially
used by Pollack, Johnson and Knaff [26]. This is a task
in which the role of the central executive is believed to
be distinguished from that of the slave systems. The
task requires subjects to watch strings of consonants of
unknown length or to listen to a series of digits and then
to recall serially a specific number of recent items (fixed
partial recall). The running span task requires flexi-
bility of information processing and a progressive shift
of attention, that is, discarding some items while new
ones are registered. Morris and Jones [16] showed that
the running span task requires two independent mech-
anisms: the phonological loop (phonological store and
articulatory rehearsal process) and the central execu-
tive.
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Process analysis of the running digit span test sug-
gests that performance requires the following:

1. Holding the first few items presented in memory;
2. Continuous monitoring of incoming information;
3. Repeated updating of information by appending

the newest item and discarding the old item from
the target string, everytime another item is pre-
sented

All of these processes are attention-demanding.
While the phonological loop or visuospatial sketch-
pad enable the on-line temporary store of the auditori-
ly or visually presented digits in working memory, the
central executive must monitor the continuous stream
of incoming information and also actively update the
on line contents every time an additional supra-span
item is presented. This continual refreshing and shift-
ing of the on-line working memory frame is the hall-
mark of the dynamic running span test. Consequently,
there are considerable performance costs for longer se-
quences [20,26], faster presentation rates [5,26], uncer-
tain length of sequences [8,26], the presence of com-
peting distractor information [32], and also increasing
age [32].

Current interest in the fractionation of executive
function, and indeed the question of the unitary or di-
versity of these subcomponents [10,15,33]has renewed
interest in the running span task as a measure of work-
ing memory ‘updating’. Our understanding of vari-
ous parameters within this task and the extent to which
episodic memory and executive function influence per-
formance on this task is still limited. In the present
study, our aim was to:

(i) Investigate the effect of list length and report
span length on the running digit span task con-
commitantly (Experiment1), and to replicate key
findings in a larger study (Experiment 2).

(ii) Examine how performance on the running span
task relates to measures of episodic memory and
executive function (Experiment 2)

There are different hypotheses regarding the mecha-
nism of the running span task [5], the most popular
being the high effort on-line rehearsal and active up-
dating of material during presentation [27,28]. A more
low effort passive transfer of material after presenta-
tion has also been suggested [7]. We predicted that
if updating is key, sequence length will be important,
and short report span lengths with frequent updating
may be more strongly associated with tests of execu-
tive function, while the longer version which is close
to maximal memory span capacity will show a greater
correlation with immediate memory measures.

2. Experiment 1

In the running span paradigm, a variety of list lengths
are used in order to introduce uncertainty of list length,
so that participants have to continually update the req-
uisite “report span” on-line. This unpredictability of
overall list length effectively stops participants from
resorting to recall strategies which can be applied to a
known list length [8,26]. The running digit “report span
length” refers to the number of items from the end of
the list that the participants have to recall, for example
the last 3, 5 or 7 items of the list. Performance on the
task with list length as a variable of interest in its own
right has not yet been investigated in conjunction with
running digit “report span length”. This is interest-
ing because the length of the entire sequence in which
the updating window is gradually shifted across time
may contribute to the overall task load and complexity.
Practically, this will also be useful in understanding the
impact of altering these two key parameters (overall se-
quence length, and running digit span report) in various
versions of the task, as this is presently unclear.

3. Methods

3.1. Participants

The participants were ten (4 male, 6 female) healthy
normals who had no previous history of neurological,
psychiatric, physical illness, head injury, or alcohol or
drug abuse and were not taking any medication at the
time of assessment. The mean age was 30.70 years (sd
= 12.38, range = 19 to 59).

3.2. Design and procedure

A within-subject repeated measures design was used.
Participants completed the running digit span task [26]
according to standard instructions. The running digit
span task used was constructed according to the details
provided by Talland [31]. Participants were presented
with sequences of 8, 15 or 18 numbers between 1 and 9
randomly presented on a screen at the rate of one digit
per second. Across 3 separate blocks of 6 trials each
(2 trials of lengths of 8, 15 or 18 digits), the subject’s
instructions were to remember the last 3 (rundig3), 5
(rundig5), or 7 (rundig7) numbers of a sequence. On
each trial, the participantt knew the number of digits
that had to be retained and recalled at the end of the
sequence, but was not informed about the length of
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Fig. 1. Running digit span score of participants when asked to recall the last three (rundig3), five (rundig5) and seven (rundig7) digits in sequences
of different lengths (8, 15, 18 numbers).

the sequence. Participants were required to recall the
last 3, 5 or 7 items of a series verbally and in the
correct order. A fixed order of blocks was used, and
all participants started with the block requiring recall
of the last 3 items in a sequence and finished with
the block of trials requiring retention and recall of the
last 7 numbers. The score was the total number of
items correctly recalled in the correct serial position.
Separate subscores were obtained for recalling the last
3, 5 or 7 items for sequence lengths of 8, 15 and 18
digits.

4. Results

A two-way ANOVA with factors of Running digit
span (3, 5, 7) and Sequence length (8, 15, 18) was per-
formed. There was a significant main effect of Run-
ning digit span (F(2,18) = 13.09, p < 0.05), and a
significant Running digit span x Sequence length in-
teraction F(4,36) = 2.65, p < 0.05). The main effect
of Sequence length was not ignificant (F(2,18) = 1.16,
p > 0.05). Figure 1 shows this interaction, the average
number of items correctly recalled by the participants
is shown for the running span lists with 8, 15 or 18
items when asked to recall (in serial order) the last 3,
5 and 7 items. This interaction was followed-up by
three one-way ANOVAs examining the effect of Run-
ning digit span (3, 5, 7) at each sequence length. There
was a significant effect for sequence length 8 (F(2,18)
= 22.14, p < 0.05), but not for longer sequence lengths
of 15 and 18 (F(2,18) = 2.69, p > 0.05 and F (2,18)
= 3.50, p > 0.05) respectively). Paired t-tests showed
that for sequence lengths of 8 digits, there was a signif-
icant difference between running digit spans of 3 and 5

(t (9) = 6.91, p < 0.05), and between 3 and 7 (t(9) =
4.92, p < 0.05), but not between 5 and 7 (t(9) = 1.63,
p > 0.05).

5. Discussion

In Experiment 1,when overall sequence lengths were
15 or 18 digits long, there was no difference in the num-
ber of digits correctly reported regardless of running
span instructions , that is the requirement to recall the
last 3, 5, or 7 items. This suggests that once working
memory capacity is clearly exceeded, running span pa-
rameters specifying the length of the updating window
do not significantly affect recall performance. When
the overall sequence length is 8 digits, and therefore
within working memory span, then the updating win-
dow or running span required influences performance.
Participants appeared to be equally good at reporting
the last 3 digits regardless of the length of digits pre-
sented. Correct serial reporting of items in a running
span task increases up to full capacity of approximately
4 digits when participants are instructed to recall the
last 5 digits rather than just 3. However, there was no
further increase in correct report when recall instruc-
tions were increased to the last 7 digits, suggesting that
serial running span report plateaus at about 4 digits,
corroborating the figure previously reported [7,26].

6. Experiment 2

While central resources are clearly implicated in suc-
cessful performance of the running span task, their spe-
cific role is not clearly understood. Furthermore, this
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task has been relatively under-used compared to oth-
er tests known to tap the central executive. There-
fore a concurrent examination of the running digit span
task and well-established tests of episodic memory and
executive function would be useful in understanding
the nature of the executive contribution to the process
of maintaining an “on line” representation of items in
memory. A comprison of several versions of the test
with different report span lengths will also yield impor-
tant information when formulating a standard version
with clinical use in mind. The aim of Experiment 2
was to:

1. Replicate Experiment 1 in a larger sample, and to
compare performance on 3 versions of the run-
ning span test as defined by report span required,
collapsing across length of digit sequences used.

2. Examine how performance on 3 versions of the
running span test relate to episodic memory (dig-
it span forward, Rey Auditory Verbal Learning
test) and to tests of executive function (digit span
backwards, verbal fluency, random number gen-
eration)

We predicted that central resources would be more
involved in the shortest version of the test where only
the last three digits are reported due to the need to up-
date the online store of items more frequently; whereas
the load on the phonological loop should be low due
to the short span. The converse would apply for the
longest version of the task; while reporting seven digits
should require a longer working memory span and in-
volve greater immediate memory load, the number of
updates required by central executive processing would
be less due to the longer span. On this basis, it might be
expected that the short version with frequent updating
may be more strongly associated with tests of execu-
tive function, while the longer version which is close
to maximal memory span capacity will show a greater
correlation with immediate memory measures.

7. Method

7.1. Participants

The participants were twenty one (11 male, 10 fe-
male) healthy normals who had no previous history of
neurological, psychiatric, other physical illness, head
injury, alcohol or drug abuse and were not taking any
medication at the time of assessment. They had not
previously participated in Experiment 1. Their mean

age was 44.05 years (sd = 15.62, range = 23 to 75). All
(bar one participant) were right-handed (mean handed-
ness score = 89.02, sd = 14.58, range = 45 to 100),
and their mean verbal IQ as estimated by the National
Adult Reading Test was 117.5 (sd = 6.58, range = 103
to 126).

7.2. Design and procedure

A within subject repeated measures design was used.
For this preliminary study, we selected more common
standardised measures of executive function and short-
term memory in clinical use, as well as random num-
ber generation because it is a data-rich task which can
be quickly administered. All participants completed a
Handedness Inventory [18] and completed the follow-
ing tests.

1. The Rey Auditory Verbal Learning Test
(RAVLT) [29]. Participants listen to a list of 15
words, which the examiner reads aloud at the
rate of one word per second, before attempting
to recall the words remembered, in any order.
To assess learning across trials, this procedure is
repeated five times. Delayed recall and delayed
auditory recognition of the words was examined
20 minutes later. The number of correct recall on
each trial is noted, with the maximum being 15.

2. Random Number Generation (RNG) [3]. Par-
ticipants are asked to verbally generate numbers
from 1 to 9 in a random fahsion. The analogy of
picking out numbers out of a hat, with replace-
ment, was used to explain the concept of ran-
domness. Performance was paced with a flashing
1 cm × 1 cm white square presented on the black
screen at the rate of once every 2 seconds. Sub-
jects were instructed to synchronize their RNG
responses with the visual pacer, and they pro-
duced (100) responses until asked to stop. The
measures of randomness analysed were as fol-
lows:

i) The chi-squared (CHI) statistic, which is a
zero order measure of the frequency distri-
bution which may give some index of re-
sponse preference or bias.

ii) Repetitions (REP), which measures the
number of times the individual repeats the
same item on successive trials. For exam-
ple, 7-7 counts as 1 repeat, and 1-1-1 counts
as 2 repeats.
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iii) RNG index, which is a first order measure
which reflects any disproportion of digrams
in the matrix adjusted for disproportions in
the marginal cell frequencies. It varies be-
tween 0 and 1, and the higher the index the
less random the series is.

iv) The digram matrix looks at the frequency
with which each item in the set is followed
by each of the possible items. For example,
A is paired with B, B is paired with C and so
on. In a series with a set size of n (9 in our
case), there are n2(81) possible pairings. We
obtained several first order measures reflect-
ing the digram matrix. Digrams Achieved
(DIG), is the number of non-empty cells in
the digram matrix. Digram Repetition In-
dex (DRI) is the sum of all non-empty cell
frequencies in the digram matrix,minus one.

v) Unique Triplets (TRI), which is a second
order measure. There are N-2 , that is 98,
triplets in a series of 100 responses. The
number of triplets that are unique are then
counted. The fewer the number of unique
triplets, the greater the tendency to repeat
certain stereotyped second order runs.

vi) Count Scores, which are measures of se-
riation. We obtained count scores using
the general method of Spatt and Golden-
berg [30]. Count Score 1 (CS1), measures
the tendency to count in ascending or de-
scending series in steps of 1. For example,
1-2-3 or 8-7-6-5-4. All count scores take the
length of the series into account. In calcu-
lating the count scores, the sequence length
is squared to give higher weights to runs
of longer sequences. Therefore, these two
examples would result in respective count
scores of 4 (CS1 = 22) and 16 (CS1 = 42).
Count Score 2 (CS2), measures the tendency
to count in ascending or descending series
in steps of 2, for example 2-4-6-8 or 7-5-3-
1. Individuals may have count scores that
are lower than predicted from a random se-
ries if they are avoiding particular counting
tendencies or they may have a score which
is too high if they are unable to suppress
particular counting tendencies.

vii) Gap Score (GAP) is a measure of cycling
through the set of 9 items. To obtain this
measure, the gap between every occurrence
of 1 is noted, then gaps between every oc-

currence of 2 is noted and so on and the me-
dian is calculated. Higher scores indicate
that the individual cycles through the series
of 9 numbers in a regular fashion so that the
numbers are too evenly spread out.

3. Verbal fluency. For the letter fluency task, partic-
ipants were required to orally generate as many
words (excluding proper nouns, numbers and
variants of the same root word) which began
with the letters ‘f’, ‘a’, and ‘s’ for 60 seconds
each [4]. For the category fluency task, partici-
pants were required to name as many animals as
they could within 60 seconds [6]. All responses
were recorded verbatim. The number of correct
words (excluding repetitions or incorrect words)
for each letter and for the category fluency task
were determined.

4. Digit span subtest of the Wechsler Adult Intel-
ligence Scale Revised (WAIS-R) [34], including
backward as well as forward span was completed.

5. For the running digit span task, participants were
presented with sequences of 8, 15 or 18 numbers
between 1 and 9 randomly presented on a screen
at the rate of one digit per second. Across 3 sep-
arate blocks of 6 trials each (2 trials of lengths of
8, 15 or 18 digits), the subject’s instructions were
to remember the last 3 (rundig3), 5 (rundig5),
or 7 (rundig7) numbers of a sequence. On each
trial, the subject knew the number of digits that
had to be retained and recalled at the end of the
sequence, but was not informed about the length
of the sequence. Participants were required to re-
call the last 3, 5 or 7 items of a series verbally and
in the correct order. A fixed order of blocks was
used, and all subjects started with the block re-
quiring recall of the last 3 items in a sequence and
finished with the block of trials requiring reten-
tion and recall of the last 7 numbers. The score
was the total number of items correctly recalled
in the correct serial position. Separate subscores
were obtained for recalling the last 3, 5 or 7 items
for sequence lengths of 8, 15 and 18 digits.

8. Results

Figure 2 shows the average number of items in the
running span (i.e., rundig score) of participants when
asked to recall (in serial order) the last 3, 5 and 7 items
of a series of digits. Paired-samples t-tests showed
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Fig. 2. Running digit span score for recall of the last three (rundig3), five (rundig5) and seven (rundig7) digits.

Table 1
Mean and standard deviation scores on the measures of episodic memory and executive function.
Spearman’s correlations between running span performance and tests of episodic memory and
executive function are also presented

Mean Rundig3 Rundig5 Rundig7
(Standard devation)

Episodic memory
Digit span forward 9.7 (2.4) 0.53∗ 0.37 0.65∗∗
RAVLT total immediate recall 56.3 (15.7) 0.11 0.08 0.02
RAVLT delayed recall 12.6 (2.8) 0.21 0.26 0.48∗
RAVLT recognition 14.8 (0.4) −0.21 −0.02 0.17
Executive function
Digit span backward 9.3 (2.3) 0.10 0.64∗∗ 0.79∗∗
Phonemic fluency 17.9 (4.6) 0.05 0.26 0.16
Category fluency 19.2 (3.9) 0.14 −0.10 0.11
RNG–CHI 4.9 (5.4) −0.07 0.09 0.43
RNG–REP 0.5 (1.2) −0.07 0.31 0.41
RNG index 0.3 (0.04) −0.64∗∗ −0.01 0.05
RNG–DIG 52.4 (3.0) 0.47∗ −0.10 −0.35
RNG–DRI 46.6 (3.0) −0.47∗ 0.10 0.35
RNG–TRI 86.5 (3.6) 0.53∗ −0.14 −0.26
RNG–CS1 30.1 (17.2) −0.29 −0.07 −0.14
RNG–CS2 39.9 (11.9) −0.36 −0.11 −0.01
RNG–GAP 7.9 (0.5) 0.22 0.11 −0.09
∗∗indicates p < 0.001, ∗ indicates p < 0.05.

that the running digit span for the rundig5 task (3.78
± 1.30 items) was significantly longer (t(20) = 3.49,
p < 0.05) than for the rundig3 task (2.86± 0.45 items).
There was no significant differences between rundig7
and rundig5 (t(18) = 1.44, p > 0.05).

The relationship between running digit span perfor-
mance and measures of episodic memory and executive
function were explored using Spearman’s correlation
coefficients (see Table 1). Adjustments for multiple

comparisons were not made because the overall pattern
of correlational relationships was primarily of interest.

Among tasks that tapped episodic memory, high-
er digit span forward score was significantly associat-
ed with better running span performance for rundig3
and rundig7, and marginally for rundig5 (p = 0.010).
Greater delayed recall was significantly correlated with
better performance only for rundig7.

On executive function tasks, higher digit span back-
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ward score was strongly and significantly associated
with better running span performance for longer spans
(rundig5 and rundig7). Better performance on the RNG
task (as indexed by lower RNG index, higher DIG and
TRI scores, and lower DRI score) was significantly cor-
related better performance on the shortest running span
task (rundig3).

When examining Spearman’s correlations between
running digit span performance and participants’ de-
mographic characteristics, there was a significant neg-
ative correlation between age and performance on the
longest (rundig7) span (rs

2 = −0.51, p < 0.05), such
that older participants were disadvantaged. There were
no significant correlations between estimated verbal IQ
and running span performance.

9. Discussion

Experiment 2, successfully replicated Experiment 1
in a larger sample, confirming the maximal serial run-
ning span report of 4 digits. Specifically, it was found
that participants were indeed able to significantly in-
crease the number of digits correctly reported by about
1 digit, when the last 5 digits rather than 3 were re-
quired. However, there was no further significant in-
crease when the last 7 digits were required, and the
average number of digits correctly reported was maxi-
mally 4.23.

9.1. Association with measures of episodic memory

Forward digit span was significantly associated with
performance on two out of the three running digit span
lengths examined, i.e. the shortest (rundig3) and the
longest (rundig7), and there was a trend for association
with the midlength condition (rundig5). This pattern
of results was not predicted, as it was considered that
the load on the phonological loop would be low for
rundig3, but high for rundig7. The findings suggest
the importance of very immediate memory capacity for
on-line maintenance of all spans examined here, per-
haps because they all fall within immediate memory
span limits and there does not appear to be any dif-
ferentiation between the shortest and longest of these.
Contrary to prediction, the longest span length of seven
digits did not require any greater immediate memory
capacity than the three digits. Immediate recall and de-
layed recognition were not significantly correlated with
any of the running digit span tasks. However, delayed
recall, arguably the most demanding of the episodic

memory measures used, showed a high and significant
correlation with rundig7, the longest span length used
which was at the upper end of normal span capacity.
These findings suggest that simple immediate memory
is important for running digit span tasks in general, and
not just for longer running span windows. Delayed
episodic memory ability is involved only as span length
for the running digits task reaches maximal capacity.

9.2. Associaton with measures of executive function

According to prediction, shorter span length (requir-
ing more frequent updates) did show greater association
with executive function as measured by performance
on most of the random number generation indicies, but
not for the verbal fluency tasks or digit span backwards.
There was a significant positive relationship between
backward digit span and performance on running digit
span lengths of 5 and especially 7, indicating a tigher
coupling between executive function and the longest
span length. This suggests that longer running span
lengths may indeed require greater executive process-
ing, and is contrary to Morris and Jones [16] sugges-
tion, that the number of updates required does not affect
performance on the running digit span.

10. General discussion

The data suggest that a simple dissociation between
immediate memory and executive processes in short
and long running digit span tasks may not be warranted.
Instead, both short and long running span tasks require
a certain level of immediate memory contribution, and
long spans draw additionally on delayed recall abili-
ty. Regarding the contribution of executive process-
es, longer running spans are likely to be more tightly
linked to the executive processing in terms of ability to
hold near maximal spans and to retrospectively manip-
ulate this information, hence the longest span showed
the strongest correlation with the backward digit span
performance. However, executive processes are also
implicated in short running spans as many measures on
the RNG task correlated significantly with the shortest
running span of 3 digits. These RNG indices of execu-
tive function are different from digit span backwards, in
that they relate to holding and monitoring information
for the purpose of prospective selection and inhibition
of strategic responses according to task demands [13].
Perhaps the involvement of working memory and ex-
ecutive function in the running span task are not so
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clearly segregated as hypothesized [16], and different
aspects of working memory and executive function are
important in performance at different span lengths.

This study suggests that when report span length
exceeds the maximum capacity of 4 digits, the sheer
difficulty of the task prompts recruitment of further
aspects of both memory (i.e. delayed recall) and ex-
ecutive processes (i.e. digit span backwards) in order
to retrospectively manipulate information. Therefore,
the increased executive processing demands for longer
running spans may drive the closer coupling between
digit span backward and rundig7 performance. This
may occur because the maximal capacity rundig7 task
constitutes a difficult ‘non-routine’ situation where ex-
ecutive intervention by the central executive or supervi-
sory attentional system in Norman and Shallice’s mod-
el [17] is required. The increased difficulty of such a
non-routine condition is also supported by the signifi-
cant inverse relationship between performance on long
running spans and age [32]. In fact, it can be argued
that retrieval of delayed episodic information also in-
volves increased executive resources, and so it is pos-
sible that executive processes are key and underly the
change in performance from shorter to longer running
span reports.

For clinical application, the concomitant analysis of
several versions of the test suggests that, the perfor-
mance on the three digit running span task may be a
suitable measure of simple immediate memory, and the
increment between the three digit and seven digit run-
ning span tasks may be a good indication of executive
integrity, and its application in more challenging non-
routine scenarios. Hence two different performance
measures can be derived from this brief language-free
quick test.

In summary, this study examined the under-used run-
ning digit span task, and found that the hypothesized
dissociable contribution of working memory and exec-
utive function to this task is not clear cut. While this
conclusion is necessarily tentative, due to the modest
sample sizes and selective executive function tests em-
ployed, replication with other tests of executive func-
tion [10,15] and stratification by age [10,33], will be
useful to confirm and elaborate on these preliminary
findings. While more succeptible to overall intelli-
gence [7], it would also be interesting to examine
participant-determined recall performance on the run-
ning digit span task as a comparison to the fixed partial
recall procedure used here [5]. This study provides
some insight into the key role that central executive
processes play in this task and the results contribute

to placing this less well-known test in the context of
more established neuropsychological instruments. It
also provides some evidence for which forms of the
running digit span test may be particularly useful for
wider application in clinical research.

Acknowledgements

The financial support of the Wellcome Trust (MJ,
GD) during the course of this study is gratefully ac-
knowledged.

References

[1] A.D. Baddeley and G.J. Hitch, Working memory, in: The
Psychology of Learning and Motivation, (Vol. 8), G.H. Bower,
ed., New York: Academic Press, 1974, pp. 47–89.

[2] A. Baddeley, Working memory, Science 255(5044) (1992),
556–559.

[3] A.D. Baddeley, The capacity for generating information by
randomization, Q J Exp Psychol 18(2) (1966), 119–129.

[4] A. Benton, Differential behavioural effects in frontal lobe dis-
ease, Neuropsychologia 6 (1968), 53–60.

[5] M. Bunting, N. Cowan and J.S. Saults, How does running
memory span work? Q J Exp Psychol (Colchester) 59(10)
(2006), 1691–1700.

[6] N. Butters, E. Granholm, D.P. Salmon, I. Grant and J. Wolfe,
Episodic and semantic memory: a comparison of amnesic
and demented patients, J Clin Exp Neuropsychol 9(5) (1987),
479–497.

[7] N. Cowan, E.M. Elliott, J. Scott Saults, C.C. Morey, S. Mat-
tox, A. Hismjatullina et al., On the capacity of attention: Its
estimation and its role in working memory and cognitive apti-
tudes, Cognitive Psychology 51(1) (2005), 42–100.

[8] R.G. Crowder, Behavioral strategies in immediate memory,
Journal of Verbal Learning and Verbal Behavior 8 (1969),
524–528.

[9] M.P. Deiber, R.E. Passingham, J.G. Colebatch, K.J. Friston,
P.D. Nixon and R.S. Frackowiak, Cortical areas and the selec-
tion of movement: a study with positron emission tomography,
Exp Brain Res 84(2) (1991), 393–402.

[10] J.E. Fisk and C.A. Sharp, Age-related impairment in executive
functioning: updating, inhibition, shifting, and access, J Clin
Exp Neuropsychol 26(7) (2004), 874–890.

[11] C.D. Frith, K. Friston, P.F. Liddle and R.S. Frackowiak, Willed
action and the prefrontal cortex in man: a study with PET,
Proc Biol Sci 244(1311) (1991), 241–246.

[12] M. Jahanshahi, I.H. Jenkins, R.G. Brown, C.D. Marsden, R.E.
Passingham and D.J. Brooks, Self-initiated versus external-
ly triggered movements, I. An investigation using measure-
ment of regional cerebral blood flow with PET and movement-
related potentials in normal and Parkinson’s disease subjects,
Brain 118(Pt 4) (1995), 913–933.

[13] M. Jahanshahi, T. Saleem, A.K. Ho, G. Dirnberger and R.
Fuller, Random number generation as an index of controlled
processing, Neuropsychology 20(4) (2006), 391–399.

[14] B. Milner, Some effects of frontal lobectomy in man, in: The
Frontal Granular Cortex and Behavior, J.M. Warren and K.
Akert, eds, New York: McGraw-Hill, 1964, pp. 313–331.



M. Jahanshahi et al. / A preliminary investigation of the running digit span as a test of working memory 25

[15] A. Miyake, N.P. Friedman, M.J. Emerson, A.H. Witzki and
Howerter, The unity and diversity of executive functions and
their contributions to complex “frontal lobe” tasks: A latent
variable analysis, Cognitive Psychology 41(1) (2000), 49–100

[16] N. Morris and D.M. Jones, Memory Updating in Working
Memory – the Role of the Central Executive, British Journal
of Psychology 81 (1990), 111–121.

[17] D.A. Norman and T. Shallice, Attention to action: Willed and
automatic control of behaviour, in: Consciousness and Self
Regulation: Advances in Research and Theory, R. Davison,
G. Schwartz and D. Shapiro, eds, New York: Plenum, 1986.

[18] R.C. Oldfield, The assessment and analysis of handedness: the
Edinburgh inventory, Neuropsychologia 9(1) (1971), 97–113.

[19] A.M. Owen, A.C. Roberts, J.R. Hodges, B.A. Summers, C.E.
Polkey and T.W. Robbins, Contrasting mechanisms of im-
paired attentional set-shifting in patients with frontal lobe dam-
age or Parkinson’s disease, Brain 116(Pt 5) (1993), 1159–
1175.

[20] P. Palladino, C. Cornoldi, R. De Beni and F. Pazzaglia, Work-
ing memory and updating processes in reading comprehen-
sion. Mem Cognit 29(2) (2001), 344–354.

[21] M. Petrides, Functional specialization within the dorsolateral
frontal cortex for serial order memory, Proc Biol Sci 246(1317)
(1991), 299–306.

[22] M. Petrides, Impairments on nonspatial self-ordered and ex-
ternally ordered working memory tasks after lesions of the
mid-dorsal part of the lateral frontal cortex in the monkey, J
Neurosci 15(1 Pt 1) (1995), 359–375.

[23] M. Petrides, B. Alivisatos, A.C. Evans and E. Meyer, Disso-
ciation of human mid-dorsolateral from posterior dorsolateral
frontal cortex in memory processing, Proc Natl Acad Sci USA
90(3) (1993), 873–877.

[24] M. Petrides, B. Alivisatos, E. Meyer and A.C. Evans, Func-
tional activation of the human frontal cortex during the perfor-
mance of verbal working memory tasks, Proc Natl Acad Sci
USA 90(3) (1993), 878–882.

[25] M. Petrides and B. Milner, Deficits on subject-ordered tasks
after frontal- and temporal-lobe lesions in man, Neuropsy-
chologia 20(3) (1982), 249–262.

[26] I. Pollack, L.B. Johnson and P.R. Knaff, Running memory
span, J Exp Psychol 57(3) (1959), 137–146.

[27] B.R. Postle, Context in verbal short-term memory, Mem Cog-
nit 31(8) (2003), 1198–1207.

[28] B.R. Postle, J.S. Berger, J.H. Goldstein, C.E. Curtis and M.
D’Esposito, Behavioral and neurophysiological correlates of
episodic coding, proactive interference, and list length effects
in a running span verbal working memory task, Cogn Affect
Behav Neurosci 1(1) (2001), 10–21.

[29] A. Rey, Psychological examination of traumatic encephalopa-
thy, Archieves de Psychologic 28 (1941), 286–340. Sections
translated by J. Corwin and F.W. Bylsma, The Clinical Neu-
ropsychologist, 1993, 1994–1999.

[30] J. Spatt and G. Goldenberg, Components of random generation
by normal subjects and patients with dysexecutive syndrome,
Brain Cogn 23(2) (1993), 231–242.

[31] G.A. Talland, Age and the immediate memory span, Geron-
tologist 7(1) (1967), 4–9.

[32] G.A. Talland, Age and the span of immediate recall, in: Hu-
man Agingand behavior: Recent Advance in Research and
Theory, G.A. Talland, ed., New York: Academic Press, 1968,
pp. 93–129.

[33] G.S. Waters and D. Caplan, The reliability and stability of ver-
bal working memory measures, Behav Res Methods Instrum
Comput 35(4) (2003), 550–564.

[34] D. Wechsler, Wechsler Adult Intelligence Scale – Revised Man-
ual, New York: Psychological Corporation, 1981.

[35] S. Wiegersma, E. van der Scheer and R. Human, Subjective
ordering, short-term memory, and the frontal lobes, Neuropsy-
chologia 28(1) (1990), 95–98.


