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Age-related differences in executive control
of working memory
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In two experiments, we used dual-task methodology to assess the effect of aging on executive con-
trol of working memory. We hypothesized that (1) age-related dual-task costs would be observed even
when individual tasks represent different perceptual modalities; (2) age would modulate the effect of
increased temporal overlap on dual-task performance; and (3) the vulnerability of specific memory
mechanisms to interference would be age related. We found that aging was associated with dispro-
portionate dual-task costs that increased when extending the overlap between individual tasks. The ef-
fect of interference with encoding, and arguably output, was disproportionately larger in old than in
young individuals. Ensuring that individual tasks represent different perceptual modalities is important
but insufficient when using dual-task methodology to assess the effect of aging on executive function.
The degree of temporal overlap between individual tasks and the sensitivity of specific memory oper-

ations to interference should be considered, as well.

Dual-task methodology has been used to evaluate one
aspect of executive control—the allocation and monitor-
ing of attentional resources to competing task demands
(Baddeley, 1996, 2001; Baddeley & Hitch, 1974). While
the effect of aging on dual-task performance has been
studied extensively (for a review, see Hartley, 1992; Mc-
Dowd & Shaw, 2000) and evaluated using meta-analytic
procedures (Verhaeghen & Cerella, 2002; Verhaeghen,
Marcoen, & Goossens, 1993; Verhaeghen, Steitz, Sliwin-
ski, & Cerella, 2003), the findings have been inconsistent.
A number of studies have found that aging is associated
with increased costs in dual-task performance (e.g.,
Crossley & Hiscock, 1992; Li, Lindenberger, Freund, &
Baltes, 2001; Salthouse, Rogan, & Prill, 1984; Whiting
& Smith, 1997), but others failed to demonstrate this re-
lation (e.g., Nyberg, Nilsson, Olofsson, & Béckman,
1997; Somberg & Salthouse, 1982; Tun & Wingfield,
1994; Wickens, Braune, & Stokes, 1987). Moreover, the
theoretical basis for those changes remains controversial
(Meyer, Glass, Mueller, Seymour, & Kieras, 2001).

The present experiments were intended to shed light on
our understanding of the effect of aging on executive con-
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trol of working memory. To accomplish this goal, we de-
signed a dual-task paradigm with specific methodological
and theoretical considerations in mind. The two individ-
ual tests were selected to represent visual and verbal as-
pects of working memory. This was done to examine
whether using single tasks that represent different per-
ceptual modalities insulates against age-related dual-task
costs. In addition, two dual-task conditions were created
that differ in the temporal arrangement of the tasks. In the
first dual-task condition, overlap was limited to the re-
tention phase of the visual task. In the second dual-task
condition, the overlap extended over the encoding, reten-
tion, and output phases of the visual task. Executive con-
trol of working memory was conceived as the ability to
monitor and allocate attentional resources to two com-
peting individual working memory tasks and was mea-
sured in terms of the dual-task costs incurred relative to
performance on the single tasks. Moreover, comparing
performance costs in the two dual-task conditions af-
forded insight into whether executive control of working
memory was differentially taxed in young and old persons
when extending the temporal overlap to the encoding and
output phases of the visual task. Performance on the ver-
bal task afforded a more direct examination of the sensi-
tivity of specific memory operations to interference.

A series of studies have used dual-task methodology to
examine executive control of working memory in normal
aging and in people with Alzheimer’s disease (Baddeley,
Baddeley, Buck, & Wilcock, 2001; Baddeley, Bressi, Della
Sala, Logie, & Spinnler, 1991; Baddeley, Logie, Bressi,
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Della Sala, & Spinnler, 1986). The tasks utilized in those
studies conformed to an established working memory
model (Baddeley, 2001; Baddeley & Hitch, 1974) in which
each single task is presumably processed via a separate
slave system (phonological loop, visuospatial sketchpad).
Resource allocation to each task/modality is presumed to
occur via a third mechanism, the central executive. In these
studies, Alzheimer’s disease, but not normal aging, pro-
duced disproportionate dual-task costs. These findings sug-
gested that the central executive remained intact in old age.

However, in the studies described above the individual
tasks were continuous, affording the possibility that sub-
jects interlaced cognitive operations needed to complete
the individual tasks, thereby reducing or avoiding direct
interference between the tasks. Consequently, age-related
dual-task costs may have been underestimated. Careful
manipulation of the degree of overlap between individual
tasks may help to provide insight into the specific opera-
tions underlying dual-task performance in general, and
age-related differences in dual-task costs, in particular.

The psychological refractory period (PRP) method
represents one approach to manipulating the degree of
interference by systematically changing the stimulus
onset asynchrony of the two tasks (for a review of this lit-
erature, see Pashler, 1994). Using this methodology,
Hartley (2001) suggested that age differences in dual-
task costs may be confined to concomitant generation
and execution of two similar motor programs. Another
approach is to limit the overlap to specific cognitive op-
erations within a task. For example, two studies showed
that age differences in dual-task costs, as measured by
central tendency (Anderson, Craik, & Naveh-Benjamin,
1998) and dispersion parameters (Anderson, 1999) of re-
action time, varied depending on whether the interfer-
ence occurred during encoding (i.e., stimulus presenta-
tion), recall, or recognition (i.e., probe presentation)
components of a working memory task. The individual
tasks in these studies were not designed to tap the re-
sources of separate slave system/modalities, a point that
is relevant to the present investigation.

Three important issues warrant clarification with re-
spect to our understanding of executive control of working
memory in aging. Whereas the deleterious effect of old age
on dual-task performance has been reported in a large
body of literature, it remains an open question whether
this robust aging effect is eliminated or retained when
each single working memory task represents a different
slave system/modality. Moreover, it is of considerable
interest to examine whether the degree of temporal over-
lap between such tasks has a differential effect on age-
related dual-task performance. A related issue is whether
interference with specific memory mechanisms differen-
tially affects performance of young and old individuals.

Present Study
Experiment 1 was conducted to evaluate the following
three hypotheses concerning the effect of aging on exec-

utive control of working memory. First, we hypothesized
that age-related dual-task costs would be observed in a
novel dual-task working memory paradigm in which the
two single tasks were designed to represent the phono-
logical loop and visuospatial sketchpad. That is, we as-
sessed whether separate perceptual modalities insulated
against the effect of aging on dual-task performance.
The dual-task paradigm was composed of a delayed vi-
sual recognition (DVRT) task and an auditory comput-
erized digit span (CDS) task.

Second, we hypothesized that increased temporal over-
lap between the two single tasks would exacerbate the ef-
fect of aging on dual-task performance. Two dual-task con-
ditions varied in terms of the degree of overlap between
the two single tasks (see Figure 1). In the partial inter-
ference condition, the digit span task overlapped only
with the retention phase of the delayed visual recognition
task. In the complete interference condition, two digit
sets were administered so that the overlap was extended
over the encoding, retention, and output mechanisms of
the DVRT. Comparing the DVRT performance between
the two dual-task conditions addressed the questions of
whether manipulating the degree of temporal overlap
produced differential dual-task costs and whether these
costs were differentially related to age. The results of this
analysis will help determine the extent to which the re-
sults of previous experiments depended on the use of
continuously overlapping tasks.

Third, we hypothesized that the sensitivity of encoding
and output to interference would be modulated by aging.
Comparing digit recall accuracy between the two dual-
task conditions afforded insight regarding this question.
In the partial interference condition, the encoding and
output of the digit span task were performed during the
retention phase of the DVRT. Hence, interference was
limited to the retention of visual stimuli. In the complete
interference dual-task condition, encoding of the first
digit set was concomitant with the encoding of the visual
stimuli, but digit recall occurred during the retention
phase. Hence, interference with the encoding of digits
varied between the two dual-task conditions, whereas the
recall of digits remained constant. If increased age dif-
ferences are observed in the complete interference (CI)
condition relative to the partial interference (PI) condi-
tion, it would suggest that the susceptibility of encoding
to interference is age related. The second digit set of CI
was encoded during the second half of the retention
phase, but repetition of the digits was concurrent with the
DVRT output. In comparison with PI, encoding demands
were similar, but the interference with the output of the
digit span task varied. Increased age-related differences
in digit recall in the second digit set of the CI task rela-
tive to the PI task would suggest that the consequence of
interfering with memory output is age related.

Experiment 2 was designed to reevaluate the same hy-
potheses while addressing methodological limitations
that were inherent in the first experiment.
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Figure 1. Schematic presentation of the delayed visual recognition task (DVRT) and the computerized
digit span (CDS) task in single- and dual-task conditions. (A) DVRT alone. (B) CDS task alone. (C) Dual-
task partial interference. (D) Dual-task complete interference.

EXPERIMENT 1
Method

Participants

Sixteen older adults, ages 65-85 (M = 74.3, SE = 1.4), and 16
younger adults, ages 19-31 (M = 21.2, SE = 0.76), participated in
the present study. Within each age group, 62.5% were females. The
old participants were community residents who were recruited from
newspaper advertising and senior centers, and who have previously
participated in studies conducted at the Columbia University Med-
ical Center. The young participants were undergraduate students at
Columbia University. All the participants were determined to be in
good health, based on self-report and clinical interview. Exclusion-
ary criteria were medical and psychological history that might af-
fect cognition (e.g., brain trauma, neurodegenerative diseases, de-
pression), medications known to have an effect on test performance,
and history of learning disability. All the participants provided in-
formed consent, and all were compensated for their participation.

The young and old participants were comparable on a number of
demographic variables and neuropsychological screens of cognitive
and intellectual function. Dementia Rating Scale (DRS; Mattis,
1988) total scores for the young (M = 142, SE = .38) and old (M =
141, SE = .94) participants were comparable and at least 1 SD
above the recommended dementia cutoff score of 123 (Mattis,
1988). The National Adult Reading Test (NART; Nelson, 1982)
mean scores for the young (M = 39.3, SE = 1.1) and old (M = 39.9,
SE = 1.7) participants were comparable and indicative of estimated
verbal intellectual function that was, on average, 1 SD above the
mean. The difference in years of education for the young (M =
14.8, SE = .36) and old (M = 15.9, SE = .39) participants was not
statistically significant.

Apparatus

A Macintosh iBook computer with a 12.1-in. diagonal viewable
monitor was used to administer the single- and dual-task conditions. A
delayed visual recognition procedure and an auditory digit recall task
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were implemented using PsyScope software (Cohen, MacWhinney,
Flatt, & Provost, 1993). Visual stimuli were presented on the com-
puter screen. Keys on the left and right sides of the keyboard served
as response keys for the visual task. Auditory stimuli for the digit
span test were generated by the computer and amplified by digital
speakers. The timing of participants’ verbal responses on the digit
span task was monitored using a headset microphone that was con-
nected to the computer via the voice-key port of the PsyScope button
box. The computer registered the time when each digit was produced.

Procedures

All training and testing procedures were conducted in the same
laboratory room in the medical center. Each participant was tested
individually. The single- and dual-task conditions are presented
schematically in Figure 1.

Delayed visual recognition task (Figure 1A). The delayed vi-
sual recognition procedure is a nonverbal adaptation of the Stern-
berg task (Sternberg, 1966, 1969). It consisted of 60 trials, divided
into five 12-trial blocks. Each trial consisted of an encoding, reten-
tion, and probe phase. In the encoding phase, two or four visual
stimuli were presented for 5 sec. This was followed by a 10-sec re-
tention interval during which the computer screen was blank. Then,
a single probe item was presented for 5 sec. The probe item either
matched (true positive) or did not match (true negative) one of the
stimuli from the study set. The participants indicated whether the
probe item was included in the initial set by a differential button-
press. The participants were instructed to respond as quickly as pos-
sible. Assignment of response keys to the true positive and true neg-
ative conditions was counterbalanced across participants within
each age group. Each study block had an equal number of the four
trial types—that is, set size 2 and 4, and positive and negative
probes. Their order was randomly distributed.

The DVRT was run twice as a single task. In the first run, desig-
nated as the training procedure, accuracy feedback with respect to
the probe decision was given after each trial. The second run, re-
ferred to as the alone/baseline condition, omitted the feedback and
was intended to serve as a baseline comparison to the dual tasks.

Twelve Microsoft Word symbol characters (e.g., €, ), ¢, £)
served as stimuli for the DVRT. Sixty study sets of stimuli with as-
sociated probes were generated for each run of the task. Two addi-
tional 24 study sets with associated probes were generated for the
training procedures of the two dual-task conditions.

Computerized digit span (Figure 1B). This task consisted of
auditory presentation and verbal recall of a five-digit set. The par-
ticipants listened to a set of five numbers, produced by the com-
puter at a rate of one digit per second. They were then asked to re-
peat the digits in the same order and at the same pace. The times at
which each digit was produced was monitored by the computer. The
accuracy of the digit recall was hand-recorded by the tester.

Digital recordings of a female voice were used to present the
stimuli (digits 1-9). The average presentation duration per digit was
465 msec. Randomization within each digit set was constrained by
two factors: Digits presented one after the other could not be con-
secutive, either in descending or ascending order; and identical
pairs of digits were not presented in consecutive digit sets.

The training task, consisting of 25 five-digit sets, was used to train
the participants to comply with the rate and accuracy parameters of
the task. A visual cue (asterisk) was used to help the participants re-
call the digits at a constant pace of 1 sec per digit. At the end of each
trial, a message appeared on the computer screen indicating whether
the digit recall had been completed within the 5-sec time allotted.
The tester provided feedback on the accuracy of the digit recall.

The CDS testing was administered immediately after the training
task. It also consisted of 25 digit sets. The visual cue and accuracy
feedback used during training were removed from the CDS testing
condition that served as a baseline comparison to the two dual tasks.

Training for the two dual tasks consisted of 24 trials per condition.
At the end of each trial, feedback was provided on the computer

screen, indicating whether the probe decision was accurate and
whether the digit recall was completed within the time allotted. Also,
the tester provided feedback on the accuracy of the digit recall.

Dual-task partial interference (Figure 1C). In the first dual
task, the overlap between the two tasks was limited to the retention
period of the DVRT. After the encoding period of the DVRT, the
participants were required to attend to and repeat one set of five
digits during the 10-sec retention interval, prior to the appearance
of the DVRT probe. The DVRT probe then appeared, and the par-
ticipants responded to that probe. There were 60 trials of this dual
condition, run in same manner as the DVRT alone.

Dual-task complete interference (Figure 1D). In the second
dual task, overlap of the two tasks was complete. The participants
were required to encode the visual study set while listening to the
first set of digits, recall the digits during the first 5 sec of the re-
tention interval, attend to a second set of digits during the last 5 sec
of the retention interval, and then recall the digits while making a
decision about the identity of the probe. Two five-digit sets were
administered during each trial, amounting to a total of 120 sets for
the entire dual-task condition. It is important to note that while the
degree of overlap between the two tasks was extended during the
dual-task complete interference, the single visual and verbal tasks
remained unchanged. The participants were instructed that the vi-
sual and verbal tasks were equally important.

Neuropsychological Measures

Two measures were administered to ensure that current and pre-
morbid levels of intellectual functioning were within normal limits.

NART (Nelson, 1982) is a reading test of 50 irregularly spelled
words that is considered to be a measure of premorbid ability be-
cause it relies more on previously acquired knowledge than on cur-
rent cognitive function. It correlates highly with measures of gen-
eral intelligence and is used to estimate 1Q while taking education
and gender into account (Spreen & Strauss, 1998).

DRS (Mattis, 1988) is a widely used scale that examines five
areas (attention, initiation and perseveration, construction, concep-
tualization, memory) that are sensitive to the cognitive changes as-
sociated with dementia of the Alzheimer’s type. The maximal total
score in the DRS is 144, and the suggested dementia cutoff score is
123 (Mattis, 1988).

The Digit Span Test (Wechsler Adult Intelligence Scale—3rd Ed.
[WAIS-III]; Wechsler, 1997) is the most commonly used test for
measuring the span of verbal recall. It was administered according
to standardized procedures to ensure that performance on this mea-
sure was within acceptable age norms.

Procedure

The first and second experimental sessions for each participant
were conducted at the same time of day. Once written consent was
obtained at the beginning of the first session, the tester conducted
a comprehensive interview to obtain demographic, medical, and
psychological information, ensuring compliance with the inclusion
and exclusion criteria of the study. Subsequently, the training com-
ponents of the DVRT, NART, DRS, and alone/baseline condition of
the DVRT were administered. The Digit Span Test (WAIS-III) and
training and testing of the CDS concluded the first session.

In order to proceed to the second day of testing, the participants
were required to recall the digit sets at a minimum of 75% accuracy
and comply with the rate at which the digits had to be repeated.
Minimum accuracy for the DVRT was set at 75%. Two old partici-
pants and 1 young participant were excluded from the study due to
failure to comply with the performance criteria of the digit recall
task.

On the second day, the participants received 12 trials of the sin-
gle DVRT (training version) to refamiliarize them with the task.
They were also administered 10 additional CDS trials to ensure
compliance with the accuracy and response rate indices of the task.
The PI and CI dual tasks were then administered in a random order



to ensure that each task was administered first to 50% of the par-
ticipants in each age group. In each case, the 60 test trials of the PI
and CI dual tasks were administered after completion of their re-
spective training procedures.

Statistical Analyses

For all analyses in this article, the level of statistical significance
was set at p = .05. Tests for sphericity were carried out in each
analysis. Huynh—Feldt corrected significance levels are reported for
any effect for which the sphericity test was significant. Helmert
planned contrast analyses were carried out on significant main ef-
fects of the within-subjects variables and their interactions with age.
These contrast analyses served to accomplish two goals: (1) exam-
ine differences between the alone condition and the dual tasks
(treated as a construct), and (2) directly compare the two dual-task
conditions to evaluate the effect of manipulating the degree of tem-
poral overlap between tasks and the sensitivity of encoding and out-
put to interference.

The issue of whether the dual-task costs were disproportionate to
group differences at baseline was examined for the reaction time and
accuracy measures of the DVRT. The advantages and disadvantages
of methods that seek to address the issue of proportionality in eval-
uating dual-task costs have been discussed with respect to propor-
tional transformation and the Brinley plot (e.g., Fisk & Fisher, 1994;
Hartley, 2001; Perfect, 1994) and log transformation (Baddeley
et al., 2001). In the present study, proportional transformation was
used for the reaction time and accuracy measures of the DVRT.

DVRT reaction time. Median reaction time was derived from
correct responses only for each participant and served as the de-
pendent measure. First, inferential statistics were performed using
arepeated measures analysis of variance (ANOVA) on the raw data.
The within-subjects variables were the three-level task condition
(DVRT alone, PI, CI), two-level probe type, and two-level set size.
Age served as the between-groups variable. Second, a proportional
transformation measure of reaction time was derived for the PI and
CI conditions, per participant, using the following equation: (Mdn
dual task — Mdn single task)/Mdn single task. Then, a second re-
peated measures ANOVA was run with the two ratio changes in
reaction time serving as dependent measures. The within-subjects
factors were the two-level task condition, set size, and probe type.
Age was the between-subjects factor.

DVRT accuracy data. The total number of correct responses
for the single-task and two dual-task conditions served as depen-
dent measures. In keeping with the reaction time analyses, a two-
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phase repeated measures ANOVA was used. First, data were ana-
lyzed using the raw accuracy data. The within-subjects variables
were the three-level task condition (DVRT alone, PI, CI), two-level
probe type, and two-level set size. Age served as the between-
groups variable. Second, a proportional transformation measure of
accuracy was derived, per participant, for the PI and CI tasks using
the following equation: (total correct dual task — total correct sin-
gle task)/(total correct single task). The two ratio changes in accu-
racy for the PI and CI conditions served as dependent measures.
The within-subjects factors were the two-level task condition, two-
level probe type, and two-level set size. Age was the between-
subjects factor.

CDS. The percentage of inaccurate digits recalled was calculated
for each task. In the alone condition, the total possible number of
digit errors was 125. In the PI, and in each CDS set of the CI, the
total number of possible digit errors was 300.

Two different repeated measures ANOVAs were performed to eval-
uate whether the accuracy of digit recall varied as a function of task
interference (three-level within-subjects variable) and age (between-
subjects factor). The first ANOVA included the CDS task alone, PI,
and the first digit set of the CI. The second repeated measures
ANOVA included the second digit set of the CI as the third level
task. These two models were designed to assess the sensitivity of
encoding (Model 1) and output (Model 2) to interference. Statisti-
cal analyses of the CDS performance were limited to digit recall ac-
curacy. Compliance with the pace and 5-sec time interval at which
digits were repeated was first achieved by the training procedures
of both the single and dual tasks and then ascertained behaviorally
at the testing procedures by the tester.

Results and Discussion

DVRT

Reaction time: Raw data. Descriptive statistics (M,
SE) for the raw and transformed reaction time data in the
alone, PI, and CI conditions are presented per group in
Table 1. The data were analyzed by means of repeated
measures ANOVAs with task (three-level), set size (two-
level), and probe identity (two-level) as the within-subjects
variables and age as the between-subjects factor. The
main effects were significant for age [F(1,30) = 58.898,
p <.001], task [F(2,60) = 9.715, p < .001], and set size

Table 1
Descriptive Statistics (M, SE) for Reaction Times (RTs, in Milliseconds) and the Change Ratio in
RT per Group for the Alone, PI, and CI Conditions of the DVRT

True Negative

True Positive

Set Size 2 Set Size 4 Set Size 2 Set Size 4
M SE M SE M SE M SE
Alone
Young raw 921 55 1,046 40 970 73 1,074 52
Old raw 1,270 45 1,693 140 1,309 58 1,760 110
PI
Young raw 708 39 897 75 729 55 876 75
Young A ratio —.204 .05 —.155 .07 —.193 .08 —.180 .05
Old raw 1,219 109 1,441 62 1,316 67 1,543 116
Old A ratio —.052 .06 —.162 11 .026 .07 —.125 .04
CI
Young raw 810 75 835 47 681 40 828 72
Young A ratio —.049 12 —.205 .06 —.236 .07 —.222 .06
Old raw 1,265 104 1,460 102 1,545 77 1,717 104
Old A ratio -.016 .05 —.164 A1 217 .08 .006 .05

Note—n = 16 for each group.
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[F(1,30) = 52.475, p < .001]. Overall, as expected, old
participants had slower reaction times compared with
young participants across the three tasks. Interpretations
of the effects of task and set size are better understood in
light of the significant two- and three-way interactions
delineated below. The two-way interaction of task and
age was statistically significant [F(2,60) = 3.620, p <
.05]. Helmert planned contrast analysis, carried out on
the task X age group interaction, showed that the differ-
ence in reaction time between young and old participants
increased significantly between the PI and CI conditions
[F(1,30) = 6.940, p < .05]. Group differences between
the dual-task condition (treated as a construct) and the
single-task condition were not significant.

The two-way interaction of age X probe identity
[F(1,30) = 4.622, p < .05] and three-way interaction of
age X task X probe identity [F(2,60) = 4.297, p < .05]
were significant. These results show that while young
participants responded more quickly to true positives
than to true negatives in the dual-task conditions, old
participants showed the opposite response pattern. Helmert
planned contrast analyses, carried out on the age X task X
probe identity interaction, revealed that age differences
in reaction time to probe identity were larger in the CI
condition relative to the PI condition [F(1,30) = 8.280,
p < .01]. Age differences in reaction time to the probe
identity between the dual-task condition (treated as a con-
struct) and the single-task condition were not significant.

The two-way interaction of set size X task [F(2,30) =
4.404, p < .05] and three-way interaction of set size X
task X age [F(2,60) = 4.491, p < .05] were significant.
Whereas increased age differences in reaction time in the
PI and CI conditions relative to the alone condition were
observed for both set sizes, they were more noticeable
for set size 2. Helmert planned contrast analysis, carried
out on the three-way interaction, showed that age differ-
ence in reaction time increased significantly in the dual-
task conditions relative to the DVRT when performed

alone [F(1,30) = 5.708, p < .05]. Age differences be-
tween the PI and CI were not significant. No other main
effects or interactions were significant.

Reaction time: Proportional transformation. The
data were analyzed by means of a repeated measures
ANOVA with task (two-level), set size (two-level), and
probe identity (two-level) as the within-subjects vari-
ables and age as the between-subjects factor. The depen-
dent measures were mean ratio changes in reaction time
in the PI and CI conditions. The main effects were sig-
nificant for age [F(1,30) = 4.249, p < .05] and task
[F(1,30) = 4.829, p < .05]. However, the age X task
interaction was marginal [F(1,30) = 3.929, p = .057].
The two-way interaction of task X size [F(1,30) = 5.293,
p < .05] and three-way interaction of age X task X probe
type [F(1,30) = 7.476, p < .05] were statistically sig-
nificant. The remaining main effects and interactions
were not significant.

Reaction time: Summary. Analyses of raw reaction
time data showed that, as expected, old participants were
slower across the three tasks and that age differences in-
creased in the dual-task conditions relative to the DVRT
when performed alone. In addition, set size and probe
type modulated the increase in age-related dual-task
costs. Age differences remained significant when analy-
ses were run on the transformed data, indicating that the
costs incurred by old participants were disproportionate
to group differences at baseline. However, age differ-
ences between the PI and CI conditions were not reliable
when analyses were run on the transformed reaction time
data. Finally, an important caveat is that the age differ-
ences in the dual-task reaction time costs are due to
greater improvement in performance by young com-
pared with old participants in the dual-task relative to the
single-task condition.

Accuracy: Raw data. Descriptive statistics (M, SE)
for the total correct responses and proportional change in
accuracy in the PI and CI conditions relative to baseline

Table 2
Descriptive Statistics (M, SE) for Total Correct Responses and the Change Ratio in Correct
Responses per Group for the Alone, PI, and CI Conditions of the DVRT

True Negative

True Positive

Set Size 2 Set Size 4 Set Size 2 Set Size 4
M SE M SE M SE M SE
Alone
Young TC 14.9 .06 14.6 15 14.8 .14 14.7 15
Old TC 14.9 .08 13.7 .34 14.1 .38 13.3 45
PI
Young TC 14.8 .10 13.9 .36 14.5 .20 14.1 27
Young A ratio —.008 .01 —.046 .02 —.016 .01 —.042 .02
Old TC 14.5 22 13.8 .36 12.4 .55 10.8 .80
Old A ratio —.024 .01 .013 .03 —.102 .04 -.177 .05
CI
Young TC 14.8 11 14.6 12 14.3 24 12.8 .52
Young A ratio —.012 .01 .001 .01 —.028 .02 —.130 .04
Old TC 14.1 22 12.6 43 11.6 72 9.1 .84
Old A ratio —.050 .01 —.069 .03 —.166 .05 —.310 .06

Note—TC, total correct out of 15 possible responses.

n = 16 for each group.



are presented per group in Table 2. The accuracy data
were analyzed by means of a repeated measures ANOVA
with task (three-level), probe identity (two-level), and set
size (two-level) as the within-subjects variables and age
as the between-subjects factor. Because the probe iden-
tity and set size factors did not interact (i.e., three-way
interaction) with age and task conditions, the repeated
measures ANOVA was rerun, collapsing over probe iden-
tity and set size. The main effects were significant for
age [F(1,30) = 34.117, p < .001] and task [F(2,60) =
26.658, p < .001]. These results revealed that accuracy
was reduced as a function of old age and task condition.
Furthermore, the two-way interaction of age X task was
significant [F(2,60) = 7.596, p < .01]. Helmert planned
contrast analysis was carried out on the age X task inter-
action, revealing that differences in accuracy between
young and old participants increased significantly in the
dual-task condition compared with the DVRT alone
[F(1,30) = 10.245, p < .01]. Moreover, age differences
in accuracy were significantly larger in the CI compared
with the PI [F(1,30) = 4.683, p < .05].

Accuracy: Proportional transformation. The data
were analyzed by means of a repeated measures ANOVA
with task (two-level) as the within-subjects variable and
age as the between-subjects factor. Dependent measures
were mean accuracy changes in the PI and CI relative to
the alone task. The main effects were significant for age
[F(1,30) = 10.692, p < .01] and task [F(1,30) = 11.586,
p < .01]. The age X task interaction was significant
[F(1,30) = 5.281, p < .05].

Accuracy: Summary. Accuracy decreased as a func-
tion of age and task interference. Age-related differences
in accuracy were disproportionately larger in the dual-
task condition relative to the alone condition with old
participants showing reduced accuracy due to interfer-
ence. Furthermore, a direct comparison between the PI
and CI conditions showed that increased overlap be-
tween the individual tasks was more deleterious to old
than to young participants.

Table 3
CDS—Percentage of Incorrect Digit Recall (M, SE) per Group
in the Alone, PI, and CI Conditions

Young Old
M SE M SE
Alone 95 41 33 .50
PI 74 25 4.18 .69
Set size 2 .54 22 4.21 .96
Set size 4 .95 37 4.16 85
CI
1st digit set 1.90 47 9.54 1.21
Set size 2 1.75 .55 9.58 1.37
Set size 4 2.08 .67 9.50 1.26
CI
2nd digit set 2.04 47 8.35 1.30
Set size 2 1.87 40 7.71 1.22
Set size 4 2.20 .62 9.08 1.49

Note—In the PI and CI conditions, digit recall performance is also pro-
vided as a function of DVRT set size. n = 16 for each group.
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CDS

Descriptive statistics for the percentage of incorrect
digit recall per group in the alone, PI, and CI dual-task
conditions are presented in Table 3. Repeated measures
ANOVAs were performed on two models with age as the
between-subjects factor and task as the three-level within-
subjects variable. The first model included the percent-
age of incorrect digit recall in the alone and PI and the
first digit set of the CI. The second model used the sec-
ond digit set of the CI as the third-level task.

Model 1. The main effects for age [F(1,30) = 38.575,
p < .001], task [F(2,60) = 29.591, p < .001], and the
age X task interaction [F(2,60) = 14.897, p < .001]
were statistically significant. Helmert planned contrast
analyses carried out on the age X task interaction re-
vealed that the difference between young and old partic-
ipants was significantly larger in the dual-task condition
compared with the alone condition [F(1,30) = 16.738,
p < .01]. Moreover, group differences were significantly
larger in the CI compared with the PI [F(1,30) = 13.796,
p <.01]. These findings provided direct evidence of the
vulnerability of encoding to interference in old age.

Model 2. Similar to the first model, the main effects for
age [F(1,30) = 30.451, p <.001], task [F(2,60) = 17.295,
p < .001], and the age X task interaction [F(2,60) =
6.589, p < .001] were significant. Helmert planned con-
trast analyses carried out on the age X task interaction
showed that the difference between young and old par-
ticipants was significantly larger in the dual-task condi-
tion relative to the alone condition [F(1,30) = 14.616,
p < .01]. Moreover, age differences were significantly
larger in the CI compared with the PI [F(1,30) = 4.313,
p < .05]. These findings were suggestive of age-related
sensitivity to interference with output operations.

CDS performance: Summary. Digit recall accuracy
was reduced as a function of age and interference. Old
participants incurred dual-task costs that were signifi-
cantly larger than those shown by young participants.
Moreover, compared with the PI, old participants demon-
strated a greater reduction in digit recall accuracy in both
the first and second digit sets of the CI than that shown
by young participants. These findings provided evidence
of the sensitivity of encoding and arguably output to inter-
ference in aging.

Experiment 1 was designed to evaluate three hypothe-
ses with respect to the effect of aging on dual-task per-
formance. First, it was of interest to examine whether
age-related dual-task costs were observed in a paradigm
in which the two individual working memory tasks were
designed to represent the phonological loop and visuo-
spatial sketchpad systems. Second, we assessed whether
the extent of temporal overlap between the individual
tasks modulated the effect of aging on dual-task perfor-
mance. Third, comparison of the CDS performance in
the PI and CI conditions was used to evaluate whether
the sensitivity of encoding and output to interference
was related to age. We found that age-related dual-task
costs were present although the individual tests were
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across two perceptual modalities. The extent of tempo-
ral overlap between individual tasks and interference
with encoding and output operations modulated the neg-
ative effect of aging on dual-task performance.

However, conclusions were limited by several method-
ological concerns. The two dual-task conditions were
administered after the alone condition. This design was
intended to simplify the training for the dual-task condi-
tions, but as a result it could be argued that the effects of
aging on dual-task performance in Experiment 1 were
due to order or effects brought about by practice. The
age-related dual-task costs in reaction time were attrib-
uted to young participants’ faster performance in the PI
and CI conditions relative to the alone condition, which
suggested that the order effect might have been related to
age. Furthermore, this facilitation effect was a counter-
intuitive finding. Lastly, the limited number of visual
stimuli (12) in the DVRT constituted a limitation for a
task that was designed to represent the visuospatial sketch-
pad. It is possible that repeated presentations led to phono-
logic processing of those stimuli.

EXPERIMENT 2

Experiment 2 was designed to address the above method-
ological issues. The two dual-task conditions (PI and CI)
were preserved, but several important changes were made.
The visual stimuli of the DVRT were replaced by 450
different computer-generated closed-curve shapes. Each
shape was presented only once in the testing conditions
of each participant. This presented an advantage in that
both the novelty and appearance of the shapes maxi-
mized visual demands and limited the extent of phono-
logic processing. The number of trials in the testing con-
ditions of the DVRT was reduced to 40 to ensure that the
entire experimental protocol could be completed in one
session. The training procedures for the CDS and DVRT
in the single- and dual-task conditions were completed
first. However, the administration order of the four test
conditions (CDS alone, DVRT alone, PI, CI) was ran-
domized to address the order effect in Experiment 1.

Method

Participants

Sixteen older adults, ages 65-80 (M = 73, SE = 1.2), and 16
younger adults, ages 19-30 (M = 23.4, SE = .73), participated in
Experiment 2. Gender distribution within the young (43.75% fe-
male) and old (50% female) groups was comparable. The old par-
ticipants were community residents who were recruited from news-
paper advertising and senior centers, and who have previously
participated in studies conducted at the medical center. The young
participants were community residents and undergraduate students
from local universities who were recruited from newspaper and In-
ternet advertising. Mean education, in years, for the young (M =
15.3, SE = .29) and old (M = 14.8, SE = .57) participants was
comparable. Mean DRS total scores for the young (M = 142.8,
SE = .43) and old (M = 142.3, SE = .51) groups were not statisti-
cally different and well above the suggested dementia cutoff score.
Estimated verbal IQ (NART) was comparable and above average
for the young (M = 38.9, SE = 2.0) and old (M = 39.2, SE = 2.3)
groups. All the participants were determined to be in good health

based on self-report and clinical interview. Exclusionary criteria were
the same as those applied in Experiment 1. All participants provided
informed consent and all were compensated for their participation.

Apparatus and Materials

The apparatus and materials were similar to those in Experiment 1,
except for the visual stimuli of the DVRT. In the present experiment,
450 computer-generated shapes replaced the 12 Microsoft Word
symbol characters that were used in the first experiment. These
closed-curve shapes were thought to be nonverbal to the extent that
they did not correspond to or intuitively relate to real words. One hun-
dred fifty shapes were used for training, and 300 shapes were used for
the three testing conditions (DVRT alone, PI, CI). Whereas the com-
plexity of the shapes varied, the shapes in the study set and probe
within each trial were equated in terms of their mean pixel ratio. Pos-
itive and negative trials were randomly assigned to each test condi-
tion with the constraint that trials in each condition were matched in
terms of their mean pixel ratio. Examples of trials that vary in terms
of their mean pixel ratio are presented in the Appendix.

Procedures

Training. Training on the CDS and DVRT was similar to that in
Experiment 1. However, in contrast to the first experiment, the
training procedures for both the single- and dual-task conditions
were completed in one session and prior to testing.

Testing. The number of trials in the alone, PI, and CI conditions
was reduced from 60 to 40 to shorten the administration time. Each
task was divided into four 10-trial blocks. Each study block had an
equal number of true positive and true negative probes. Due to the
complexity of the shapes, the study set in the present experiment
consisted of two shapes only.

The CDS task remained unchanged, except that the number of
digit sets was reduced to 40 and 80 in the PI and CI conditions, re-
spectively, to parallel the reduction of trials in the DVRT.

There were four testing conditions: CDS alone, DVRT alone, PI,
and CI. Of 24 test order possibilities, 16 were randomly selected
with the constraint that each task had to be represented four times
in the first, second, third, and fourth order positions. Within each
age group, each participant received a different test order. The par-
ticipants’ number (1-16) determined the test order they received.
Old and young participants with the same number received the
same test order.

Procedure

In contrast to Experiment 1, all experimental procedures were
completed in one session. Once written consent was obtained, the
tester conducted a comprehensive interview to gather demographic,
medical, and psychological information, ensuring compliance with
the inclusion and exclusion criteria of the study. Subsequently, the
DRS, NART, and digit span tests were administered. The training
procedures for the CDS and DVRT in the single- and dual-task con-
ditions concluded the first part of the experimental session. Then
the participants received a 20-min break that was followed by the
testing procedures. Similar to Experiment 1, minimum accuracy
criteria for the CDS and DVRT in the alone condition were set at
75%. Three old and 1 young participant were excluded from the
study due to failure to comply with the above performance criteria.

Results and Discussion

The statistical procedures in Experiment 2 paralleled
those used in the first experiment.

DVRT

Reaction time: Raw data. Descriptive statistics (M,
SE) for the raw and transformed reaction time for the
alone, PI, and CI conditions are presented per group in



Table 4
Descriptive Statistics (M, SE) for Reaction Times (RTs, in
Milliseconds) and the Change Ratio in RT per Group for the
Alone, PI, and CI Conditions of the DVRT

True Negative

True Positive

M SE M SE
Alone
Young raw 1,236 104 1,220 80
Old raw 1,703 124 1,750 121
PI
Young raw 1,094 79 1,035 46
Young A ratio —.088 04 —.127 .04
Old raw 1,707 104 1,535 81
Old A ratio 036 06 —.092 .05
CI
Young raw 1,185 117 1,190 91
Young A ratio —.027 .06 —.017 .05
Old raw 2,191 130 1,997 107
Old A ratio 336 .07 210 .09

Note—n = 16 for each group.

Table 4. The data were analyzed by means of a repeated
measures ANOVA with task (three-level) and probe iden-
tity (two-level) as the within-subjects variables and age
as the between-subjects factor. Because the probe identity
factor did not interact with age and task, the repeated
measures ANOVA was rerun, collapsing over true posi-
tive and true negative responses. Main effects were sig-
nificant for age [F(1,30) = 33.020, p < .001] and task
[F(2,60) = 15.139, p < .001]. As expected, old partici-
pants had slower reaction times compared with young par-
ticipants across the three tasks. The two-way interaction
of task and age was statistically significant [F(2,60) =
8.025, p < .001]. Helmert planned contrast analysis, car-
ried out on the task X age group interaction, showed that
the difference in reaction time between young and old
participants increased significantly from the alone to the
dual-task conditions (treated as a construct) [F(1,30) =
5.687, p < .05]. Moreover, age difference in reaction
time increased significantly from the PI condition to the
CI condition [F(1,30) = 10.857, p < .01].

Reaction time: Proportional transformation. The
data were analyzed by means of a repeated measures
ANOVA with task (two-level) as the within-subjects
variable and age as the between-subjects factor. The de-
pendent measures were mean ratio changes in reaction
time in the PI and CI conditions. The main effects were
significant for age [F(1,30) = 6.697, p < .05] and task
[F(1,30) = 25.846, p < .001]. The age X task interaction
was statistically significant [F(1,30) = 7.802, p = .01].

Reaction time: Summary. Age-related dual-task
costs were reliable and disproportionate to group differ-
ences at baseline. Compared with young participants,
old participants incurred greater dual-task costs in the CI
condition than in the PI condition, which indicated that
age modulated the deleterious effect of increasing the
temporal overlap between individual tasks.

Accuracy: Raw data. Descriptive statistics (M, SE)
for the total correct responses and proportional change in
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accuracy in the alone, PI, and CI conditions relative to
baseline are presented per group in Table 5. The accu-
racy data were analyzed by means of a repeated mea-
sures ANOVA with task (three-level) and probe identity
(two-level) as the within-subjects variables and age as
the between-subjects factor. Because the probe identity
factor did not interact with age and task, the repeated
measures ANOVA was rerun, collapsing over true posi-
tive and true negative responses. The main effects were
significant for age [F(1,30) = 42.435, p < .001] and task
[F(2,60) = 49.413, p < .001]. The two-way interaction
of age X task was significant [F(2,60) = 11.714, p <
.001]. Helmert planned contrast analysis, which was car-
ried out on the age X task interaction, revealed that dif-
ferences in accuracy between young and old participants
increased significantly in the dual-task condition com-
pared with the DVRT alone condition [F(1,30) = 12.840,
p < .01]. Moreover, age differences in accuracy were
significantly larger in the CI condition compared with
the PI condition [F(1,30) = 10.937, p < .01].

Accuracy: Proportional transformation. The data
were analyzed by means of a repeated measures ANOVA
with task (two-level) as the within-subjects variable and
age as the between-subjects factor. The dependent mea-
sures were mean ratio changes in accuracy in the PI and
CI conditions. The main effects were significant for age
[F(1,30) = 14.851, p < .01] and task [F(1,30) = 52.969,
p < .001]. The age X task interaction was significant
[F(1,30) = 11.134, p < .01].

Accuracy: Summary. Age-related differences in ac-
curacy were disproportionately larger in the dual-task
condition relative to the alone condition with old partic-
ipants showing reduced accuracy due to interference.
Furthermore, a direct comparison between the PI and CI
conditions showed that increased overlap between the in-
dividual tasks was disproportionately more deleterious
for old than for young participants.

Table 5
Descriptive Statistics (M, SE) for Total Correct Responses and
the Change Ratio in Correct Responses per Group for the
Alone, PI, and CI Conditions of the DVRT

True Negative

True Positive

M SE M SE
Alone
Young TC 19.1 .35 18.1 43
Old TC 17.3 .53 16.6 .54
PI
Young TC 19.2 .16 17.9 43
Young A ratio 011 .02 —.008 .02
Old TC 16.5 .66 16.1 .66
Old A ratio —.038 .04 —.016 .05
CI
Young TC 17.9 52 16.6 .82
Young A ratio —.058 .02 —.092 .03
Old TC 12.7 71 13.1 73
Old A ratio —.262 .05 —.201 .04

Note—TC, total correct out of 20 possible responses. n = 16 for each
group.
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Table 6
CDS—Percentage of Incorrect Digit Recall (M, SE) per Group
in the Alone, PI, and CI Conditions

Young Old
M SE M SE
Alone 1.2 35 4.2 .79
PI 78 .33 5.2 1.6
CI
Ist digit set 1.3 .38 11.3 2.6
2nd digit set 1.4 .36 10.8 2.6

Note—n = 16 for each group.

CDS

Descriptive statistics for the percentage of incorrect
digit recall in the alone, PI, and CI conditions are presented
per group in Table 6. Repeated measures ANOVAs were
performed on two models with age as the between-subjects
factor and task as the three-level within-subjects variable.
The first model included the percentage of incorrect
digit recall in the alone and PI and in the first digit set of
the CI. The second model used the second digit set of the
CI as the third-level task.

Model 1. The main effects for age [F(1,30) = 13.975,
p <.01], task [F(2,60) = 9.064, p < .01], and the age X
task interaction [F(2,60) = 7.551, p < .01] were statis-
tically significant. Helmert planned contrast analyses
carried out on the age X task interaction showed that the
difference between young and old participants was sig-
nificantly larger in the dual-task conditions, compared
with the alone condition [F(1,30) = 6.640, p < .05].
Moreover, group differences were significantly larger in
the CI compared with PI [F(1,30) = 8.404, p < .01].

Model 2. Similar to the first model, the main effects for
age [F(1,30) = 12.611, p < .01], task [F(2,60) = 9.409,
p <.01], and the age X task interaction [F(2,60) = 7.609,
p <.01] were significant. Helmert planned contrast analyses,
carried out on the age X task interaction, showed that the
difference between young and old participants was signif-
icantly larger in the dual-task conditions relative to the
alone condition [F(1,30) = 5.867, p < .05]. Moreover, age
differences were significantly larger in the CI, compared
with the PI [F(1,30) = 9.911, p < .01].

The descriptive CDS data clearly showed that old par-
ticipants’ recall accuracy was reduced in the CI condi-
tion, whereas young participants performed equally well
across task conditions. However, the near-ceiling perfor-
mance by young participants might limit the interpreta-
tion of the age X task interaction. To address this analytic
concern, the repeated measures ANOVAs were rerun
within each age group. As expected, the effect of task for
young participants was not significant for either Model 1
[F(2,30) = .870, p = n.s.] or Model 2 [F(2,30) = 1.24,
p = n.s.]. Whereas for old participants, the effect of task
was significant for both Model 1 [F(2,30) = 8.685, p <
.01] and Model 2 [F(2,30) = 8.843, p < .01].

CDS performance: Summary. Old participants in-
curred dual-task costs that were significantly larger than

those shown by young participants. Moreover, compared
with their performance in PI, old participants demon-
strated a greater reduction in digit recall accuracy in both
the first and second digit sets of the CI than that shown
by young participants. These findings provided evidence
of the sensitivity of encoding and arguably output to
interference in aging.

GENERAL DISCUSSION

The present experiments were designed to evaluate
whether the aging process compromises executive con-
trol of working memory. Although different notions of
executive function are available, we chose to examine this
issue using a dual-task paradigm that is conceptually
similar to a well-established working memory model
(Baddeley, 1996, 2001; Baddeley & Hitch, 1974). The
individual working memory tasks were designed to be
consistent with the visuospatial sketchpad and phono-
logical loop slave systems. Executive control was con-
ceived as the ability to monitor and allocate attentional
resources to competing task demands and was opera-
tionalized in terms of the costs incurred when perform-
ing the two tasks concomitantly. However, the present
experiments differed from previous research in that the
extent of temporal overlap between the two individual
working memory tasks was experimentally manipulated.
This was done to prevent participants from interlacing
between tasks, which can minimize dual-task perfor-
mance costs. Specifically, these experiments were de-
signed to address three important issues in evaluating the
effect of aging on dual-task performance.

First, it was of interest to examine whether using single
tasks that represented different perceptual modalities insu-
lated against the effect of aging on dual-task performance.
Although age-related dual-task costs have been docu-
mented in a large body of literature (for a recent meta-
analysis, see Verhaeghen et al., 2003), some have suggested
that such costs could be reduced (Hartley & Little, 1999) or
eliminated (Baddeley et al., 2001) if the two tasks were
processed via separate perceptual modalities. Findings
in the present experiments consistently demonstrated
that the deleterious effect of aging on dual-task perfor-
mance remained in a paradigm in which the individual
working memory tasks were designed to represent two
separate stimulus response channels (i.e., visual-manual
and auditory—verbal modalities). The high level of accu-
racy that old participants demonstrated on the DVRT
when performed alone, in both experiments, argues against
the notion that the dual-task costs they incurred were at-
tributable to compromised mastery of the individual
tasks. Furthermore, proportional transformation of the
accuracy data did not eliminate the negative effect of
aging on dual-task performance accuracy.

Experiment 1 showed age-related dual-task costs in
reaction time that were disproportionate to group differ-
ences at baseline. However, these findings were attributed



to the young participants’ faster reaction time in the PI and
CI conditions compared with the DVRT alone. Whereas
positive interference was reported elsewhere for reaction
time (Donk & Sanders, 1989) and accuracy (Gick, Craik,
& Morris, 1988), it was necessary to rule out if not under-
stand its underlying causes in the context of this study.
One possibility was that young participants’ faster reac-
tion time in the dual-task conditions was attributable to
the test order effect in Experiment 1, which might have
been related to age. However, this explanation is incon-
sistent with the results of Experiment 2, in which the test
order effect was eliminated but the positive dual-task
interference for young participants was replicated. In
contrast to their performance in Experiment 1, old par-
ticipants were significantly slower in the CI condition
compared with the baseline condition in Experiment 2.
Moreover, the age-related dual-task costs in the second
experiment remained after proportional transformation
of the reaction time data. These findings are consistent
with Kramer, Hahn, and Gopher (1999) in suggesting that
age-related differences in dual-task performance are at-
tributable to the effect of aging on executive control and
not to general slowing (Salthouse, 1985, 1996).

We can speculate that age-related differences in arousal
might explain the improved performance exhibited by
young participants in the dual-task conditions. Matthews
and Davis (2001) and Matthews and Westerman (1994)
found that increased arousal was related to performance
in dual-task conditions but not single-task conditions. If
one assumes that old participants were already close to
or at maximal arousal in the DVRT alone condition but
that young participants’ arousal increased in the dual-task
conditions, young participants’ increased level of arousal
might have been related to their faster reaction time.

The Effect of Temporal Overlap

Direct comparison of DVRT performance in the PI
and CI conditions addressed the question of whether ex-
tending the degree of temporal overlap between the two
single working memory tasks affected dual-task perfor-
mance differentially in young and old individuals. Ac-
curacy and reaction time performance indices from both
experiments showed that old participants incurred dis-
proportionately greater dual-task costs in the CI than in
the PI condition relative to their young counterparts.
These findings provide converging evidence in support of
the notion that increased temporal overlap in a dual-task
situation is more deleterious for old than young persons.

It is noteworthy that while the individual tasks in the two
dual-task conditions remained unchanged, the transition
between digit sets may have added a brief executive de-
mand to the CI condition and thus contributed to the effect
of increased temporal overlap on age-related dual-task per-
formance. However, this brief executive demand, if signif-
icant, should be viewed in the context of a 24-sec trial.

The deleterious age-related effect of increased temporal
overlap on dual-task performance is theoretically impor-
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tant. Extending the degree of overlap between the indi-
vidual tasks represents an additional challenge to cogni-
tive capacity that is presumably under the control of the
central executive. Specifically, findings from the present
experiments suggest that whereas retention appears to be
rather “resistant” to interference, extending the overlap
to encoding and output operations places greater de-
mands on the central executive. Managing this increase
in demands appears to be compromised by aging.

Sensitivity of Encoding and Output Mechanisms
to Interference in Aging

Comparing the CDS performance between the PI and
CI conditions provided evidence regarding the age-related
sensitivity of encoding and likely output to interference.
In the CI condition, encoding of the first digit set and the
visual stimuli occurred simultaneously. In the PI condi-
tion, the encoding of digits occurred during retention of
the visual stimuli. In the first digit set of the CI condition
and in the PI condition, the recall/output of digits occurred
during the retention phase of the visual task. Thus, en-
coding demands varied whereas output demands remained
constant. The decrease in accuracy in the first digit set of
the CI compared with the PI condition was greater in older
participants, suggesting that the sensitivity of encoding
to interference increases with age.

In the PI condition and the second digit set of the CI
condition, digit encoding occurred during the retention
phase of the DVRT. Recall of the second digit set in the
CI condition occurred while simultaneously making a
decision about the visual probe, whereas the recall of
digits in the PI condition occurred during the retention
phase of the DVRT. Thus, CDS output conditions varied
whereas encoding demands were similar. The results in-
dicate that concurrent output produced more age-related
digit recall errors than did overlap between retention and
output. Training ensured that recall of the first digit set
terminated prior to the encoding of the second digit set
in the CI condition. However, proactive interference might
have also contributed to the reduced age-related accu-
racy observed on the second digit set in the CI condition.

In conclusion, ensuring that the individual tasks rep-
resent different perceptual modalities is important but
insufficient when evaluating the effect of aging on how
the central executive manages competing task demands.
Executive control is a dynamic and task-dependent pro-
cess that is sensitive to both the degree of temporal over-
lap and the vulnerability of specific memory mecha-
nisms to interference. Furthermore, it may be argued that
both encoding and output operations require greater in-
volvement of the central executive, compared with re-
tention. This view of how the central executive monitors
and allocates resources to competing tasks may be gen-
eralized beyond the current paradigm because it appears
to be consistent with the flexible executive system that
was developed to model PRP findings (e.g., Glass et al.,
2000; Meyer & Kieras, 1997).
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APPENDIX
Visual Stimuli: Examples of Trials That Vary in Terms of Their Mean Pixel Ratios
Study Set: Shape 1 Study Set: Shape 2 Probe

Note—True negative trials are represented in Lines 1 and 3. True positive trials are represented in Lines 2 and 4.

(Manuscript received February 3, 2003;
revision accepted for publication April 15, 2004.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [7200.000 7200.000]
>> setpagedevice


