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Some research indicates that explicit learning of a sequence can impair procedural learning, particularly
in populations with reduced cognitive capacity. However, these studies usually do not distinguish the
effects of explicit processes on procedural learning from their effects on performance. The current study
demonstrates that explicit learning affects performance, but not procedural sequence learning, in healthy
older adults even when sequences are complex. These findings support capacity-independent theories
which propose that procedural and declarative learning operate in parallel.

© 2008 Elsevier B.V. All rights reserved.
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Concurrent explicit (declarative) learning and knowledge have
een found to impair procedural learning [1] particularly in

nstances where working memory capacity is reduced such as after
troke [2,3] or in healthy older adults [4]. One theory has posited
hat these implicit/explicit interactions occur because declarative
nd procedural sequence learning systems both compete for a
ommon capacity-limited system [5] such as working memory
1,6]. Other theories however, posit that declarative and procedural
equence learning systems operate in parallel and do not compete
or a common capacity-limited system, as long as both systems
re learning the same sequence [7–9]. These latter theories sug-
est that evidence to the contrary reflects competition between
he two learning systems at the time of performance rather than
uring learning [7–9].

Hence, capacity-dependent theory suggests that concurrent

eclarative learning should impair procedural learning, while
lternate theories suggest declarative learning should not impair
rocedural learning, though it might affect motor performance.
ost studies into explicit/implicit interactions cannot distinguish
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etween these two theories, because they cannot separate the
ffects of explicit learning on procedural learning from its effects
n motor performance [2,4,6,10,11]. Recent studies which have
een designed to address this issue have yielded mixed results.
ome indicate that when young adults are given extended training,
xplicit knowledge affects motor performance, but does not affect
rocedural sequence learning itself [8,9,12]. Other studies, also test-

ng younger adults, suggest that when more complex sequences
re used, explicit knowledge does hurt procedural sequence learn-
ng, not just performance, presumably due to competition for
rontal lobe resources [1]. Consistent with this theory, some stud-
es suggest that explicit learning has a more detrimental effect on
rocedural learning when cognitive capacity and working memory
re reduced, such as after stroke or in healthy aging [2–4], but these
tudies cannot separate effects on motor performance from those
n learning itself.

To provide a more sensitive test of capacity-dependent theory,
he present study tested healthy older adults on a cued variant of a
robabilistic motor sequencing paradigm, which required learning
omplex sequences and enabled effects on procedural learning to

e separated from those on motor performance alone. Our earlier
esearch using this paradigm with younger adults [12] had shown
hat explicit learning influenced performance but not procedural
earning itself, and our goal here was to determine whether that is
lso the case for healthy older adults.

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:sss35@georgetown.edu
dx.doi.org/10.1016/j.bbr.2008.09.022
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Table 1
Demographic and neuropsychological information of participants.

Incidental
(n = 24)

Intentional-
Without-Knowledge
(n = 8)

Intentional-With-
Knowledge
(n = 17)

Sex (M/F) 8/16 5/3 7/10
Age 70.7 (5.1) 71.3 (6.7) 70.7 (4.7)
Education 17.3 (2.9) 16.4 (3.0) 17.6 (1.8)
Self-rated health 4.6 (0.5) 4.4 (0.7) 4.5 (0.7)
Stress score 19.7 (2.9) 20.8 (4.5) 20.4 (3.6)

Vocabulary 53.8 (6.9) 48.8 (10.8) 52.9 (7.4)

Digit span
Forward 10.2 (2.6) 9.1 (1.4) 10.2 (1.8)
Backward 7.4 (3.1)a 5.6 (1.9)b 7.6 (2.3)a

Digit symbol 66.5 (20.2) 52.3 (7.9) 57.7 (20.4)
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tandard deviations are listed next to mean values in parentheses.
,b = Significant group differences were found between measures of digit span back-
ards in Intentional-Without-Knowledge subjects (superscript b) as compared to

ther instruction groups (superscript a). No other significant differences were found.

The explicit/implicit Alternating Serial Response Time (eiASRT)
ask used here is a variant of the ASRT task from Howard and
oward [13] in which Pattern and Random events alternate, causing
ertain triplets of trials to occur more frequently than others. Earlier
esearch [14] revealed that participants implicitly learn these triplet
requencies (becoming faster with practice on High than on Low fre-
uency triplets) rather than the alternating pattern structure. This
ubtle regularity makes it difficult to gain explicit awareness of the
attern even with Intentional instructions [4], and so in the eiASRT,
ues are used as described below to facilitate explicit learning in
articipants given Intentional instructions. However, when these
ues are removed, explicit awareness is also removed. Therefore,
locks without cues (Probe blocks) provide measures of procedu-
al learning, while Cued blocks show how explicit awareness affects
otor performance [12].
In the present study, 50 right-handed older adults (aged 65–86

ears) completed the eiASRT, though one participant was subse-
uently excluded because of average reaction time greater than
wo standard deviations above the group mean. All participants
ompleted informed consent forms approved by the Georgetown
niversity IRB, as well as the tests listed in Table 1.

In the eiASRT, participants press one of the four corresponding
eys in response to a filled-in circle that appears in one of the four
ocations arranged horizontally on a computer screen. A correct
esponse causes the circle to clear, and the next solid circle appears
20 ms later. Participants completed 3 sessions of the eiASRT in a
ingle lab visit, with brief breaks in between. Each session con-
isted of three 5-block epochs. Each block contained 5 Random
rials (warm-up), followed by 80 experimental trials. These 80 trials
onsisted of 10 repetitions of an 8-item sequence, in which Pattern
rials alternated with Random trials (e.g., 1r4r3r2r where the num-
ers refer to positions 1, 2, 3, and 4, and “r” refers to a randomly
hosen one of these four positions). Participants received one of
he five possible sequences (1r2r3r4r was excluded due to possi-
le ease of discovery). End-of-block feedback guided participants
o 92% overall accuracy.

For all participants, the first two epochs of each session were
ued epochs, in which Pattern targets were grey and the alternating
andom targets were black, whereas the last epoch was a Probe
poch in which all trials had black targets. Thus, epochs 1, 2, 4, 5, 7

nd 8 were Cued, whereas epochs 3, 6 and 9 were Probes.

A randomly chosen half of the participants received Intentional
n = 25) and the other half Incidental (n = 24), instructions. Inciden-
al participants were not told about the regularity; the alternating
olors on the Cued epochs were explained as intended to “help par-
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icipants distinguish between trials.” Intentional participants were
old that: “Black targets always have randomly chosen locations.
owever, grey targets always follow a pattern. The pattern of the
rey targets repeats every four grey targets. In all blocks, in both
essions, the grey targets will follow the same 4 sequence pattern.”
either group was alerted to the regularity in the Probe epochs,
lthough this regularity was identical to the one in the Cued epochs.
uring all Cued epochs (but not Probe), after each block (a total of 30

imes across the experiment) Intentional participants completed a
equence report task, in which they tried to report the pattern, or
o guess it if they were unsure. In Song et al. [12], all the younger
dults given Intentional instructions were able to report the full cor-
ect 4-element regularity on average by the end of the third block in
poch 1 (Mean = 3 ± 2 blocks, range 1 to 10 blocks). Those given Inci-
ental instructions gave no evidence of having gained any explicit
nowledge.

In the current study, of the 25 older adults given Intentional
nstructions, 8 (32%) remained unable to report the full 4-unit
attern throughout ASRT testing, i.e., over 30 Cued blocks of 80
rials each (600 repetitions of the 4-unit pattern). The remaining
7 Intentional participants reported the full correct regularity on
verage by the end of the fifth block in epoch 1 (Mean = 5 ± 4,
ange 1 to 16 blocks). Based on instruction and these block-by-
lock sequence reports, participants were categorized into three
roups: Incidental (n = 24), Intentional-With-Knowledge (n = 17),
nd Intentional-Without-Knowledge (n = 8). It is notable that in
able 1, the Intentional With- and Without-Knowledge groups
id not differ significantly in age, education or on any other
easure in the neuropsychological battery except for digit span

ackward (Intentional-Without-Knowledge: 5.6 ± 1.9, Intentional-
ith-Knowledge: 7.6 ± 2.3, t(23) = 2.0) which measures working
emory capacity. This suggests that working memory capacity is

ssociated with the ability to gain explicit knowledge on this task.
After completing the eiASRT, all participants were given two

urther tests of explicit awareness: questionnaire and card sort-
ng. For the questionnaire, no Incidental participant reported
wareness of any regularity for any epoch, whereas all Inten-
ional participants reported that they were aware of the 4-unit
lternating regularity in the Cued epochs but expressed no such
wareness for the Probe epochs. For card sorting, participants
ere told to sort only for the Probe epochs, and partici-
ants sorted 64 cards, each containing one triplet (three trials)
equence, into two piles labeled either “occurred more often”
r “occurred less often.” All groups performed at chance lev-
ls when sorting High versus Low frequency triplets: Incidental,
ean = 51.6%, t(23) = 1.4; Intentional-Without-Knowledge, Mean
49.6%, t(7) = 0.45; Intentional-With-Knowledge, Mean = 52.3%,

(15) = 1.2. These tests illustrate that participants, whether Inten-
ional or Incidental, were unaware of the pattern in Probe epochs.

Hence Probe epochs assess implicit/procedural sequence learn-
ng in both Intentional and Incidental subjects. In our previous
tudy of younger adults, reaction time and accuracy measures in
robe epochs revealed that procedural sequence learning was iden-
ical in both Intentional and Incidental learners [12], suggesting
rocedural learning occurred independent of explicit learning. We
easoned that if this apparent independence was occurring only
ecause a limited capacity system needed for both forms of learn-

ng had not been taxed sufficiently in the young adults, then older
dults with their more limited capacity would reveal the compe-
ition between the two learning systems, and the Intentional par-

icipants would show less learning than the Incidental participants
n the Probe epochs. If instead we find equal sequence learning on
he Probe epochs for all the three groups, this would suggest that
rocedural learning is not impaired by explicit processes even in
lder adults, giving stronger support to the conclusion that these
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ig. 1. Reaction time. Mean of median reaction times, split by High (circles) and Low
nd Intentional-With-Knowledge (c) groups. The arrows along the x-axis indicate th

wo forms of learning do not call on a common limited capacity
ystem.

Median reaction times (for correct trials only) were determined
eparately for the third event of High frequency versus Low fre-
uency triplet trials for each epoch for each participant. The means
f these medians across epochs for High and Low frequency triplets
re shown in Fig. 1. Triplet-type effects (RT for Low minus High fre-
uency triplets) are shown in Fig. 2, giving a more direct picture of
equence-specific learning. The Probe epochs 3, 6, and 9 are indi-
ated as such along the x-axis. As is customary with this task, for all
gures and analyses in the present manuscript, triplets containing
uns of three identical stimuli (e.g., 111) and those containing trills
e.g., 121) have been eliminated because of their unique properties
see, e.g., Song et al. [12]).
A 3 × 9 × 2 mixed design Group (Incidental versus Intentional-
ith-Knowledge versus Intentional-Without-Knowledge) by

poch (1–9) by Triplet-type (High versus Low) ANOVA of RT
evealed significant main effects of Epoch, F(8,368) = 84.70,

ig. 2. Reaction time Triplet-type effect (sequence learning). A comparison of
he Triplet-type effect (Low frequency minus High frequency) for the Inci-
ental (closed circles), Intentional-Without-Knowledge (closed diamonds), and

ntentional-With-Knowledge (open diamonds) groups. Differences seen during
ued epochs disappeared in the Probe epochs when the pattern was no longer cued

or the Intentional groups. All groups displayed equal measures of sequence learning
n Probe epochs suggesting that explicit search and/or awareness had no effect on
rocedural learning.
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ngles) frequency triplets for the Incidental (a), Intentional-Without-Knowledge (b)
be epochs, during which the color cues for the Intentional group were removed.

SE = 2552.61, indicating general skill learning, of Triplet-type,
(1,46) = 88.65, MSE = 547.47, showing that High frequency triplets
ere faster than Low frequency ones, and a Triplet-type by Epoch

nteraction, F(8,368) = 2.13, MSE = 234.19. There was also a signifi-
ant Group by Triplet-type interaction F(2,46) = 27.12, MSE = 547.47,
Group by Epoch interaction F(16,368) = 5.21, MSE = 2552.61, and
Group by Triplet-type by Epoch interaction, F(16,368) = 4.97,
SE = 234.19. To explore these interactions with group, we did sep-

rate analyses for Cued and for Probe epochs, because Cued epochs
eveal effects of explicit search and knowledge on performance,
hereas Probe epochs reflect procedural learning only.

Analyses of only Cued epochs again revealed a main effect
f Triplet-type, F(1,46) = 64.32, MSE = 622.36, and Epoch F(5,
30) = 94.85, MSE = 2999.23, and there was a trend for an effect
f Group, F(2,46) = 2.81, MSE = 94159.24. In addition, the follow-
ng interactions were found: Epoch by Group, F(10,230) = 3.81,

SE = 2999.23, Triplet-type by group, F(2,46) = 30.52, MSE = 622.36,
nd the three-way Triplet-type by Epoch by Group, F(10,230) = 3.35,
SE = 282.22. Fig. 1 suggests that the Epoch by Group interac-

ion is due to the Intentional-With-Knowledge group being
lower than the other two groups initially (For epoch 1: Inciden-
al Mean 575.6 ± 108.8 ms, Intentional-Without-Knowledge

ean 614.4 ± 93.5 ms, Incidental-With-Knowledge Mean
92.1 ± 150.9 ms). Thus, very early in training, the participants
ho successfully discovered the pattern explicitly responded more

lowly than those who did not, suggesting strategy differences
i.e. some subjects slowed down to find the pattern). However, as

entioned previously, those unable to find the pattern explicitly
lso had significantly lower working memory span measures
uggesting that strategy may have been partially determined by
bility.

For these Cued epochs, the significant Group by Triplet-type
nd three-way interactions remained when any two groups were
ompared, and their nature can best be seen via the Triplet-
ype effects shown in Fig. 2. These data indicate that on Cued
pochs, the three groups differed on measures of sequence learn-
ng. Fig. 1 reveals that Intentional-With-Knowledge participants
how the greatest Triplet-type effect on Cued epochs, followed by
ntentional-Without-Knowledge, and lastly by Incidental learners

nd this was especially apparent in epochs 1, 2, and 4. The advan-
age the Intentional-Without-Knowledge group had over Incidental
earners on Cued epochs may be due to the fact that though they
id not have complete knowledge of the 4-event regularity, these
articipants were often able to gain partial knowledge, which
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Fig. 3. Reaction time event-type effect (use of explicit knowledge). A comparison
of the event-type effect (Random-high frequency minus Pattern-high frequency
trials) for the Incidental (closed circles), Intentional-Without-Knowledge (closed
diamonds), and Intentional-With-Knowledge (open diamonds) groups. Differences
seen during Cued epochs reflect the use of explicit knowledge to affect reaction time
m
n
t

t
e

K
i
s
t
f
r
t
s
l
h
s
i
I
t
p
o
w

i
t
g
y
k
i
t
h
k
p
k
m
k
e
a

i
F
a
i
p
e
m
c
P
n

g
i
i
e
c
i
o

t
s
i
f
F
frequency triplets, rather than High frequency triplets. Sequence

F
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N

easures. These differences disappeared in the Probe epochs when the pattern was
o longer cued for the Intentional groups. These differences also decreased with
raining perhaps reflecting a change in strategy on the part of the Intentional group.

hey could then use to increase their Triplet-type effect on Cued
pochs.

For the Cued epochs, Fig. 2 reveals that Intentional-With-
nowledge participants showed less of a Triplet-type effect later

n training as compared to earlier, and this may reflect changes in
trategy. To examine strategy more closely, we calculated event-
ype effects, i.e., RT on Random-high frequency minus Pattern-high
requency trials. As explained more fully in Song et al. 2007, these
eflect the use of explicit knowledge. Fig. 3 shows that this event-
ype effect decreased with training in Intentional-With-Knowledge
ubjects, consistent with the interpretation that older people relied
ess on explicit knowledge as training progressed. Young adults
ad not shown this decreased reliance with practice in our earlier
tudy, nor had the young Intentional subjects shown the “slow-
ng strategy” on the first few Cued epochs which the present older
ntentional subjects had revealed, as discussed earlier. These quali-

ative age differences may represent a form of compensation on the
art of older adults. The fact that the Intentional-With-Knowledge
lder adults adopted this “slowing strategy” on early epochs, as
ell as the fact that 1/3 of the older adults given Intentional

l
F
t
a

ig. 4. Accuracy. Proportion of correct responses for the Incidental (a) and Intentional-W
circles) and low (triangles) frequency triplets. The arrows along the x-axis indicate the p
o significant differences between groups were found for accuracy measures.
search 196 (2009) 328–332 331

nstructions could not explicitly learn the pattern suggests that this
ask is much more difficult for older than for younger adults. This
reater task difficulty for older adults may also explain why, unlike
ounger adults with explicit knowledge, older adults with explicit
nowledge showed a decreasing effect of explicit knowledge with
ncreased training. Because using explicit knowledge slowed down
heir overall reaction time, those with explicit knowledge may
ave changed their strategy over sessions to rely less on explicit
nowledge. It is probable then that in the Cued epochs, strategy
layed a large role in the acquisition and utilization of explicit
nowledge. This compensatory slowing and shifting in strategy
ay also explain why unlike younger adults, in whom use of explicit

nowledge was found to hurt the expression of implicit learning
arly in training [12], no such correlation was found for the older
dults.

For Probe epochs, which tap procedural learning, the follow-
ng main effects and interactions were significant: Triplet-type,
(1,46) = 69.16, MSE = 140.63, Epoch, F(2,92) = 16.06, MSE = 1207.53,
nd Triplet-type by Epoch, F(2, 92) = 7.11, MSE = 123.44. These
ndicate that participants were showing both skill learning, and
rocedural sequence learning. Most important, for these Probe
pochs, in contrast to the Cued epochs, there were no significant
ain effects or interactions with Group, and this remained the

ase when any two of the three groups were compared. Thus, these
robe epochs demonstrate that explicit search and knowledge had
o effect on procedural sequence learning.

It is notable that the Intentional With- and Without-Knowledge
roups did not differ in procedural sequence learning but did differ
n working memory span. This dissociation suggests that work-
ng memory span influences the ability to discover the pattern
xplicitly, but does not affect procedural learning. This finding is
onsistent with Unsworth and Engle’s [11] study of young adults
n which working memory span was related to sequence learning
nly for those given Intentional instructions.

For accuracy, proportion correct for High and Low frequency
riplets for all three groups is shown in Fig. 4. ANOVA revealed a
ignificant main effect of Epoch, F(8,368) = 9.61, MSE = 0.002, show-
ng that accuracy decreased over time, presumably because of the
eedback directing everyone to 92% overall accuracy. In addition,
ig. 4 indicates that this decline in accuracy is primarily for Low
earning is confirmed by a significant main effect of Triplet-type,
(1,46) = 39.08, MSE = 0.001, and a trend for an Epoch by Triplet-
ype interaction, F(8,368) = 1.96, MSE = 0.0005. Unlike RT, accuracy
nalyses yielded no main effect or interactions with Group, even

ithout-Knowledge (b) and Intentional-With-Knowledge (c) groups, split by high
robe epochs, during which the color cues for the Intentional group were removed.
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n Cued epochs, which had also been the case for younger adults
12].

The most important finding in the current study is that
mplicit/procedural sequence learning was not influenced by con-
urrent explicit search and learning in older adults; instructions
o search for a regularity had no effect on sequence learning as

easured via Probe epochs, regardless of whether the participant
as successful in finding the regularity. It was not that the instruc-

ions had no effect; they did influence performance on Cued epochs.
n addition, working memory was not correlated with procedural
earning and performance on Probe epochs, but was related to the
bility to learn the sequence explicitly and, hence, to performance
n Cued epochs.

These findings provide strong evidence for a capacity-
ndependent theory of implicit sequence learning in that neither
oncurrent explicit learning (Intentional-With-Knowledge group)
or unsuccessful attempts to learn explicitly (Intentional-Without-
nowledge group) impaired procedural learning, though they did
ffect motor performance. This was true even though the older
dults were implicitly learning complex higher-order sequences
2nd order where event n − 2 predicts event n).

The present results also suggest that earlier evidences of
xplicit/implicit interactions in older adults or stroke patients may
ave been due to the influence of explicit learning or search on
otor performance, as witnessed in the present experiment in the

ued epochs, but not on learning. One study has clearly shown
etrimental effects of explicit search on learning, and not just
erformance [1]. In this study however, very short training times
ere used. One possible explanation is that early in training, learn-

ng may be largely perceptual rather than motor [15] which may

lso explain why explicit/implicit interactions are sometimes found
arly in training but not later [12]. For longer training times, which
re more typical for rehabilitation and skills acquired in everyday
ife, the present study highlights the importance of distinguishing
he effects explicit learning can have on motor performance from

[

[

[

search 196 (2009) 328–332

hose it can have on procedural learning itself. These are important
onsiderations when designing and interpreting studies of motor
earning and rehabilitation.
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