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Summary

We examined the dynamic involvement of different brain
regions in implicit and explicit motor sequence learning
using PET. In a serial reaction time task, subjects pressed
each of four buttons with a different finger of the right
hand in response to a visually presented number. Test

Correspondence to: Mark Hallett, Building 10,

Room 5N226, NINDS, NIH, 10 Center Drive, MSC-1428,
Bethesda, MD 20892-1428, USA.

E-mail: hallett@codon.nih.gov

*Present address: Department of Brain Pathophysiology,
Kyoto University School of Medicine, Kyoto, Japan
TPresent address: Department of Neurology, Beth Israel
Hospital, Harvard Medical School, Boston, Mass., USA

the posterior parietal cortex, precuneus and premotor
cortex bilaterally, also in the supplementary motor area
(SMA) predominantly in the left anterior part, left

thalamus, and right dorsolateral prefrontal cortex. In
contrast, the reaction time showed a different pattern of

sessions consisted of 10 cycles of the same 10-itemcorrelation during different learning phases. During the

sequence. The effects of explicit and implicit learning
were assessed separately using a different behavioural
parameter for each type of learning: correct recall of the
test sequence for explicit learning and improvement of
reaction time before the successful recall of any component
of the test sequence for implicit learning. Regional
cerebral blood flow was measured repeatedly during the
task, and a parametric analysis was performed to identify
brain regions in which activity was significantly correlated
with subjects’ performances: i.e. with correct recall of
the test sequence or with reaction time. Explicit learning,
shown as a positive correlation with the correct recall of

implicit learning phase, when the subjects were not aware
of the sequence, improvement of the reaction time was
associated with increased activity in the contralateral
primary sensorimotor cortex (SM1). During the explicit
learning phase, the reaction time was significantly
correlated with activity in a part of the frontoparietal
network. During the post-learning phase, when the
subjects achieved all components of the sequence
explicitly, the reaction time was correlated with the activity
in the ipsilateral SM1 and posterior part of the SMA.
These results show that different sets of cortical regions
are dynamically involved in implicit and explicit motor

the sequence, was associated with increased activity in sequence learning.

Keywords: PET,; serial reaction time task; implicit learning

; explicit learning; motor sequence

Abbreviations: PRE = training block; rCBF= regional CBF; RND= random condition block; SEG sequence condition
block; SMA = supplementary motor area; SMd primary sensorimotor cortex; SRTF serial reaction time task; VIS

visual control condition block

Introduction

The acquisition of knowledge can be described as implicitearning recognized by behavioural improvement. Explicit
learning and explicit learning (Graf and Schacter, 1985jearning involves conscious recollection of previous
Schacter, 1992; Schactet al, 1993). Implicit learning is experiences. Studies have shown that amnesic patients can
characterized as an unintentional, non-conscious form afcquire new motor (Milneet al., 1968) and cognitive (Cohen
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and Squire, 1980; Saint-Cyet al, 1988) skills, despite different behavioural parameters associated with individual
their inability to recollect the experience explicitly. Similar behavioural blocks, where reaction time and conscious
dichotomous distinctions of memory have also been proposegeneration of the sequence reflect implicit and explicit aspects
(Squire, 1987; Curran and Keele, 1993). Acquisition of aof motor sequence learning. We also categorized the time
complex motor sequence can also involve implicit and explicitcourse of individual learning into different phases according
learning. The serial reaction time task (SRTT), introducedo the subject's performance, and employed separate
by Nissen and Bullemer (1987), in which subjects are requiregharametric analyses. This method enabled us to clarify
to press a key corresponding to each visual cue presentede dynamic involvement of different neuronal circuits in
according to a sequence, has been widely used to studjifferent phases of a single learning process.
implicit and explicit aspects of motor sequence learning.
Primarily, implicit learning can be assessed by improvement
of reaction time, and explicit learning can be assessed biMethods
awareness or conscious generation of the sequendde studied 21 healthy normal volunteers (15 men and 6
(Willingham et al., 1989), although reaction time can also women), aged 20-52 years (mean, 30.4 years). The subjects
be affected by explicit learning to some extent (Perruchetvere all right-handed according to the Oldfield handedness
and Amorim, 1992; Curran and Keele, 1993). Studies ormguestionnaire (Oldfield, 1971). The protocol was approved
amnesic patients (Knopman and Nissen, 1987; Nissen arfaly the Institutional Review Board, and subjects gave their
Bullemer, 1987) and normal subjects (Willinghaet al,  written informed consent for the study.
1989) have shown that the development of knowledge of
one type seemed not to depend on knowledge of the other
type, and they suggest that the two types of learning mapehavioural task
have different neuronal correlates in the brain. A variation of the SRTT (Pascual-Leorst al., 1994) was
Using transcranial magnetic stimulation and a variation ofemployed. Subjects lay supine on a PET scanner bed with
the SRTT, Pascual-Leoret al. (1994) observed modulation their right hand on a response keypad with four buttons. A
of activity in the primary sensorimotor cortex (SM1) with number (1, 2, 3 or 4) was presented in the centre of a
motor sequence learning. Zhuargal (1997), using EEG computer screen situated ~1 m in front of the subject’s eyes.
technigues, made a similar observation. However, the limite€Each number subtended a visual angle of 2.4°. Subjects were
scope of these techniques makes it difficult to assess all thestructed to press each button with a different finger of the
cortical and subcortical regions differentially involved in right hand in response to each number (index finger for
implicit and explicit motor learning. There is little button 1, middle finger for 2, ring finger for 3 and little
correspondence between previous neuroimaging studies usifigger for 4) as quickly and accurately as possible. Because
modified versions of the SRTT (Graftat al, 1995; Rauch the subjects kept their fingers on the buttons, which were
et al, 1995; Doyonet al, 1996; Hazeltineet al, 1997). sensitive to changes in pressure, the motor responses were
Grafton et al (1995) and Hazeltinet al. (1997) reported primarily isometric. Feedback information on the response
that the contralateral SM1, supplementary motor area (SMAvas given as follows. When the correct response button was
and putamen were involved in implicit learning, whereas thepressed, the number (stimulus) disappeared from the screen
frontoparietal network was involved in explicit learning. In immediately. When an incorrect button was pressed, the
contrast, Rauchet al (1995) showed that the implicit number remained visible until the next number appeared on
condition involved the right ventral premotor cortex, right the screen, and subjects were not required to press any other
ventral caudate, right thalamus and bilateral visual associatiobuttons. A total of 13 behavioural blocks was administered.
cortex, and that the explicit condition involved the primary Each behavioural block consisted of the presentation of 100
visual cortex, perisylvian cortex and cerebellar vermis.numbers at a regular pace of 0.5 Hz, taking 3 min 40 s, so
Moreover, Doyoret al. (1996) argued that the striatum and that the number of movements per block was controlled.
cerebellum are involved in implicit learning, and that the Three different stimulus conditions were imposed: a random
mid-ventrolateral frontal cortex is involved in explicit condition, a sequence condition and a visual control condition
learning. None of these studies explored the correlatiorfsee Table 1). The random condition consisted of 100 numbers
between dynamic changes in activity and actual performancpresented in a random order. The sequence condition consisted
improvement during learning. of 10 repetitions of a 10-number test sequence (4—3—-2-1-3—
The objective of the present study was to identify the braird—2—-3-1-2), with each block starting at a different point in
regions specifically correlated with implicit and explicit the test sequence. This test sequence can be considered an
phases of motor sequence learning, with PET. Because thambiguous sequence’ (Coheet al, 1990) because no
learning process can be considered a dynamic phenomenaomponent can be uniquely predicted by its predecessor. The
occurring over time, it is of crucial importance to accountsame sequence was used for all subjects. The visual control
for the inter-individual variability in the learning curves. To condition consisted of 100 numbers presented in a random
address this issue, we used a parametric approach to identifyder, but no response was required. The duration of each
brain regions where activity was significantly correlated withnumber’s presentation for this condition was controlled using
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Table 1 Behavioural blocks and PET scans noticed a repeating sequence they were told that the sequence

. . was random. Otherwise, subjects were not told whether their
PET scan Block name  Stimulus condition . .

answers were correct or incorrect. When subjects correctly

Transmission scan PRE1 Random reported all components of the test sequence after SEQ7, one
Transmission scan PRE2 Random block of the random condition (RND2) and one block of the
Transmission scan PRE3 Random visual control condition (VIS) were performed. If subjects
gggﬂ % 22‘8% F;zgizwce could not report the whole test sequence after SEQ7, then
Scan 3 SEQ2 Sequence two more blocks of the sequence condition (SEQ8 and SEQ9)
Scan 4 SEQ3 Sequence were performed instead. The mean reaction time of the
Scan 5 SEQ4 Sequence correct responses and the number of erroneous responses in
Scan 6 SEQ5 Sequence each block were calculated. The accuracy of the verbally
gggﬂ ; EESS gggﬂgﬂg: reported sequence was also recorded (as a percentage); when

question 3 was not asked, this score was given the value 0%.
When subjects correctly reported all components of the sequence According to the performance of each subject, the blocks

Scan 9 RND2 Random were categorized into three phases: (i) the implicit learning
Scan 10 VIS Visual control phase, defined as blocks performed before the subject became
When subjects could not report all components of the sequence aware qf the existence of the test sequence, nam.ely' before
Scan 9 SEQS Sequence the subject reported the existence of a sequence in reply to
Scan 10 SEQ9 Sequence question 2 of the questionnaire; (ii) the explicit learning

phase, defined as blocks performed from the beginning of
the explicit knowledge state until the first block when subjects
could correctly generate the whole test sequence; and (iii)
post-learning phase, defined as blocks performed when
the stored reaction times from the preceding block of thesubjects correctly reported the whole test sequence in the
random condition to minimize the difference in visual stimuli. generation task. Because of the variable learning ability of
No attempt was made to control attention during the visuakach subject, these phases were not necessarily identifiable
control condition, because this condition was used only tdn all subjects.
confirm the regions of the brain related to motor execution After completing the generation task of SEQ3, 12 out of
in the population studied (see Data analysis section). Durintghe 21 subjects were instructed to find a repeating sequence,
the transmission scan of PET, three blocks of the randomegardless of whether or not they were already aware of the
condition, with 100 randomly presented numbers in eachepeating sequence. To obtain a longer implicit learning
block, were used as training (PRE1, PRE2 and PRE3) tphase, no such instruction was given to the other 9 subjects.
familiarize the subjects with the task. After the training, 101t is reasonable to combine the data from these two subgroups
behavioural blocks were performed with PET scanning. Afterfor the implicit learning and post-learning phases, because
one block of the random condition (RND1) was performed,the behavioural states were essentially identical. In contrast,
seven blocks of the sequence condition (SEQ1-SEQ7) weiie is possible, and likely, that the instruction affected the
performed. explicit learning phase. However, since we focused on the
After completing each block, subjects performed acontrastbetween explicitlearning and implicit learning, rather
generation task in which they were systematically questionethan on the effect of the instruction on the explicit learning
about the sequence. Question 1: this was ‘Did you noticgphase, we also analysed the combined data from both
anything about the task?’. Question 2: if the answer was yesubgroups for the explicit learning phase.
they were asked ‘What did you notice?’. Question 3: if the
answer was ‘a sequence,’ they were asked to ‘report the
sequence, as far as you noticed, verbally’. This questionnairPET procedure
is a slightly modified version of the one used by Willingham The subject lay supine on a scanner bed in a dimly lit,
et al (1989). Subjects were not forced to report if they weresound-attenuated room. The head was immobilized with an
not aware of the sequence. Accuracy was measured, on thedividually fitted thermoplastic face mask. A small plastic
verbal report, as the longest continuous series of numbersatheter was placed in the left cubital vein for injection of
that matched the actual sequence (Willinghetral, 1989) the radioisotope. PET was performed with a Scanditronix
(report accuracy). If the subjects reported the existence of RC 2048-15B scanner (Uppsala, Sweden), which collected
repeating sequence in response to question 2, it was judgdd contiguous planes with an in-plane resolution of 6.5 mm
that the subject had become aware of the sequence. féll-width half-maximum after reconstruction, and with a
fewer than three successive components matched the actuwantre-to-centre distance of 6.5 mm, covering 97.5 mm in
sequence, the response was not to be recognized as accurdltey, axial direction. Field of view and pixel size of the
although none of the subjects had such a response. If, afteeconstructed images were 256 mm and 2 mm, respectively.
a training block, the subjects incorrectly answered that theyA transmission scan was obtained with a rotafif@e £8Ga

PRE = training block; SEQ= sequence block; RNB- random
block; VIS = visual control block.
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source. Based on the reconstructed transmission images, tliariance—covariance structure of the time-series data, the data
subject’s head was carefully positioned so that the scamere divided into two sets of (orthogonal) vectors by the use
covered the entire frontal lobe, including primary andof singular value decomposition (SVD), whef@,sy =
supplementary motor areas, and the superior half of th&VvD{M}, such thatM = U*S*VT (T denotes transposition,
cerebellum, where activation associated with motor executioand * denotes a product of matrices), and whitds the
most frequently occurs (e.g. Graften al, 1993). However, original time-series data matrix with 10 rows (one for each
with a limited field of view in the axial direction of the block) and one column for each voxel, akland V are
scanner, the inferior half of the cerebellum was not coveredunitary orthogonal matrices denoting pattern in time and
During the transmission scan, three training blocks werespace, respectively, arflis a diagonal matrix of decreasing
performed, as described earlier, at 2—3-min intervals. Thersingular value. Therefore, in short, these procedures
10 consecutive scans were made at 10-min intervals duringorrespond to principal component analysis. Each eigenvector
the performance of each block. A bolus of 30 mCieD-  (each column of matri¥/) can account for the predominant
labelled water was injected into the subject’s left cubital veininter-regional correlation introduced by the experimental
1 min after the task was started. Reconstructed images wedesign, and can be shown as an image by the use of a
obtained by summing the activity during the 60-s periodstandard grid (eigenimage). An eigenimage can be interpreted
following the first detection of an increase in cerebralas a spatially distributed neuronal network representing
radioactivity after the injection. No arterial blood sampling functional connectivity. Each column df corresponds to
was performed, and thus the images collected were those tiie temporal profile associated with each eigenimage. These
tissue activity. Tissue activity recorded by this method isscores can be interpreted as showing how the neuronal
linearly related to regional CBF (rCBF) (Faoat al, 1984; network (extracted as an eigenimage) is involved over time.
Fox and Mintun, 1989). The correlation between temporal profiles and behavioural
scores, averaged across subjects, was also calculated. Note
that the inter-subject variability in the time-course is not
Data analysis taken into account in this analysis and, therefore, the results
The data were analysed with statistical parametric mapsepresent only a tendency as a whole.
(Wellcome Department of Cognitive Neurology, London,
UK) implemented in MATLAB (Mathworks, Sherborn,
Mass., USA). The statistical parametric maps are spatialystatistical inference
extended statistical processes that are used to characterize assess the statistical inference of a regionally specific
regionally specific effects in imaging data (Fristen al., effect of the experimental design, both subtraction and
1991, 1994; Worsleyet al, 1992). The scans from each parametric analyses were employed. In the following
subject were realigned to the first image as a reference withnalyses, the condition effects (in a subtraction analysis) or
rigid transformation and a least-squares approach (Fristocovariate effects (in a parametric analysis) were estimated
etal, 199%). After realignment, the images were transformedaccording to the general linear model at each and every voxel
into a standard anatomical space (Talairach and TournouxFristonet al., 199%). A systematic difference across subjects
1988; Fristoret al,, 199%). Each image was smoothed with was removed as a confounding effect. To test hypotheses
an isotropic Gaussian kernel (full-width half-maximuml5  about regionally specific conditions or covariate effects, the
mm) to account for the variation in gyral anatomy. The effectestimates were compared by the use of appropriate linear
of global differences in rCBF between scans was removedontrasts. The resulting set of voxel values for each contrast
by scaling activity in each pixel proportional to the global constituted a statistical parametric map of thetatistic. The
activity so as to adjust the mean global activity of each scatvalues were transformed to the unit normal distributidn (
to 50 ml/200 g/min. scores), which was independent of the degrees of freedom
of the error, and a threshold was set at 3.09. To correct for
multiple, non-independent comparisons, the significance of
Eigenimage analysis the activation in each brain region detected was estimated
The data were first subjected to eigenimage analysis (Fristoby the use of distributional approximations from the theory
et al,, 1993) to observe the general characteristic of varianceef Gaussian fields, in terms of spatial extent and/or peak
covariance structure in the data introduced by theheight (Fristonet al, 1994). A correctedP-value of 0.05
experimental design in both the spatial and temporal domaingas used as a final threshold for significance. The resulting
without any a priori assumption. Only data from the subjectsset of Z-scores for the significant brain regions was mapped
who completed all conditions were used for this analysison a standard spatial grid (Talairach and Tournoux, 1988).
Images recorded from each block were averaged separately
across subjects with respect to the time course regardless &ubtraction analysisto confirm the regions of the brain
the learning phases, after a systematic difference amonglated to motor execution in the population studied, the data
subjects was removed. To extract the predominant spatialere subjected to a conventional subtraction analysis. As in
correlation Cysy) patterns that account for most of the the eigenimage analysis, only data from the subjects who
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completed all conditions were used. The planned comparisoresults can mainly reflect an intra-individual correlation with
was all blocks with movement versus the visual controleach covariate over time, without confounding correlations
condition. across subjects of no interest.

Images obtained from all blocks of the sequence condition
Parametric analysisTo address the systematic effect of of all subjects were analysed using the report accuracy
behavioural change on regional brain activity, images wereassociated with each PET scan as a covariate. It is reasonable
analysed separately using different behavioural parametets include not only the explicit learning phase but also the
as covariates. The results showed the regions where activifynplicit learning and post-learning phases in this analysis,
was significantly correlated with changes of each covariateébecause a high correlation of rCBF with the covariate can
Since a systematic difference across subjects was removeldnote activity that is stable during the latter two phases and
as a confounding factor in the general linear model, théncreases only during the explicit learning phase.

Images were also analysed using the mean reaction time

associated with each PET scan as a covariate. Correlation

(A) 16 was calculated separately in each learning phase. Since only

100 ) — I I 144 the blocks belonging to the individual Igarning phases were

I I 1o used for the analysis, the number of subjects and scans varied

€ sod I 2 among analyses (see Results). To ensure the removal of a

= 10§ systematic difference in the reaction time across subjects, the
g 607 8 @ mean reaction time in each block for each subject was
g 40l L/ t6 § normalized to that obtained from RND1 of the same subject
S ™ N 1, " and used as a covariate. In terms of the explicit learning
207 1, phase, we added the last block of the implicit learning phase,

o 11 . if it existed, to this analysis, because we were interested in
5 5 3 3 3 8 8 5 § 0 the relative change in activity that is introduced by each

E & 6 o B 8 8 8 & learning phase. This enabled us to include the subjects who
achieved repetition of the whole test sequence during one
(B) block (e.g. a report accuracy of 0% in SEQ3 and of 100%

in SEQ4).

100 | We hypothesized that brain regions involved in explicit
& learning show a positive correlation with the report accuracy
3 80 1 (i.e. activity is greater as the accuracy increases), whereas
5 501 those involved in implicit learning show a negative correlation
§ with reaction time during the implicit learning phase (i.e.

S 40 |
&
[+
20 1
0 5 ; : Fig. 1 Behavioural data.X) Mean normalized reaction times
(RT) (bars) and error responses (open squares) with standard
s g 8§ & ¢ 8§ g deviations. Data were averaged across the 18 subjects who
@ ® @ @B B » & completed all of the three conditions with respect to the time
series, regardless of different learning phasB¥.Mean report
. accuracy (percentage of correct verbal report of the test sequence)
c implicit learning I‘:’;’r’:"fr:; ! postlearning obtained after each block of the sequence condition, with standard
() phase E phase E phase de\{iations.. The data were avergged with respect to the time
- : - : 18 series, as irA. (C) Mean normalized reaction times (bars) and
I_ 1 E [— E ’—l {16 error responses (open squares) with standard deviations, with
1ot ] l i ' | Y respect to the different learning phases, i.e. according to the
3 E i report accuracy scores of each individual. A different subgroup of
g 80T : : 112 § subjects was used for each learning phase to take into account the
g ; i T10 2 individual variability of the learning courséeft the last block of
3 607 H H tg © training (PRE3), the first block of the random condition (RND1)
E 40 N E ' I g with PET and the last block of the implicit learning phase. Data
5 H : 6 & were obtained from 14 subjects who had an implicit learning
=z 20| E E T4 phase. The report accuracy scores during this phase were always
: : {2 0%. Centre:the first and last block of the explicit learning phase
0 : : 0 obtained from 21 subjects. The report accuracy gradually
% x 5 ] % increased during this phasRight: the first and last block of the
@ é 2 £ 2 3 2 post-learning phase obtained from 16 subjects. The report
a T G B B B k2 accuracy was always 100% during this phade.<¢0.05;
- w . w -

*»* P < 0.001.
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activity is greater as the reaction time decreases). In additioim the time course of learning, which was partially reflected
to a formal conservative threshold® (= 0.05, corrected as the large standard deviations in the reaction times and
for multiple comparisons), we also applied a more liberalreport accuracy. For example, the first block when these
threshold oZ = 1.96, corresponding #® = 0.05, uncorrected subjects achieved full explicit knowledge varied between
for multiple comparisons, to characterize the spatial extenSEQ2 and SEQ7. Therefore, the data were significantly
of regions involved in the two different types of learning influenced by a ‘jitter’ in the individual learning curves.
without producing too many false-positive results. Eleven subjects showed an implicit learning phase, and
their data, consisting of 44 blocks, were used for the
parametric analysis of reaction times during the implicit
learning phase. In the group of subjects who were given
Results instruction on the existence of the repeating sequence after
Behavioural data SEQ3, none of the blocks performed after they learned about
Figure 1 shows the behavioural measurements correspondittige repeating sequence was categorized as implicit learning.
to each subgroup used for the separate rCBF analyse¥here was only one block from one subject in which the
Regarding reaction time, both the raw reaction times andubject was aware of the sequence but could not generate
normalized reaction times were used for the followingany components of it. By definition, this block was not
statistical assessments and gave the same results. Only timeluded in this (implicit learning) phase. Behavioural data
results of the normalized reaction times, which were usedrom these 11 subjects are presented in Fig. 1C (left). The
for the rCBF analyses, are presented. report accuracy during this phase was always 0%. The

Three of the 21 subjects could not correctly generate alteaction time in the last block of the implicit learning phase
components of the test sequence after SEQ7. Therefore, twoas shortened, with a marginally significant difference from
more blocks of the sequence condition (SEQ8 and SEQ%hat during RND1 P = 0.037, one-tail pairedt test).
were performed (Table 1). None of these subjects had bedRegardless of whether or not the instruction was given,
instructed to find the repeating sequence after SEQ3. One afhprovement of the reaction time was not significantly
them achieved full explicit knowledge in the final block different between the two groups (51.8 ms with the
(SEQ9), but the other two subjects failed to achieve it withininstruction, 18.7 ms without the instructioR; = 0.21, one-
the whole experimental period. Their report accuracy scoretil unpairedt test). The reaction time in the last training
in the final block (SEQ9) were 30% and 40%. Their datablock (PRE3) was not significantly different from that in
were excluded from the eigenimage and the subtractio®RND1 (P = 0.18), indicating that any non-specific practice
analyses, because they could not complete all of the threeffect had already occurred by the time the test sequence
conditions. However, their data were used for the parametristarted. There were no significant differences in error
analyses. responses among these conditions.

As a result, data from 18 subjects (12 with the instruction Data from all 21 subjects were subjected to parametric
and 6 without the instruction) were subjected to theanalysis of reaction times during the explicit learning phase.
eigenimage and subtraction analyses to determine whethé&s shown in Fig. 1C (centre), the reaction time decreased
there was a general tendency for change. Figure 1 (A angignificantly between the first and last blocks of this phase
B) shows temporal change in each behavioural measureme(® < 0.0001), whereas the error response showed a non-
obtained from these subjects. The data were averaged acrasignificant decreaseP(= 0.073). The normalized reaction
the subjects with respect to block, regardless of the learninimes and report accuracy were highly correlated during this
phase. As the subjects repeated the blocks in the sequenpkase = —0.559,P < 0.0001).
condition, the reaction time (Fig. 1A, bars) and report Sixteen subjects showed a post-learning phase, and their
accuracy (Fig. 1B) progressively improved. In contrast, thedata were used for the parametric analysis of reaction times
error response (Fig. 1A, open squares) did not show anguring the post-learning phase. Behavioural data are shown
consistent tendency to change across behavioural blocki Fig. 1C (right). The report accuracy during this phase was
Even with the addition of the three subjects who did notalways 100%. The normalized reaction times showed a non-
perform blocks RND2 and VIS, the behavioural significant decreasd’(= 0.12), whereas the error responses
measurements did not tend to change. The significance dficreased® = 0.028).
changes in each behavioural parameter was tested using
repeated measures ANOVA (analysis of variance) with one
within-subject factor, the block. The results revealedEigenimage analysis
significant block effects on the normalized reaction timeEigenimage analysis was performed on 180 blocks obtained
[F(17,136) = 26.62,P < 0.0001,¢ (Greenhouse—Geisser from 18 subjects. The distribution of eigenvalues (squared
correction)= 0.412] and on the report accuraé¢y(17,102)= singular values) revealed that only the first two eigenimages
35.41,P < 0.0001, = 0.478], but not on the error response were associated with eigenvalues greater than unity and
[F(17,136) = 0.84,P = 0.48,¢ = 0.383]. Even in these could account for most of the observed variance—covariance
subjects, there was considerable inter-individual variabilitystructure. Namely, the first eigenimage accounted for 49.1%
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(A) sogittal ) coronal

Component score

&4 Block

transverse

(B) sagittal caronal

Component score
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Fig. 2 Eigenimage analysisA) The first eigenimage and its time-dependent profikdt: the positive component of the first eigenvector

(i.e. first column of the matri¥/). Right: the temporal profile shows the expression of the first eigenimage over the 10 blocks (i.e. first
column of the matriXJ). It is characterized by the gradual change over time during the sequence condiji@econd eigenimage and

its time-dependent profild.eft: the positive component of the second eigenvector (i.e. second column of the WatRight: the

temporal profile shows the expression of the second eigenimage over the 10 blocks (i.e. second ctlyntini®tharacterized by the

stepwise change between blocks with movement and visual control. The eigenvectors are displayed in the spatial mode using a standard
format as a maximum intensity projection viewed from the back (coronal view), the right side (sagittal view) and the top (transverse

view) of the brain. The anatomical space corresponds to the atlas of Talairach and Tournoux (1988). The intensity of display is scaled to
the maximum of the eigenimage.

of the total variance—covariance structure, and the secontthe contralateral SM1 and ipsilateral cerebellar hemisphere
eigenimage accounted for 23.9%. The first eigenimagéFig. 2B, left) and can be interpreted as a motor execution-
included the bilateral medial and lateral inferior parietalrelated change. This component was characterized by a
lobes, bilateral premotor area, bilateral dorsolateral prefrontadtepwise change between the visual control block and the
cortex and contralateral SMA (Fig. 2A, left). Its temporal blocks involving movement (Fig. 2B, right). The temporal
profile was characterized by a time-dependent monotoniprofile was not correlated with any of the behavioural
change over blocks of the sequence condition and theparameters (with mean reaction tintez= 0.016,P = 0.97;
changes in the opposite direction during RND2 and VIS (Figwith error responses; = 0.245, P = 0.52; with report
2A, right). We interpret this as a learning-related changeaccuracyy = 0.558,P = 0.19).

although a non-specific time effect is also evident, because

RND2 showed a higher score than RND1. The temporal

profile was significantly correlated with the grand averageSubtraction analysis

reaction time( = —0.729,P < 0.05) and the report accuracy Subtraction analysis was performed on 180 blocks obtained
(r = 0.967,P < 0.001), but not with the error response from 18 subjects. When data from the movement blocks
(r = -0.185,P = 0.63). The second eigenimage involved were compared with data from the visual control block,
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Table 2 Brain regions activated by finger movement, as
determined by subtraction analysis

Coordinates

Brain region Z-score
(Brodmann area)

X y z
Left SM1 -34 -20 56 11.13
Right cerebellar 22 -60 -20 8.39
hemisphere
SMA (6) -6 2 44 5.43

Coordinates indicate the location of maximally significant activity.

Table 3 Brain regions with significant correlations between

report accuracy and rCBF, as determined by parametric
analysis

Brain region (Brodmann area) Coordinates  7_gcore
X y z
Regions with positive correlations
Right posterior parietal cortex (40) 26 -70 32 7.56
Precuneus (7) -4 74 36 6.54
Left posterior parietal cortex (40) -30 -64 40 6.14
Right dorsal premotor cortex (6) 24 4 52 6.05
Right dorsolateral prefrontal 36 42 16 5.47
cortex (46)
SMA (6) -12 2 48 5.20
Left dorsal premotor cortex (6) -24 -2 48 487
Left thalamus -10 -18 0 4.72
Regions with negative correlations
Left angular gyrus (39) -52 -68 12 6.10
Medial prefrontal (9) -6 48 40 5.95
Right superior temporal gyrus 52 -8 -8 5.49
(42, 22)
Right angular gyrus (39) 46 -58 16 4.77
Left transverse temporal gyrus (41) —40 -24 12 4.24

Coordinates indicate the location of maximally significant
correlations between report accuracy and rCBF.

learning phase. A significant negative correlation of brain
activity with reaction time was observed only in the
contralateral SM1 (Fig. 4). The location was ~15 mm posterior
to the maximum activation in the subtraction analysis (Tables
2 and 4). Activity in this area increased as the reaction time
shortened. A significant positive correlation was observed in
the left anterior insula (Table 4).

Ninety-eight blocks from all 21 subjects were subjected
to parametric analysis of reaction times during the explicit
learning phase. During this phase, the reaction time showed
a significant negative correlation with activity in the left
anterior SMA, right premotor cortex and right posterior
parietal cortex (Fig. 5A and Table 4). All of these areas
corresponded well with the areas where activity was
significantly correlated with the report accuracy (shown in
Fig. 3A).

Fifty-four blocks from 16 subjects were used for parametric
analysis of reaction times during the post-learning phase. A
significant negative correlation of brain activity with reaction
time was observed in the posterior SMA and ipsilateral SM1
(Fig. 5B and Table 4). These areas also revealed a negative,
but non-significant, correlation with reaction time during the
implicit learning phase (for ipsilateral SMZ,= 3.26 atx =
32,y = 28,z = 56; for SMA,Z = 3.21 atx = 4,y = 28,

z = 56). It is also noteworthy that the contralateral SM1
showed the same non-significant tendency during the post-
learning phaseZ = 3.23 atx = 34,y = 38,z = 52).

Figure 6 shows a superimposition of the same data shown
in Figs 4A and 5A, but using a lower threshold of= 1.96,
without correction for multiple comparisons. The illustration
shows that activity in the frontoparietal region had a tendency
toward a positive correlation with the report accuracy
(corresponding to Fig. 4A) and that activity in the central
region had a tendency toward a negative correlation with
reaction time during the implicit learning phase
(corresponding to Fig. 5A). Furthermore, as shown in the

significant activation was observed in the contralateral SM1transverse view (Fig. 6, lower left), even when a lower
SMA, and ipsilateral cerebellum (Table 2). Note that thesethreshold is employed, these two sets of regions show

results correspond well with the second eigenimage.

Parametric analysis

scant overlap.

Discussion

All 153 blocks of the sequence condition obtained from allThe main finding of this study is that activity in anatomically
21 subjects were used for parametric analysis of the reposgeparate brain areas is correlated with different performance
accuracy. A significant positive correlation of brain activity measurements. Activity in the frontoparietal region was
with the report accuracy was observed in the posterior parietaorrelated with the correct recall of the sequence, a measure
cortex, precuneus, bilateral premotor cortex, right dorsolateradf explicit learning. Activity in the central region, most
prefrontal cortex, left thalamus and SMA, predominantly thesignificantly the contralateral SM1, showed a correlation with
contralateral anterior portion (Fig. 3A and Table 3). Activity the reaction time during the implicit learning phase. In
in these areas increased as the report accuracy increasedntrast, during the explicit learning phase, when the subjects
This analysis corresponds well with the first eigenimage. Adeveloped conscious knowledge about the sequence, the
negative correlation of brain activity with the report accuracyreaction time was significantly correlated with activity in a
was found in the bilateral parieto-occipital region, bilateralpart of the frontoparietal network. During the post-learning

temporal cortex, and medial prefrontal region (Fig. 3B).

phase, when the subjects already consciously knew all

Forty-four blocks from 14 subjects were used for components of the sequence, further improvement of reaction
parametric analysis of reaction times during the implicittime was correlated with activity in the central region again,
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Fig. 3 Statistical parametric maps of the regional effect of report accuracy. Mapscdres for the regions where activity was
significantly correlated with the report accurady € 0.05 with a correction for multiple comparisons) are shown in a standard
anatomical space (Talairach and Tournoux, 1988). Posifiyea(id negativeR) correlation maps on which positive (or negative)
correlation means increasing (or decreasing) activity as the report accuracy increased on an individual basis.
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Fig. 4 (A) Statistical parametric maps of the regional effect of normalized reaction time during the implicit learning phase, shown in a
standard format. The maps show a negative correlation of rCBF with normalized reaction time, meaning that activity increased as the
reaction time decrease®B) The same region is superimposed onto three orthogonal slices of spatially normalized MRI images from one
subject.

but this time more in the ipsilateral SM1 and posterior SMA. measurement of performance. A direct relationship between
We interpret these results to mean that the frontoparietateuronal activity and rCBF has been shown for the primary
network is predominantly responsible for explicit learning, visual cortex (Fox and Raichle, 1984), primary auditory
whereas the central area is more responsible for improvemenbrtex (Priceet al, 1992), primary somatosensory cortex
of motor performance, including implicit learning, and that (Ibafiezet al., 1995) and primary motor cortex (Sadatoal.,
these distinct cortical regions are dynamically involved in199&). However, a change in rCBF (Priogt al., 1992;
learning, although this interpretation requires caution. Sadatoet al, 1996, b) may not parallel the parameter of
behaviour or stimulus in some areas. Chen and Wise (1995)
reported what they termed ‘learning-selective activity’ in the
Parametric approach and its limitations cortex, which was high only during some specific period of
Because the learning process is a dynamic phenomendearning, and did not parallel the learning curve. The
occurring over time, a parametric approach that identifies @arametric approach used in our study may not detect such
regional change in activity correlated with a parameter ofactivity, and the findings should be interpreted with caution,
learning (Graftonet al, 1995) can be a powerful tool, especially the negative results. Regardless of whether a
especially for the SRTT associated with a chronometrigparametric or subtraction approach is used, it is also difficult
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Fig. 5 (A) Statistical parametric maps of the regional effect of normalized reaction time during the explicit learning Bh&tatigtical

parametric maps of the regional effect of normalized reaction time during the post-learning phase. Both maps show a negative correlatior
of rCBF with normalized reaction time using a standard format.

Table 4 Brain regions with significant correlations between Task design and interpretation

reaction times and rCBF, as determined by parametric
analysis

Brain region (Brodmann area) Coordinates

Z-score
X y z
Implicit learning phase
Negative correlation -32 -34 52 4.48
Left SM1
Positive correlation -30 18 4 4.69
Left anterior insula
Explicit learning phase
Negative correlations
SMA (6) -10 4 52 437
Right dorsal premotor cortex (6) 28 4 48 4.15
Right posterior parietal cortex (40) 26 -70 32 4.11
Positive correlations
Right superior temporal gyrus 50 -8 -8 4.67
(42, 22)
Left fungiform gyrus (36) -30 40 -4 450
Left angular gyrus (39) -52 -62 12 4.23
Left inferior occipital gyrus -12 -86 -12 4.17
(18, 19)
Post-learning phase
Negative correlations
SMA (6) 0 -14 44 481
Right SM1 30 -20 48 4.39
Positive correlations
Left ventral premotor cortex (6) —44 4 44 559
Left posterior parietal cortex (40) -42 -62 44 450
Right inferior frontal gyrus (44) 50 16 16 4.30

Coordinates indicate the location of maximally significant
correlations between reaction times and rCBF.

The generation task that we used is a slightly modified
version of the one used by Willinghast al. (1989); it also
compares closely with the ‘free generation task’ used by
Perruchet and Amorim (1992), in which a minimal
contribution of the implicit form of learning is expected. The
SRTT used in our study employed a number instead of the
spatial position in the conventional SRTT, and a verbal report
was used for the generation task, rather than the usual
sequence production method. These procedures are expected
to require more explicit mechanisms to generate the sequence
compared with those requiring the motor response used in
the SRTT itself. On the other hand, in this study, the reaction
time task and the questionnaire measure of explicit knowledge
alternated. This procedure contrasts with the standard version
of the task, in which explicit knowledge is not assessed until
several blocks of reaction time training have been completed,
and is likely to encourage subjects to look for regularities,
and to develop explicit knowledge more quickly than is usual
in the standard task. We should also consider the possibility
that the score may underestimate the explicit knowledge
actually used during the task. Explicit learning may start
when subjects become aware of the repeating feature of the
presentation, even if the report accuracy is 0%. In the study
of Willingham et al. (1989), subjects who performed a
generation task only at chance levels were above chance on
a cued recall measure of explicit knowledge. However, in
the present study, there was only one block from one subject
when the subject was aware of the existence of the sequence
but unable to generate it, and such an effect may be minimal.
It is noteworthy that the areas explored by this analysis
corresponded well with the first eigenimage, whose temporal

to distinguish whether observed changes are ‘essential foprofile was highly correlated with the report accuracy. Since
learningper se or simply ‘associated with’ learning, because an eigenimage can be interpreted as a distributed neural

learning essentially affects performance in a SRTT.

network (Fristonet al., 1993), the finding may suggest that
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sagittal 75 coronal interval (Frensch and Miner, 1994) that we used have been
¢ shown to have a detrimental effect on implicit learning, and

might be responsible for a somewhat smaller than usual
decrease of reaction times during the implicit learning phase.
This might partly explain an absence of significant findings

in some areas.

During the explicit learning phase, the improvement in
a6 reaction time paralleled an increase in the report accuracy,
YPC YAC and a significant correlation was shown in a part of the

T frontoparietal network. This supports neuropsychological
evidence that explicit learning contributes to the improvement
of reaction time (Perruchet and Amorim, 1992; Curran and
Keele, 1993; Schmidtke and Heuer, 1998). Although the
explored frontoparietal network was distinguishable from
what we interpret as implicit learning-related areas, we do
not think that the two sets of cortical regions ‘exclusively’

: contribute to implicit and explicit learning. Pascual-Leone
transverse et al (1994) showed that the increase of cortical excitability
Fig. 6 Statistical parametric maps of the regional effect of report in the contralateral SM1 started during the implicit learning
accuracy (khaki yellow) and the normalized reaction time during phase, and that it lasted until the subjects fully achieved
the implicit learning phase (wine red). The data are the same as explicit learning. This suggests that the implicit learning-

those shown in Figs 3A and 4A except that a lower threshold of lated ch fi duri th licit | .
Z = 1.96 without correction for multiple comparisons was used. related changé may conunue during the explicit leaming

Note that two sets of areas slightly overlap (dark green), as phase. The absence of a significant correlation between
shown best in the transverse projection (lower left). activity in the contralateral SM1 and reaction times during

the explicit learning phase in the present study may be
explained by normalization of global activity in PET. The
these regions were involved in the explicit learning processongitudinal change in activity in a smaller area, such as the
as a whole network rather than as separate regions. SM1, may be obscured by the net activity in the larger
The different spatial pattern of the correlation with reactionfrontoparietal network, once it becomes active. On this basis,
time in the different learning phases suggests that the observede conclude that the different regions may each be ‘more
changes are not likely to be due to a general effect of aesponsible’ for different types of learning.
shortened reaction time (e.g. more acceleration resulting in The change in reaction time during the post-learning phase
more outflow from the motor executive area as the reactioran be interpreted in different ways. This phase can represent
time decreases), but are specific to each different phase.consolidation phase of the sequence learning. Alternatively,
During implicit learning, when the subjects were not aware ofsince we used a fixed inter-stimulus interval, the timing of
the sequence, shortening of the reaction time was significantlghe response may be learned when subjects completely predict
correlated with increasing activity in the contralateral SM1.the forthcoming movement. Moreover, since the change in
It is conceivable that the change in reaction time can reflecteaction time was not definitive over time, the correlation
aspects of learning other than implicit sequence learning. Fawith reaction time may simply represent more efficient motor
example, because the relationship between the stimulus amkpression, including preparing and withholding movement.
the actual motor response was arbitrary in our version of the
SRTT (i.e. there is less spatially compatible correspondence
between the number ‘1’ and the ‘index finger’ comparedNeuroimaging studies of sequence learning
with the situation where the spatial position of a stimulusThere is little correspondence between neuroimaging studies
represents the index finger), this arbitrary sensorimotothat have used modified versions of the SRTT (Graébal.,
association might also be the subject of learning. This kindl995; Rauchet al, 1995; Doyonet al, 1996; Hazeltine
of learning has been termed conditional motor learninget al, 1997). The present results provide strong support for
(Passingham, 1993). However, the sensorimotor associatidhe results of Graftoret al. (1995) and Hazeltinest al.
was so simple that subjects learned it very quickly, and error§1997). From the point of view of dichotomous distinction
did not show significant change over experimental blocksof learning in the previous studies, as the authors
On this basis, we argue that any conditional motor learningacknowledged, the implicit phase in the study of Raethl.
effect had already occurred by the time the test sequengd995) had a ‘non-significant’ contamination of explicit
started. The finding that the reaction time in PRE3 was notearning, and in the study of Doyoest al. (1996), all of the
significantly different from that in RND1 supports this subjects were aware of the sequence during both newly and
conclusion. On the other hand, both the ambiguous sequentéghly learned sequences. It is also conceivable that implicit
(Cohenet al, 1990) and the relatively long inter-stimulus components persisted during explicit learning (Perruchet and
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Amorim, 1992; Curran and Keele, 1993). The contaminationl989; Petrides, 1991; Jenkird al, 1994; Jueptneet al,
and complicated interaction between two learning processef997a, b) and the anterior SMA (for review, see Picard and
make the interpretion of the results from the subtractionStrick, 1996) play an important role in controlling and/or
analysis that they used somewhat problematic. In additiorlearning sequential movement. Neuroimaging studies also
the cortical areas showing the most marked findings in therovide evidence of the involvement of the posterior parietal
present study, as well as in the studies of Grafainal  cortex (Jenkingt al., 1994; Graftoret al.,, 1995; Petitet al,
(1995) and Hazeltinet al. (1997), i.e the SM1, SMA, dorsal 1996; Sadatoet al, 1996; Jueptneret al, 199%) and
premotor cortex and, presumably, a part of the posteriothalamus (Sadatet al., 1996). Jenkinset al. (1994) showed
parietal cortex, were not covered by the PET scan in thehat the dorsolateral prefrontal cortex, lateral premotor cortex,
study of Rauctet al. (1995). posterior parietal cortex and cerebellum were more activated
Grafton et al (1995) showed a Iongitudinal increase of during new sequence |earning than during preiearned
rCBF in different regions during a SRTT Wlth, and WithOUt, sequences. Using a paradigm similar to that of Jendira.
a secondary task to interfere with attention. The findin95(1994), Jueptneet al. (1997) showed that, compared with
were recently supported by a study from the same groughe simple execution of a prelearned sequence, the dorsolateral
(Hazeltineet al., 1997) using a different stimulus modality prefrontal cortex was activated during both new sequence
(colour instead of spatial position) to present a sequence. 'féarning and the execution of a prelearned sequence with
both studies, since the secondary task may confound thgynscious attention to the performed sequence. However, the
SRTT itself, two SRTTs (with and without the secondary gegree of activation in the dorsolateral prefrontal cortex was
task) may not reflect dynamic aspects of the single learning,qre extensive during new sequence learning than during
course. In addition, five of the 12 subjects in Grafnal.  gyecytion of a prelearned sequence with attention. Hikosaka
(1995) and four of the 11 subjects in Hazeltieeal (1997) ot 5 (1996) reported that the pre-supplementary motor area
did not develop any explicit knowledge during either task, 45 more activated during new sequence learning than during
meaning that a non-negligible number of subjects remained sengorimotor control task. Since the subjects attempted to
af[ the same sta_tg(_a Of_ Iearnln_g fr(_)rr] the point _OT view O_f thefind the sequence by ‘trial and error’ in these studies, it is
dlc.hoto.mous .dIStInCtIOI’] of 'T“p"c't and explicit _'e"".m"f‘g- conceivable that the explicit strategy, as well as a factor of
Thls VIEW TaISes _thp q_uesnon of Wheth(_er their flndlngs‘problem solving,” contributed. The present study explores
mlght'reflect the. distinction between attentional Versus nony learning-dependent change in parallel with performance
atten'qon_al learning (Curra_n an_d_KeeIe, 1993)’.Wh'0h may b(improvement in these regions. This suggests that the large
only indirectly related to implicit versus explicit learning. frontoparietal network may store and utilize the knowledge
Nevertheless, the good agreement of our results with thos

of Graftonet al (1995) and Hazeltinet al. (1997) suggests a out.a st|mulu_s_motor sequence in a form accessible by a
. . . conscious, explicit strategy.
that these different dichotomous representations of motor )
The primary motor cortex has been shown to play a role

sequence learning may share common neuroanatomical :
co?relates g y In procedural motor learning (Graftoet al, 1992, 1994,

The absence of significant findings in the basal gangli ascual-Leone and Torres, 1993; Pascual-l__mm, 1993,
and cerebellum in the present study could be partly due to 995; Schlaugt al, 1994_;_Karn|et al, 1995). It 'S noteworthy .
limited amount of implicit learning, or a non-linear changet at the maximum S|gn|f_|car_1t change was S|tuateq posterior
in activity with the learning curve, as discussed earlier. It isl© the motor representation in a subtraction analysis, because
noteworthy that, despite clear evidence of a role of the basdl'® importance of the somatosensory cortex has been proposed
ganglia in motor control (Saint-Cygt al., 1995), the findings to account for plgstlc changes in the motpr cortex (Sakamoto
of PET studies are largely controversial (Brooks, 1995)&t al, 1987; Iriki et al, 1989) and learing of new motor
Activity in a complex ensemble of excitatory and inhibitory Sk_'"?’ (Sakamo_tcet al, 1989; Pa\{hdeet al, 1993)_- However,
neurons might result in a complicated net change in rCBRNIS interpretation requires caution because active and passive
in this region. Furthermore, the site in the cerebellumMovement of the elbow showed similar foci of activation in
responsible for sequence learning might be different from thai1e contralateral SM1 (Weilleet al, 1996). The relative
where we observed extensive activation when all movemerfiontribution to improvement in reaction times shifted from
conditions were compared with the visual control condition,the contralateral SM1 during the implicit learning phase to
and it might not be covered by the PET scan in thisthe ipsilateral SM1 and posterior SMA during the post-

experiment. Further studies are needed in this regard. learning phase. During both phases, the contribution of
explicit learning was minimal. Although these two stages

have significant elemental differences, it is postulated that
Neuroanatomical correlates the contralateral SM1 might play a critical role in the earlier
There is evidence that the premotor cortex (Luria, 1966stage, and the ipsilateral SM1 and posterior SMA might
Joseph and Barone, 1987; Halsband and Freund, 1990gcome more important in the more advanced stage to
Mushiakeet al., 1991; Kettneet al.,, 1996, b; Sadatcet al,  achieve a more efficient motor response. The importance of
1996), the dorsolateral prefrontal cortex (Barone and Joseptthe ipsilateral SM1 for controlling sequential movement
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(Kitamuraet al., 1993; Shibasaket al., 1993; Cheret al., Curran T, Keele SW. Attentional and nonattentional forms of
1997) supports this view. sequence learning. J Exp Psychol Learn Mem Cogn 1993; 19:

An open question is whether subjects learn the sequence9-202.

of presentations (sensory domain), the sequence of responsgsyon J, Owen AM, Petrides M, Sziklas V, Evans AC. Functional
(response_ domain) or the sequence of stimulus—respong@atomy of visuomotor skill learning in human subjects examined
relationships (Keeleet al, 1995). The good agreement with positron emission tomography. Eur J Neurosci 1996; 8: 637—48.

between our study and the studies of Grafeiral. (1995) ) ) ) i ) )
Fox PT, Mintun MA. Noninvasive functional brain mapping by

and Haz-eltmeet .aI. (1997), despite the use of different .change-distribution analysis of averaged PET images g
sensory information to present a sequence (number, spatig sue activity. J Nucl Med 1989; 30: 141-9

position or colour), suggests indirectly that sequence learning,

especially its implicit aspect, does not occur solely in theFox PT, Raichle ME. Stimulus rate dependence of regional cerebral
sensory domain. However, the findings in the motor executio®lood flow in human striate cortex, demonstrated by positron
area do not necessarily mean that the implicit form ofémission tomography. J Neurophysiol 1984; 51: 1109-20.

sequence encoding occurs solely in the response domaifgy PT, Mintun MA, Raichle ME, Herscovitch P. A noninvasive
because neurons in the contralateral SM1 have selectiVéhproach to quantitative functional brain mapping witst3® and
responsiveness to specific sensory information as well asositron emission tomography. J Cereb Blood Flow Metab 1984;
sensorimotor transformation (Zhuaegal.,, 1997). The role  4: 329-33.

of each region for the different domains of learning should

. Frensch PA, Miner CS. Effects of presentation rate and individual
be further examined.

differences in short-term memory capacity on an indirect measure
of serial learning. Mem Cognit 1994; 22: 95-110.
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