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Summary

PET revealed the effects of stimulus characteristics on the task conditions, learning-related changes were observed in
neural substrate of motor learning. Right-handed subjectdeft motor and supplementary motor cortex as well as in the
performed a serial reaction time task with colour-coded putamen. These regions are similar to those observed in a
stimuli to eliminate the potential for learned eye-movementsprevious study in which the stimuli were cued by spatial

The task was performed with the right hand under two position. Under single-task conditions, metabolic changes
different conditions. In one condition, subjects simultaneouslyvere found in the right prefrontal cortex and premotor cortex,
performed a distractor task. Although they did show  as well as in the temporal lobe. A similar shift to the right
behavioural evidence of learning, they were not explicitlyhemisphere was observed in the spatial study during single-
aware of the stimulus—response sequence. In the second  task learning. However, explicit learning of the task with
condition, there was no distractor task, and seven out of theolour stimuli activated more ventral regions. The areas

11 subjects then became explicitly aware of the stimulus  supporting motor-sequence learning are contingent on both
sequence. Metabolic correlates of learning were distinct instimulus properties and attentional constraints.

the two conditions. When learning was implicit under dual-
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Abbreviations: BG = basal ganglia; SMA= supplementary motor area; SRT serial reaction time

Introduction
A prominent tenet of learning research over the past decade impairment on explicit tests of seed&kire, 1986;
has been the hypothesis that there are multiple systems f@chacter and Tulving, 1994). In one commonly employed
learning and memory. A basic dichotomy has been proposed experimental paradigm, patients show normal learning or
to distinguish between explicit and implicit forms of skilled tasks such as mirror-reading or mirror-drawing.
learning. Explicit memory refers to those memories in which However, when given explicit memory tests for materials
the subject has explicit access to the learning experience anqesented during the learning sessions, such as a recognition
is aware of previous encounters with a particular set of  testforthe words presented during mirror-reading, the patients
stimuli. In contrast, implicit memory refers to those memoriesexhibit marked deficits (e.g. Cohen and Squire, 1980).
in which the subject need not be aware of changes in Nissert (1987) introduced a motor-sequencing task,
performance that come about through prior experience.  the serial reaction-time (SRT) task, to compare implicit and

It has been argued in a number of cognitive domains that  explicit learning. The SRT task has proved quite useful in
explicit and implicit memories involve dissociable memory both the study of cognitive operations involved in sequence
systems. Numerous studies have shown that patients with learning and efforts to identify the neural mechanisms
lesions in medial temporal and diencephalic structures arassociated with motor learning. In the basic form of this task,
able to acquire various skills despite dramatic memory  subjects view a computer monitor, on which a stimulus
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Fig. 1 Experimental layout of the SRT task. In the spatial version of the tA3kféur spatially-

separated light-emitting diodes (LEDs) are used to indicate one of the four required key presses. In the
colour version of the taskB(, any one of the four different colours is presented at a single fixation

point. Each colour cues a different finger movement. For both versions of the task the stimulus-response
pattern is learned prior to initiation of PET imaging and presentation of sequentially organized stimuli.
Thus, learning effects are related to stimulus order rather than the mapping of stimuli to motor

effectors.

appears at one of four positions. The four fingers of the right ~ have shown that learning, as manifest by faster reaction times
hand are placed on a four-key response board, and thduring sequence blocks in comparison with random blocks,
subjects are instructed to press the key which corresponds to is also evident even in the absence of any explicit knowledg
the spatial position of the stimulus. For example, if theof the sequence (Willinghamt al., 1989; Coheret al., 1990;
stimulus appears at the leftmost position, the subject would Curran and Keele, 1993).
respond by making a keypress with the index finger. The Awareness during the SRT task has been prevented in
stimuli can either appear at randomly selected positions or, several different ways. One method is to use a long sequenc
in separate blocks, they can follow a predetermined sequendge.g. cycle every 12 elements), to exceed the capabilities of
that cycles repeatedly. A schematic diagram of the typical  working memory (Nissen and Bullemer, 1987). A second
experimental setup is shown in Fig. 1A. For the presenmmethod has been based on neuropsychological manipulations;
study, subjects were asked to respond according to stimulus patients with Korsakoff's disease (Nissen and Bullemer,
colour rather than stimulus position; this removed the spatial 987) as well as normal subjects who have been administered
component of the stimuli. This version of the experiment is  the amnesic agent, scopolamine @\liabeh987), show
depicted in Fig. 1B. In a typical SRT experiment, subjectsimplicit learning without having any awareness of the
complete a set of blocks with sequenced patterns (‘sequence  sequence.
blocks’) and then a set of blocks in which the stimulus A third method involves the use of a secondary, distractor
locations are allocated randomly (‘random blocks’). A  task such as tone counting. With this task, a tone is presented
performance measure of learning is obtained by comparingetween each motor response and the next stimulus and the
mean response latencies in the final sequence blocks with  subject is asked to keep an internal count of the tones whic
the latencies in the immediately subsequent random blocksnatch a target frequency. This secondary task is quite
Response latencies invariably become slower upon this  demanding and has proved to be extremely effective in
transition. preventing awareness (e.g. Nissen and Bullemer, 1987; Cohen

In addition to this performance measure, subjects aret al, 1990). Thus, the SRT task provides a common
queried as to their explicit knowledge of the sequence. Adehavioural paradigm in which motor-sequence learning can
would be expected, the decrease in response times during occur either explicitly or implicitly.
the sequence blocks is much larger when subjects have Curran and Keele (1993) investigated the relationship
developed explicit knowledge; indeed, in some experiments, between these two forms of learning. Two groups of subjets
reaction times become minimal as subjects anticipate thevere compared using the SRT task. One group was explicitly
next stimulus location. In addition, numerous experiments  told in advance that there would be a sequence on some



The locus of motor-sequence encoding 125

blocks and was even shown the six-element sequence. The  were located in contralateral motor-effector areas includin
other group was not given this information. post hoc the motor cortex, supplementary motor area and putamen,
division was made in the second group, separating those who  consistent with the hypothesis that non-declarative moto
reported some awareness from those who reported little, dearning occurs in cerebral areas that control limb movements.
no, awareness. In the single-task condition, learning-related increases in
Without attentional distraction, the informed subjectsrCBF were present in the right dorsolateral prefrontal cortex,
showed much faster learning of the sequence, as evidenced right premotor cortex, right ventral putamen and biparieto
by the fast drop in the mean response latency and the largmccipital cortex. The right dorsolateral prefrontal and parietal
cost when the random condition was re-introduced. Most  areas have been previously implicated in spatial working
important, when they were subsequently tested undememory. Seven out of 12 subjects developed awareness of
conditions with attentional distraction, no advantage was  the sequence during this condition.
observed for the informed or aware subjects. From these These findings were the starting point for the current study.
results, Curran and Keele (1993) proposed that independent  In particular, we were interested in two related issues. D¢
learning systems were involved under the two conditionsthe neural systems involved in sequence learning depend on
The declarative knowledge used by the informed subjects  the stimulus characteristics used to define the sequence?
when the distractor task was not present did not help therso, are these stimulus-specific effects similar, when learning

when they needed to attend to the tone-counting task. takes place under attentional distraction, to those when
In a previous study (Graftoet al., 1995), we used PET attention is directed solely to the sequencing task?
to determine which neural systems are associated with As in the previous study, we compared metabolic correlates

performance changes as people learn novel motor sequenaafssequence learning under dual- and single-task conditions.
in the SRT task. All subjects completed one set of blocks  The critical manipulation for assessing the contribution of
under dual-task conditions and then a second set under singlhe stimulus properties was to substitute colours for each
task conditions. Within each set of 17 blocks, the stimuli of the spatial positions used in the previous study. Thus,
were randomly chosen for the first seven blocks, the nextvhereas the leftmost position had required a keypress with
eight blocks used the sequenced pattern, and the final two  the index finger in the spatial version of the SRT task, this
blocks used random stimuli. Different sequences were usesame response was now associated with the colour red.
for the dual- and single-task conditions. Similarly, the other three positions were replaced by three
In these SRT experiments, learning can be assessed lolstinct colours. In this way, the responses were essentially
changes in reaction time over the sequence blocks and, more identical to what we had required in the spatial task, but th
importantly, by increases in latency following the final shift stimuli were now colours, all presented at a central location
from a sequence block to a random one. Both measures of  on the computer monitor.
learning were substantially larger during single-task Itis important to bear in mind that while the colour version
performance, reflecting the fact that, in this condition, many  of the SRT task removes the spatial component of the stimuli,
subjects became aware of the sequence and were able ttte responses retain their spatial component. One question
anticipate the forthcoming stimulus. Nonetheless, learning surrounding the SRT literature is whether the sequence
was also evident in the dual-task blocks as shown by théearning involves learning a series of perceptual or motor
significant increase in reaction time following the shift from events (e.g. Willingtenal, 1989; Keeleet al, 1995).
sequence to random blocks. Learning was entirely impliciBased on a set of transfer studies, Willinghatral. (1989)
here; no subjects became aware of the sequential nature of  argued that learning can not be restricted to either level, bt
the stimuli. rather arises as subjects learn a series of stimulus—response
PET scans were obtained during every third block. We contingencies. By changing the stimulus characteristics, but
focused on the three scans obtained during the sequencet the responses, we should gain further insight on this
blocks for the dual-task condition and the three scans obtained  issue. If sequence learning is primarily perceptual in nature
during the sequence blocks for the single-task condition. Inwe would expect to find the change in stimulus properties to
particular, what metabolic changes were correlated with the lie outside areas associated with motor control; if sequence
performance changes? We did not use a subtractive procedutearning is primarily motoric in nature, however, then the
Rather, we looked for linear increases in metabolic activity =~ changes should be restricted to motor areas. The results of
that occurred as response latency decreased during the blodkéllingham et al. (1989) would suggest differences in both
in which the stimuli followed a fixed sequence. Areas that  perceptual and motor areas.
showed a similar linear trend during the random blocks were Further motivation for the current study is inspired by
ruled out as reflecting changes not specific to sequence considering potential component processes involved ir
learning. sequence learning. These putative components, at least
As anticipated by many of the behavioural studies, without attentional distraction, are processes that are
increases in activation occurred in distinct neural systemattributed to working memory. Recent work reported in
for the two conditions. Under dual-task conditions, when  the human and animal literature suggests that the neural
awareness was blocked, learning-related increases in rCBforrelates of working memory may vary as a function of
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stimulus characteristics. In a series of PET studies, Jonideg/aterial and methods

Smith and colleagues have reported a laterality effect foHealthy subjects performed the SRT task during PET scanning
spatial and object working memory (summarized in Smithunder both dual- and single-task conditions. Eleven normal
et al, 1995). In both versions of their experiment, subjectsright-handed subjects (seven men and four women; mean
performed a variant of a matching-to-sample task in whichage+SD, 21.5-3.2 years) participated after informed consent
they judged whether a test item matched one of twowas obtained in accordance with the USC Institutional Review
previously presented samples. For the spatial task, thBoard, which approved the study. Subjects underwent a
comparisons were made on the basis of stimulus locatiomeurological history and physical examination to rule out
for the object task, the comparisons were made on thany pre-existing conditions, and completed a handedness
basis of shape. The dorsolateral prefrontal cortex wasguestionnaire prior to the study (Oldfield, 1971).
significantly activated in both tasks, a result consistent
with the hypothesis that these tasks involve working
memory. Interestingly, this prefrontal activation was in the
right hemisphere during the spatial task and in the lefSRT task
hemisphere during the object task. The procedure was identical to that of our previous study
On the other hand, in single-cell studies with primates,With the exception of the prese_ntation of thg_SRT §timu|i
Goldman-Rakic and her colleagues€Wilson et al, 1993) (Grafton et al, 1995). Each su_bject was positioned in the
have argued for a dorsaliventral distinction in prefrontalSc@nner and a computer monitor was then mounted above
cortex between spatial and object working memory. Cells irfh€ir chest. A series of coloured circles subtending ~1° of
the dorsal lateral prefrontal cortex continue to respond duringiSu@l angle appeared, in turn, at the centre of the screen.
a delay period in which the animal has to remember th ach circle was f|I_Ied Wlth one of fqur colou_rs (red_, green,
location of a recently seen stimulus. Cells in the more ventraY€llow or blue) which indicated the index, middle, ring and
inferior convexity continue to respond during the delay period € finger, respectively, as shown in Fig. 1B. Subjects were
when the animal must remember the shape of the recentl ught to press the appropriate response key as rapidly

seen stimulus. Their work did not address issues related t8° possible. . . .
laterality, All of the subjects used their right dominant hand. The

In our previous study with spatial stimuli (Graftet al., right arm Was_extende_zd paraIIe_I to the_ body aXis and_ rested
1995), we found dramatic laterality effects for implicit and on a table with the index, m|dd_|e, fing anq litle _fmger
explicit learning. When learning was implicit, increases inrestmg on four response keys. A fixed inter-stimulus interval

S L : . of 1500 ms was used so that the number of movements per
activation occur mainly in the left hemisphere, which controls

. . . : . block (and PET scan) was held constant. Circles were always
the right hand with which subjects made their responses. ; . . .

. . - . removed 1000 ms after appearing. By using an invariant
However when learning was explicit, activation shifted to.

the right hemisphere. This is consistent with the ideas 0}nter-stimulus interval and stimulus exposure duration, the
. ' : ._sensory input as well as the nhumber of responses produced
Smith et al. (1995) and Goldman-Rakic and colleagues (in Y np P P

, i . . per unit time was held constant.
Wilson et al, 1993): the task required learning about the A block of trials involved 84 responses and the sequence

sequential nature gf spatial events and the foci were in areast <timulus colours was either presented randomly or in a
of t_he h.umar.1.bra!n thf"‘t are somewhat homolpgous to t_hgix—element pattern that repeated continuously. The overall
regions identified in primate stud|e's as ess_enual for spatiali cyre of the sequence was identical to that in the spatial
working memory. Moreover, activation in dorsolateral g4y in that two colours were presented twice within each
prefrontal cortex in the right hemisphere has been observedy _clement cycle and two were presented once. An example is

in @ number of studies involving recognition (Tulviegal,  yed_green—red-yellow—green—blue. Previous work has shown
1994; Kapuret al, 1995), a process that could be expectedat this type of sequence, composed of both ambiguous and
to be involved during explicit sequence learning. unique pairwise associations, can be learned under conditions

The current study provides a novel test of the hypothesigf gistraction without awareness (Cohetnal., 1990). Within
that neural loci of working memory are task-dependentthe sequence blocks, this six-element pattern would be
While keeping the responses exactly the same, we can assgpeated 14 times, with the starting position randomized
whether the metabolic correlates of sequence learning shificross blocks. There were four different sequences with two
when the successive responses are cued by colours rathgfsigned to each subject, one for the dual-task blocks and
than positions. According to the Jonides hypothesis, wene for the single-task blocks. On random blocks the stimulus
would expect to see a shift from right prefrontal regions tolocations were chosen randomly with the constraint that no
left prefrontal regions. According to the Goldman-Rakic location be chosen twice in succession.
hypothesis, we should expect to see a shift from dorsal to For each of the dual- and single-task conditions subjects
ventral regions within prefrontal cortex. Since these twofirst performed seven blocks of random trials, then eight
hypotheses are not mutually exclusive, it remains possibleélocks of sequence trials and finally two blocks of random
that both could be supported. trials. Behavioural indices of learning were derived by
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700 Dualtask Single task a sequence would be presented prior to the start of each
condition. Since subjects consistently did not become aware
600 of the sequence in the dual-task condition, they were first
= @ g;’r'gg"l tested on this condition. Subjects were interviewed at the
E 500 end of the experiment to determine whether they had become
g aware of the sequence, either in the dual- or single-task
"g 400 __ Spatial phases. In addition, they were asked to generate the sequence
B R Stimuii on the response board.
g 300
o
200 Sequence i Random Imaglng . .
100 Leewnassb s v Images 01_‘ regional cer_e.brallblood flow (rC_BF) yvere.obtalned
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 by bolus intravenous injections of 35 mCi radioactive water

(H,*®0) using a modified autoradiographical method and a
_ _ Siemens 953/A scanner with a measured in-plane resolution
Fig. 2 Performance assessment of SRT task. Me8D block is of 7.5 mm and a between-plane resolution of 5 mm after
plotted for each SRT. The upper curves summarize results for ’ . . R

colour stimuli, the lower curves for spatial stimuli (also presented "€construction (Herscovitoét al, 1983; Raichlest al, 1983).

in Graftonet al,, 1995). The left half of the Fig. summarizes data Scans were performed at a 15° angle relative to the anterior—
from the dual task (tone counting) and the right half is from the posterior commissural line. The field of view extended from
distraction-free task (single task). For both, the blocks begin with the vertex to the mid-cerebellum. However, because of the

sequences presented in random order (seven blocks), then : . : . :
sequential order (eight blocks) and finally random order (two steep angle, the_lnfe_rlor/orbltal frontal and posterior parietal
cortex were not in view.

blocks). Blocks during PET imaging are circled. Reaction times ) o
for colour stimuli are greater than those for spatial stimuli, Twelve sequential PET scans (six in the dual task, then

secondary to overall greater task difficulty in the former. For both six in the single task) of 90 s duration were obtained every
stimuli, under single and dual conditions, there are significant 10 min. For each scan, tracer injection, imaging and a block
reductions of reaction times with presentation of an ordered of trials were started simultaneously. Two additional blocks
sequence. The increase of reaction times with subsequent random, , . . L
trials confirms that the changes are learning effects. of trials were presented in the 10 min interval between
sequential PET scans. The relationship between block type
and scanning is summarized in Fig. 2. Blood samples were
comparing median reaction times on sequence blocks withot obtained. Images of radioactive counts were used to
those obtained on random blocks. estimate relative changes in rCBF, as described previously

In the dual-task condition, the subjects were required(Fox et al, 1984; Mazziottaet al., 1985). Attenuation was
concurrently, to monitor a stream of 50 ms audible tones,  corrected-for, using boundary information from the sinogram
and to keep track of the number of low pitched tones. Targetsf each scan.
for the secondary task were 200 Hz pure tones. Distractors
were 1000 Hz pure tones. The presentation of the visual and
auditory stimuli were made asynchronous by varying thelmage analysis
delay between the onset of a coloured circle and the ons®ata processing required three steps: (i) within-subject
of the tones. Intervals of 1100, 1200 or 1300 ms separated coregistration of images to remove interscan movemen
the two events. Between 50% and 75% of the tones wererrors; (ii) between-subject image coregistration to pool data
targets in the dual task. The number of target tones was and provide a common reference space for describing the
randomly varied between blocks, eliminating the possibilitylocation of responses; (iii) statistical analysis to identify
of a learning effect related to the secondary task. Prior to learning-related changes in rCBF. Images from each
these imaging experiments, a significant learning effectndividual were aligned (within-subject) using an automated
without development of awareness was confirmed for this registration algorithm as previously describedeiébods
modified SRT dual task (using a fixed inter-stimulus interval)1992). The 12 coregistered images from each subject were
in a group of eight subjects tested outside the scanner averaged to generate a mean rCBF image for each individua
environment. These mean images were then coregistered onto a reference

In the single-task condition, the motor-sequence task was  PET atlas centred and scaled to match the Talairach atla
performed alone and subjects were instructed to ignore thélalairach and Tournoux, 1988). This between-subject
tones. Tones were also presented in the same manner as in coregistration uses an ‘affine’ fitting algorithm incorporating
the dual-task blocks, but only at the distractor frequencyl2 parameters (three rotations, three translations and three
Inclusion of the tones in the single-task blocks was to scalars along axes specified by an additional three parameters
approximate the auditory stimulation while providing minimal (Woodset al., 1993). The transformation matrices were then
attentional interference. Different sequences were used inthe  applied to all of the original rCBF scans to match them to
single and dual tasks and subjects were always unaware thite target Talairach atlas. Images were then smoothed to a

Trial
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final image resolution of 20 mm full width at half maximum, analysis. These statistics were performed separately for the
and were normalized (within-subject) to a common globalsingle- and dual-task conditions.
value. After smoothing with a Gaussian filter, there were Categorical comparisons between subjects performing the
~120 grey-matter resolving elements as defined previousl$RT task with spatial versus colour stimuli were determined
(Worsleyet al,, 1992). with unpairedt tests calculated on a pixel-by-pixel basis,

A repeated-measures analysis of variance (ANOVA) wagvithout variance pooling or a Bonferroni correction. For the
chosena priori as an appropriate statistical model for dual task, Scan 2 from the spatial and colour studies were
identifying learning-related changes in rCBF. Thecompared, for the single task, Scan 8 was compared. These
experimental design was set-up so that learning would occugcans were chosen because they are obtained during random
during the third, fourth and fifth PET scan of each conditionblocks when subjects were familiar with the task but had not
(dual- and single-task conditionssee Fig. 1). As the had training with the sequence. Thus, the interpretation of
performance measure demonstrated a |Ongitudindﬂiﬁerences between the two is not contaminated by the
improvement in reaction time during these three scans, wéffects of colour- versus spatial-sequence learning. Instead,
used a model that would identify longitudinal changes inthis analysis should identify sites specific to stimulus
rCBF over the same trials and scans. In other words, w@rocessing. A statistical threshold Bf< 0.005 was used.
consider changes in brain activity to be indicative of learning Statistical results were reconstructed in three dimensions
when there are concurrent changes in performancdVith @ single subjects MRI scan using the Advanced
Longitudinal changes in rCBF, during the three scans wherYisualization Software (Waltham, Mass., USA). Responses
learning was occurring, were determined on a pixel-by-Were Q|g¢ally p_rOJected onto the MRI surface for improved
pixel basis with a multivariate repeated-measures (ANOVA)Visualization with respect to gyral anatomy.
(Maxwell and Delaney, 1990). For the dual-task learning
occurred during Scans 3, 4 and 5 and for the single task it
occurred during Scans 9, 10 and 11. A full multivariate Results
ANOVA was calculated rather than a mixed moéfetest to

erformance

avoid errors related to assumptions of compound symmetr: ) , )
he average reaction times for each block are shown in

that can occur when variance is pooled. An omniButest Fia. 2. Blocks 1-17 t perf during dual-task
for changes in rCBF activity during the three sequence scang 9- £ PIOCKS I—L7 Tepresent periormances during dual-as

was first calculated and a significance threshol® ef 0.005 conditions, when subjects were counting low-pitched tones
. . . e . during the SRT task. Blocks 18—-34 represent performances
was selected. Once a pixel location was identified as showin

a significant change during the three time points, the nexander single-task conditions, when tones were present but

. . not counted. Note that the reaction times for the spatial
step was to define the nature of the changes in rCBF. . . .
. . . ) : version of the experiment are considerably shorter than those
With only three time points, the number of possible linear

. S . for the colour version, reflecting the greater stimulus response
contrasts that could best describe the significant differences g 9 P

ted th ibus test limited 1o t del Acompatibility in the former experiment.
noted on the omnibus test were fimited 10 o models. As Fig. 2 shows, the reaction time decreased across Blocks

site of significe_mt rCBF change could be described in rM$_15 the blocks in which the sequence was present. Though
of a mqnotonlc model (Sea3 - Scan 1= 0) or by a 5 gecrease was significan€10) = 4.87; P < 0.01], this
quadratic model (2>< Scan 2 — Scan 1-Scan 3 0). Of measure of learning is problematic because it may reflect
these, the quadratic model has no measurable performanf“z?miIiarization with aspects of the task and generalized

correlate which shows a quadratic change, so it is not clegg aciice effects, having little to do with the acquisition of
what this quadratic type of change represents. Therefore, Weie sequence. For this reason, the change in reaction time
included only those areas in which the significant change ieqyeen the final sequence blocks and the subsequent random
rCBF was best explained by a monotonic model, analogoug|ocks is used to assess specific sequence learning. Averages
to the changes observed in the performance data. To do thigf the final two sequence blocks and the final two random
the pixels with a significance above the omnibus statisticabjocks (blocks 14 and 15, and 16 and 17) were computed
threshold, and where a linear contré&stest for a monotonic  and compared. Switching from sequence blocks to random
contrast was greater than a quadratic moBetest were  plocks caused the mean reaction time to increase by 92 ms,
displayed in pseudocolour onto an anatomical reference atlag(10) = 6.11; P < 0.01]. Thus, we find reliable learning
Monotonic increases and decreases in rCBF were botiith the colour-coded sequences, and this learning is implicit
considered. The pixel with maximum significance within by definition, since none of the subjects reported any
each site was identified and used to localize responses withwareness of the sequence during the dual-task phase of the
respect to the Talairach coordinates. To investigate tim@xperiment. It is important to reiterate that the decrease in
effects unrelated to the learning of sequences, the three scaresponse latencies over the initial 15 blocks can not be solely
obtained during presentation of random trials were comparedttributed to learning the correspondence between particular
using the same omnibus test. Sites with significant time colours and finger movements. If this were so, we would not
effects unrelated to learning were excluded from the finahave expected the increase for the final random blocks.
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The same statistical procedure was applied to the data  These small differences in spatial location may be
from the single-task condition. Again there was a significantmethodological, related to insufficient resolution provided by
decrease in the reaction time over the sequence blocks [block  the PET procedure, or possibly due to actual differences il
24 versus block 32t (10) = 4.16; P < 0.01]. More thelocation of sequence representations with different stimuli.
importantly, the sequence—random transition was also Additional increases of rCBF were located in bilateral
significant f (10) = 3.69; P < 0.01]. As shown in Fig. 2, inferior parietal cortex. During learning, decreases in rCBF
learning in the single-task condition is more dramatic. Indeed, were found in the cerebellum, bilateral middle temporal
some subjects had mean reaction times0 ms indicating cortex and inferior occipital areas. Similar decreases in
that they were anticipating the identity of the stimulus, and bilateral middle temporal cortex had also been observed in
the sequence-random transitions were numerically largethe spatial study.

The mean increase over the 11 subjects was 296 ms. However,

the learning scores from the single-task condition are likely

to come from a bimodal distribution. In the debriefing sessionSingle task imaging

seven of the 11 subjects reported becoming aware of th&/hen the sequence was learned without the secondary task,
sequence during the single-task condition and, indeed, were  allowing subjects to attend fully to the stimuli, a very different
able to reproduce at least part of the sequence. The otheet of regions showed increasing activation across the
four subjects had no awareness of the sequence. The increase  sequence blocks (Scans 9, 10 and 11). Under single-t
in reaction time during the random block was 448 ms forconditions, learning-related increases in rCBF were prominent

the seven aware subjects and 31 ms for the four unaware in right hemisphere, namely in the premotor, inferior frontal,
subjects. None of the subjects reported any awareness of tlaterior cingulate, inferior temporal and occipital regions, as
sequence during the dual-task condition. shown in Fig. 4. The only left-sided increase was in the

To test the assumption that learning is related to theanterior cingulate cortex.
sequences in the dual-task condition, statistical analyses were These areas, listed in Table 2, differ substantially from the
performed on each of the six elements. Several aspects sftes observed in our previous experiment using spatial stimuli
the data support the hypothesis that subjects are learning the (Getfmiy 1995). In the prior study, parietal/occipital
specific sequences implicitly, rather than overall probabilitiesand dorsolateral prefrontal cortex showed learning-related
or unigue associations within the sequence. First, responsesto  changes, consistent with the notion that explicit sequenc
all six elements of the sequence show significant improvementpresentations of spatially cued movements are represented
during the sequential blocks. Had subjects simply learned that in areas dedicated to spatial working memory. In the current
some key presses were more likely than others, decreasesstudy, a more ventral set of areas, including inferior occipital/
reaction would be expected only on more frequent keys. temporal and inferior frontal areas, emerges. This is consisten
Furthermore, there was no significant effect of element orwith a model of working memory in which non-spatial
reaction time improvement during the sequence blocks information is represented in a ventral stream routed through
(F = 0.58; P > 0.5). In fact, on average the reaction-time the inferior temporal cortex and the inferior prefrontal cortex.
improvements for unique transitions (i.e-~2 or 4-1 in In both cases, areas with increased rCBF during explicit
the sequence 12-1-3-2-4) were slightly but non- learning are located in the right hemisphere.
significantly smaller than for the other non-unique transitions. Because the behavioural data suggested that there wer

two populations of subjects in the single-task condition, those

who became aware of the sequence and those who remained
Dual task imaging unaware, separate analyses were performed on these two
First, the areas that showed significant monotonic changes groups. In both groups, all of the areas listed in Table 2
in blood flow across the three scans obtained during sequensfiowed a significant linear trend in activation, except for the
blocks (Scans 3, 4 and 5), but not across the random blocks left anterior cingulate, the left dorsal occipital cortex and
(Scans 1, 2 and 6) were identified. In the dual-task conditionight thalamus. For these three areas, the linear trend in the
learning-related increases in rCBF were observed primarily ~ subgroup analysis was only significant for those subjects
in both frontal and parietal areas of the left hemisphere, assho developed awareness of the sequence. Limiting the
shown in Fig. 3 and detailed in Table 1. analysis to just those subjects who became aware did not

Three of the sites show a striking correspondence to theeveal any additional areas other than those listed in Table
learning-related areas identified in our previous PET study 2. Given that the unaware group contained only four subjects
using spatial stimuli (Graftonet al, 1995). In both and the analysis was therefore limited in power, there is little
experiments, increases in rCBF were observed in the indication that the results are an amalgamation of separate
supplementary motor area (SMA), motor cortex andsets of processes. Awareness, itself, appears to play little role
subcortical putamen/thalamus, suggesting these motor areas in the recruitment of neural systems. However, it must b
represent implicit sequential motor actions that arekept in mind that, with the current design, we are unable to
independent of the stimuli used to cue movements. The  determine the point at which the seven subjects developec
Talairach locations were not identical for the two experimentsawareness. The dip in response times after the second
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Fig. 3 Sequence learning with attentional interference. Significant rCBF increBses0(005) are superimposed on an MRI reference

atlas centred in Talairach coordinates. For both spatial and colour stimuli, there are significant increases in activity in the precentral gyrus
(motor), supplementary motor area (SMA) and basal ganglia (BG) as subjects learn the sequential order of the stimuli. This learning is
implicit, as subjects never become aware of a sequential order in the stimuli. Irrespective of stimulus features, common changes occur
primarily in motor effector areas. The location of the SMA increase in rCBF during the spatial task is more rostral than for the colour
stimuli. For colour stimuli there is an additional increase in rCBF in the right inferior parietal cortex (Inf Par). Upper images are 12 and

57 mm above the anterior—posterior commissural axis; lower images are 34, 3 and 60 mm above the anterior—posterior commissural axis
Upper row adapted from Graftost al. (1995). Thal= thalamus.

sequence scan would suggest that awareness only developed left inferior temporal cortex and left inferior parietal cortex

near the end of training. amongst others. Comparable movements in response to spatial
stimuli preferentially activated the left hippocampus, multiple
occipital sites, right inferior frontal gyrus and right inferior

Stimulus characteristics parietal lobe. Since the finger movements in the two

To determine the differences between using spatial and colour  experiments were identical, these areas represent differenc

stimuli to designate discrete finger movements, subtractionm stimulus processing or stimulus—-response mapping. For

across the spatial and colour studies were performed. The almost all areas, the differences were significant whether ;

comparisons were based on the second scan within eadhsk was performed under single or dual conditions. The

condition, for the fifth random block, in both the dual and  similarity between single- and dual-task lists suggests that

single task. Thus, no differences can be attributed to learningttentional interference did not alter the systems used to

Areas that are recruited in both the spatial and colour versions process the stimuli and/or relate already learned arbitrary

of the task would also not be detected by this comparisornvisual stimuli to discrete movements. Another important

Our experimental design does not achieve sufficient statistical ~ finding is that sites showing preferential activation for

power to demonstrate that population differences in learningnapping colour stimuli to movements are not necessarily the

spatial and colour cues is significant. However, the  same areas showing learning-related changes in rCBF.

populations can be compared directly during the non-sequence

blocks to determine the differences between using spatial )

and colour stimuli irrespective of learning. Discussion

The results are listed in Table 3. Finger movements infTwO memory systems
response to colour stimuli preferentially activated anterionVe have confirmed that the neural systems associated with
cingulate (bilaterally), the left caudate, left premotor cortex, improved performance on a motor learning task depend on
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Table 1 Motor sequence learning with distraction of attention: colour stimuli

Region (Brodmann area) Talairach coordinates rCBF (ml/min/100 g) ANOVA (repeated measures)

X y z Scan 3 Scan 4 Scan 5 F P-value
(mean=SD) (meartSD)  (mean:SD)

Increasing rCBF

L precentral gyrus (4/6) —-24 31 60 54.4@3.16  55.133.38 56.232.91 23.24 0.0007
L SMA (6)* -1 -16 57 63.933.09 65.283.89 65.7%3.46 29.29 0.0003
L sensorimotor (4)* -31 -31 51 57.251.97 57.52:2.73 58.66:2.34 14.76 0.004

R inferior parietal (40) 48 -30 34 51.5&1.66 51.6%2.18 52.631.99 24.26 0.0006
L inferior parietal (40) —43 -31 25 53.8&2.57 54.54r3.37 55.05:2.76 13.59 0.0042
L parietal operculum (40) —51  —13 24 49.6:1.75 50.46:2.62 51.31*+2.17 13.15 0.0046
R parietal operculum (40) 37 —28 19 52.8%2.22 53.64-1.81 54.952.04 23.73 0.0007
R parietal (40) 57 -18 15 4556157 46.3%2.90 46.991.91 21.63 0.001

L thalamus/putamen* -21 -25 3 52.16-1.81 52.9:1.73 53.3&1.77 20.24 0.0015

Decreasing rCBF

R middle occipital (19) 40 -75 18 4394185  43.082.18 42.8¢:1.79 21.42 0.001

L middle temporal (21) -52 -57 13 47.7%1.96  47.16¢:1.93  46.4:1.87 17.4 0.002

R middle temporal (21) 49 —49 7 53.7:2.34  52.98-2.44  52.5@2.29 15.06 0.0031
L lingual (19) -18 -51 -3 52.24-1.73  51.3%2.72 51.1&1.82 20.19 0.0012
L inferior temporal (20) —-54 —-25 —15 51.40:2.49 50.24-3.24 49.28-1.95 22.8 0.0008
R fusiform (37) 24 -52 -18 61.76:3.09  60.452.61 60.623.31 22.49 0.0008
L cerebellar nuclei -27 52 =22 62.771.42  62.24-2.07 61.54:1.33 20.3 0.0011
R posterior cerebellum 46 —-58 —-25 45.96:3.73  44.94-3.80 44.27%3.46 33.34 0.0002

Brain areas demonstrating a significant longitudinal change of rCBF during sequence learning are reported in Talairach coordinates with
corresponding Brodmann areas in parentheses (Talairach, 1988). Significance was determined with a repeated measures ANOVA across
the three scans where the stimuli were presented in sequential order. None of these sites demonstrated significant changes of rCBF whe
stimuli were presented in random order. *Regions were significant in a previous study using spatial rather than colour stimuli (Grafton

et al, 1995).

the availability of attentional processes. When such processes The attentional components of the dual and single task

are available, explicit awareness of the sequence can occdiffer considerably. In the former, the tones must be closely

along with the improvements in reaction time. When subjects monitored while in the latter they should be ignored. One

are distracted by a tone-counting task, improvement irmight argue that some of the differences between the dual

reaction times are still observed, but awareness of the  and single tasks are associated with processes involved i

sequence never occurs. Fig. 5 provides a schematic summaignoring the tones. However, it is unlikely that activation

of the neural foci correlated with learning in the dual- and due to such inhibitory processes would show systematic

single-task conditions in both the current study and in Graftorchanges restricted to the sequence blocks. On all single-task

et al. (1995). blocks, random and sequence, the subjects had to ignore the
As in our previous study, no common foci were seen intones. Moreover, the neural systems involved in learning

the dual- and single-task conditions. Learning-related changes  are identified by within-task comparisons, so attentional

in blood flow during learning with attentional distraction differences themselves are not responsible for the pattern of

were primarily localized to motor regions in the contralateral results. Because the pattern of activation was nearly identical

hemisphere. Given the resolution of the SMA, foci cannotfor aware and unaware subjects in the single-task condition,

be unambiguously assigned to either hemisphere. In contrast, it appears that the attentional components, and not awarene

when the secondary task was eliminated, metabolic correlatetetermine which neural regions are correlated with

of learning were observed in the ipsilateral hemisphere, sequence learning.

localized to prefrontal cortex, premotor cortex and the The loci for dual- and single-task learning, shown in

temporal lobe. Together, the two studies provide strong Fig. 5, bear some correspondence to the ‘What-Where’

evidence that dissociable neural systems are involved idichotomy proposed by Ungerleider and Mishkin (1982).

implicit and explicit skill acquisition, an interpretation that  During implicit learning, metabolic changes were observed

resonates with a robust behavioural literature. In agreemeiin neighboring regions of motor cortex, SMA and putamen.

with the results of Curran and Keele (1993), these Parietal lobe activation was also observed in the implicit

neuroimaging data suggest that separate neural systems a@nditions of both experiments, although the colour foci were

involved in skill acquisition when sequence learning takes  considerably more ventral and bilateral. During single-task

place under conditions of attentional distraction, as opposeltkarning, there was significant activation in occipital,

to situations when the learning process is not disrupted by a  temporal, lateral premotor and prefrontal areas for both the

secondary task. spatial and colour sequences. One conjecture would be that
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Fig. 4 Sequence learning without attentional interference. For spatial stimuli, rCBF increases during learning of ordered sequences are
found in the parietal cortex (bilaterally), the right premotor cortex and right prefrontal cortex. These areas are implicated in spatial
working memory. For colour stimuli rCBF increases are located in the right inferior temporal and frontal cortex as well as bilaterally in
the anterior cingulate cortex. These areas are also active in other tasks of non-spatial working memory. Learning becomes explicit for
approximately half of the subjects, who can verbally report the correct order of the stimuli. Upper images are -8, 26, 35 and 50 mm
above the anterior—posterior commissural axis; the lower images are —18, 7, 19 and 34 mm above the anterior—posterior commissural
axis. The upper row is adapted from Graftenal. (1995).

Anterior Cingulate

the pathways underlying single- and dual-task learning reflect interpreted as reflecting a specialized mechanism for motor-
fundamentally different ways in which sequential behavioursequence learning. Rather, the temporal lobe may provide
is generated. Dual-task learning might be viewed as a form  the long-term associations that can be exploited in the SRT
of spatial-motor priming in which movements to a series oftask (Keeleet al., 1996).
successive locations are facilitated by preceding stimuli and Alterations in the methodology insure that the behavioural
responses. In contrast, when attention is not distractedthanges are not simply reflecting learning a series of eye
learning could be based on the identification of anticipated movements. With spatial sequences, subjects generally move
elements in the sequence. their eyes from one location to another, thus learning is not

An alternative conceptualization is that learning in these  necessarily restricted to the finger movements. By presenting
two types of conditions reflects different forms of associationthe colours at a central location, the present experimental
The presence of the distractor tones may prevent the  design eliminated eye movements. Nonetheless, we obtaine
development of complex associations that are represented behavioural evidence of learning and found many similarities
the right hemisphere pathways. These associations could in the general pattern of metabolic correlates of learning tc
occur in the single-task condition as each colour is precedethose observed in our previous study (Grafeiral, 1995).
by an invariant auditory stimulus. Note that, in accord with  This extension to a non-spatial dimension further specifies
both of these hypotheses, the temporal lobe foci need not bghat is learned. In accord with previous suggestions
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Table 2 Motor sequence learning without distraction of attention: colour stimuli

Region (Brodmann area) Talairach coordinates rCBF (ml/min/100 g) ANOVA (repeated measures)

X y z Scan 9 Scan 10 Scan 11 F P-value
(mean=SD) (meartSD)  (mean:SD)

Increasing rCBF

R premotor (6) 18 12 60 44.431.86 445255  45.2%2.20 13.85 0.004

R anterior cingulate (24/32) 10 6 34 4788.72  49.36:2.51  49.672.53 53.91 0.00002
L anterior cingulate (24/32) —4 28 19 52.453.80 54.033.98 54.8%3.36 30.29 0.0003
R inferior frontal (45) 40 19 7 62.183.62  62.94v4.04 64.224.53 20.51 0.002

R thalamus 3 -22 7 61.45-2.34  62.182.59 62.672.40 14.53 0.004

R inferior temporal (20) 55 -28 18 4452:3.60  44.953.20 46.7¢3.04 53.22 0.00003
R inferior occipital (19/39)* 37 —-78 —19 41.45-6.54  42.67%7.08 42.916.65 20.99 0.002

R inferior occipital (19) 49 -63 -21 34.67#2.85  35.223.15 35.583.13 21.73 0.0009

Decreasing rCBF

R superior parietal (7) 13 -60 48 51.5%#2.34  50.6222.58  49.92-2.01 22.95 0.0008
L dorsal occipital (19) —28 —78 24 52.982.74 5197218 51.8%2.25 24.29 0.0006
R posterior insula 25 -27 15 47.06:3.16  46.323.01  45.85:-2.63 13.98 0.004

L anterior cerebellum -9 -52 -12 58.36:3.89  57.783.18 56.67-3.14 17.5 0.002

Brain areas demonstrating a significant longitudinal change of rCBF during sequence learning are reported in Talairach coordinates with
corresponding Brodmann areas in parentheses (Talairach, 1988). Significance was determined with a repeated measures ANOVA across
the three scans where the stimuli were presented in sequential order. None of these sites demonstrated significant changes of rCBF whe
stimuli were presented in random order. *Region was significant in a previous study using spatial rather than colour stimuli (Grafton

et al,, 1995).

Table 3 Differences of spatial and non-spatial stimuli to designate keyboard responses

Region (Brodmann area) Talairach coordinates Dual task Single task
X y z t P t P
Colour > spatial
B anterior cingulate (24) 0 24 24 —3.53 0.00198 NS
L inferior temporal gyrus (37) —-58 -39 -16 —-4.51 0.00019 -3.23 0.0040
L frontal insula —36 10 3 —3.28 0.0036 NS
L caudate -6 0 6 -3.29 0.00356 NS
L middle frontal gyrus (10) —22 49 24 —4.23 0.0004 —-3.97 0.0007
L precentral gyrus (6) —43 -3 27 —2.48 0.022 —-3.79 0.0011
L inferior parietal lobule (40) —42 -31 39 NS —3.56 0.0020
R pulvinar thalamus 3 -33 10 —-3.39 0.00279 —4.00 0.0008
R superior frontal gyrus (9) 22 45 30 —3.42 0.00261 —3.44 0.0029
Spatial> colour
L hippocampus -31 —-25 —4 NS 3.36 0.0030
L middle occipital gyrus (19/39) —46 —66 10 5.06 0.00009 2.94 0.0088
L superior occipital gyrus (19) -33 -73 30 3.64 0.00173 4.23 0.0004
R occipital (17) 12 -85 6 5.65 0.00001 5.39 0.0001
R middle occipital gyrus (19/39) 43 —66 10 4.30 0.00066 4.49 0.0003
R inferior parietal lobule (40) 52 —22 27 4.74 0.00011 2.65 0.0160
R Inferior frontal gyrus (44/6) 39 6 28 3.35 0.00308 3.39 0.0030
R Superior occipital gyrus (19) 33 =75 30 3.93 0.00089 3.85 0.0013

Differences between using spatial and colour stimuli to designate specific finger movements. Locations are given in Talairach coordinates
with the corresponding Brodmann areas in parentheses (Talairach, 1988). The differences between the spatial and colour stimuli during
the dual task were obtained from the differences in Scan 2 between the two conditions; Scan 8 was used for the corresponding single-
task comparisons. Significance determined by unpditedt.

(Willingham et al,, 1989; Keeleet al, 1995), learning is not  also found evidence that non-simultaneous systems were
merely a series of stimulus locations. Rather, it occurs at associated with implicit and explicit sequence learning. They

more abstract or response-related level. mapped cortical regions with transcranial magnetic
One intriguing aspect of the PET findings is that the twostimulation as subjects learned a 12-element sequence with
systems appear to operate exclusively rather than in parallel; the SRT. Subtle interviews were conducted after each blocl

increases in rCBF in one set of areas do not seem to cde determine when learning had become explicit, without
occur with increases in the other. Pascual-Leeinal. (1994)  leading the subjects to look for the sequences. The period of
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Dual Task Single Task

Fig. 5 Schematic three-dimensional reconstruction of learning-related increases in rCBF during SRT learning. Results of colour stimuli
are shown in red and spatial stimuli are in yellow. Responses are enlarged and projected onto the surface of a single normal subject’s
MRI scan to aid visualization. The SRT dual-task learning with either type of stimulus leads to increases in rCBF in the motor cortex of
the left hemisphere and left SMAeft pane). The blue arrow denotes the central sulcus. In addition, spatial stimuli recruit additional
areas in the adjacent precentral premotor cortex, whereas colour stimuli recruit the adjacent postcentral sulcus (rostral parietal cortex).
The SRT single-task learningight pane) shows more dramatic changes in right hemisphere. Spatial learning changes are more
distributed; they are located in the posterior temporal, dorsal prefrontal and posterior parietal cortex. Colour-sequence learning is
associated with increases in rCBF in the inferior occipital and temporal cortex.

implicit learning was defined as the period before learning had differences in parietal cortex and SMA are intriguing. For
become explicit but while the reaction time was decreasingthe spatial experiment, the parietal focus is more dorsal, and
During implicit learning, the cortical output maps to the the SMA region is more rostral. The colour experiment also
muscles producing the responses increased in extent. Thisvealed an additional increase in rCBF in dorsolateral
did not happen in a control group, who performed the same  premotor cortex, an area that is activated across a variety o
task but without a sequence. However, once learning becammovement versus rest’ experiments (Rolaedal, 1980;
explicit, the process of expansion reversed, and the maps  Defilzdy 1991; Graftoret al, 1996). These differences
returned to their baseline topography. may reflect the effects of stimulus characteristics on implicit
However, one caveat must be noted. While the experiments sequence learning. Recent neurophysiological and PE
reported in Curran and Keele (1993) suggest independestudies have suggested multiple motor subregions in these
systems, their behavioural indices of learning suggest that  premotor areas, and these may be differentially sensitive tc
the two systems could operate in parallel. Similar findingscontextual aspects of the task such as the stimulus properties
have been reported by Schmidtke and Heuer (1996). The (di Pellegtimh, 1992). Alternatively, the more rostral
reason for this discrepancy between our PET resultgehange in the SMA for the spatial SRT learning could be
(exclusive systems) and these behavioural results (parallel related to the known somatotopy of this area, with the spatia
systems) remains unclear, but may relate to the peculiaritiemsk emphasizing the learning of eye movements and the
of brain metabolism. Given that global blood flow is relatively ~ colour task finger movements @redd 1991).
constant, metabolic increases in one area may necessitateHikosakaet al. (1995, 1996) suggest that SMA includes
reduced activity in other regions. Thus, the large blood flow  two subdivisions, and that the more anterior region, pre-
changes in the association cortex during learning withouBMA may be especially important for sequence learning.
distraction would outweigh any additional changes in the Several factors should be considered when comparing these
motor effector areas. conclusions with those of the present experiment. First,
learning in the Hikosaka studies occurred without a distracter
task and more closely resembled our single-task condition.
Spatial and object pathways Their studies did not image other parts of the brain, so any
In the dual-task condition, similar regions were associatedther regions that were acting in concert with the pre-
with sequence learning in the spatial and colour experiment$SMA during their experiments could not be determined.
Both experiments showed increased rCBF in the motoFurthermore, the motor component of the task of Hikosaka
cortex, putamen, parietal and SMA. While foci within motor et al. (1995, 1996) is considerably more difficult than that
cortex and putamen showed considerable overlap, the  of the SRT tasks. It could be that the pre-SMA is recruited
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because of the greater spatial complexity or because of the task were monochromatic and differed in terms of shape
multijoint responses. Finally, the task used by Hikosekal. =~ whereas all the stimuli in the SRT task were identical in terms
(1995, 1996) requires eye movements. The same is true in of shape and differed only in terms of colour. Additionally,
the spatial version of the SRT task. There, the SMA activatiorincreases in rCBF may have remained in the right hemisphere
was somewhat anterior to that in the colour version. when the task-relevant stimulus characteristic in the SRT
The effects of stimulus characteristics were even moredask switched to colour because of the persisting spatial
striking in the comparison of the conditions allowing explicit quality of the response. That is, the SRT task has a spatial
learning. In particular, there was a pronounced shift in thecomponent which persists in colour versions of the task since
ventral direction when the sequences were cued by stimulus  subjects are still responding by pressing keys which are
colour. This shift was apparent in both posterior and anterioplaced in different physical locations. This property may
cortical regions: in the former, the ventral shift was seen induce the right hemisphere learning-related increases in
near the parietal/occipital border and in the temporal loberCBF. While it is possible that a laterality effect would have
in the latter, the ventral shift was apparent in prefrontal been obtained had we used shape instead of colour, it is
cortex. Note that there is an even more dramatic dorsalplausible that the right hemisphere plays a critical role in
ventral shift between the implicit and explicit conditions. We  explicit learning. On the other hand, the prefrontal activity
restrict our use of the dorsal-ventral terminology to thein the right hemisphere may reflect a critical role for this
more subtle differences in the spatial and colour single-task  area in memory retrieval (&aplr 1995). Retrieval
conditions to avoid confusion. would be essential in our spatial and colour sequencing
When explicit memory systems are available for learning, studies given that many of our subjects anticipated the next
significant changes were seen in prefrontal areas associatstimulus.
with working memory, a putative component of explicit Another important difference between our studies and
sequence learning (Baddeley, 1992). The prefrontal focuthose of Smittet al. (1995) involves the statistical procedure
was more ventral when the responses were cued by stimulus identifying regions of increased activatiai.ghiflif95)
colour than when the same responses were cued by stimulused a subtractive procedure to identify areas of increased
position, suggesting that the exact foci of activity within rCBF. They performed subtraction across the two tasks,
working memory depend on stimulus characteristics. Thisvhereas in the SRT experiments, activation was compared
hypothesis has been proposed by Goldman-Rakic and  within the spatial or colour tasks. When the analogous
colleagues for prefrontal function during discrete responsesomparisons are made between the SRT experiments, as in
(in Wilson et al,, 1993). They recorded from single cells and Table 3, the results suggest a similar laterality effect.
uncovered a double dissociation to link the ventral and dorsal
areas to object and spatial working memory, respectively.
When trained monkeys were required to remember thdNeural systems for motor learning
stimulus location, cells in the dorsolateral prefrontal cortexAs in our previous study, sequence learning under dual-task
were active during the delay between the presentation of the  conditions, where attention was diverted from the SRT task.
stimulus and the response, but at baseline when the stimulwgcurred in motor effector regions, including the sensorimotor
pattern had to be remembered. Conversely, cells in the cortex, SMA and the basal ganglia. Thus, the changes
inferior convexity became more active when the pattern ha@dbserved with implicit sequence acquisition were independent
to be remembered and at baseline when location was relevant.  of stimulus features, suggesting these areas are encodi
Although we used colour rather than shape, our neuroimagingepresentations of particular movements. Changes in the
results provide additional evidence that the exact loci within ~ sensorimotor cortex have been observed in many functional
working memory is dependent on stimulus characteristics. imaging studies of procedural learning tasks requiring
Alternatively, Jonides and colleagues (in Smih al, extensive practice (Langt al, 1988; Graftonet al., 1992;
1995) found activation switching from the right to the left Grafton et al, 1994; Schlauget al, 1994), including the
hemisphere as the relevant stimulus dimension changed from spatial version of the SRT task €bmftdr995).
spatial to object properties. The laterality effect reported in The localization in the human SMA parallels the discovery,
Smith et al. (1995) was observed with PET in a working in monkeys, of SMA neurons encoding sequences of discrete
memory task, where subjects had to either remember themovements (Mushiaket al., 1990; Aizawaet al, 1991).
location or the identity of stimuli. While this hypothesis Based on the performance of patients with SMA lesions,
and the one advanced by Goldman-Rakic are not mutuallialsbandet al. (1993) have also proposed an important role
exclusive, no such laterality effect emerged when we  for the SMA in sequential movements.
substituted colours for spatial locations. The primary foci In both the colour and spatial SRT studies, SMA activation
remained in the right hemisphere in both studies. in the dual-task condition was replaced by premotor activation
There are many important differences between the workingvhen the distractor task was removed. These results hold
memory task of Smithet al. (1995) and that of the SRT  an interesting correspondence with another PET study of
experiments which could result in the varying laterality sequence learning. Jenkimt al. (1994) scanned subjects
effects. For instance, all of the stimuli in the working memory  under three conditions: (i) while at rest, (ii) while performing
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overlearned sequences and (iii) while learning new sequences. learning with PET. This finding is consistent with animal
For brevity, we focus on the comparison between the latteresearch, emphasizing the importance of the striatum in

two conditions. The overlearned sequences elicited greater  sequential motor behaviours (Berridge and Whishaw, 1992
levels of activation in the SMA, while learning new sequencesand in learning fixed contingencies between environmental
elicited greater activation in the prefrontal and lateral contexts and responses (Petckbrd 989). Furthermore,
premotor cortex. This pattern of results fits with thoseKermadiet al. (1993) made single-unit recordings from the
obtained in the SRT studies if we assume that their new monkey caudate nucleus while the animal learned to make &
learning task was similar to our explicit learning condition sequence of responses. They found cells that were selective
and the overlearned sequence task was similar to our implicit ~ not only for particular items but also for the item’s sequential
learning condition. When learning a new task in the Jenkingontext, i.e. some cells responded during the performance of

et al. (1994) study, subjects had to form working hypotheses  element ‘3’ only when it occurred in the sequeBee2’l
concerning the sequence to be mastered, and had to u3éese result extend findings of Hikosala al., (1989),
feedback information explicitly to modify these hypotheses. who found cells in the caudate sensitive to the context of
With practice, the subjects continued, of course, to have fultfemembered saccades.

knowledge of the sequence. However, their performance As is common, studies of patient populations present a
became more automated with a reduced need to attend to thess clear picture. Attempts to isolate the specific deficits of
stimulus—response patterns and error-related information. individuals with motor structure lesions have been

An alternative functional distinction between the SMA andundermined by the general slowing of reaction times and
premotor area is that the former is essential for internally  variable performance, making their interpretation difficult.
generated movements, whereas the latter is more importaome research, though, corresponds nicely with the current
for externally guided movements (Goldberg, 1985; Rizzolatti data. Many clinical studies have found implicit learning
et al, 1983; Passingharat al, 1989). At first glance, the deficits in patients with damage to the basal ganglia (Heindel
current results do not appear to support this scheme. Orat al,, 1988; Knopman and Nissen, 1991; Agostiebal.,
would assume that single-task performance was more closely992; Jahanshatst al., 1992; Pascual-Leonet al., 1993).
linked to internally generated movements since subjects, at Pascual-le¢aale (1993), for example, concluded that
least those with explicit awareness, could anticipate theatients with Parkinson’s disease were impaired on implicit
forthcoming response. Under dual-task conditions, the  measures of learning for the SRT and Knopman and Nissen
responses were clearly triggered by the appearance of th{&991) reported similar findings with Huntington’s disease
different coloured stimuli. patients.

One way to reconcile this result with the previous studies Another patient population thought to have motor learning
is to assume that, in the SMA, movements are organized in deficits are individuals with cerebellar dysfunction. Pascual-
terms of successive response elements or internal states. Theoneet al. (1993) reported a severe type of learning deficit
finding that SMA activation is independent of stimulus in patients with cerebellar lesions. We observed decreased
characteristics fits nicely with this proposal. Here, motoractivation in regions of the cerebellum during the sequence
programmes may be made accessible only by particular blocks, although the foci were quite distinct in the dual and
stimuli or contexts, but once initiated, they are executed asingle-task conditions. A decrease in cerebellar activation
this level, without reference to the environment. Hence this has been reported in other PET studies following sequence
area shows increased rCBF for both spatial and colour stimuliearning (e.g. Jenkinst al, 1994). One explanation is that

When the next stimulus can be anticipated, as in single- the cerebellum, operating as an error-detector, compare:
task conditions, it is the premotor area that shows an increasepectancies with actual movements. Thus, as learning
in rCBF. The activation of premotor cortex is accompanied proceeds and expectations increasingly match the required
by activation in regions which appear to be stimulus specificmovements, less cerebellar processing is engaged. The actual
Under single-task conditions, the movements may be representation of the sequences and concomitant increases |
organized in relation to the stimuli or representations inbrain activity occur elsewhere.
working memory (i.e. in the frontal areas) and recruit an
entirely separate neural system. Two other PET studies, in
addition to the spatial version of the current one, haveCognitive issues
found activation in the premotor area during early explicitRecently, some behavioural studies have addressed the
learning of motor sequences (Seiz al, 1990; Jenkins  computational nature of the representation learned during the
et al, 1994). SRT task. Keeleet al. (1995) found near-perfect transfer

The SMA, sensorimotor cortex and striatum form a  from one set of effectors to another for learning in the SRT
cortical-subcortical motor loop regulating voluntary task. In their experiments, some subjects used four fingers
movement (Alexandegt al.,, 1990). Like the SMA, the basal  while keeping the hand still and others used a single finger
ganglia showed consistent activation under implicit learningand moved the entire arm to respond. When subjects switched
conditions for both experiments. Rauet al (1995) also modes of responding, a reaction time advantage after having
found increased activation in this region during SRT-sequencperformed sequenced blocks was observed relative to controls
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who had performed random blocks. This advantage was between the spatial and colour implicit conditions, may
maintained even when subjects were asked to count tongsovide the neural mechanisms for independent, stimulus-
simultaneously, which presumably prevented any awareness  specific learning modules.

of the sequence from emerging. From these results, Keele One apparent paradox presented by the spatial and colour

et al (1995) conclude that sequential knowledge is more  experiments involves the common neural loci for implicit
abstract than a series of muscle movements. learning contrasting with the separate neural loci for explicit

An important aspect of these studies to bear in mind is learning. Willingkaral. (1989) found no evidence of
that responses in the SRT task are typically spatially cuedyransfer of learning without explicit knowledge when the
unlike the present experiment. While subjects perform the = same sequence of responses was required in the locatio
task, their eyes presumably move from one stimulus locatiorondition as in the colour condition. Preliminary work in our
to the next. Therefore, it is possible that a sequence of eye lab has also shown little evidence for transfer of learning in
movements is, at least, part of what is learned in a standarthe SRT when the sequence is acquired with one set of
SRT task experiment. If eye movements were, in fact, stimuli and then tested using a different set. Presumably, if
responsible for improvements in reaction time, then perfecsequence knowledge becomes explicit, subjects should be
transfer would be expected in the Keedt al. (1995) able to apply the knowledge regardless of the specific stimuli
experiments. being employed. Yet, the present PET data would suggest

Willingham et al. (1989) addressed this problem by  the opposite pattern of results.
dissociating cue location from the required response. In their The literature suggests two possible resolutions to this
version of the task, subjects were required to make their  paradox. First, the lack of transfer fits nicely with the
response based on the colour of the stimulus rather than itharacterization of implicit knowledge as ‘inflexible’ and
location. The stimuli still occurred in different spatial  ‘context dependent’ that pervades the memory literature (e.qg.
positions, but during training blocks, these locations werePackardet al., 1989; Tulving and Schacter, 1990; Schacter,
independent of the appropriate response. Subjects were then 1992; Hikosaka, 1993). However, this property is somewhe
transferred to a more standard version of the task. Then, atlissonant with the convergence of neural loci identified in
the stimuli were the same colour and subjects were asked to  the dual-task versions of the spatial and colour tasks. Sever
respond on the basis of stimulus position. The exposure tpossible explanations exist. First, the implicit system could
the colour sequence showed no benefit of transfer to this be more densely packed in the brain, so that the spatia
new task compared with the all random controls, even thoughesolution provided by PET is unable to distinguish what are
the finger movements made were the same as in the previous in fact different regions, i.e. the separate stimulus-depende
blocks where colour determined the response. The authorggions may be physically closer to each other in the implicit
concluded that learning is not restricted to either perceptual system than in the explicit system, so much so, that they
or response systems. Rather, learning incorporates theppear to be a single region. In fact, the identified regions
association of stimulus—response contingencies. This  in the two versions of the tasks were slightly different. This
conclusion is intriguing given the frequent assertion thatexplanation finds support in the behavioural study by Mayr
implicit knowledge is inflexible and heavily dependent on (1996), who concluded that implicit learning could take place
context (Schacter, 1992). independently for spatial and non-spatial modalities.

Mayr (1996) followed up on the proposal of Willingham A second hypothesis involves the potential role of the
et al. (1989), that separate neural systems may be involvedommon regions. These areas may encode sequential
with the learning of spatial and symbolic sequences; as in information in reference to specific stimuli or environmental
the earlier study, Mayr asked subjects to respond accordingues. Even if the encoded information is organized as a series
to the identity of symbols which were presented in one of  of movements, it may be accessible only in a particular
four locations. However, the stimuli in these experimentsenvironmental context. The stimulus-specific aspect driving
were more difficult to discriminate to ensure that eye  the sequential knowledge may therefore involve systems that
movements would facilitate response selection. For separatge computationally upstream from the expression of striatal
experimental groups, the location, the symbol or both aspects  and SMA activity. Though these two structures may be
of the stimuli were determined sequentially. Under theseplaying an identical role in the two experiments, the function
conditions, learning for the spatial and symbolic sequences cannot be accessed unless the contexts are the same. In t
appeared to coexist. That is, disruption in either sequencdual-task conditions there were indeed areas of increased
caused increases in reaction time. However, learning of one  activation that were not shared by the two versions of the
sequence seemed unaffected by the learning of the other; tlexperiment. For the spatial version of the task, such regions
group that simultaneously learned both sequences showed included the left anterior frontal, left parietal and left lingual
equivalent costs and benefits to groups that learned only gyrus. For the colour version, non-overlapping increases in
single sequence. This pattern of independence led Mayr  rCBF were found in the inferior parietal, parietal operculum
(1996) to conclude that separate systems may be involved iareas, in both the left and right hemispheres. These areas
the implicit acquisition of nonspatial and spatial sequences. could represent the context-dependent aspects, feeding int
The differences we observed in the parietal cortex and SMAthe common set of regions (such as the SMA and basal



138 E. Hazeltineet al.

ganglia) responsible for the sequential organization ofCohen A, Ivry RI, Keele SW. Attention and structure in sequence
responses. learning. J Exp Psychol: Learn Mem Cogn 1990; 16: 17-30.

Curran T, Keele SW. Attentional and nonattentional forms of
sequence learning. J Exp Psychol: Learn Mem Cogn 1993; 19:

Summary 189-202.

Stimulus characteristics have different effects on the neurdbeiber M-P, Passingham RE, Colebatch JG, Friston KJ, Nixon PD,
mechanisms associated with implicit and explicit sequencé&rackowiak RSJ. Cortical areas and the selection of movement: a
learning. For the implicit system, stimulus characteristics hagtudy with positron emission tomography. Exp Brain Res 1991; 84:
a minimal effect on the neural locus of motor learning; the393-402.

spatial and colour versions of the tasks indicated largelyii Pellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G.
overlapping regions in the contralateral hemisphere whemnderstanding motor events: a Neurophysioliological study. Exp
subjects were concurrently performing a tone counting tasks$rain Res 1992; 91: 176-80.

The SMA and basal ganglia appear to be important forFox PT, Mintun MA, Raichle ME, Herscovitch P. A non-invasive

context-dependent motor-associative learning. Further worgpproach to quantitative functional brain mapping witf @ and

is required to determine the significance of response propertigspsitron emission tomography. J Cereb Blood Flow Metabol 1984;
on the recruitment of these structures. 4: 329-33.

In contrast, the neural correlates of explicit learning and_ . -
memory were highly dependent on stimulrijs charactegr]isticsl:rIeOI |, Katz A, McCarthy G, Sass KJ, Williamson P, Spencer, SS,
y . 9 y_ P . . ; . €t al. Functional organization of human supplementary motor cortex
Although learning without distraction of either spatial or

X . ) studied by electrical stimulation. J Neurosci 1991; 11: 3656—66.
colour sequences activated more ventral regions than in the

dual-task condition, there was an additional ventral shift forGoldberg G. Supplementary motor area structure and function:
the colour sequences. This shift was apparent in the frontal€View and hypothesis. Behav Brain Sci 1985; 8: 567-615.

temporal and parietal/occipital cortex. The frontal shift is Grafton ST, Mazziotta JC, Presty S, Friston KJ, Frackowiak RSJ,
most intriguing, providing the first PET evidence for the Phelps ME. Fucntional anatomy of human procedural learning
notion of a dorsal/ventral dichotomy within the working determined with regional cerebral blood flow and PET. J Neurosci
memory system posited by Goldman-Rakic and colleague$992; 12: 2542-8.

in Wilson et al. (1993). Grafton ST, Woods RP, Tyszka JM. Functional imaging of procedural
motor learning: relating cerebral blood flow with individual subject
performance. Hum Brain Map 1994; 1: 221-34.

Acknowledgements Grafton ST, Hazeltine E, Ivry R. Functional mapping of sequence
This work was supported, in part, by US Public Healthlearning in normal humans. J Cognit Neurosci 1995; 7: 497-510.

Service Grants NS-01568 and NS 33504 to S.T.G. and NSgaft0n ST, Fagg AH, Woods RP, Arbib MA. Functional anatomy
30256 to R.1. of pointing and grasping in humans. Cereb Cortex 1996; 6: 226-37.

Halsband U, Ito N, Tanji J, Freund H-J. The role of premotor cortex
and the supplementary motor area in the temporal control of
References movement in man. Brain 1993; 116: 243-66.

Agostmo_ R, Berardelli A, Formlca A Acco_rnero N’. Man’fred_l M. Herscovitch P, Markham J, Raichle ME. Brain blood flow measured
Sequential arm movements in patients with Parkinson’s disease

. B X ) i with intravenous H®0. I. Theory and error analysis. J Nucl Med
Huntington’s disease and dystonia. Brain 1992; 115: 1481-95. 1983: 24: 782-89.

Aizawa H, Inase M, Mushiake H, Shima K, Tanji J. Reorganization Heindel WC, Butters N, Salmon DP. Impaired learning of a motor

of activity in the supplementary motor area associated with MOLOLy iyl in patients with Huntington’s disease. Behav Neurosci. 1988;

learning and functional recovery. Exp Brain Res 1991; 84: 668—71102: 141-7.

Alexander GE, Crutcher MD, Delong MR. Basal ganglia yikosaka O. Role of the basal ganglia in motor learning: a
thalamocortical circuits: parallel substrates for motor, oculomotor,hypothesis_ In: Ono T, Squire LR, Raichle ME, Perret DI, Fukuda
‘prefrontal’ and ‘limbic’ functions. [Review]. Progr Brain Res 1990; M, editors. Brain mechanisms of perception and memory. New
85: 119-46. York: Oxford University Press, 1993: 497-516.

Baddely A. Working memory. Science 1992; 255: 556-9. Hikosaka O, Sakamoto M, Usui S. Functional properties of monkey

. . . date neurons. I. Activities related to saccadic eye movements. J
Berridge KC, Whishaw IQ. Cortex, striatum and cerebellum: control 2! .
9 Q Neurophysiol 1989; 61: 780-98.

of serial order in a grooming sequence. Exp Brain Res 1992; 90:
275-90. Hikosaka O, Rand MK, Miyachi S, Miyashita K. Learning of

. . . sequential movements in the monkey: process of learning and
Cohen NJ, Squire LR. Preserved learning and retention of pattern- a y. P 9

. A . : L . retention of memory. J Neurophysiol 1995; 74: 1652—61.
analyzing skill in amnesia: dissociation of knowing how and
knowing that. Science 1980; 210: 207-10. Hikosaka O, Sakai K, Miyauchi S, Takino R, Sasaki Y, Putz B.



The locus of motor-sequence encoding 139

Activation of human presupplementary motor area in learning of Pascual-Leone A, Grafman J, Clark K, Stewart M, Massaquoi S,
sequential procedures: a functional MRI study. J Neurophysiol 1996t ou J-S, et al. Procedural learning in parkinson’s disease and
76: 617-21. cerebellar degeneration. Ann Neurol 1993; 34: 594-602.

Jahanshahi M, Brown RG, Marsden CD. The effect of withdrawalPascual-Leone A, Grafman J, Hallett M. Modulation of cortical

of dopaminergic medication on simple and choice reaction time and motor output maps during development of implicit and explicit
the use of advance information in Parkinson’s disease. J Neurdnowledge [see comments]. Science 1994; 263: 1287-9. Comment
Neurosurg Psychiatry 1992; 55: 1168-76. in: Science 1994; 265: 1600-1.

Jenkins IH, Brooks DJ, Nixon PD, Frackowiak RSJ, PassinghanPassingham RE, Chen YC, Thaler D. Supplementary motor cortex
RE. Motor sequence learning: a study with positron emission and self-initiated movement. In: Ito M, editor. Neural Programming.
tomography. J Neurosci 1994; 14: 3775-90. Basel: Karger Press, 1989: 13-24.

Kapur S, Craik FlI, Jones C, Brown GM, Houle S, Tulving E. Raichle ME, Martin WRW, Herscovitch P, Mintun MA, Markham
Functional role of the prefrontal cortex in retrieval of memories: aJ. Brain blood flow measured with intravenous,'®D. II.
PET study. Neuroreport 1995; 6: 1180-4. Implementation and validation. J Nucl Med 1983; 24: 790-8.

Keele SW, Jennings P, Jones S, Caulton D, Cohen A. On th&auch SL, Savage CR, Brown HD, Curran T, Alpert NM, Kendrick
modularity of sequence representation. J Motor Behav, 1995; 27: A, et al. A PET investigation of implicit and explicit sequence
17-30. learning. Hum Brain Mapp 1995; 3: 271-86.

Keele SW, Hayes A, Davidson M. Sequence representation and the Rizzolatti G, Matelli M, Pavesi G. Deficits in attention and movement
neural basis of motor skills. In: Piek J, editor. Motor control following the removal of postarcuate (area 6) and prearcuate (area
and human skill: a multidisciplinary perspective. Human kinetics. 8) cortex in macaque monkeys. Brain 1983; 106: 655—73.

Champaign (IL), 1996. Roland PE, Skinhgj E, Lassen NA, Larsen B. Different cortical

Kermadi I, Jurquet Y, Arzi M, Joseph JP. Neural activity in the areas in man in organization of voluntary movements in
caudate nucleus of monkeys during spatial sequencing. Exp Brain extrapersonal space. J Neurophysiol 1980; 43: 137-50.

Res 1993; 94: 352-6. Schacter DL. Implicit knowledge: new perspectives on unconscious

Knopman D, Nissen MJ. Procedural learning is impaired inprocesses. [Review]. Proc Natl Acad Sci USA 1992; 8Bt13-7.

Huntington’s disease: evidence from the serial reaction time taskSchacter DL, Tulving E. What are the memory systems of 19947 In:
Neuropsychologia 1991; 29: 245-54. Schacter DL, Tulving E, editors. Memory systems 1994, Cambridge
Lang W, Lang M, Podreka I, Steiner M, Uhl F, Suess E, Muller C, (MA): MIT Press, 1994: 1-38.

Deecke L. DC-potential shifts and regional cerebral blood flow

reveal frontal cortex involvement in human visuomotor learning.” . " . o . . . L

Exp Brain Res 1988: 71: 353-64 activations in acquiring a motor skill: a study with positron emission
P S ' tomography. Exp Brain Res 1994; 98: 523—-34.

Maxwell SE, Delaney HD. Designing experiments and analyzing

data. A model comparison perspective. Belmont (CA): task effects on sequence learning. Psychol Res 1996. In press.

Wadsworth, 1990.
Seitz RJ, Roland PE, Bohm C, Greitz T, Stone-Elanders S. Motor

Ma)_/r U. Spatial attenpon and '”?p"c't sequence learing: ev'dencefearning in man: a positron emission tomographic study. Neuroreport
for independent learning of spatial and nonspatial sequences. J E)i%90' 1: 17-20

Psychol: Learn Mem Cogn. 1996; 22: 350-64.
Mazziotta JC, Huang S-C, Phelps ME, Carson RE, MacDonal mlth EE’ Jonides .‘]’ Koeppe RA’ Awh E.’ Schumach.er EH,
inoshima S. Spatial versus object working memory: PET

NS, Mahoney K. A noninvasive positron computed tomog.raphylinvestigations. J Cognit Neurosci 1995 7: 336-56.
technique using oxygen-15—Iabeled water for the evaluation o

neurobehavioral task batteries. J Cereb Blood Flow Metabol 1985Squire LR. Mechanisms of memory. Science 1986; 232: 1612-9.
5: 70-8.

Schlaug G, Knorr U, Seitz RJ. Inter-subject variability of cerebral

Schmidtke V, Heuer H. Task integration as a factor in secondary

Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human
Mushiake H, Inase M, Tanji J. Selective coding of motor sequencérain. Stuttgart: Thieme, 1988.
in the supplementary motor area of the monkey cerebral corte

Exp Brain Res 1990; 82: 208—10. XTulvmg E, Schacter D. Priming and human memory systems.

Science 1990; 247: 301-6.
Nissen MJ, Bullemer P. Attentional requirements of learning:

evidence from performance measures. Cogn Psychol 1987; 19: 1— El.lemg E, Kapur S, Craik FI, Moscovitch M, Houle S. Hemispheric

encoding/retrieval asymmetry in episodic memory: positron
Nissen MJ, Knopman DS, Schacter DL. Neurochemical dissociatiommission tomography findings [see comments]. [Review]. Proc Natl
of memory systems. Neurology 1987; 37: 789-94. Acad Sci USA 1994; 91: 2016—20. Comment in: Proc Natl Acad

Oldfield RC. The assessment and analysis of handedness: tﬁgecI USA 1994; 91: 1989-91.

Edinburgh inventory. Neuropsychologia 1971; 9: 97-113. Ungerleider LG, Mishkin M. Two cortical visual systems. In: Ingle
Packard MG, Hirsh R, White NM. Differential effects of fornix and DJ, Gpodale MA‘ Mansflgld RIW, ed|tors._ Analysis of visual

) . oo behavior. Cambridge (MA): MIT Press, 1982: 549-86
caudate nucleus lesions on two radial maze tasks: evidence for
multiple memory systems. J Neurosci 1989; 9: 1465-72. Willingham DB, Nissen MJ, Bullemer P. On the development of



140 E. Hazeltineet al.

procedural knowledge. J Exp Psychol: Learn Mem Cogn 1989; 15: Woods RP, Mazziotta JC, Cherry SR. Automated image registration.
1047-60. Ann Nucl Med 1993; 7 Suppl: S70.

Wilson FA, Scalaidhe SP, Goldman-Rakic PS. Dissociation of objectVorsiey KJ, Evans AC, Marrett S, Neelin P. A three-dimensional
and spatial processing domains in primate prefrontal cortex [Segtatlstlcal analysis for CBF activation studies in human brain [see

comments]. Science 1993; 260: 1955-8. Comment in: Science 1995°mments]. J Cerebral Blood Flow Metabol 1992; 12: 900-18.
260: 1876. Comment in: J Cereb Blood Flow Metab 1993; 13: 1040-2.

Woods RP, Cherry SR, Mazziotta JC. Rapid automated algorithm
for aligning and reslicing PET images. J Comput Assist TomogrReceived May 20, 1996. Revised August 26, 1996.
1992; 16: 620-33. Accepted September 10, 1996



