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We value skills we have learned intentionally, but equally important
are skills acquired incidentally without ability to describe how or
what is learned, referred to as implicit. Randomized practice
schedules are superior to grouped schedules for long-term skill
gained intentionally, but its relevance for implicit learning is not
known. In a parallel design, we studied healthy subjects who
learned a motor sequence implicitly under randomized or grouped
practice schedule and obtained diffusion-weighted images to
identify white matter microstructural correlates of long-term skill.
Randomized practice led to superior long-term skill compared with
grouped practice. Whole-brain analyses relating interindividual
variability in fractional anisotropy (FA) to long-term skill demon-
strated that 1) skill in randomized learners correlated with FA
within the corticostriatal tract connecting left sensorimotor cortex
to posterior putamen, while 2) skill in grouped learners correlated
with FA within the right forceps minor connecting homologous
regions of the prefrontal cortex (PFC) and the corticostriatal tract
connecting lateral PFC to anterior putamen. These results demon-
strate first that randomized practice schedules improve long-term
implicit skill more than grouped practice schedules and, second, that
the superior skill acquired through randomized practice can be
related to white matter microstructure in the sensorimotor cortico-
striatal network.
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Introduction

In our daily lives, we spend a significant amount of time and

energy learning new skills effortfully and intentionally. For such

explicitly learned skills, a phenomenon termed the Contextual

Interference (CI) effect has been identified in which random

interleaving of different tasks rather than practicing them in

grouped sets during training leads to superior long-term skill

(Shea and Morgan 1979; Lee and Magill 1983; Shea and Zimny

1983; Lee et al. 1991, 1997; Porretta and O’Brien 1991; Hall

et al. 1994; Immink and Wright 1998, 2001; Shea et al. 2001;

Smith 2002; Brady 2004, 2008; Ste-Marie et al. 2004; Cross et al.

2007; Jones and French 2007; Zetou et al. 2007; Lin et al. 2008,

2009; Wymbs and Grafton 2009; Kantak et al. 2010; Tanaka

et al. 2010). The CI effect is thought to have its basis in the

greater effort spent for randomized practice schedules over

grouped ones in constant reupdating within working memory

of the parameters for the upcoming task (Lee and Magill 1983;

Immink and Wright 1998; Cross et al. 2007). In line with this

account, various brain regions involved in strategy and planning

have been linked to the CI benefit of these explicit tasks

(Kantak et al. 2010; Tanaka et al. 2010).

Unknown, however, is whether a similar benefit of random-

ized practice schedule would apply to a different class of

learning that is effortless and incidental: implicit learning.

Unlike explicit learning, persons do not set out to learn a new

skill but rather acquire it incidentally simply by interacting

with an environment (Reber 1993). Further, they show better

performance for an implicitly learned skill without the ability to

consciously recollect the learned material (Cleeremans and

McClelland 1991). Research in amnesic and other neurologi-

cally impaired patient populations point to dissociations in

neuroanatomical substrates for explicit and implicit learning

and memory (Willingham 1997; Squire 2004). Therefore,

it is possible that hypothesized benefits of randomized

practice schedule on implicit learning may have different

neuroanatomical correlates than those reported in working

memory--dependent explicit learning.

Contrary to previous work that showed effects on explicit

learning, here, we aimed to find out whether practice schedule

could benefit long-term skill acquired implicitly and, if so, the

neuroanatomical correlates of this effect. Specifically, we

hypothesized that randomized practice would improve lasting

skill acquired implicitly relative to grouped practice. To test

this hypothesis, subjects were trained under either a random-

ized or a grouped practice schedule on an implicit motor

sequencing task, in which a 12-unit pattern of key-press

responses is learned in the absence of ability to consciously

recollect the pattern (Nissen and Bullemer 1987), and then

were retested after 1 week. We aimed to gain insight into the

neuroanatomical basis of this benefit by regressing long-term

skill at 1 week against indices of structural connectivity across

the whole brain within each group of learners.

Specifically, we fitted a diffusion tensor model (DTI) to

diffusion-weighted magnetic resonance imaging data collected

prior to training and regressed 1 week skill against whole-brain

measures of fractional anisotropy (FA). Water diffusion within

voxels containing primarily white matter is relatively less

restricted along the length of axon bundles (axial) compared

with nonprimary directions (radial), and the degree of

anisotropic water diffusion is quantified as FA. FA has been

associated with white matter microstructure properties such as

axonal fiber density, axonal diameter, and degree of myelina-

tion and hence represents a measure of structural connectivity

strength (Johansen-Berg and Rushworth 2009). Previous work

demonstrates that indices of structural connectivity within

tracts connecting regions mediating task performance
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correlate strongly with behavioral measures (Boorman et al.

2007; Wahl et al. 2007; Della-Maggiore et al. 2009; Buch et al.

2010).

Materials and Methods

Participants
Fifty healthy volunteers participated in the study. All subjects gave their

informed consent to the experimental procedure, which was approved

by the National Institute of Neurological Disorders and Stroke

Institutional Review Board. All subjects were right-handed and naive

to the task and had a normal neurological examination as assessed by

a credentialed physician. Sleep quality was assessed with the Pittsburg

Sleep Questionnaire Inventory (PSQI) (Buysse et al. 1989).

Experimental Design

Implicit Learning Task

Subjects practiced the serial reaction time task (SRTT) with the right

hand with either randomized (n = 21, 11 of them females, 27.5 ± 5.8

years old) or grouped (n = 29, 16 of them females; 28.4 ± 6.9 years old)

practice schedules. In the SRTT, subjects made a key-press response to

a target appearing in 1 of the 4 locations on the screen. Each target was

a circle (1 cm diameter) spaced 3 cm apart (center to center) from the

adjacent target, with the 4 targets occupying approximately 10� of the
visual field (see Supplementary Fig. 1). Targets remained on-screen

until the correct key-press response was made, which led to the

appearance of the next target after 120 ms. Targets were organized in

12-unit sequences in pattern blocks and randomly in no-pattern blocks

(Fig. 1a). At the end of each block, subjects were provided feedback of

their reaction time (RT) and accuracy for 5 s followed by the next

block. They were instructed to respond as quickly and accurately as

possible but were told to focus more on accuracy if at any point during

training accuracy dropped below 95% (Goedert and Willingham 2002).

Each training sequence was randomly chosen for each subject from

a corpus of 563 that met the following criteria: a key-press (or target)

could not be repeated (e.g., 1332), each key-press appeared an equal

number of times in the sequence, and all sequences excluded 4

sequential key-presses (e.g., 1234) or trills of 4 (e.g., 2424). In each

pattern block, the training sequence was appended to itself 8 times (for

a total of 96 trials). Four random key-press trials preceded each pattern

block (Goedert and Willingham 2002). Test blocks were administered

at baseline, immediately after training (immediate), and at different

delays (12 h, 24 h, and 1 week; Fig. 1a).

Motor Sequencing Skill

Skill in test blocks was assessed as the difference between median RTs

of pattern and flanking no-pattern blocks (Fig. 1a). Performance during

training was assessed as the difference between median RTs of all

pattern and all no-pattern blocks. Only correct trials were used for RT

analysis.

Conscious Recollection of the Sequence

Conscious recollection of the sequence was determined only after the

1-week test blocks. At that time, subjects were informed of the

existence of repeating patterns, and their recollection was tested with

the process dissociation procedure (Destrebecqz et al. 2005). First,

subjects were asked to reproduce on the keyboard the pattern they felt

had repeated (inclusion block) and then they were asked to type

randomly avoiding the pattern they felt had repeated (exclusion block).

Comparative frequencies of generation of triplet chunks of the pattern

between inclusion and exclusion blocks quantified conscious recollec-

tion according to previous work (Destrebecqz et al. 2005). Triplet

Figure 1. (a) Experimental design: Skill in pattern (gray) and no-pattern (white) blocks were tested at baseline, immediately after training, 12 h, 24 h, and 1 week after training in
a grouped or randomized practice schedule. Long-term skill was assessed at 1 week after which conscious recollection of the sequence was assessed using the process
dissociation procedure. For randomized practice, 5 pattern and 5 no-pattern blocks were randomly interleaved. For grouped practice, 5 pattern blocks were presented in
a counterbalanced order with 5 no-pattern blocks. Subjects were instructed simply to respond as accurate and fast as possible and were not told of the existence of a repeating
12-unit pattern of key-presses. Thus, subjects did not know whether the practice schedule was randomized or grouped and further did not know the sequence they were learning.
(b) Randomized practice schedules result in superior long-term skill as compared with grouped practice schedules: Long-term skill at 1 week was greater in randomized learners
than grouped learners (left), although conscious recollection of the sequence was comparably minimal in both groups (right). On average, 2 of 12 sequence elements were
identified in randomized and grouped learners. (c) Time course of skill gains: Subjects given randomized practice schedules (filled circles) also showed greater skill at earlier time
points although skill was comparable at baseline and during training itself. *P \ 0.05.
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chunks present in inclusion blocks >5% more often than in exclusion

blocks were defined as consciously recollected sequence elements.

Statistical Analysis of Behavioral Data

For our primary hypothesis, 1-week measures of long-term skill and

conscious recollection were compared between the 2 practice schedule

groups using 2-sample unpaired t-tests. For all time points, the time

course of skill changes was tested using a two-way Timebaseline, during

training, immediate, 12 h, 24 h, 1 week 3 Schedulerandomized, grouped analysis of

variancemixed design (ANOVAMD). If a main effect or interaction with

Schedule was found, post hoc Tukey’s comparisons were used to

compare skill between groups at each time point. Homogeneity of

covariance was confirmed with Box’s M. Data are shown as group means

± standard error, and results were considered significant at P < 0.05.

DTI Processing

In a subset of subjects (n = 11 randomized, n = 14 grouped), prior to the

training session, whole-brain, single-shot, echo-planar diffusion-weighted

images (DWI) were acquired on a 3.0T GE Excite scanner using an

8-channel coil (GE Medical Systems, Milwaukee, WI) with the following

parameters: time echo (TE)/time repetition (TR) = 76.4/18277.2 ms,

2.5 3 2.5 mm2 in-plane resolution, zero-filled to 1.875 3 1.875 mm2

resolution, with 60 slices at 2.5 mm thickness per volume and a total of

120 brain volumes (110 non-collinear directions; b = 100 [10 volumes],

300 [10], 500 [10], 800 [30] or 1100 [50] s/mm2) plus 10 volumes

without diffusion weighting (b = 0 s/mm2). Array spatial sensitivity

encoding technique acceleration factor = 2, no cardiac gating was

performed. Structural T2-weighted (T2W) fast spin echo images were

acquired for each subject with TE/TR = 122.304/8333.33 ms, field of

view (FOV) = 240 mm2, acquisition matrix 512 3 512, 1.5 mm slice

thickness. Also T1-weighted images were acquired for final stage

registration into standard space (magnetization-prepared rapid gradient

echo, TE/TR = 2.672/6.256 s, 0.9375 3 0.9375 mm2 in-plane resolution,

with 198 slices at 1 mm thickness per volume, acquisition matrix = 256 3

256, FOV = 240 3 240 mm). Preprocessing of the DWIs was performed

with algorithms included in the TORTOISE software package (www.tor-

toisedti.org). DWIs were corrected for motion and eddy current

distortion (Rohde et al. 2004) and included proper reorientation of the

b-matrix to account for the rotational component of the subject rigid

body motion. In addition, B0 susceptibility--induced echo-planar imaging

distortions were corrected for using an image registration based b-spline

approach (Wu et al. 2008). Tensor model fitting and determination of FA

values was performed using the DTIFIT software from the Oxford Centre

for Functional Magnetic Resonance Imaging of the Brain’s (FMRIB’s)

diffusion toolbox (FDT) from FMRIB’s Software Library (FSL; http://

www.fmrib.oxac.uk/fsl/).

Tract-Based Spatial Statistics and Probabilistic Tractography

We regressed skill at 1 week (long-term, the primary focus of interest),

against FA values using tract-based spatial statistics from FSL, which

enables statistical comparison of FA values from homologous regions of

the FA map across subjects, and used a statistical threshold of P < 0.005

uncorrected, followed by a cluster threshold of 25 voxels to identify

correlated clusters (Boorman et al. 2007; Buch et al. 2010). Correlated

clusters were used as seed masks for probabilistic diffusion tractog-

raphy, using BEDPOSTx and PROBTRACKx software from the FDT.

BEDPOSTx estimates a probability distribution function (PDF) on fiber

direction at each voxel, and a 2-fiber model is fitted to the diffusion data

at each voxel, allowing for the tracing of fibers through regions of fiber

crossing or complexity (Behrens et al. 2003). This model is sufficient to

resolve 2 crossing fibers with the data acquisition parameters used

here. We drew 25 000 streamline samples from our seeded voxels

through these PDFs to form an estimate of the probability distribution

of connections from each seeded voxel to all other voxels in the brain.

For the elimination of spurious connections, tractography in individual

subjects was thresholded to include only voxels through which at least

1000 streamlines had passed (out of 25 000). These individual tracts

were then binarized, transformed to standard space, and summed

across subjects to produce group probability maps for each pathway.

These group probabilistic maps were thresholded to display paths that

were present in a minimum of one-third of subjects (color scale in Figs

2b and 3b,f indicate the number of subjects) (Boorman et al. 2007).

Results

Long-term Skill as a Function of Practice Schedule

Long-term skill assessed at 1 week was superior in randomized

as compared with grouped learners (t48 = 2.54, P < 0.02).

However, conscious recollection of the sequence assessed after

the long-term skill test was minimal and comparable between

the 2 groups (Fig. 1b). For skill at all time points, ANOVAMD

showed a significant effect of Timebaseline, during training, immediate,

12 h, 24 h, 1 week (F5,240 = 16.1; Mean squared error (MSE) = 386.7,

P < 0.0001), Schedulerandomized, grouped (F1,48 = 4.9; MSE =
2247.3, P < 0.03), and a Time 3 Schedule interaction (F5,240 =
2.2; MSE = 1871.6, P < 0.05) indicating a significant difference

in the magnitude and time course of learning across practice

schedule groups. Post hoc Tukey’s comparisons at other time

points showed superior skill in randomized compared with

grouped learners at immediate, 12, and 24 h posttraining in

addition to at 1 week, with no differences at baseline or during

training (Fig. 1c). Sleep quality as measured with the PSQI scale

was comparable in randomized (4.5 ± 1.8) and grouped (5.3 ±
2.1) learners, as was accuracy during training (95.8 ± 1.8% and

96.4 ± 1.3%, respectively).

Relationship between Long-term Skill and Structural
Connectivity as a Function of Practice Schedule

Long-term skill at 1 week in randomized learners correlated

with FA in a cluster underlying the left sensorimotor cortex (L

SMC) (Fig. 2a,c), localized with probabilistic tractography to

the corticostriatal tract connecting L SMC to posterior puta-

men through the external capsule (Fig. 2b). The positive

correlation between mean FA in L SMC seen at 1 week in

randomized learners and skill became apparent from 24 h

posttraining (P < 0.05; Fig. 2d).

Long-term skill at 1 week in grouped learners correlated

with FA in 2 clusters. The first was the right forceps minor (Fig.

3a,c), which connects homologous regions of the lateral and

medial prefrontal cortex (PFC; Fig. 3b). The positive correlation

between mean FA in this cluster seen at 1 week in grouped

learners started during training (P < 0.05; Fig. 3d). The second

cluster, located in the right anterior corona radiata (Fig. 3e,g),

was part of the corticostriatal tract connecting lateral PFC to

anterior putamen through the internal capsule (Fig. 3f). The

positive correlation between mean FA in this cluster seen at

1 week in grouped learners became apparent from 12 h

posttraining (P < 0.05; Fig. 3h).

Discussion

Two main novel findings emerged from this study. First, for an

implicitly learned motor sequence, a randomized practice

schedule resulted in superior long-term (1 week) skill relative

to a grouped schedule, as previously demonstrated for explicitly

learned sequences. Second, long-term skill acquired through

randomized practice was predicted by indices of structural

connectivity in white matter tracts that link sensorimotor cortex

(SMC) with posterior putamen.

Effects of Practice Schedule on Long-term Implicit Skill

We focused on long-term skill for 2 reasons: First, previous

work showed that the CI benefit on explicit learning was
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maximal long after training ended (Lee and Magill 1983; Shea

and Zimny 1983; Immink and Wright 1998; Cross et al. 2007;

Wymbs and Grafton 2009; Kantak et al. 2010; Tanaka et al.

2010); and second, our interest is to understand the neural

substrates of lasting implicit motor learning. Implicit learning is

important in eliciting lasting skills in healthy humans (Rauch

et al. 1995; Curran 1997; Shadmehr and Brashers-Krug 1997;

Shadmehr et al. 1998; Willingham 1999; Poldrack et al. 2001;

Shin and Ivry 2002; Schendan et al. 2003; Howard et al. 2004;

Robertson et al. 2004; Fischer et al. 2006; Jimenez et al. 2006;

Mazzoni and Krakauer 2006; Spencer et al. 2006) as well as in

neurorehabilitation after stroke (Boyd and Winstein 2004,

2006; Vidoni and Boyd 2007; Dimyan and Cohen 2011).

Benefits of a randomized practice schedule reported here on

implicit long-term skill were not apparent during training

performance but appeared at posttraining retests, similar to

reports of this effect on explicit learning (Shea and Morgan

1979). Of note, subjects in both practice groups showed

minimal, and most importantly comparable, conscious recollec-

tion of only 2 of the 12 items in the sequence across groups

(Fig. 1b). Thus, differences in long-term skill acquired through

different practice schedules could not be explained by explicit

contributions. While trials performed during retest may have

reduced to some extent memory decay, this phenomenon could

not explain differences in long-term skill identified across

practice schedules. Additional analyses of sub-components

contributing to sequencing skill will further enlighten the

behavioral mechanisms of the benefits of practice schedule.

Relation between White Matter Microstructure and Long-
term Skill Acquired through Different Practice Schedules

To address this issue, we related long-term skill to FA using DTI,

a technique that provides information on white matter

microstructural connectivity (Boorman et al. 2007; Wahl et al.

2007; Della-Maggiore et al. 2009; Buch et al. 2010). In

randomized learners, we found that individuals with higher

FA in white matter regions connecting the contralateral SMC

and posterior putamen showed better long-term skill at 1 week

(Fig. 2). This finding is consistent with previous reports on the

role of the posterior putamen, part of the sensorimotor

striatum (Nakahara et al. 2001), which is connected via

corticostriatal loops to the SMC and the supplementary motor

area (SMA) (Keele et al. 2003; Lehericy et al. 2004; Perez et al.

2007, 2008). These pathways are involved in long-term storage

of skill (Miyachi et al. 1997; Nakahara et al. 2001; Keele et al.

2003). Interestingly, previous neuroimaging studies demon-

strated a shift in blood oxygen level--dependent activity from

the anterior to the posterior putamen with increased training

(Lehericy et al. 2005). Consistently, lesions of the posterior

Figure 2. White matter microstructure correlates for long-term skill in randomized learners: (a) Skill at 1 week in randomized learners (n 5 11) correlated with FA in a cluster
underlying the L SMC (cluster size 5 27 voxels, t value and coordinates peak voxel 5 3.83 and �28, �28, 38), part of the corticostriatal tract connecting L SMC to posterior
putamen (shown in b). Group probabilistic map was thresholded to display paths present in at least one-third of the subjects (color scale indicates the number of subjects). (c)
Scatterplot showing mean FA in the cluster identified in Figure 2a (L SMC) plotted against long-term skill at 1 week in randomized and grouped learners. Note a positive
correlation between 1-week skill and mean FA in L SMC only in randomized learners (correlation line, r10 5 0.822, P\0.002). (d) Time course of the positive correlation between
mean FA in the cluster identified in Figure 2a (L SMC) and skill as a function of testing time in both groups. Note that mean FA in L SMC correlated positively with long-term skill
(*P \ 0.05) at 24 h and 1 week only in randomized learners (connected line).

Implicit Learning under Different Practice Schedules d Song et al.1674



putamen disrupt skill associated with overtrained tasks but not

skill associated with newly trained motor behavior (Nakahara

et al. 2001). In view of these results, it is possible that

structural integrity of the sensorimotor corticostriatal loop

between SMC and posterior putamen contributes to the

superior long-term skill identified at 1 week posttraining with

randomized practice.

This is in contrast to grouped learners, in whom skill at 1 week

correlated with structural connectivity in different white matter

regions: a portion of the corticostriatal tract that links the right

lateral PFC to the anterior putamen and a transcallosal tract

connecting PFC regions bilaterally (Fig. 3). Neuroimaging studies

show anterior putamen involvement during early stages of motor

training when skill is relatively poor (Lehericy et al. 2005), and

lesions of the anterior striatum disrupt performance of newly

encoded skill without affecting overtrained motor behavior

(Miyachi et al. 1997). The anterior putamen, part of the associative

striatum (Miyachi et al. 1997; Nakahara et al. 2001), is connected

to the lateral PFC, the pre-SMA, and the frontal poles (Nakahara

et al. 2001; Lehericy et al. 2004). Additionally, the lateral PFCs are

anatomically connected through the forceps minor (Peltier et al.

2010). Further evidence for the functional role of connections in

the forceps minor comes from a study that demonstrated

a correlation between FA in this region and functional connec-

tivity between lateral PFCs (Voineskos et al. 2010).

Within grouped learners, the correlation between skill and FA

within the associative corticostriatal tract (lateral PFC--anterior

putamen) (Fig. 3h) was significant only after 12 h, while within

transcallosal prefrontal tracts it started during training (Fig. 3d).

Previous work proposed the involvement of an associative

prefrontal network in both implicit and explicit learning

(Grafton et al. 1995; Pascual-Leone et al. 1996; Hazeltine et al.

1997; Robertson et al. 2001; Keele et al. 2003), which may reflect

a shared resource for both learning types (Keele et al. 2003).

These data further support the view that prefrontal regions

linked by the forceps minor can be active during grouped

training (Halsband and Lange 2006), while long-term skill in

grouped learners can require engagement of prefrontal cortico-

striatal circuits (Doyon et al. 2003). Thus, one novel and

intriguing finding in our study was that FA in different regions

correlated with skill tested at different times depending on

practice schedule. A possible explanation for these findings

could be the existence of different neuroanatomical and

physiological architectures supporting consolidation over time

depending on practice schedule.

Thus, our results demonstrate that randomizing the order of

practice rather than grouping it can substantially improve implicit

learning and that interindividual differences in structural connec-

tivity of white matter between SMC and posterior putamen may

predict the magnitude of this superior long-term skill.

Supplementary Material

Supplementary Figures 1 and 2 can be found at: http://www.cercor.

oxfordjournals.org/.

Figure 3. White matter microstructure correlates for long-term skill in grouped learners: Skill at 1 week in grouped learners (n 5 14) correlated with FA in 2 clusters. (a) First,
a cluster in the right forceps minor (cluster size 5 34 voxels, t value and coordinates peak voxel 5 3.59 and 13, 33, 1), part of a transcallosal tract connecting homologous
regions of the lateral and medial PFC (shown in b). Group probabilistic maps were thresholded to display paths present in at least one-third of the subjects (color scale indicates
the number of subjects). (c) Scatterplot showing mean FA in the cluster identified in Figure 3a (forceps minor) plotted against long-term skill at 1 week in both groups. Note
a positive correlation between 1-week skill and mean FA in the right forceps minor only in grouped learners (correlation line, r13 5 0.851, P \ 0.0001). (d) Time course of the
positive correlation between mean FA in the cluster identified in Figure 3a (right forceps minor) and skill as a function of testing time in both groups. Note that mean FA in right
forceps minor correlated positively with skill at all times during training and posttraining (*P \ 0.05) only in grouped learners (connected line). (e) The second cluster was in the
right anterior corona radiata (cluster size 5 26 voxels, t value and coordinates peak voxel 5 3.20 and 25, 25, 4), part of a corticostriatal tract that connects lateral PFC with
anterior putamen (shown in f). (g) Scatterplot showing mean FA in the cluster identified in Figure 3e (right anterior corona radiata) plotted against long-term skill at 1 week in both
groups. Note a positive correlation between 1-week skill and mean FA in the right anterior corona radiata in grouped (correlation line, r13 5 0.781, P \ 0.001) but not in
randomized learners (wherein the correlation was negative at 1 week). (h). Time course of the positive correlation between mean FA in the cluster identified in Figure 3e (right
anterior corona radiata) and skill as a function of testing time in both groups. Note that mean FA in this location correlated positively with skill at all times after 12 h posttraining
(*P \ 0.05) only in grouped learners (connected line).
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