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Abstract Practice on a novel sequence of movements
can lead to two expressions of procedural memory con-
solidation: delayed performance gains evolving hours
after training, and a decrease in the susceptibility of the
training-related gains to interference by subsequent
experience. It has been assumed that behavioral inter-
ference occurs only if a critical overlap between the
representations of the two tasks exists, and that such
overlap is more likely when the two tasks are novel,
competing for general resources for their execution.
We investigated whether the delayed gains in the sim-
ple finger-opposition sequence (FOS) learning task are
more prone to interference by well practiced than by
less practiced complex hand movements. Participants
were trained on the FOS task in a baseline (no interfer-
ence) and an interference training condition. In the
Interference condition, after FOS practice, participants
wrote Hebrew common words in Hebrew (native
script) or a Latin script (Heblatin). Native script writ-
ing but not the less practiced Heblatin, interfered with
FOS learning, with significantly reduced delayed gains.
Our results show that interference can occur even
when two tasks share little or no kinematic or dynamic
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features and indicate that the representation of com-
plex but well-practiced movement sequences may
overlap with the representation of simpler ones. This
result is in line with the notion that well-practiced com-
plex movement sequences come to be represented as
simpler ones in long-term motor memory.
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Introduction

Several studies have recently shown that in addition to
the gains in performance that emerge concurrently with
practice on a novel sequence of movements (within ses-
sion gains), robust gains in the speed and accuracy of
performance can evolve after the practice experience
has ended, i.e., between sessions, delayed gains (e.g.,
Fischer et al. 2002; Karni et al. 1998a, b; Walker et al.
2002). These delayed gains in performance presumably
reflect procedural memory consolidation processes
(Karni et al. 1998a, b; Ungerleider et al. 2002; Walker
et al. 2002, 2003; Korman et al. 2003; Maquet et al.
2003). There is, however, another measure for memory
consolidation, established in both human (e.g., Bras-
hers-Krug et al. 1996; Krakauer et al. 2005) and animal
(McGaugh 2000) models of memory formation. The
latter measure relates to the notion that during the
post-acquisition phase, newly acquired experience-
dependent neural changes are transformed from tenu-
ous, interference susceptible, into more stable forms
(McGaugh 2000). Hence, within the first few hours after
the termination of a training experience, subsequent
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experience may result in the loss of the expected train-
ing related gains in the initial task (Brashers-Krug et al.
1996; Shadmehr and Brashers-Krug 1997; Walker et al.
2003; but see Goedert and Willingham 2002).

It is not clear however, what types of experience
constitute effective interference for a given task. Effec-
tive interference is often caused by a variation on the
initial task (Adams 1987; Miall et al. 2004; Krakauer
et al. 2005) suggesting that tasks that depend on similar
performance parameters and neural resources would
be more likely to interfere with each other. Thus, inter-
ference occurs if there is a critical overlap between the
representations of the two tasks experienced during
the consolidation time-window (Tong et al. 2002). Such
an overlap may result in the weakening or even the
taking over of ongoing neuronal consolidation pro-
cesses, triggered by the initial training experience, by
the subsequent experience (Fonseca et al. 2004).

Previous studies have suggested that the level of
experience with the to-be-interfered (initial) task may
constitute a critical factor in determining the amount of
interference between two tasks, with novice perform-
ers more susceptible to interference than expert ones
(Shea and Morgan 1979; Del Rey et al. 1982; Shea et al.
1990; Guadagnoli and Lee 2004). Others have argued
that major shifts occur between brain representations
of motor performance, as a function of experience
(e.g., Shadmehr and Holcomb 1997; Korman et al.
2003; Sosnik et al. 2004; Ungerleider et al. 2002; Juept-
ner etal. 1997). We tested the notion that different
motor representations subserve the performance of
well and less well-trained handwriting sequences, and
therefore determine its interference potential with a
given non-writing task. Our results suggest that rather
than the task per-se, the level of experience with, and
the type of motor sequences performed in the subse-
quent task, constitute a critical factor in determining its
interference potential, even when the resemblance of
the movements of the interfering task to the move-
ments of the initial task is minimal.

Materials and methods

Experiment 1

Participants

Forty-three young university students (mean 25.13, SD
3.21), 14 men and 29 women, were paid to train on the
FOG learning task. All were right handed, native

Hebrew speakers, highly familiar with the Latin alpha-
bet through mainly English script. Participants had no
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medical conditions that could impair fine motor perfor-
mance and had no known learning disability. The study
was approved by the ethics committee of the Tel-Aviv
Souraski Medical Center.

Design and procedure

Each participant took part in two study phases, 1 week
apart (Fig. 1b). Each study phase consisted of a training
session and a test session a day later. In all sessions, the
participants performed the tasks while lying supine with
their arm supported on their hip and the palm facing up,
in direct view of a video camera. In the training session,
participants were instructed to oppose the fingers of
their dominant hand to the thumb in one of three possi-
ble sequences (43124, 42314, 41324) (Fig. 1a). Visual
feedback was not afforded. In the initial session, each
participant underwent a pre-training performance test
(test 1), a training interval and an immediate post-train-
ing performance test (test 2). The next day, a delayed
performance test (test 3) was administered. Each train-
ing interval consisted of 160 repetitions of the sequence
divided into 20 training blocks. During training, follow-
ing preparatory and “start” auditory signals for each
block, the initiation of each sequence was cued by an
auditory signal at a rate of 0.4 Hz (2.5 s per sequence).
Each training block terminated in a “stop” signal. The
three performance tests were composed of four, 30s
blocks, each initiated by an auditory “start” signal, dur-
ing which participants were instructed to tap the
sequence repeatedly and continuously as fast and accu-
rately as possible, until given a stop signal. The intervals
between test blocks were kept constant (30 s). No feed-
back was provided. The participants’ performance dur-
ing the test blocks was video recorded and two measures
of performance were determined from the recordings: a.
speed-number of correctly completed sequences in a
block and b. Accuracy-number of errors made in a block
(incorrect sequences). One experimenter scored the
video recordings by playback at reduced speed.

Twenty-two participants first completed the baseline
condition and then the interference condition and 21
were run in the reversed order. Both conditions were
identical except that in the latter condition, partici-
pants were required to perform a handwriting (inter-
ference) task immediately after tesz2 (Fig. 1b). The two
conditions were run on separate sessions, 1 week apart.
The order of the conditions (phases) was pseudo-ran-
domized across participants.

In the interference task, participants wrote two, ran-
domly ordered, auditory dictated Hebrew words, using
either the Hebrew alphabet or the Latin (Heblatin).
[The two words were “closet” and “pillar” ( "1I&" and
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Fig. 1 a The finger-to-thumb
opposition task. The three se-
quences were similarly con-
structed and contain identical
component movements.b The
design of the baseline and the
interference conditions, in
Experiment 1 and Experi-
ment 2. Note that the condi-
tions are identical except for
the writing (interference)
phase added in the latter
condition

Interference condition | ” ” ” | |

"mmy'—“aron” and “amud”, in Hebrew and Latin
alphabets, respectively)]. Participants were rando-
mised into two groups; one group of 21 subjects was
instructed to write in Hebrew (familiar writing condi-
tion), and the other group, with 22 subjects, in Heblatin
(unfamiliar writing condition). Writing was done with a
non-inking pen on A4 paper laid upon a digitizing tab-
let (WACOM, Intuos 2, 17.5"" x 17.1""x 1.5"’, active
area 12" x 12", sampling rate of 100 Hz, spatial
accuracy £ 0.025 cm, spatial resolution 0.05 cm)
mounted perpendicular to the bed in a custom holding
device. A double mirror system was used to enable
participants get a clear view of their hand movements
only during writing. The workspace for the handwrit-
ing task was composed of four horizontally parallel
lines (each 8 cm long, and spaced 1.3 cm apart) on the
lower right side of the paper (since writing in Hebrew
progresses from right to left). Each participant chose
(based on comfort) one line that was then used
throughout the session. Participants were instructed to
rest the pen tip on a cross, placed to the right of each
line, and return to this point after writing each word.
Overall, the task consisted of 16 repetitions of each of
the two target words in a random order (total of 32
words) divided into 8 blocks of writing (4 words in each
block) separated by 30 s of rest. Each trial (word) was
cued by an auditory signal with 3.5 s afforded for its
completion. The words were presented amplified
through loudspeakers.

Experiment 2

To further explore the loss of performance gains after
Hebrew interference (including the negative delayed
gains), at 24 h post-training relative to the performance
at the end of the practice session, 12 additional partici-
pants (2 men, 10 women; mean age 25.37, SD 1.4) were
trained in the FOS and wrote in Hebrew immediately
after test 2 (that followed the termination of the training

Baseline condition

. Sequence A:4,1,3,2,4

Sequence B: 4,2,3,1, 4

Sequence C:4,3,1,2,4

Testl Training Test2 24hrs Test3

| I I —— T

Writing 24hrs Test3

Testl Training Test2

session). The design and procedures of Experiment 2
were identical to those used in the Hebrew condition of
Experiment 1. Each participant completed two study
phases, baseline and Hebrew interference 1 week
apart. Half the participants first completed the baseline
condition and then the Hebrew interference condition
and the rest were run in the reversed order. This design
allowed for a full, within-subjects repeated measures
comparison.

Results
Experiment 1

Table 1 presents the average number of correctly com-
pleted sequences and the average number of errors
summed across the fest blocks at the beginning of train-
ing, by the end of training and at 24 h post-training, in
each of the two conditions for each group. All analyses
were designed as within-subject comparisons because
of the small groups and the individual differences in the
speed and accuracy of performance. Only the effect of
the order of conditions was tested in a between-subject
comparison, as each participant was tested in one of
two possible orders of conditions. Two separate
repeated measures analyses were run for each group,
with either the number of sequences performed cor-
rectly during the block (speed) or the number of errors
per block (accuracy) i.e., number of sequences per-
formed incorrectly, as the dependent variables. Here,
and elsewhere, results were corrected for non-spheric-
ity violation using Greenhouse-Geisser adjustment.

To test for order effects (i.e., whether initial perfor-
mance and the gains accrued in training within the
session differed when baseline condition or the inter-
ference condition were tested first) across both
groups, a repeated measures general linear model was
applied in which condition (with two levels baseline or
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Table 1 Performance of the FOS task before training (testI), after the training session (fest2) and on the following day (fest3) in the two
groups (mean and standard deviations). P values refer to comparisons (dependent t-tests) between the relative gains in the baseline and

corresponding interference conditions, i.e., for A1-2 and A2-3

Testl Test2 A1-2 P valueTest3 A2-3 P value
Experiment 1
Speed (no. of sequences)
Hebrew group
Baseline condition 54.1+14.5 65.1+14.5 11.0+6.2 0.320 72.8 +£14.7 7.7 +4.6 0.045%
Interference condition 55.1+ 144 67.9 +14.7 129+74 723 +15.1 44+56
Heblatin group
Baseline condition 53.7+12.1 63.6 +£10.3 9.9+ 6.0 0.157 71.5+£11.8 8.0+5.1 0.976
Interference condition 50.0 +£13.1 63.0+ 134 13.0+6.5 71.0 +£12.8 8.0+ 6.0
Accuracy (no. of errors)
Hebrew group
Baseline condition 33422 19+1.5 14+25 0378 12+14 0.70 £ 1.6 0.174
Interference condition 23+19 1.3+12 95+2.1 12+14 0.01 +1.8
Heblatin group
Baseline condition 3.8+4.0 .62 + .56 1.34+3.0 0341 14+14 1.1+21 0.407
Interference condition 32+26 28 +£25 0.45+3.1 1.1 +0.89 1.7+2.1
Experiment 2
Speed (no. of sequences)
Baseline condition 57.9 +£26.9 69.3 +£26.3 114+79 0.918 80.2 £25.0 10.8 £ 6.5 0.012%
Interference condition 62.2 +23.2 732 +244 11072 758 +£21.9 2671
Accuracy (no. of errors)
Baseline condition 33+24 28+£25 0.50 +2.7 0.949 0.41 + .66 23+27 0.203
Interference condition 26+19 2.0+£2.0 0.58 2.2 1.3+1.1 0.75+2.2

interference), test (with two levels test 1, test 2, corre-
sponding to initial performance and the performance
at the termination of the training session, respectively)
and block (with four levels 1st, 2nd, 3rd, and 4th block)
were within-subjects variables and order (with two lev-
els baseline first or interference first) was a between-
subjects variable. No significant order effects were
found for either speed [F(1,41)=2.7, P=0.106] or
accuracy [F(1,41) =0.12, P = 0.730].

Training on a given sequence of movements resulted
in robust within-session (early) gains in both speed and
accuracy, in the two groups (Table 1). This held true,
irrespective of whether interference experience was
given after the termination of the training session. A
repeated measures general linear model was applied for
each group separately, in which condition (with two lev-
els baseline or interference), test (with two levels test 1,
test 2, corresponding to initial performance and the per-
formance at the termination of the training session,
respectively) and block (with four levels 1st, 2nd, 3rd,
and 4th block) were within-subjects variables. There was
no significant difference between the two conditions in
each of the two groups in terms of within session gains.
For speed, the main effect for test were significant
[Hebrew group, F(1,20)=103.6, P <0.001; Heblatin
group, F(1,21) =194.3, P <0.001], with superior perfor-
mance in fest2 compared to testl. For accuracy, the main
effect of test was significant in the Hebrew group
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[F(1,20) =7.8, P=0.011], but showed only a trend for
improvement in the Heblatin group [F(1,21) =3.0, P =
0.096], although overall participants made only a small
number of errors in either test periods (Table 1). Finally,
the interaction of condition and test was not significant,
in both groups, for speed [Hebrew group, F(1,20) = 1.0,
P =0.320; Heblatin group, F(1,21) =2.2, P =0.157] and
accuracy [Hebrew group, F(1,20)=0.81, P=0.378;
Heblatin group, F(1,21) = 0.95, P = 0.341].

Training also resulted in significant gains in both
speed and accuracy, when performance at 24 h post-
training was compared to performance at the end of the
training session; i.e., significant gains have evolved after
the termination of training, during this interval, in both
groups (delayed, between-sessions, gains). However, the
delayed gains were significantly reduced when an inter-
ference experience of, specifically, writing in Hebrew
was given. A repeated measures general linear model
was applied for each group separately, in which condi-
tion (with two levels baseline or interference), test (with
two levels fest 2 and test 3, corresponding to the perfor-
mance at the termination of the training session and on
the following day, respectively), and block (with four
levels 1st, 2nd, 3rd, and 4th block) were within-subjects
variables. Two separate analyses were run, with either
speed or accuracy as the dependent variables. For per-
formance speed, there was a significant main effect for
test in both groups [Hebrew group, F(1,20)=54.5,
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P <0.001; Heblatin group, F(1,21)=75.7, P <0.001],
with superior performance in fest3 compared to test2.
However, the interaction of condition and test was sig-
nificant in the Hebrew group [F(1,20) =4.5, P =0.045],
with smaller delayed performance gains when interfer-
ence was given. This interaction was not significant in
the Heblatin group [F(1,21) =0.00, P = 0.976]. Further-
more, the main effect for accuracy, i.e., a decrease in the
number of errors at fest3, was significant in the Heblatin
group [F(1,21) =24.8, P < 0.001] but not in the Hebrew
group [F(1,20) = 1.9, P =0.187]. The interaction of con-
dition and test was not significant for accuracy presum-
ably because accuracy was almost at ceiling, in both
groups [Hebrew group, F(1, 20) = 1.9, P = 0.174; Hebla-
tin group, F(1,21)=0.71, P=0.407]. No significant
between-subjects effect of order was found for either
speed [F(1,41)=2.0, P=0.163] or accuracy [F(1,41)
=0.09, P =0.762].

Since testing constituted by necessity additional
training in the task, the block-by-block improvement in
speed was examined in the three tests. As previously
described (Korman et al. 2003), there was a significant
improvement in speed only in test] (Hebrew group
F(1,20) = 4.4, P =0.048, F(1,20) = 15.7, P < 0.001, base-
line and interference condition, respectively; Heblatin
group  F(1,21)=7.7, P=0.011, F(1,21)=30.7,
P <0.001), baseline and interference condition, respec-
tively). There was no significant trend for improvement
between blocks in fest2 and fest3, in both groups, in
both conditions. The significant delayed gains in per-
formance cannot, therefore, be ascribed to practice
effect that stem from the testing.

To further test the difference between the delayed
gains accrued in the interference condition compared
to the gains accrued in the baseline condition, the abso-
lute gains in performance (i.e., the difference between
tests 2 and 3 (A2-3) was computed in each condition
(baseline or interference). For accuracy, the number of
errors made in a given test was subtracted from the
number of errors made in the preceding fest (i.e., a
reduction in errors = a positive A). Paired-samples ¢
tests were used to compare the As achieved in the base-
line and the corresponding interference conditions sep-
arately for the two groups (Hebrew or Heblatin)
(Table 1). As can be seen in Table 1, the relative
delayed gains (A2-3) were reduced in the Hebrew
interference condition (on average only 4.4 sequences
compared to 7.7, 8 and 8 sequences in the baseline and
the Heblatin interference condition and corresponding
baseline, respectively). The differential effect of writing
Hebrew or Heblatin on the learning of the movement
sequence can be seen in Fig. 2, which presents the aver-
age delayed gains for speed and accuracy, in both

groups (Hebrew or Heblatin). While writing in Hebla-
tin after the termination of the training session resulted
in as robust gains as in the corresponding baseline con-
dition, writing in Hebrew resulted in clearly reduced
gains in speed, compared to the corresponding baseline
condition gains. The absolute gains accrued during the
training session (within-session, between tests 1 and 2,
A1-2) showed that the gains for both speed and accu-
racy were not significantly different in the interference
conditions, as compared to their corresponding base-
line conditions in both groups (Table 1).

In the interference condition, six participants of the
Hebrew group failed to show any improvement in
speed (and even demonstrated some loss of perfor-
mance relative to the end of the practice session; i.e.,
negative delayed gains) at fest3 as compared to fest2,
while only one to two participants failed to improve in
the Heblatin interference condition and in the two
baseline conditions (Fig. 3a). There was no significant
difference between each interference condition and its
corresponding baseline in terms of accuracy (Table 1
and Fig. 3b).

The absolute gains within the training session and
between-sessions (A1-2 and A2-3, respectively) were
not correlated with either the order of conditions
(baseline condition completed before interference con-
dition or vise versa) or the specific sequence of opposi-
tion movements used in training (43124, 42314, or
41324) (for performance speed r = 0.03, P = 0.789, and
r=0.11, P =0.309, between order and Al1-2 or A2-3,
respectively; r=-0.19, P=0.071, and r=0.02,
P =0.894, sequence and A1-2 or A2-3, respectively). In
addition, no significant correlations were found
between order and A1-2 or A2-3 (r=0.17, P =0.108,
and r=—0.08, P=0.445, respectively) and between
sequence and Al-2 or A2-3 (r=0.01, P=0.929, and
r=0.00, P = 0.977, respectively) for accuracy.

There were no significant correlations between the
performance gain of individual participants in fest2 and
their performance gains in fest3 in any of the three con-
ditions; baseline (r = 0.06, P = 0.709), Hebrew interfer-
ence (r=-0.32, P=0.147), or Heblatin interference
(r=-0.18, P=0.434). Thus, the within-session gains
were not correlated with the delayed, between-session
gains in performance.

Experiment 2

In Experiment 2, we replicated the Hebrew condition
of Experiment 1. Experiment 2 was run to substantiate
the finding that handwriting in the participants’ native
script could significantly reduce the expected delayed
gains in the FOS task and moreover, result in an actual
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Fig. 2 Delayed gains (A2-3) in speed (number of sequences, up-
per panel) and accuracy (reduction in errors, lower panel) in the
baseline and corresponding interference conditions, in the He-
brew and Heblatin groups, in experiment 1

loss of performance, relative to the performance at the
end of the practice session (negative delayed gains), by
24 h post-training. There was no significant difference
between the baseline and the Hebrew interference
conditions in the early, within-session gains (Fig. 4). A
repeated measures general linear model was run sepa-
rately for speed and for accuracy, with condition (with
two levels baseline or interference), fest (with two lev-
els test 1, test 2) and block (with four levels 1st, 2nd,
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Fig. 3 Individual data: the difference (A2-3) in number of com-
pleted sequences in fest3 relative to fest2 (a) and the difference in
the total number of errors in test2 relative to test3 [note that the
number of errors made in the preceding test was subtracted from
the number of errors made in the following test (i.e., a reduction
in errors = a positive A)] (b) performed by each participant in the
Hebrew, Heblatin and the corresponding baseline conditions, in
experiment 1. The horizontal lines indicate the group average
differences in each condition. Note that negative scores (locate
under the zero line) indicate negative delayed gains, e.g., an infe-
rior performance in fest 3 relative to test 2

3rd, and 4th block) as within-subjects variables and
order (with two levels baseline first or interference
first) as a between-subjects variable. No significant
order effect for either speed [F(1,10) = 0.02, P = 0.886]
or accuracy [F(1,10) = 0.87, P =0.371] was found. Sig-
nificant main effects of test and block were found for
speed [F(1,10)=138.9, P <0.001; F(1,10)=72,
P =0.023] showing that on both conditions, partici-
pants performed better in fest2 compared to testl. No
significant effects were found for accuracy, however the
error rate was small in all phases of training
(0.812 £ 0.18, 0.687 £ 0.18, mean and SD of number of
errors in festl and test2, respectively, in the baseline
condition; 0.646 £ 0.15, 0.500 £ 0.14, mean and SD of
number of errors in test! and test2, respectively, in the
Hebrew interference condition). There was a signifi-
cant test and block interaction in speed, reflecting the
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Mean number of completed sequences
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1 2 3
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Fig. 4 Group performance (average number of completed se-
quences in a block) at tests 1, 2 and 3 in the baseline and Hebrew
conditions, in Experiment 2

finding that there was block-by-block improvement in
test] but not in test2 (F(1,10) =6.164, P =0.032). All
the other main effects and their interactions were not
significant for either speed or accuracy.

To examine the differences between the baseline
and the Hebrew interference conditions in terms of the
delayed, between-sessions gains (speed and accuracy),
a similar analysis was used with condition (with two
levels baseline or interference), test (with two levels
test2, test3) and block (with four levels 1st, 2nd, 3rd,
and 4th block) as within-subjects variables and order
(with two levels baseline first or interference first) as a
between-subjects variable. No significant order effects
were found for speed [F(1,10) = 0.00, P = 0.954], how-
ever, order did have a significant effect for accuracy
[F(1, 10) =7.3, P =0.022] though here also, the error
rates were very small (0.313 £ 0.46, 0.490 + 0.46, mean
and SD of number of errors; baseline before interfer-
ence, and reversed order, respectively). For perfor-
mance speed, there was a significant main effect of test
[F(1,10) =20.4, P < 0.001] with participants performing
better in test3 then in fest2, irrespective of condition.
The main effect of test for accuracy was also significant
[F(1,10) = 13.7, P = 0.004]. However, a significant inter-
action between condition and test was found
[F(1,10) = 8.4, P = 0.016] indicating the inferior perfor-
mance in the Hebrew interference condition compared
to the baseline condition at test3 (Table 1 and Fig. 4).
No additional significant main effects or interactions
were found either for speed or for accuracy.

As in experiment 1, the absolute gains in perfor-
mance [i.e., the difference between tests 1 and 2 (A1-2)

and between tests 2 and 3 (A2-3)] were computed in
each condition (baseline or interference) for speed and
accuracy. For Al-2, a measure of the within-session
gains, there was no significant difference between the
two conditions in either speed or accuracy [paired ¢
test, #(11)=0.10, P=0.918; ¢(11)=0.07, P =0.949,
respectively]. For A2-3, i.e., the delayed gains, how-
ever, there was a significant difference in speed
between the two conditions [#(11)=3.0, P =0.012).
The difference in the delayed gains, for accuracy, was
not significant [#(11) = 1.3, P = 0.203)].

Figure 5 depicts the absolute gains in performance
speed at fest2 relative to test] (A1-2) and at fest3 rela-
tive to test2 (A2-3) in the Hebrew condition, on an
individual basis. In the baseline condition, all of the
participants showed some improvement during the
24 h post-training interval. However, in the Hebrew
interference condition, 6 participants out of the 12
(50%) showed an actual loss of performance, in terms
of speed, by 24 h post training, relative to performance
speed at the end of the practice session (Fig. 5).

Discussion

Altogether, the results of the current experiments
show that the evolution of delayed gains in perfor-
mance, accrued in practice on the FOS, could be sig-
nificantly interfered with if, shortly after the
termination of the training session, the participants
wrote a small number of common words in their native
handwriting. In a number of participants (28-50%), an
actual loss of the within-session performance gains
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Fig. 5 Individual data: the absolute gains, for speed, at test2

relative to testl (A1-2) and at test3 relative to test2 (A2-3) in the
Hebrew condition, in Experiment 2
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occurred in the 24 h post-training interval in the
Hebrew interference condition (negative delayed
gains). However, the same number of words in a less
practiced mode of handwriting—Heblatin—resulted in
no interference, with as robust within and between ses-
sion gains as those accrued when no interference was
introduced.

The strength of the current results derives from the
within-subjects comparisons afforded by the study
design with each participant providing his or her own
control data. Thus, although the interference effects
in both experiments were small in absolute terms
(each additional sequence in a test block stands, nev-
ertheless, for five additional correct opposition move-
ments), the interference by handwriting in the
participants native script resulted on average in a
50% reduction in the expected delayed gains, and
often in no gains whatsoever.

Recent studies reported significant interference
when shortly after the training on a given FOS, training
on a different (reversed movement) sequence (Walker
et al. 2003) or the performance of the Tower of Hanoi
task (E. Vakil et al., Psychonomics Society abstracts
2002) was introduced. The within-session gains how-
ever, were maintained in both studies. Interference
related loss of both the within-session and the delayed
gains was reported in tasks other than the FOS (Shad-
mehr and Brashers-Krug 1997; Hauptmann and Karni
2002; Tong et al. 2002).

It is not clear which factors determine the establish-
ment and the magnitude of interference effects (Adams
1987; Flanagan et al. 1999; Krakauer et al. 1999; Goerd-
ert and Willingham 2002; Hauptmann and Karni 2002;
Krakauer et al. 2005). A leading notion is that, an effec-
tive interference experience is one that shares some
critical motor representation, or internal model, with
the initial, interfered, task (e.g., Shadmehr and Bras-
hers-Krug 1997; Tong et al. 2002). The conjecture is
that, both the initial training and the subsequent inter-
ference experiences activate overlapping neural repre-
sentations in specific brain areas, but the two
experiences differ in the sense that each requires quite
different adaptation parameters (Robertson et al. 2004).
The need to adapt to the demands of the second task
may therefore, eliminate or supersede the settings of
the initial one with an advantage for the gains attained
in the latest experience (Brashers-Krug etal. 1996;
Krakauer et al. 1999; Hauptmann and Karni 2002).

The notion of consolidation was recently challenged
by studies showing no diminution of the interference
effect with time. Interference was found when the
interfering task was carried out 24 h or even a week
after the termination of training on the initial task

@ Springer

(Goedert and Willingham 2002; Caithness et al. 2004).
It may be the case that in both studies, skill learning
effects (by necessity requiring memory consolidation)
and adaptation effects (which may be long-lasting but
do not necessitate consolidation effects, see Haupt-
mann and Karni 2002) were interchangeably mea-
sured. When insufficient training was afforded and
presumably when two tasks are interleaved within a
session, consolidation processes may not be triggered
or alternatively slowed down (Adams 1987; Haupt-
mann and Karni 2002). Because interference can occur
at the adaptation phase, irrespective of consolidation,
Hauptmann and Karni (2002) have argued that the
evolution of delayed gains is the more sensitive mea-
sure for the triggering of consolidation processes.

Motor sequence learning may involve changes in
primary motor cortex (M1) activation (Ungerleider
et al.2002). Although other areas have also been impli-
cated, learning related effects in M1 were shown to
occur both within a short practice session, correspond-
ing to the within-session performance gains and corre-
sponding to multi-session gains and the long-term
retention of some skills (e.g., Friston et al. 1992; Graf-
ton etal. 1992; Kawashima et al. 1994; Karni et al.
1995; Nudo et al. 1996; Doyon et al. 2002; Muellbacher
et al. 2001; Robertson et al. 2005; Koeneke et al. 2006).
In humans (e.g., Karni et al. 1995, 1998a, b) and mon-
keys (Nudo et al. 1996) extended motor practice was
shown to result in the recruitment of additional M1
units into a local network specifically representing the
trained motor sequence. Based on these results, it was
proposed that M1 might code not just for simple, sin-
gle, movements, but also for complex movement
sequences (Tanji and Shima 1994; Karni et al. 1998a, b;
Georgopoulos 2000). Furthermore, it was suggested
that given extensive training, even complex movement
sequences may come to be represented in part by low-
level, presumably M1, movement modules (e.g., Karni
et al. 1998a, b; Sosnik et al. 2004). Based on this notion,
Ungerleider et al. (2002) suggested that a given sub-
population of neurons within a representational
domain, such as the hand’s, participate in the represen-
tation of different movement sequences but that differ-
ent movement sequences are realized by differential
recruitment of these units. The advantage of such a
parsimonious system may lay in the potential to sup-
port the learning of many parallel skills within a given
restricted representation. However, such a system may
be more susceptible to interference in a way that even
movement sequences of very different attributes can
interfere with each other.

The current results suggest that the ordering and
scheduling of tasks during training and also in the
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hours following an effective training session may be
critical for long-term motor memory, raising concerns
about arbitrary scheduling in laboratory, academic and
neurological rehabilitation practice. Thus, writing
immediately after practice on a musical instrument
may decrease the long-term effectiveness of the music
lesson.

Our results also show, that behavioral interference
might occur also when the two tasks are apparently
very dissimilar and seem to share little or no kinematic
or dynamic features. Both writing modes that were
used as interference were complex and presumably
involved a rather similar set of strokes (Namboodiri
and Jain 2004). Given the logic of the representational
overlap conjecture, our results suggest that the two
handwriting modes do not activate the same motor
representations, or rather, that these representations
diverge in the extent of their overlap with the FOS rep-
resentation. One critical difference between the two
modes of writing may lie in the participants’ expertise
level—they were less skilled in Heblatin writing com-
pared to Hebrew writing. The proposal therefore is
that the differential effect of the two handwriting
scripts tested in the current study, on the very same
motor representation of the FOS, reflects a difference
in the respective brain representations of well trained,
versus relatively novel sequences of handwriting.

There is some support for the notion that while the
representation of well-practiced handwriting sequences
is effector dependent and necessitates the activation of
low-level motor areas (e.g., M1) rather than more high-
level ones for fluent performance, unpracticed writing
sequences may require more activation of high-level
areas (e.g., the SMA) and depend less on M1 based
fluency (Karni et al. 1998a, b; Sosnik et al. 2004, Soci-
ety for Neuroscience abstract 533.17, 2004). As
opposed to well-practiced handwriting, controlled, less
practiced handwriting is associated with kinematic
non-fluency and shows increased neuronal activity in
the contralateral primary sensorimotor cortex, frontal
premotor area (lateral pre-motor cortex and SMA),
parietal cortex, and the putamen. It was suggested, that
during controlled processing, these brain regions might
be involved in the generation of the motor output, in
sensorimotor integration and in attentional processes
(Siebner et al. 2001). Support for the notion of differ-
ent brain activation patterns underlie the performance
of well-practiced versus less practiced handwriting
comes from studies that compared well-practiced
handwriting in the dominant hand to handwriting in
the non-dominant hand (e.g., Hoshiyama and Kakigi
1999; Karni et al. 1998a, b; Robertson et al. 2005). A
similar notion has been advanced in motor learning in

the monkey (Pavlides etal. 1993; Tanji and Shima
1994).

The extent, to which one task may interfere with
another, may be related to the learner’s level of exper-
tise in both tasks (Schmidt 1975; Del-Rey et al. 1982;
Shea et al. 1990). Others, (e.g., Guadagnoli and Lee
2004) have interpreted the finding that novices, as
opposed to experts, show reduced delayed gains fol-
lowing training on multiple variations of the same task
(contextual interference) in terms of a competition on
“limited processing capacity” such as attention
resources. Our results do not support either explana-
tion, which would predict that the Heblatin condition,
both relatively novel and likely to require more atten-
tion in its execution compared to the well-practiced
Hebrew, was more likely to interfere with the FOS.
Thus, one or more of the successive task variations that
followed each other within a short time interval, could
have constituted an effective interference to the initial
task conditions. In experts, the representation of each
task variation may be subserved by a specific, well-
established routine (e.g., Karni et al. 1998a, b; Korman
et al. 2003; Sosnik et al. 2004). Moreover, these rou-
tines may be subserved by specific motor representa-
tions perhaps embodied in a module consisting of a
sub-population of neurons in a given shared represen-
tation (e.g., Ungerleider et al. 2002).

Taken together, our results suggest the notion that
well-trained handwriting sequences are represented at
some critical neuronal level in a manner more overlap-
ping the execution of a recently acquired sequence of
finger movements compared to the representation of
much less practiced handwriting sequences. These results
support the proposal (Korman et al. 2003; Sosnik et al.
2004) that, with extended practice, well-practiced move-
ment sequences undergo not only qualitative changes,
movement chunking and co-articulation, but also shift in
the hierarchical sense, and come to be represented, at
least in part, as novel motor primitives in motor cortex.
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