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Movement errors during skilled motor performance
engage distinct prediction error mechanisms

Ella Gabitov® 2™ Ovidiu Lungu"?, Genevieve Albouy® & Julien Doyon® 2%

The brain detects deviations from intended behaviors by estimating the mismatch between
predicted and actual outcomes. Axiomatic to these computations are salience and valence
prediction error signals, which alert the brain to the occurrence and value of unexpected
events. Despite the theoretical assertion of these prediction error signals, it is unknown
whether and how brain mechanisms underlying their computations support error processing
during skilled motor behavior. Here we demonstrate, with functional magnetic resonance
imaging, that internal detection, i.e., without externally-provided feedback, of self-generated
movement errors evokes instantaneous activity increases within the salience network and
delayed lingering decreases within the nucleus accumbens - a key structure in the reward
valuation pathway. A widespread suppression within the sensorimotor network was also
observed. Our findings suggest that neural computations of salience and valence prediction
errors during skilled motor behaviors operate on different time-scales and, therefore, may
contribute differentially to immediate and longer-term adaptive processes.
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rabbing a cup of coffee, typing on a keyboard, or driving a

car—either of these and many other everyday activities

typically involve a sequence of skilled motor actions that
are executed precisely, effortlessly, and fast. However, even highly
skilled human behavior is susceptible to occasional errors.
Although errors during skilled motor performance are rare, they
may lead to serious consequences. Yet, little is known about
neural networks underlying error processing in such scenarios.

An action error is known to occur when the internal prediction
about the consequences of an intended action do not match the
actual outcome of that action!. Such prediction error signals
(PES) not only provide detailed information about the motor
command that caused the error, but also induce more generic
estimations indicating the degree of salience and/or valence of the
mismatch. The salience PES are critical for prompt error detec-
tion. They are thought to initiate a cascade of automatic pro-
cesses? that aim at rapid interruption of ongoing behavior, and/or
shift of attention to the source of the unpredicted outcome?. As
such, these alerting signals are derived promptly with minimal
neural computations and are typically deemed to be both non-
specific and unsigned, i.e., without indicating whether the actual
outcome is better or worse than predicted®. The valence PES,
commonly referred to as reward PES?, also lack specificity but,
unlike salience alert signals, are signed: that is, they are positive
when the action outcome is better than predicted (e.g., greater
reward, more enjoyable experience, or better performance than
expected), and negative when the outcome is worse. By retro-
active assignment of credit or blame to actions that led to success
or failure, respectively, valence PES may constitute a crucial cue
to induce learning®.

The neural correlates of salience PES have been previously
studied building on a seminal finding of error-related negativity—
a component of the event-related brain potential. This compo-
nent reliably indexes error detection and its origin has been
attributed to functions of the anterior cingulate cortex (ACC)”. A
mounting body of evidence from human neuroimaging studies
also suggests that the dorsal part of this region (dACC), along
with the closely affiliated areas within the anterior insula (alns),
responds to varied forms of salience, including errors3-14, as well
as reward, pain, surprise, and other unexpected events!>~17. More
recently, aaugmented activity within the salience network asso-
ciated with the occurrence of movement errors was also repor-
ted!8. Furthermore, it has been suggested that the dACC may
generate salience PES in situations with increased error
likelihood*!? and may also accommodate proactive mechanisms
of error detection during highly skilled piano performance.

The neural correlates of valence PES have been initially
demonstrated in animal models using reinforcement learning,
during which improved performance maximizes the received
reward®. It has been posited that dopamine neurons in the
midbrain ventral tegmental area (VTA) may be implicated in
generation of these PES. The dopamine neurons fire in response
to unpredicted reward and pause in response to unexpected
omission of reward. Similarly, signed reward-related PES have
also been detected in the human brain using functional magnetic
resonance imaging (fMRI). Modulation of neural activity asso-
ciated with reward has indeed been identified in the dopamine
target areas, including the ventral striatum, particularly in the
nucleus accumbens (NAc)?!22—a primary efferent target of
the VTA neurons within the mesolimbic pathway?3. Under cer-
tain conditions, however, this dopamine-innervated striatal
structure may be involved in the processing of salient events
without any reward, feedback, or motivational value24 and may
also promote action initiation2>.

Despite the theoretical assertion of salience and valence PES in
the brain, it is unknown whether and how error processing

during skilled motor performance relies on neural substrates
underlying their computations. Here, we addressed this knowl-
edge gap by investigating behavioral and neurophysiological
changes related to errors committed during a self-guided motor
sequence task20, using fMRI. Participants were asked to memorize
a short five-element sequence and to tap it repeatedly on a keypad
using their nondominant (left) hand?’. The sequence was
reproduced in a continuous and self-paced manner without
relying on any external cue or input. These conditions closely
resemble situations in everyday life, when errors constitute
deviations from the sequential skilled motor movements pre-
planned in advance. It is in contrast to errors committed during
speeded reaction-time paradigms?8, during which the unpre-
dicted order of stimuli requires exogenous attention and virtually
eliminates the possibility to plan motor responses in advance. In
addition, in the current study, no feedback nor incentive, in any
form, were given to participants. The feedback-free mode of
performance not only rules out the possibility of attributing
changes associated with errors to the external cue, but also
implies that error detection and subsequent performance recovery
would be realized via internally driven prediction error
mechanisms.

At the behavioral level, we hypothesized that slowing in per-
formance would constitute a behavioral signature of error
detection??. We also expected that error instances would be
characterized by a speed-accuracy trade-off*>—a phenomenon
that has been consistently reported during speeded reaction-time
tasks®l. Such a trade-off suggests that faster performance
increases the probability of errors and, therefore, should precede
error commission. It also entails that reinstatement of accurate
performance after errors would compromise the speed leading to
post-error slowing.

At the neurobiological level, we aimed to elucidate (1) whether
error processing during skilled motor performance is associated
with changes in brain regions implemented in computations of
salience and valence PES, and if so, (2) how these changes evolve
throughout different phases of error processing. Given the
unimanual nature of the task, we also assessed whether inter-
ruption of inadequate performance during errors is implemented
via global (i.e., widespread and bilateral) or selective (i.e., effector-
specific and lateralized) suppression mechanism32.

We made two key assumptions. First, due to highly accurate
performance during the task employed in the current study?7-33,
errors would constitute unexpected events triggering unsigned
salience PES. Concurrently, this sudden violation of predicted
success in a form of errors would also evoke negative valence PES.
Second, brain regions previously identified as implicated in PES
and those forming the motor-task-related network3* would
exhibit dissociative dynamics during errors. This dissociation
would minimize the possibility that error-related changes within
the salience network could be attributed to task maintenance—an
inherent problem in studies using cognitive and attention-
demanding tasks3>. The dissociation between the error- and
task-related networks would be robust, allowing the detection of a
reliable error signature even when the number of errors is
low3%37, We not only reproduced our results for a subgroup of
participants, but also conducted a replication study using data
acquired during another separate session.

Results

Sequences and errors. The main units of interest in our analysis
are trials, i.e., sequences and errors, comprising several keypresses
(Fig. 1a). Such an approach suits better the low temporal reso-
lution of the fMRI signal allowing us to assess neural dynamics
across trials in a space-resolved manner. To get insights into the

2 COMMUNICATIONS BIOLOGY | (2020)3:763 | https://doi.org/10.1038/s42003-020-01465-4 | www.nature.com/commsbio


www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01465-4

Error Error
a b onset offset
S ==l | Ek,—EKo—...—(EK|=...~Ek, | A= o2 .
The first
wrong key
- Attempt to restart
the sequence
Start 14 blocks
90 90
Himmm NEEEE -
80 80
4-1-3-2—-4 C~A w "
4- 1-3 70 70
60 60
Errorlessblock (S S; Ss Sy S5 S5 S7 Ss Se S10S11S1) 4-1 25 5
S %SESSS .. . . . . g
[ 1S S E ] G-1-3 5 40 40
Errors of interest [ ...... sssSsEsss.. .. ] * 30 30
[ S s s Esnsu} Incomplete 20 20
sequence
s £ s 10 10
equence rror equence
4-1-3—2» 0 |
NN MNNNNY 01234 0123456738
4-1-3-2-4 Ek-Ek,—...—-Ek, ' 4-1-3-2-4 #of keys #ofkeys
T T T Error keys before the first wrong key | Error keys after the firstwrong key |

Error offset &
sequence onset

Sequence Error
onset onset

Fig. 1 Study design and errors of interest. a Participants were scanned while tapping a five-element sequence (S: 4-1-3-2-4) on a keypad using their left
hand. The session consisted of 14 successive performance blocks with 60 keypresses, equivalent to 12 repetitions of the correctly performed and
completed sequence (i.e., correct trials; Sy, S,,..., S12), each block being separated by 15-s periods of rest. During performance blocks, participants were
asked to look at a fixation cross and to tap the sequence repeatedly as fast and accurately as possible. In case of errors, they were instructed to continue
with the task as smoothly as possible from the beginning of the sequence. A change in the color of the fixation cross from red to green and from green to
red indicated the beginning (GO) and the end (STOP) of each performance block, respectively. Only isolated errors preceded and followed by at least three
correct trials in a row were analyzed; the last error within the block followed by at least two correct trials in a row was also considered. b All wrong
keypresses that violated the predetermined order (i.e., sequence) or incomplete sequences with missing keys, between two correct trials, were considered
as a single error. Thus, the first wrong keypress that violated the sequential order (marked with red oval) can be the first, second, third, fourth, or fifth error

key. S—correct trial, i.e., one correctly performed and completed sequence, E—erroneous trial, i.e., an error, Ek;

Ek,—keys within the error, Eki—the first

wrong key within the error, black rounded arrows—transitions within the sequence, red rounded arrows—error transitions.

types of errors and changes in performance during errors,
behavioral data were also analyzed at the level of single
keypresses.

Five consecutive keypresses that followed the predetermined
order (i.e., sequence) are considered as one correct trial. Any
other combination of consecutive keys (or a single key), including
instances of incomplete sequence, between two correct trials
constitutes an error (Fig. 1b). Thus, the first wrong keypress that
violated the predetermined order of the sequence could occur
after up to four keys pressed correctly.

Errors of interest. We aimed at characterizing changes
throughout all phases of error processing, including error com-
mission and the subsequent performance recovery. Therefore,
only isolated errors surrounded by at least three correct trials in a
row, hence forming periods with seven consecutive trials, were
analyzed (Fig. 1a). If the last error within the block was followed
by only two consecutive correct trials, that error was also con-
sidered. Such an approach allowed us to minimize the overlap
between the pre- and post-error intervals, and to reduce the
effects of transient nonspecific activity bursts at task initiation
and termination®%. To avoid analyzing extremely short or
recurring errors, errors that lasted <0.5s or comprised >20 keys
(i.e., with the number of keys exceeding four correct trials) were
excluded.

Examples of possible errors and their distribution with respect
to the first wrong keypress are shown in Fig. 1b. Errors (203
errors in total) that met our selection criteria were detected in 49
(out of 54) individuals (4.14 £ 0.30 errors, mean + SEM; Fig. 2a).

Errors’ distribution considering their length, duration, and type is
shown in Fig. 2b, c.

Control task condition. To determine the specificity of error-
related changes, periods without errors were used as a control
task condition. Like periods with errors, these periods comprised
seven (or six if the period was at the very end of the block)
consecutive trials. To account for changes in performance and in
neural activity associated with fatigue3”, time-on-task3>, and the
position of the trial within blocks (see fMRI results below), per-
iods with and without errors were pseudo-randomly matched by
their within-block position (“Methods” section). This position
was determined by the fourth trial, which during periods with
and without errors constituted an error, and so-called position-
matched sequence, respectively. Potential differences in the sta-
tistical power between the two conditions (i.e., periods with and
without errors), were minimized by including the same number
of periods in each condition.

Distribution of errors and position-matched sequences. The
distribution of errors and position-matched sequences within and
across blocks is shown in Fig. 2d. We conducted a detailed
analysis to test for heterogeneity of trial distribution within and
across blocks. None of the results are statistically significant
(effect of within-block position: F(6, 318) = 1.10, p = 0.36; effect
of block: F(13, 624) = 1.326, p = 0.193; block by trial type inter-
action: F(8.95, 429.76) =1.307, p=0.231), suggesting non-
heterogeneous and comparable distribution of periods included
in each condition (i.e., periods with and without errors). The time
spent on task from the beginning of the block until the trial onset
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Fig. 2 Sample summary for errors of interest and position-matched sequences. a The distribution of number of errors across participants. The vertical
dashed line represents the group mean of the number of errors. b The number of errors plotted against their length (i.e., the number of keypresses within
the error) and duration (i.e., the total time spent on the error starting from its onset until its offset). The vast majority of errors comprise between 1and 6
keypresses, and last <6's. ¢ The distribution of errors by different types and the number of attempts to reinitiate correct task performance. Here,
incomplete sequences are instances of correctly initiated, but unfinished sequence with up to three correctly pressed keys. Unfinished sequences with four
correct keys are labeled as errors with one missing key. An attempt to restart the sequence is determined by the first sequence transition, i.e., the key
combination of 4-1. d The distribution of errors/position-matched sequences within and across performance blocks. Note, that errors and position-

matched sequences have the same distribution within blocks.

is also comparable between the two conditions (#(48) = 1.63, p =
0.110).

Behavioral results. Transition duration, ie., a time interval
between two consecutive keypresses, was used as a measure for
speed. To estimate speed during correct trials, the mean of four
within-sequence transitions was calculated, whereas during
errors, transitions to the first and from the last error key were also
considered (Fig. 1la)—below, these transitions are referred to as
error onset and offset, respectively. To account for changes in
performance across blocks, transition durations were converted
into percentage relative to the mean transition duration within all
correct trials on a block-by-block basis. These values were used to
estimate the magnitude of slowing and to assess error-specific

changes in performance. All measures were first calculated at the
individual level and then introduced to the group-level analysis.

Mean transition duration and the magnitude of slowing
immediately before, during and after errors are shown in Fig. 3a,
b. In line with our hypothesis, the tapping speed during errors
dramatically drop down (46.99 +5.38%, mean +SEM) and is
significantly slower than during correct trials (#(48) =8.13, p<
0.001). We also expected to find evidence for the speed-accuracy
trade-off immediately before and after errors in the form of faster
and slower tapping speed, respectively. However, a significant
deviation from the mean transition duration of correct trials is
observed only during the post-error (#(48) = 3.62, p =0.001), but
not during the pre-error performance (#(48) = —0.22, p = 0.824),
hence providing evidence for the speed-accuracy trade-off only
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Fig. 3 Behavioral results. a, b Mean time to complete a single transition (i.e., transition duration) and the magnitude of slowing during errors (red

markers), and within two adjacent sequences immediately before and after the error (colored markers) are plotted for each performance block. The wide
light-blue line marks mean transition durations of all correct trials in each block. Data points represent group means for each block. ¢ The magnitude of
slowing at the error onset, within the error—mean values for transitions before and after the first wrong keypress are shown separately—and at the error
offset. Data points represent mean values calculated across errors for each individual. Red markers indicate group means. d The magnitude of slowing
during periods with and without errors. Orange/blue lines connect mean values for transitions within and between correct trials during these periods. Black
arrows indicate transitions between trials. Red circles represent mean values for transitions at the error onset/offset. Dashed and continuous red lines
represent the mean magnitude of slowing and standard error of the mean (SEM) within the error, respectively. Zero values of the magnitude of slowing
(i.e., the reference line marked by the x-axis) represent the mean transition duration within all correct trials; these values were initially calculated separately
for each block, and then used to estimate the magnitude of slowing on a block-by-block basis. PreE2 and PreE1—two consecutive sequences immediately

before the error, PostE1 and PostE2—two consecutive sequences immediately after the error. * and *** - significant results at 0.05 and 0.001 level,

respectively. Error bars represent SEM.

after errors. Such a trade-off in the form of significant post-error
slowing (6.44 +1.35%, mean+ SEM) is transient and rapidly
disappears by the second post-error sequence (#(48) =1.09, p =
0.28).

To get insights into how performance speed changes during
different error phases, we assessed the magnitude of slowing
separately at the error onset, within the error, and at the error
offset (Fig. 3¢c; changes in tapping speed during errors grouped by
their length are shown in Supplementary Fig. 1). Transitions
within the error were further divided into transitions before and
after the first wrong keypress (Fig. 1b; in some errors, no keys
were pressed before and/or after the first wrong key). A
significant drop in performance speed is evident throughout all
phases of errors even before the predetermined order of the
keypresses is actually violated (i.e., before the first wrong key is
pressed; t(41) >3.675, p<0.001; the magnitude of slowing
>22.672%). The strongest effect is observed at the error offset (¢
(48) =8.558, p <0.001 with 106.774 + 12.476% of slowing, mean
+ SEM), which is also the onset of the subsequent correct trial
(Fig. 1a). Thus, the greatest drop in speed coincides with the
successful reinitiation of the task. The degree of this post-error
slowing surpasses the degree of the reduced speed at the block
initiation phase (Supplementary Note 1 and Supplementary

Fig. 2) and, therefore, cannot be fully explained by the need to
reinitiate the task per se.

Finally, we also compared the magnitude of slowing during
distinct error phases with the corresponding phases of position-
matched sequences (i.e., control task condition) and reaffirmed
that slowing associated with error commission is, indeed, specific
to errors and evident throughout all error phases (Fig. 3d).

fMRI analysis. To determine neural substrates mediating error
processing, functional data were analyzed using a mixed block/
event-related design®). Performance periods were modeled as
blocks/epochs, whereas trials of interest (i.e., errors and sequen-
ces) were modeled as events. To minimize the effects of various
trial durations, trial-related changes in the blood-oxygen-level-
dependent (BOLD) signal were estimated, using a stick function
with zero duration (Methods).

Before analyzing error-related changes, we assessed neural
signals captured by the stick function during errorless blocks
(Supplementary Fig. 3). These signals fluctuate robustly following
a consistent pattern within blocks with no significant differences
between blocks (F(11, 8162) = 72.79, p < 0.001; F(13, 742) = 1.48,
p=0.12; F(143, 8162) =0.78, p=0.97, the effect of trial, the
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effect of block, and trial by block interaction, respectively). In our
analysis, the effects of these within-block changes were mitigated
by using a control task condition with errorless periods matched
to errors based on their within-block position (see above). We
also made sure that the assumption of homogeneous distribution
of errors within and across blocks is not violated.

Neural substrates mediating error processing. The main effect
of errors, versus rest, is shown in Fig. 4a (see also Table 1). Sig-
nificant activity increases are evident within a cluster

AN

=-36

Fig. 4 Changes in activity during errors and position-matched sequences.
a Activation maps with main effect of errors (i.e., errors versus rest). b
Activation map with areas exhibiting significant changes in BOLD signals
during errors versus their position-matched sequences (i.e., control error-
free condition). € Regions within the sensorimotor and premotor cortices
that exhibit significant activity increases during the control condition,
versus rest (i.e., main effect of position-matched sequences; for additional
cortical and subcortical areas see Supplementary Fig. 5), and significant
activity decreases during errors versus the control condition (i.e., the same
contrast as in b). Note that sensorimotor hand area within the left
hemisphere (i.e., ipsilateral to the performing hand; the enlarged area) is
not significantly engaged during the control condition, but undergoes
suppression during errors. Activation maps were thresholded at p < 0.001.
Color bars represent t values. L/R - left/right hemisphere, dACC - dorsal
anterior cingulate cortex, pre-SMA - pre-supplemental motor area, alns

- anterior insula, IFC - inferior frontal cortex, STN - subthalamic nucleus,
PCL - paracentral lobule, SMC - sensorimotor cortex, Ptmn - putamen.

encompassing the medial prefrontal cortex, namely the dACC
and pre-supplementary motor area (pre-SMA). Additional
increases are observed within the alns and inferior frontal cortex
(IFC), as well as the subthalamic nucleus (STN), bilaterally. By
contrast, significant activity decreases are observed within the
paracentral lobule and medial parts of the pre- and postcentral
gyri that correspond to the regions within the primary sensor-
imotor cortex (SMC) representing lower body parts. Activity
decreases are also evident within the precuneus, right caudate
nucleus, and posterior parts of the occipital lobe. An almost
identical pattern of increased and decreased activity, versus rest, is
observed when errors’ onsets are shifted to the first wrong key
(Supplementary Fig. 4).

The BOLD responses during errors were further estimated
against those evoked during their position-matched sequences
(i.e., control error-free condition; Fig. 4b and Table 1). This
analysis reveals that during errors, the dACC exhibits significantly
higher activity levels, indicating specific involvement of this
region in error processing. Activity within the pre- and
postcentral gyri, on the other hand, was significantly lower
during errors. This error-specific suppression extends to the
lateral parts of the SMC, including the hand knob—an anatomical
landmark for the sensorimotor hand area*!—and is bilateral (i.e.,
not specific to the performing hand) and widespread (Fig. 4c).
Finally, at the subcortical level, error-specific decreases are
observed within the putamen, bilaterally.

Temporal characteristics of error-specific changes. To char-
acterize temporal dynamics in neural activity associated with
error processing, we assessed changes across trials during the
periods with errors relative to those without errors (Fig. 5 and
Table 2); BOLD responses estimated separately for each condi-
tion, versus rest, are shown in Fig. 6. Results using statistical
models with actual trial duration (Supplementary Fig. 6) - these
models may be more sensitive to variable trial lengths than
models with zero duration used in our main analyses - are con-
sistent with the results reported below.

Activity increases within the dACC, pre-SMA, and alns/IFC—
the regions that are significantly activated during the error (Fig. 4a)
—are already evident during the last correct trial preceding the
error. This elevated activity does not change significantly when the
error occurs, but drops down sharply immediately afterward,
reaching near-zero values with successful performance recovery.
(Figs. 5a and 6a, and Table 3(1)). We found no evidence that
activity levels within these regions are significantly modulated by
time spent on each error phase (Supplementary Fig. 7). This pattern
of results suggests that the salience network, namely the dACC and
alns/IFC, responds instantaneously to flaws in the ongoing (or
intended) action, hence, broadcasting salience PES. Similar
dynamics within the pre-SMA, on the other hand, may indicate
engagement of the rapid stopping mechanism that is presumably
mediated via projections to the STN32, Indeed, slightly elevated
activity at the error onset followed by a marginal decline is also
observed within the STN. However, these effects fail to be
significant. A similar activity pattern is exhibited by the substantia
nigra (SN)/ventral tegmental area complex, with a bigger cluster
located within the right hemisphere.

Activity within the NAc, bilaterally, also significantly decreases
during the post-error performance recovery (Figs. 5b and 6b, and
Table 3(2)). However, as opposed to the salience network, this
ventral striatal region does not exhibit significant increases at the
error onset so that by the time the task performance is restored,
its activity levels are significantly lower than during the error-free
control condition. This negative effect is rather prolonged and
does not vanish by the second post-error sequence. Similar
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Table 1 Main effect of errors.
Errors versus rest t p Value Errors versus matching sequences t p Value
MNI coordinates Cluster size MNI coordinates  Cluster size
——— (# of voxels) ———— (% of voxels)
Area X y z X y z
(1) Error-related increases
Anterior cingulate cortex! 6 21 30 307 570 <0.00Tkwe 6 21 30 73 4.67 0.016pwe
SMA?Z 3 12 54 | 362 | — — - - — —
Right insular cortex? 39 21 0 187 537 <0.00Tpwe — — — — — —
Right inferior orbital 48 18 -6 | 439 |
frontal gyrus
Left insular cortex3 -30 21 -3 113 453 0.002rwe — — — — — —
Left superior temporal pole =51 12 -3 | 439 | — — - = — —
Left superior orbital —-24 15 =15 | 427 | — — - = — —
frontal gyrus
Right subthalamic nucleus® 6 -12 -9 18 393  0.003pnwg* — — — — — —
Left subthalamic nucleus® -9 -12 -6 10 3.84 0.003pwe* — — - = — —
(2) Error-related decreases
Left paracentral lobule -6 =21 54 449 511  <0.00Twe -3 —24 54 1959 577 <0.007Tpwe
Right paracentral lobule 9 —-27 63 1 462 | 6 -30 57 | 470 |
Left postcentral gyrus -18 —-36 63 I 451 | —-36 =30 54 | 487 ||
Right postcentral gyrus 21 —-30 63 I 420 | 45 =21 48 | 529 |
Left precentral gyrus'2 — — — — — — —-33 =21 51 I 528 |
Right precentral gyrus — — — — — — 39 =12 57 | 469 |
Right SMA — — — — — — 9 -9 57 522 |
Right dorsal putamen'® — — - = — — 24 3 0 139 5.69  <0.00Tpwe
Right ventral putamen?! — — - - — — 27 -6 =9 | 567 ||
Left ventral putamen20 - — — — — — -27 -6 -9 162 548 <0.007ewe
Left dorsal putamen'® — - - — - — -27 -6 3 Il 495 |
Left precuneus -6 -57 21 574 479 <0.00Tpwg — — - = — —
Middle cingulate cortex 0 —45 33 1 426 | — — - = — —
Right caudate nucleus 21 0 21 64 5.04 0.028rwe 21 3 18 73 463  0.016pwe
Right inferior occipital gyrus 27 -93 0 77 469 0.012pwe 24 -93 -3 151 580 <0.00Tgwe
Labeling clusters (the most significant local maxima for each area) obtained from activation maps thresholded at p < 0.001 using Automated Anatomical Labeling (AAL)78, The numbers in square
brackets indicate areas of interest used for ROl analyses, as listed in Table 3. || —areas within the same cluster as area listed above, ppywe—cluster-level FWE-corrected p values over the entire brain
volume, prwe-—peak-level FWE-corrected p values over the volume of the relevant structure using the 7T probabilistic atlas of the basal ganglia8°.

pattern of error-related changes is observed within the midline
thalamic nuclei (mThlms).

Regions within the task-related network, on the other hand,
exhibit changes in the opposite direction. Specifically, activity
within the SMC—a region that exhibits lateralized activation
during the task—reaches its minimum at the error onset and is
gradually restored during the subsequent performance recovery
with no evidence for lateralization (Figs. 5¢ and 6c, and Table 3
(3)). Similar transient error-specific decreases are observed within
the dorsal premotor and parietal cortices and, at the subcortical
level, within the dorsal and ventral putamen, bilaterally. Finally,
changes in activity within the bilateral cerebellar lobule IV-VT are
also significant. The neural dynamics within these task-activated
cerebellar segments are similar to the ones observed in other
motor regions. However, the magnitude of these changes is
relatively small.

Dissociation in neural dynamics between the two conditions.
To estimate to what degree the dissociation in neural activity
patterns derived from the comparisons between the two condi-
tions is, indeed, specific to errors, we conducted an additional
regions of interest (ROIs) analysis using another set of position-
matched sequences (“Methods” section). BOLD responses esti-
mated for the initial and new set, versus rest, are shown in
Fig. 6d—f (set 1 and set 2, respectively). None of the ROIs exhibit
significant differences when the BOLD signals between the two
sets are compared (|¢(48)|<1.48, p>0.15), underpinning the
specificity of the effects reported above to errors.

Reproduction and replication study. To estimate the reliability
of our findings, we analyzed data of a subgroup of participants (N
= 28) who were not only trained, but also retested on the same
motor sequence 2 h later (“Methods” section). The analysis of the
training session allowed us to determine to what degree our
results are reproducible in a smaller sample, whereas data
acquired separately during the retest session were used to conduct
a replication study. Behavioral results derived from these analyses
are shown in Supplementary Figs. 8 and 9. They are in line with
the findings of our main study suggesting that error processing
during continuous motor sequence production is associated with
the significant drop in the performance speed. The onset of this
slowing precedes the first wrong keypress and may indicate
proactive error detection. We also reproduced and replicated our
fMRI results (Fig. 7 and Supplementary Fig. 10) showing that
during either session, error commission is associated with the
instantaneous recruitment of the salience network and pre-SMA,
and lingering disengagement of the NAc. A widespread sup-
pression within the sensorimotor network specific to errors was
also observed.

Discussion

In real-life situations, errors during ongoing skilled motor per-
formance are generally detected immediately and corrected
without any externally introduced feedback. Such ability is pre-
sumably mediated via highly efficient brain mechanisms dedi-
cated to performance monitoring and prediction error signaling.
Here, we provide evidence to this theoretical assertion showing
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Fig. 5 Temporal characteristics of changes in activity during error processing. Areas with a increased activity during errors, b decreased activity during
post-error trials, and ¢ decreased activity during errors, respectively. Activity levels are estimated relative to the control error-free task condition. The
results of the whole-brain analyses, thresholded at p < 0.001 (significant peaks and statistics are summarized in Table 2), are shown as colored clusters:
green and cyan—areas where activity levels significantly decrease by the first and the second correct trial immediately after errors, respectively; blue—
areas exhibiting decreased activity during error processing; red—areas where activity levels significantly increase with performance recovery. Data points
represent mean change in activity (contrast values) for each ROl immediately before, during, and immediately after errors relative to the corresponding
position-matched trials of the error-free condition (i.e., zero values along the x-axis); positive/negative values indicate activity increases/decreases during
periods with errors relative to those without errors. Coordinates and statistics for each ROl are reported in Table 3. n.s. - no significant effect. dACC

- dorsal anterior cingulate cortex, pre-SMA - pre-supplementary motor area, alns/IFC - anterior insula/inferior frontal cortex, STN - subthalamic nucleus,
SN/VTA - substantia nigra/ventral tegmental area complex, NAc - nucleus accumbens, mThims - midline thalamic nuclei, SMC - sensorimotor cortex, PCL
- paracentral lobule, dPM - dorsal premotor cortex, SMA - supplementary motor area, d/vPtmn - dorsal/ventral putamen, Crblm - cerebellum. PreE2 and
PreE1—two consecutive sequences immediately before the error, PostET and PostE2—two consecutive sequences immediately after the error. Error bars
represent standard error of the mean (SEM).

that movement errors during self-guided skilled motor routine humans and related medial frontal areas in animals consistently
are associated with significant neural changes in brain regions respond to erroneous predictions about forthcoming events!®45:40,
implicated in computations of salience and valence PES. Speci-  These responses constitute unsigned salience PES—that is, they are
fically, error commission was associated with instantaneous sensitive to the degree of the salience/surprise estimated by the
recruitment of the salience network and lingering disengagement mismatch between the predicted and actual outcome, but do not
of the NAc. The validity and reproducibility of these findings indicate whether the outcome is better or worse than predicted.
were confirmed using an additional set of data; we found a similar ~ Such limited information conveyed via salience PES has the
pattern of results applying the same analytical approach. Our advantage of minimal neural resources and time required for their
results, thus, suggest that computations of salience and valence computations and processing. Accordingly, regions involved in
PES during skilled motor behavior are implemented by func-  processing of salience PES must exhibit positive responses not only
tionally distinct neural circuits. These circuits operate on different  to unexpected success or reward, but also to unpredicted outcome
timescales and, therefore, may differentially contribute to with negative consequences. In the current study, the instantaneous
immediate corrective effort and longer-term adaptive processes —error-specific increases within the salience network are in con-

(i.e., learning). cordance with such unsigned prediction error account, and thus
Behaviorally, we observed that error commission was asso- appear to constitute a neural signature for error detection.
ciated with a dramatic drop in performance speed. We replicated It has been proposed that the dACC may generate salience

these results using an additional set of data (Supplementary PES not only retroactively in response to the unpredicted
Figs. 8 and 9), hence providing consistent support to the notion outcome, but also proactively in situations with increased error
that slowing in performance constitutes a reliable behavioral likelihood*!°. This view suggests that the dACC tracks the
signature for error detection during self-guided skilled motor probability of errors based on the estimation of situational
routines?®. The errors coincided with instantaneous recruitment factors, such as task difficulty, stimulus features, etc. When the
of the salience network, including the JACC—the most studied error likelihood is increased, the proactive PES in the dACC
region within the error detection system in the human brain”-%14,  may drive the brain toward desirable outcome by enacting

The dACC has a diverse response profile and, in addition to its  inhibition of inappropriate task representations*” and/or
sensitivity to errors, is involved in cognitive control, conflict selective activation of more appropriate ones . It is also possible,
detection, reward processing, and somatic pain among other however, that the dACC may generate proactive alerting signals
functions*243. Seeking for a unified theoretical account, it has been  in situations with fixed external conditions when the prob-
proposed that the dACC plays a central role in detecting salience by  ability of errors unexpectedly increases due to internal causes.
estimating  discrepancy between the predicted and actual For example, during continuous motor action well-defined in
outcomes*#4, This notion is supported by evidence that dJACC in  advance and carried out in a stimulus-free mode, the salience
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Table 2 Changes in activity immediately before and after errors.

MNI coordinates Cluster size t p Value MNI coordinates  Cluster size ¢ p Value
(3 of voxels) ———— (¥ of voxels)
Area X y z X y z
(1) Error-specific activity PreE1< errors Errors > PostE1
increases
Left anterior cingulate cortex — — — — — — -6 18 30 174 451  <0.00Tgwe
Right anterior cingulate cortex — — — — — — 6 27 30 || 437 |
SMA - - - - - - 0 15 51 I 434 |
Left anterior insular cortex — — — — — — -30 21 0 122 466 <0.00Trwe
Left superior temporal pole — — — — — — =51 9 -3 401 |
Right anterior insular cortex — — — — — — 33 18 -3 503 531  <0.00Tgwe
Right superior temporal pole — — — — — — 57 12 -3 3.67 |
Right thalamus! — — - - — — 3 -15 9 Il 471
Left anterior ventral putamen® — — - = — — -2 12 -9 552 |
Right anterior ventral — — — — — — 15 15 -3 526 |
putamen'0
Left substantia nigra’ — — — — — — -9 -24 15 2 319  0.023pwe"
Right substantia nigra® — — - - — — 12 24 —12 32 4,06  0.001pwe
Right calcarine cortex — — — — — — 24 —-63 3 107 471 0.00Trwe
PreE2 <errors Errors > PostE2
Left anterior cingulate cortex — — — — — — -3 18 33 52 394  0.042qwe
Right anterior cingulate cortex — — — — — — 6 27 30 I 359 |
SMA - - - - - - 0 18 45 I 337 |l
Right insular cortex — — — — — — 30 21 -9 105 5.45 0.00Trwe
Right calcarine cortex — — — — — — 24 —-63 3 68 426  0.014pwe
(2) Error-specific activity PreE1> errors Errors < PostE1
decreases
Left postcentral gyrus —-27 -36 63 66 426 0.016pwe — — — — — —
Left precentral gyrus -18 =27 60 I 410 | — — — — — —
Left caudate nucleus -18 =15 24 71 479  0.0Mrwe — — — — — —
Right supramarginal gyrus 60 -21 24 130 492 <0.00Tpwg — — — — — —
Right Rolandic operculum 45 =21 21 I 397 | — — — — — —
Left postcentral gyrus -63 =21 33 122 423 <0.00Npwg — — — — — —
Left supramarginal gyrus —-60 —24 18 I 385 | — — — — — —
Left Rolandic operculum —-45 -30 18 1 336 | — — — — — —
PreE2 > errors Errors < PostE2
Left postcentral gyrus -30 -39 63 931 583 <0.00Tpwe -—-36 —27 48 385 435 <0.001ewe
Left precentral gyrus — — — — — — -21 —-15 60 I 416 ||
Right SMA 3 —-24 57 I 477 |l 12 —18 48 || 3.89 |
Left SMA -3 -6 57 I 418 | -9 —-12 51 I 438 |
Left middle cingulate cortex — — — — — — -9 -3 42 I 526 |
Left paracentral lobule -18 =27 63 1 390 | -3 —-21 54 I 391 |
Left inferior parietal gyrus — — — — — — —33 —-42 54 1 464 |
Left superior frontal gyrus -24 -9 63 I 436 | — — — — — —
Right precentral gyrus 33 -21 63 I 435 | 30 -12 51 155 4.65 <0.00Tpwe
Right postcentral gyrus 36 -39 60 Il 3.89 | 36 —-27 54 Il 458 ||
Right superior frontal gyrus 30 -9 60 1 456 | — — — — — —
Right superior parietal gyrus 24 -51 57 I 380 | — — — — — —
Left dorsal putamen -27 -6 3 131 418 <0.00lgweg -30 -6 O 89 554  0.004¢we
Left ventral putamen — — — — — — -30 -9 -9 | 432 |
Left amygdala -24 -3 =12 547 | — — — — — —
Left Rolandic operculum —-48 -3 6 I 3.60 | — — — — — —
Right dorsal putamen 24 3 0 71 4.85  0.0Mpwe 30 -9 3 86 520 0.004¢we
Right amygdala 27 0 =12 474 | — — — — — —
Left caudate nucleus -18 18 24 70 484  0.012rwe — — — — — —
Right supramarginal gyrus 54 —-36 30 62 5.04 0.020pwe — — — — — —
Right Rolandic operculum 45 =21 21 I 375 | — — — — — —
Right posterior insular cortex 39 -15 15 I 355 | — — — — — —
Left Rolandic operculum —48 =21 18 79 425 0.007pwe — — — — — —
Left superior temporal gyrus —-60 =27 15 I 405 | — — — — — —

Labeling clusters (the most significant local maxima for each area) obtained from activation maps thresholded at p < 0.001 using Automated Anatomical Labeling (AAL)78. Activity levels during
continuous periods of errorless performance juxtaposed to the matching sequences were used as a baseline. The numbers in square brackets indicate areas of interest used for ROl analyses, as listed in
Table 3. ||—areas within the same cluster as area listed above. ppwe—cluster_level FWE-corrected p values over the entire brain volume; prywe*—peak-level FWE-corrected p values over the volume of the
relevant structure using the 7T probabilistic atlas of the basal ganglia8°.
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Fig. 6 Activity levels during errors and their position-matched sequences versus rest. Parameter estimates at the onset of the errors (red) and position-
matched sequences (blue), versus rest (zero values along the x-axis), extracted for regions of interest (ROls; Table 3) with a, d error-specific activity

increases, b, e post-error activity decreases, and ¢, f error-specific activity suppression. Black asterisks indicate significant differences between errors and
position-matched sequences; red and blue asterisks indicate significant activity increases/decreases during errors and position-matched sequences, versus

* Kk

rest, respectively. *,

and *** - significant results at 0.05, 0.07 and 0.001 level respectively; in the later case, the results are significant after Bonferroni

correction for 25 ROls included in the analysis (p < 0.002). The abbreviations for brain regions are the same as in Fig. 5. PreE2 and PreE1—two consecutive
sequences before the error, PostEl and PostE2—two consecutive sequences after the error. Error bars represent standard error of the mean (SEM).

network may respond to the unexpected flaws in the intended
action even before the negative consequences of these flaws
become evident behaviorally and the actual error occurs.
Although with caution because of the limitations imposed by
the low temporal resolution of the fMRI signal, we speculate
that in the current study, the activity peak within the salience
network shifted toward the pre-error phase (Figs. 5a and 7a)
could potentially indicate such proactive salience PES. These
alerting signals may forecast error commission during skilled
motor performance enacting inhibitory control even before the
erroneous movement is fully executed?. Indeed, our results
indicate that slowing in performance occurred as early as the
error onset, even before the first wrong key was pressed (Fig. 3b,
¢), and was also associated with rapid recruitment of the pre-
SMA and widespread suppression of the sensorimotor circuits,
including bilateral primary sensorimotor cortices and putamen.
Previous human and animal studies suggest that the pre-SMA is
crucially involved in outright suppression of the initiated

action!¥8. This medial prefrontal region is a node within the
fast STN-mediated hyperdirect stopping mechanism that has
global (i.e., not specific to the currently engaged task repre-
sentations) suppressive effects on the motor system32. There-
fore, it is plausible that slowing in performance at the error
onset observed in the current study reflects an unsuccessful
attempt of the brain to prevent the forthcoming error by
imposing global motor suppression. The efficiency of this effort
may depend on the capacity of the salience network to antici-
pate forthcoming error and generate alerting PES in advance,
before the erroneous movement is actually carried out.

In addition to being salient events, movement errors during
skilled motor routine also constitute a sudden violation of
predicted success. They indicate a failure to achieve the desired
outcome and, therefore, may trigger negative valence PES
within the reward circuits*®. These negative signals can then be
used to assign blame to actions that led to this failure!l. Our
results indicate that the NAc—a structure within the ventral
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represent standard error of the mean (SEM).

striatum and a valence center in the mammalian brain?!,220
(for the recent review, see ref. °1)—may be involved in such
retroactive negative signaling. This dopamine-innervated sub-
cortical region did not exhibit significant changes in activity at
the error onset. However, following error commission, its
activity levels significantly decreased and, by the time the task
performance was restored, were significantly lower than during
errorless performance (Figs. 5b and 6b; see also Fig. 7 and
Supplementary Fig. 10). Such disengagement of the NAc is
incompatible with the salience or action initiation account?42>
(Supplementary Note 1). Instead, it may indicate a pause in
dopamine transients in response to errors®%>223 and, to the
best of our knowledge, constitutes the first fMRI evidence of
negative valence PES elicited by movement errors during self-
guided skilled motor routine.

The disengagement of the NAc was rather prolonged and did
not vanish by the second post-error sequence. This observation
is consistent with lingering reduction in NAc dopamine

concentration in response to aversive stimuli in animals®%. Dips
in dopamine levels are thought to affect synaptic plasticity in
the indirect striatal pathway>>. Traditionally, this pathway has
been considered as a NoGo route that suppresses actions®®>7 in
a behaviorally specific, context-dependent manner®8, It is pre-
sumably implicated in aversive memory in mice®®%9, disfavor of
unrewarded targets in monkeys®!62, and learning from negative
outcomes in humans®>%4. Accordingly, the lingering disen-
gagement of the NAc observed in the current study may indi-
cate enduring learning-from-error signals that impose
suppression of neural populations representing the erroneous
action. The selective punishment of undesirable representations
during correct performance immediately after the error may
refine selective activation of neural populations that can reliably
produce the target sequence of movements, thereby promoting
formation of a dedicated pathway for the effortless and ste-
reotyped execution of the practiced motor skill®>®. Thus,
negative PES elicited retroactively in response to errors have the
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potential to facilitate learning. This idea is supported by pre-
vious studies showing that, in humans, punishment-based
monetary feedback leads to significantly faster online motor
responses®” and accelerates error-based motor learning®s.

Previous evidence also indicates that motor learning can ben-
efit from negative feedback even without subsequent monetary
loss, but only if it is directly linked to actual errors in perfor-
mance®. This finding resonates with the conjecture that negative
valence PES may facilitate learning via selective suppression tar-
geting neural populations that represent the erroneous action. If
error-related disengagement of the NAc reported here mediates
such selective suppression, it should not have negative effect on
performance once it has been recovered. Indeed, lingering dis-
engagement of the NAc following errors did not prevent parti-
cipants from rapidly accelerating their tapping speed to the levels
similar to errorless performance (Fig. 3d and see also Supple-
mentary Fig. 9). Thus, rather than imposing a negative impact,
neural processes underlying such disengagement may, instead,
facilitate post-error performance recovery, and possibly learning,
by enacting prolonged selective suppression of neural populations
that provoked the error.

In the current study, additional activity decreases within the
striatum associated with errors were observed in its dorsolateral
(sensorimotor) portions, namely the putamen. These decreases,
however, occurred during early phases of error processing and
rapidly disappeared once the task performance was recovered.
Such temporal dynamics, which are equivalent to those exhibited
by other regions engaged in the motor task (Fig. 5¢), emphasize
the role of the sensorimotor striatum in habitual behavior and
skilled motor routines®®70 over its putative involvement in pro-
cessing valence”! (see also Supplementary Note 1).

We conclude that during skilled motor performance the key
brain regions within the salience- and reward-responsive cir-
cuits play distinct, yet complementary roles. Our results indi-
cate that the salience network responds instantaneously to
movement errors, hence, broadcasting salience PES. The
reward-responsive circuit, on the other hand, may signal
negative valence. Here, these negative PES were presumably
expressed as lingering disengagement of the NAc, which per-
sisted over several post-error trials, but did not interfere with
the task performance. These findings suggest that the salience-
and reward-responsive circuits play distinct roles in immediate
interruption of the erroneous action and subsequent perfor-
mance recovery by generating fast salience and delayed valence
PES, respectively. Salience PES may be also delivered proac-
tively in response to flaws in the intended action even before the
actual error occurs, whereas valence PES may contribute to
longer-term adaptive processes, hence facilitating learning.

Methods

Ethics statement. All participants gave their written informed consent to take
part in the study, which was approved by the Research ethics board of the RNQ
(Regroupement Neuroimagerie Québec). All procedures were in accordance with
the approved guidelines and regulations. Participants were compensated for
their participation.

Participants. The current report is based on the analyses of data collected during
the training session from an fMRI experiment published elsewhere?”. The
sample included 55 healthy young (mean age: 24.1 + 3.5 years, 34 females) right-
handed’? volunteers recruited by local advertisements to participate in the study.
Participants reported no history of medical, neurological, or psychiatric disease.
None of the participants were taking medications at the time of testing. Also,
none received formal training on a musical instrument or as a typist. All par-
ticipants had normal quality of sleep, as assessed by the Pittsburgh Sleep Quality
Index questionnaire’? and the St. Mary Hospital questionnaire’4. Data from one
participant was excluded due to excessive head movement. From the 54 parti-
cipants whose data were analyzed in the current study, 52 of them completed at
least one performance block (out of 14) without any error (mean = 7.02 errorless

blocks, SEM = 0.40). Errors that met the criteria for analyses (see below) were
detected within the data of 49 participants (mean = 4.14 errors, SEM = 0.30).

Motor sequence task. The experiment was carried out using a finger motor
sequence learning task. The task was programmed in Matlab R2014a (The
Mathworks, Inc., Natick, MA), using Cogent 2000 developed by the Cogent 2000
team at the FIL, and the ICN and Cogent Graphics developed by John Romaya at
the LON at the Wellcome Department of Imaging Neuroscience (http://www.
vislab.ucl.ac.uk/cogent.php). Participants were scanned using fMRI, while practi-
cing the sequential finger tapping task2®. Lying supine in the scanner, participants
were instructed to tap a five-element sequence of finger movements on a four-key
response pad using their left (nondominant) hand (Fig. 1). The sequence
(4-1-3-2-4) was introduced to participants using numbers from 1 to 4 that cor-
responded to the four fingers of their left hand (excluding the thumb) from the
index to the little finger, respectively. Full explicit introduction of the sequence was
given before the scanning session began. Participants were asked to memorize the
sequence and to accurately reproduce it. The session was initiated only after the
sequence was successfully performed three times in a row, without any error.
Participants performed the task in a stimulus-free condition (no feedback) being
asked to look at the fixation cross, and to tap the sequence repeatedly as fast and
accurately as possible. In case of occasional errors, they were instructed to continue
with the task as smoothly as possible from the beginning of the sequence. The
training session consisted of 14 successive blocks of practice comprising 60 key-
presses, i.e., equivalent to 12 repetitions of the correctly performed and competed
sequence, separated by 15-s periods of rest. During rest, participants were asked to
remain still, without moving their fingers, and look at a fixation cross. The change
in color of the fixation cross, from red to green and from green to red, indicated the
beginning (GO cue) and the end (STOP cue) of each performance block, respec-
tively. Participants’ performance was registered saving the code number (i.e., 1,2, 3,
or 4) and time of each keypress.

fMRI data acquisition. Functional MRI series were acquired using a 3.0 T TIM-
TRIO scanner system (Siemens, Erlangen, Germany), equipped with a 32-channel
head coil. T2*-weighted axial fMRI images were obtained with a gradient echo-
planar sequence using interleaved acquisition mode in ascending direction (TR =
2650 ms, TE = 30 ms, FA = 90°, FoV = 220 x 220 mm?2, matrix size = 64 x 64 x 43,
voxel size = 3.4 x 3.4 x 3 mm?3, 10% inter-slice gap). T1-weighted sagittal 3D MP-
RAGE structural images were also obtained (TR = 2300 ms, TE =2.98 ms, TI =
900 ms, FA = 9°, FoV = 256 x 256 mm?, matrix size = 256 x 256 x 176, voxel size
=1x1x1mm3).

Behavioral data analyses. An error comprised all wrong keypresses that violated
the predetermined order (i.e., sequence) or incomplete sequences with missing
keys, between two correct trials (i.e., instances of correctly performed and com-
pleted sequences). To be included in the analysis, the error should have met several
criteria. It should have been preceded and followed by at least three correct trials in
a row; if the error was followed by two correct trials at the very end of the block, it
was also considered (Fig. 1a). In that way, errors of interest were isolated from each
other and, together with their adjacent trials, formed separate error periods. Such
separation allowed us to track the evolvement of error-related changes throughout
all phases of error processing, including the error commission and the subsequent
performance recovery. It also ruled out the possibility that errors included in the
analysis would coincide with block transients—activity bursts when transitioning
between cognitive states at the onset and offset of the task blocks®8. To avoid
analyzing extremely short or recurring errors, the error also should have lasted
longer than 0.5 s and comprised less than 20 keys (i.e., the number of keys in four
correctly pefomed and completed sequences).

To account for possible performance deterioration and changes in activity
within the block (“Results” section), we detected continuous periods with at least
seven (or six if the period was at the very end of the block) correct trials,
matched them to error periods by their within-block position, and used them as
a control task condition. Potential differences in the statistical power between
the two conditions (i.e., periods with and without errors), were minimized by
including the same number of periods in each condition. To do so, we applied a
pseudo-random position-matching procedure. For each period with errors, we
first detected all periods without errors at the same within-block position and
then randomly chose only one. Errors, for which position-matched periods
without errors were missing, were excluded. Since group-level analyses were
performed on individual outcomes derived from comparisons between these
equally scaled task conditions, such an approach also allowed us to mitigate
between-individual differences in the number of errors.

The within-block position of each period was determined by its fourth trial,
which during periods with and without errors constituted an error and so-called
position-matched sequence, respectively. As we mentioned before, each block could
comprise a maximum of 12 correct trials. (i.e., sequences). Since each error of
interest should have been preceded by at least three and followed by at least three
(or two if it was the last error in the block) correct trials in a row, it could be
located at any position between 4 and 10 within the block. This position was
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determined using the following formula:
i—1
ROUND <T> +1L 1)

ROUND—rounding to the nearest integer, i—the within-block index of the first
trial key, and k—the sequence length (i.e., the number of keys within the sequence;
in the current study, k = 5).

We used transition duration, i.e., a time interval between two consecutive
keypresses, as the main behavioral measure that reflected speed. To account for
changes in performance across blocks, transition durations were converted into
percentage relative to the mean transition duration within all correct trials on a block-
by-block basis.

The data were analyzed using Statistical Package for the Social Sciences (SPSS
Statistics for Windows, Version 24.0; IBM Corp., Armonk, NY). All analyses were
designed as within-subject comparisons using either paired ¢ test (two-tailed) or
repeated-measures analyses of variance (ANOVA) with trial type/period, phase
(trial onset, within-trial, trial offset), within-block position and/or block as within-
subject factors. Corrections for violations of sphericity were made using the
Greenhouse-Geisser adjustment.

fMRI data preprocessing. The structural and functional images were converted to
Neuroimaging Informatics Technology Initiative format using MRIcron (Uni-
versity of South Carolina). Preprocessing and statistical analysis of the data were
carried out with SPM12 (http://www.filion.ucl.ac.uk/spm/software/spm12/; Well-
come Trust Centre for Neuroimaging, London, UK) operating under Matlab
R2014a (The Mathworks, Inc., Natick, MA).

During initial preprocessing, functional volumes were realigned using a least
squares approach and a six-parameter (rigid body) spatial transformation to
correct for movement-related variance. Following segmentation and skull-stripping
of the structural data, functional images were coregistered to the individual skull-
stripped 3D anatomical image and normalized to the Montreal Neurological
Institute (MNI) space, using parameters obtained from the segmentation
procedure. The normalized functional images were resampled to voxel dimensions
of 3mm?3 and spatially smoothed with an isotropic Gaussian kernel with a full-
width at half-maximum of 6 mm to improve the signal-to-noise ratio.

fMRI data analyses. Statistical analyses of fMRI time series consisted in a two-stage
summary statistics model”>. In the first stage, BOLD signal changes were estimated
for each subject independently using a fixed-effect general linear modeling (GLM).
We used a mixed block/event-related design®® to separate transient activity related to
trials of interest (errors/sequences) from sustained task-related activity during con-
tinuous motor sequence practice (peaks and statistics for mean task-related activity
are summarized in Supplementary Table 1). Each model comprised covariate for
performance periods represented as a boxcar function, time-locked to the onset and
duration of each block, and covariates for trials represented as a stick function (ie.,
zero duration) time-locked to the trial onset. The boxcar function effectively separates
epochs of interest (i.e., blocks) from the periods of rest allowing to estimate mean
brain activity that is sustained throughout the task. The stick function, on the other
hand, is well suited to capture neural changes time-locked to the event onset, and is
less sensitive to differences in activity due to variations in the duration and/or pro-
cessing time of events’®. Thus, the mixed design approach allowed us to assess
changes in neural activity closer associated with trial onsets, while minimizing biases
from varying trial durations inherently present in our design and accounting for the
mean task-related activity.

To minimize the effect of block onset transients®®, an additional covariate
represented as a stick function time-locked to the task onset (GO cue) was included
in the models. All covariates were convolved with a hemodynamic impulse
response function. Movement parameters derived from realignment of the fMRI
time series were also included as covariates of no interest. A high-pass filter of 128 s
was used to remove low-frequency noise. Serial correlations in fMRI signal were
estimated through a restricted maximum likelihood algorithm, using a first-order
autoregressive plus white noise model. High collinearity between covariates for
closely spaced (in time) trials may result in highly variable parameter estimates due
to the procedure of GLM parameter estimation that automatically removes the
effects of the shared variability””. To preserve variance explained by each covariate,
BOLD signal changes associated with adjacent trials in a block were estimated
using separate models. As a result, 12 models, for each trial within errorless blocks,
were specified to estimate within-block changes as captured by the stick function
(Supplementary Fig. 3). Additional five models, for errors as well as two adjacent
trials before and after errors, were determined to estimate neural changes
immediately before, during, and immediately after errors. In these models,
covariates for corresponding position-matched trials composing periods without
errors were also included and used as a control condition. Details about selection
criteria for periods with and without errors can be found above in the behavioral
data analyses section. Following parameter estimation, the t-contrasts (i.e.,
univariate linear combinations of parameter estimates) were defined to test the
main effect of task blocks (i.e., sustained task-related activity) and of each trial type
(i.e., errors and sequences), versus rest. To assess changes in activity specific to
errors, BOLD signals evoked during periods with errors were contrasted with

BOLD signals evoked during periods without errors. These contrasts were
calculated on a trial-by-trial basis comparing parameter estimates between each
pair of position-matched trials.

In the second stage, the resulting contrast images (t-maps) were carried forward to
the random effects analyses to assess the consistency of effects between subjects
(group-level analyses). The inferences about sustained task-related activity and
changes time-locked to trials (i.e., errors and sequences) were done using a one-
sample t test. To get insight into temporal characteristics of error-related network,
comparisons between error-specific activity changes immediately before, during, and
after errors were performed using a one-way within-subject ANOVA. Unless
otherwise stated, activation maps were thresholded at p <0.001 and overlaid on the
mean structural image of all participants using Functional Imaging Visualization
Environment toolbox for SPM (FIVE, http://mrtools.mgh.harvard.edu). All images
are oriented according to the neurological convention (i.e., the left side of the image
corresponds to the left side of the brain).

Statistical inferences were performed at the cluster level using p values family-
wise error rate (FWE)-corrected for multiple comparisons over the entire brain.
Clusters of brain activation were labeled according to anatomical automatic
labeling”8. The boundaries of the motor and premotor cortices were defined based
on the human motor area template’?. Localization of subcortical activation within
basal ganglia and the brain stem was performed using the 7T probabilistic atlas of
the basal ganglia®?.

ROIs were defined within the brain areas involved in motor sequence
production4, error processing®!82, and inhibitory control®3 based on activation
maps of task- and error-related activity (task blocks versus rest, errors versus
rest, errors versus control error-free task condition). In that way, the ROIs
within these networks were localized independently of the whole-brain analyses
of changes over the pre-, during, and post-error trials. Additional areas were
identified based on activation maps of significant changes during the post-error
performance recovery (errors versus first post-error correct trials). ROIs were
defined as spheres with the radius of 6 mm; smaller radius of 4 mm was used to
define ROIs within the basal ganglia and the thalamus. Parameter estimates and
contrast values of parameter estimates were extracted from sphered ROIs
centered at the local maxima of thresholded maps resulted from group-level
analyses using MarsBar toolbox for SPM84. The extracted values were
introduced to SPSS (Version 24.0; IBM Corp., Armonk, NY) for further
analyses.

Due to summation effects across consecutive closely spaced (in time) trials®?,
the temporal accuracy of neural changes associated with error processing is biased
by the adjacent trials. Therefore, we expected that onset of error-specific changes in
BOLD signal would be shifted in time. In addition, the sampling time of 2.65 s used
to acquire fMRI data, which is longer than an average duration of a single
sequence, imposed additional limitations on timing precision so that changes
associated with error commission could be actually captured in the BOLD signal of
the preceding trial, as well as endure over a few consecutive trials. Given this
limitation, the inferences about differential contribution of particular networks to
error processing were made based on shape and peak/dip latency of temporal
activity patterns determined by contrast values of relative changes immediately
before, during, and immediately after errors.

Statistics and reproducibility. We estimated the specificity and reliability of our
results in several ways. First, we generated another set of position-matched
sequences (set 2). To do so, we applied the pseudo-random matching procedure to
the initial set of such sequences (set 1) to ensure that the two sets are different.
Twenty sequences from set 1 without position-matched sequences in set 2 were
excluded, thereby leaving for the analysis 183 sequences within each set with 3.389
+0.29 (mean + SEM) position-matched sequences on average for each individual.
We used this new set to estimate to what degree the dissociation in neural activity
patterns derived from the comparisons between the two conditions, i.e., periods
with and without errors is specific to errors.

Next, we reproduced our findings on a sub-sample of participants (N = 28). Two
hours after the initial training (the data analyzed in our main study), these
participants also took part in another separate experimental session. The design of this
retest session was identical to the design of the training session (Fig. 1a), with the only
exception that participants performed the sequence with the keyboard turned upside
down—the EGO condition as described by Albouy and colleagues?’. We used the
data acquired during this additional session to conduct a replication study.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available upon reasonable request from the corresponding authors. All
source data underlying the graphs and charts presented in the manuscript are available
via Figshare: https://doi.org/10.6084/m9.figshare.13114202.v1.

Code availability

The computer code is available upon reasonable request from the corresponding authors.
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