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A B S T R A C T

Most everyday manual tasks, like grabbing a cup of coffee to drink, are comprised of a sequence of action phases.
Efficient phase transitions, or linking, are achieved using a predictive control policy where motor commands for
the next phase are specified and released in anticipation of sensory confirmation of goal completion of the current
phase. If there is a discrepancy between predicted and actual sensory feedback about goal completion, corrective
actions are employed to complete the current action phase before proceeding to the next. However, we lack
understanding about brain activations supporting such predictive linking and corrective actions in manual tasks.
In this study, during 3-T MRI-scanning, sixteen participants (5 males, 11 females; mean age 27.3 years, range
23–37) performed a sequential manual task, with or without the possibility for predictive linking. We found that
predictive linking of action phases was associated with increased activation in a network that included right-sided
fronto-parietal areas related to visuospatial attention, eye movements and motor planning, left-sided parietal
areas related to implicit timing and shifts of motor attention, occipital regions bilaterally reflecting visual pro-
cessing related to the attended next target, and finally, the anterior midcingulate cortex involved in continuous
performance monitoring. Corrective actions were associated with increased activation in the left dorsolateral
prefrontal cortex involved in reestablishing executive control over previously automatized behavior.
Introduction

Many ordinary manual tasks, like grabbing a cup of coffee to drink,
are comprised of a sequence of actions, or action phases. Each action
phase has a goal representing a task subgoal. Skilled manipulation re-
quires the capability to accurately specify the motor commands necessary
to achieve the task subgoals, and to predict the sensory events that results
from these motor commands (Flanagan et al., 2006; Johansson and Fla-
nagan, 2009). Subgoal achievement is generally associated with discrete
multimodal sensory events. For example, when drinking coffee, the lift-
ing and the subsequent replacing of the cup on the table are associated
with discrete tactile, visual and auditory signals which mark the
completion of the loading and replace action phases.

An important aspect of sequential manual tasks is to achieve efficient
transitions between action phases. Efficient phase transitions, or linking,
imply that the transfer from one action phase to the next occurs without
failure to achieve the task subgoal while minimizing the delay in task
progression. This is achieved using a “predictive” control policy where
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motor commands for the next phase are specified and released in antic-
ipation of sensory confirmation of goal completion of the current phase
(S€afstr€om et al., 2013). As such, predictive linking enables fast and
smooth phase transitions that substantially decrease the time required to
complete the overall task. In contrast, phase transitions would be slow
and stuttering because of neuromuscular delays if peripheral afferent
information about goal completions reactively triggered the execution of
the next phase (Flanagan et al., 2006; Johansson and Flanagan, 2009).
Moreover, an important feature of a predictive control policy is com-
parisons between predicted and actual sensory feedback about subgoal
completions, in order to detect errors during task progression. If sensory
confirmation of goal completion of an action phase is absent, or if there is
a discrepancy between predicted and actual feedback, the sensorimotor
system typically responds to the detected errors with corrective actions to
complete the current action phase before proceeding to the next (Fla-
nagan et al., 2006; Johansson and Flanagan, 2009).

Despite the importance of sequential manual tasks in everyday life,
we have a limited understanding of how the brain supports the predictive
eå University, S-901 87, Umeå, Sweden.
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linking of action phases associated with skilled performance of such
tasks. Partly, this is because many studies of manual tasks examine single
actions, such as moving the hand between two positions (Shadmehr
et al., 2010; Wolpert et al., 2011). Imaging studies of single actions have
shown that the posterior parietal cortex and the dorsal premotor cortex is
important for planning reaching movements (Beurze et al., 2007) as well
as grasping movements (Gallivan et al., 2013), which is consistent with
results from neurophysiological recordings in monkeys (Cisek et al.,
2003; Chang et al., 2008). However, imaging studies that indeed concern
sequential actions have mainly focused on tasks involving finger-press
responses, and have not involved goal-directed object manipulation
(Bengtsson et al., 2004; Bischoff-Grethe et al., 2004; Bortoletto and
Cunnington, 2010; Koechlin and Jubault, 2006; Schubert et al., 1998;
Stefanescu et al., 2013; Wiestler and Diedrichsen, 2013; Wymbs et al.,
2012). The few imaging studies that do involve sequential manipulation
have demonstrated that preparatory activity related to specific move-
ment sequences can be decoded from several frontoparietal and occipi-
totemporal areas (Gallivan et al., 2016), and that different subregions
within the primary sensorimotor cortex are preferentially activated
during unimanual or bimanual tasks (Theorin and Johansson, 2007).

In the present study, we aimed to investigate the brain activations
supporting predictive linking and corrective actions in sequential manual
tasks. During MRI-scanning, the participants steered a cursor on a com-
puter screen towards sequentially presented targets, using a hand-held
manipulandum. The task was to complete each consecutive target by
holding the cursor within the target zone for a required duration, before
moving to the next target. One condition that enabled predictive linking,
by presenting forthcoming targets on the screen such that motor com-
mands for upcoming movements could be specified and initiated in
advance, was compared with another condition where no such linking
609
was possible. We also compared trials where targets were completed
successfully with erroneous trials that required corrective actions.

Predictive linking of action phases during sequential manual tasks
have not previously been studied with regard to brain activation patterns.
However, using a similar experiment together with eye movement reg-
istrations, we previously found that when participants use a predictive
control policy their gaze is often directed to the forthcoming target about
0.4 s in advance of the cursor (S€afstr€om et al., 2014). Given the tight
coupling between gaze direction and visuospatial attention (Kustov and
Robinson, 1996), where attentional shifts even has been proposed to be
“oculomotor” in nature and planned within oculomotor circuits (Cor-
betta, 1998), we here hypothesized that predictive linking may be
associated with increased activation in right-sided fronto-parietal net-
works involved in control of eye movements and visuospatial attention
(Corbetta and Shulman, 2002; Nobre et al., 1997; Wu et al., 2016). This
hypothesis was also reasonable given that visuospatial attention is allo-
cated to multiple forthcoming target locations when sequences of
pointing movements are prepared (Baldauf et al., 2006).

Methods

Participants

A total of 19 participants were initially scanned, but 3 had to be
excluded from the analysis because of technical problems with the
experimental apparatus. Thus, 16 healthy right-handed participants (5
males, 11 females; mean age 27.3 years, range 23–37) with normal vision
were included in the study. This number of participants has provided
sufficient statistical power to the analyses in previous studies where a
similar target-chasing task was used (Johansson et al., 2006; Theorin and
Fig. 1. Experimental setup and exemplary trials. A:
While in the MRI scanner, the participants
controlled the position of a cursor on a computer
screen by actively applying isometric forces to a
rigid spherical manipulandum with their right
hand. The manipulandum was attached to a
custom-built optometric force transducer which
was mounted on a height adjustable wooden
support. A foam pad provided stabilization to the
wrist. B: The task was to, as quickly as possible,
successively complete sequentially presented vi-
sual targets by moving the cursor to a target and
actively holding the cursor within the target
zone for a required duration (0.6 s), before
moving to the next target. C: Cursor positions
and velocity, as a function of time, correspond-
ing to the target transitions shown in B. The
participants received discrete visual and audi-
tory feedback when the cursor entered the target
and at goal completion of the hold phase (solid
vertical arrows). Transitions between targets are
indicated by the light shaded areas, corre-
sponding to the movements indicated by arrows
1 and 3 in B. Typically, the cursor reached its
maximum velocity (about 30�/s) during the first
half of the transition phase, before decelerating
and approaching the target more slowly. The
required hold phase duration (0.6 s) is indicated
by the horizontal arrows. If the cursor exited the
target zone prematurely (before the required
hold phase duration of 0.6 s; dotted vertical
arrow), the participant had to make a corrective
action back to the target zone and again try to
keep it there for the required time. The correc-
tion phase bringing the cursor back to the cur-
rent target is indicated by the dark shaded area,
corresponding to the movement indicated by
arrow 2 in B.
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Johansson, 2007). The participants were recruited among students at
Umeå University, and were paid 400 SEK for participating. Sixteen
children, aged 11–14 years, also participated in the experiments, but data
from those are not included in the present paper. All participants gave
written informed consent prior to the experiment in accordance with the
declaration of Helsinki. The local Ethics Committee of Umeå University
approved the experiment (Dnr 2012-157-31 €O).

Task and experimental conditions

While in the MRI scanner, the participants performed a sequential
manipulation task with their right hand, where they controlled the po-
sition of a cursor on a computer screen by actively applying isometric
forces to a rigid, immovable, and force-sensitive manipulandum
(Fig. 1A). The task was to successively complete sequentially presented
visual targets by moving the cursor to a target (transition phase) and
holding the cursor within the target zone (hold phase) for a required
duration (0.6 s), before moving to the next target (Fig. 1B–C). Both the
transition phase and the hold phase required actively applying forces to
the manipulandum, because with zero force the cursor returned to the
center of the screen. If the cursor exited the current target zone before the
required time, the participant had to return the cursor to the target zone
(correction phase) and again try to keep it there for the required time.
The overall goal for the participants was to complete as many targets as
possible during 30 s blocks of target chasing.

The participants performed the task during two different conditions.
In the one-target condition, only the current target was present on the
otherwise black screen along with the cursor (Fig. 2A). After the current
target was completed, a shift in target location occurred such that a new
current target appeared at an unpredictable location on the screen, and
the completed target disappeared (Fig. 2A, right panel). Consequently,
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the motor commands for cursor transport towards the next target could
not be specified during the hold phase (Fig. 2A, left panel), but had to be
specified when the target was completed, and the new target had
appeared on the screen (Fig. 2A, right panel). The desired movement
vector MT represents the difference in spatial location between the target
and the cursor on the screen, in analogy with previous studies, where the
desired movement vector for reaching movements was defined as the
difference between the position of the target and the position of the hand
(Buneo and Andersen, 2006). In the two-target condition, both the cur-
rent target and the next target was present on the screen (along with the
cursor; Fig. 2B). The current target was highlighted with a thick border in
magenta colour, whereas the next target had a thinner white border.
After the current target was completed, a shift in target location occurred
such that the next target became the current target, a new next target was
displayed at an unpredictable location on the screen, and the completed
target disappeared (Fig. 2B, right panel).

Thus, the conditions were similar with regard to the temporal aspect
of the task since the required duration of the hold phase was always 0.6 s.
What differed between conditions was the additional spatial information
about the next target in the two-target condition during both the hold
phase (Fig. 2B, left panel) and the transition phase (Fig. 2B, right panel).
We expected that, in the two-target condition, the participants would use
this additional information to plan the cursor movement towards the next
targets (the movement vectors MNT in Fig. 2B) in advance in order to
predictively link consecutive phases of the task. In particular, such a
strategy would enable faster phase transitions in the two-target condition
that would decrease the time required to complete the overall task (cf.
S€afstr€om et al., 2013, 2014). Using subtractive logic, we assumed that
additional brain activations in the two-target condition (compared with
the one-target condition) would reflect the visuomotor processing of the
next target and the planning of motor commands related to the
Fig. 2. Experimental conditions. The participants per-
formed the task during two different conditions. A: In the
one-target condition, only the current target was present
on the screen along with the cursor; after the current
target was completed, a new current target appeared at an
unpredictable location on the screen. Consequently, the
motor commands for cursor transport towards the next
target could not be specified during the hold phase (left
panel), but had to be specified when the target was
completed and the new target had appeared on the screen
(right panel). The desired movement vector MT represents
the difference in spatial location between the target and
the cursor on the screen. B: In the two-target condition,
also the next target was present on the screen (along with
the current target and the cursor); after the current target
was completed, the next target became the current target,
and a new next target was displayed at an unpredictable
location on the screen. We hypothesized that during the
two-target condition, the motor commands for cursor
transport towards the next target (corresponding to the
movement vectors MNT) would be planned in advance
during the hold phase (left panel) and the transition phase
(right panel). The upcoming desired movement vector
MNT represents the difference in spatial location between
the next target and the current target on the screen. C:
Using subtractive logic, we assumed that additional brain
activations in the two-target condition (compared with
the one-target condition) would reflect the visuomotor
processing of the next target and the planning of motor
commands related to the movement vectors MNT. A-C:
Notably, the movement vectors were not displayed on the
screen during the experiment.
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forthcoming movement vectors (MNT in Fig. 2C).

Apparatus and sensory feedback

Stimuli were presented on a computer screen (screen size
35.6� 28.5 cm) seen by the participant through a tilted mirror attached
to the head coil. The total distance from the participant's eye to the screen
was 179 cm. The rigid spherical manipulandum (4 cm diameter) was
attached to a custom-built optometric force transducer that measured the
applied forces at 400 samples/s. The position of the cursor relative to the
center of the screen scaled linearly with force such that 1 N force applied
to the manipulandum moved the cursor 4.1 cm in the plane of the screen
(corresponding to 1.3� visual angle). With zero force, the cursor was
located in the center of the screen. The spatial mapping between forces
and cursor movement was easy to learn (resembled an ordinary computer
mouse) such that forces directed away from the body or to the right,
moved the cursor upward or right, respectively, on the screen. The force
signals that controlled the cursor were low-pass filtered at 4 Hz to pre-
vent cursor wobble driven by the participants' physiological tremor.

The participants had to continuously engage with the task during
each 30 s block of target chasing by actively applying forces to the
manipulandum in order to hold the cursor stationary within, or move the
cursor between, targets. We defined however, a completed trial as
comprised of at least two phases, a hold phase and the following transition
phase, and occasionally also a correction phase (Fig. 1B–C). The hold phase
started when the cursor (filled circle, diameter 14.2mm) entered the
current target zone (open circles, diameter 49.6 mm), and ended at goal
completion (after 0.6 s). The time when the cursor entered a target zone
was defined as the time the center of the cursor moved across the center
of the border that outlined the target. The transition phase started at goal
completion and ended when the hold phase of the next target began.
Occasionally, the cursor exited the target zone prematurely (before goal
completion), and we defined a correction phase as the time between the
premature exit and the time of cursor re-entry into the current target.
Forty-four target locations were distributed equally across the four
quadrants of the screen under the constraint that the distance between
two consecutive targets was 15.5 cm and the direction from the previous
target was uniformly distributed in the range between 0 and 360� (Sailer
et al., 2005). The shift in target location occurred 0.25 s after goal
completion, or when the cursor exited the zone of the completed target.
The same set of 44 target locations was used for each participant, and the
order of the target locations was not possible for the participants to
anticipate.

In both conditions, the participants obtained both visual and auditory
feedback about goal completion of the hold phase and at cursor entry into
the target zone. For the visual feedback, once the cursor entered the
current target, the thickness of the current target border, in magenta
color, increased from 0.9mm to 2.2mm and was maintained so until goal
completion. At this point (0.6 s after the start of the hold phase) the target
doubled in diameter for 33ms in a flash-likemanner before disappearing.
The next target (only displayed in the two-target condition) had a border
of 0.4 mm in white color (the border of the next target increased to
0.9 mm and changed color to magenta when it became the current
target). For the auditory feedback, cursor entry to the target zone was
indicated by a 8ms click-sound, and goal completion was indicated by a
beep (1 kHz for 50ms). If the cursor exited the target zone earlier than
the required hold phase duration (0.6 s), the participant did not obtain
feedback about goal completion and the current target remained on the
screen. Each period of target chasing was initiated by an auditory cue
(1 kHz beep for 200ms).

Functional brain imaging

MRI data were collected on a 3 T whole-body MRI system (Discovery
MR 750, GE Medical Systems) equipped with a 32-channel head coil.
Blood oxygenation level-dependent (BOLD) signals were acquired using a
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T2*-weighted echo-planar imaging sequence covering the whole brain.
The pulse sequence had the following parameters: echo time ¼ 30 ms,
repetition time ¼ 2000 ms, flip angle ¼ 80�, field of view 25 cm and
matrix size ¼ 96 � 96. An image volume comprised 37 slices of 3.4 mm
thickness with 0.5 mm interslice gap. Structural high-resolution T1-
weighted images (180 slices) were collected following the functional
scanning.

At a dedicated occasion before the experimental session, all partici-
pants completed a 15min session in a mock scanner to be familiarized
with the MR environment and the experimental task. At the experimental
session, but prior to data collection, they completed 5min of task training
inside the MRI scanner to ensure that they had understood the in-
structions correctly and that they could perform the task. Each partici-
pant then completed four consecutive scanning runs. Each run consisted
of 12 blocks, where each block was 30 s in duration: Four 30 s blocks with
the one-target condition; four 30 s blocks with the two-target condition;
and four 30 s fixation blocks where the participants were required to
visually fixate on a hair-cross in the middle of the screen. In total, each
participant completed 48 blocks during the experimental session (4 runs
� 12 blocks). Two blocks of target chasing were always followed by one
block of fixation. The blocks with the one-target and two-target condi-
tions were counterbalanced between runs in a manner unpredictable to
the participants.

Since we wanted the task to have a clearly defined overall goal, the
participants were explicitly told that the goal was to complete as many
targets as possible during each 30 s block of target chasing. Also, each
block of target chasing was preceded by a preparation period of 6 s and
followed by a feedback period of 6 s. During the preparation period, the
participant could read an instruction (in Swedish): “Your goal is to
complete as many targets as possible”. They could also see a countdown
on the screen (4 – 3 – 2 - 1, successively displayed). During the feedback
period, the number of targets completed during the preceding block was
displayed, as well as the participant's high score from all previous blocks.
The preparation and feedback periods were included to motivate the
participants to complete as many targets as possible and, thus, continu-
ously engage with the task during each block of target chasing. There
were one-minute breaks between scanning runs. In total, one experi-
mental session lasted approximately 35min.

Data analysis

Behavioral data
Paired-sample t-tests based on median values obtained from each

participant were used to analyze the behavioral data (as specified in the
Results section). In all tests, p< 0.05 was considered statistically
significant.

fMRI data
fMRI data were preprocessed, analyzed and visualized using SPM8

(The Wellcome Department of Cognitive Neurology, Institute of
Neurology, University College London, London, UK), with a batch func-
tion in an in-house developed software (DataZ). All images were cor-
rected for slice timing, realigned with unwarp to correct for head
movements, spatially normalized using the DARTEL method, and
smoothed (8mm FWHM Gaussian filter kernel). Statistical analyses were
calculated on the smoothed data with a high-pass filter (130 s cutoff
period) to remove low-frequency noise.

For each participant, we fitted a general linear model to the data
(“first level analysis”). We wanted to optimize the model to detect and
analyze, separately, brain activation patterns related to phase transitions
and to occasional corrective actions, respectively. We therefore classified
cursor exits from the target zones post hoc as correct (if the cursor exited
after goal completion, enabling a transition to the next target) or pre-
mature (if the cursor exited before goal completion, requiring a corrective
action back to the current target). In total, we specified four different
event regressors corresponding to the cursor exits: (1) Correct exits in the
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one-target condition; (2) correct exits in the two-target condition; (3)
premature exits in the one-target condition; and (4) premature exits in
the two-target condition. All event regressors were modeled as stick
functions (duration 0) and specified the time point when the cursor had
stayed 0.4 s within the target zone, that is, a time point prior to the
following exit from the target zone. This time point was chosen because
we wanted the regressors to capture the final part of the hold phase
where we expected that predictive specification of motor commands for
the next transition phase occurred during the two-target condition as
compared with the one-target condition (see Fig. 2). This expectation was
based on a previous experiment where gaze exits, and hence presumably
visuospatial attention, was directed toward the next target about 0.4 s
after cursor entry to the target zone (S€afstr€om et al., 2014). All events
were modeled at a fixed time within the hold phase (0.4 s), and with a
fixed duration of 0, based on the decision that this would be the most
straightforward and unbiased way to analyze the data compared with
other alternatives. For instance, if we instead would have modeled the
events as the time between 0.4 s of the hold phase and the time of cursor
exit, the duration of the premature-exit regressors would always be
shorter than the correct-exit regressors. Conversely, if we would have
modeled the events as the time between 0.4 s of the hold phase and the
time of cursor entry into the next target, the average duration of the
premature-exit regressors would be longer than the correct-exit re-
gressors. Moreover, if we would have chosen to model the events as stick
functions at the time of cursor exit from the target zone, the preceding
duration of the hold phase, and presumably the “stage” of motor planning
of the upcoming movement vector, would systematically differ between
premature- and correct-exit regressors. In addition to the event re-
gressors, one boxcar regressor modeled the functional state of the par-
ticipants during the 30-s fixation blocks. This regressor was included
because we did not want the fixation blocks to include variability related
to the preparation and feedback periods. However, because our focus in
the present paper is on brain activations supporting linking of action
phases and corrective actions, this regressor represented a state of no
interest. The regressors were convolved with the standard canonical
hemodynamic response function, and the general linear model provided
the relevant contrast statistics for each participant. Six different motion
regressors were included, that corresponded to the three directions of
translation (x, y, z) and three axes of rotation. Four constants, one for
each of the four consecutive runs, were included to account for the mean
signal change between runs.

We then entered the parameter estimates from the first level analysis
into a random effects group analysis (“second level analysis”) and used
one-sample t-tests to identify regions of activity differences. We assumed
that the additional information about the next target and the planning of
motor commands related to the forthcomingmovement vectors (Fig. 2C),
caused a sustained difference in brain activation patterns between the
one-target and two-target conditions. Given the short interval between
trials (on average about 1–2 s; see Results), the predicted BOLD response
by the correct exit-regressors would resemble a boxcar function, thus
capturing the assumed sustained effect (cf. Henson, 2007). The advan-
tage with using an event model although the conditions were blocked, is
that the parameter estimates reflect the response per trial (not per block;
cf. Henson, 2007), so the event model account for possible differences in
the number of trials between conditions, which we expected because of
predictive linking in the two-target condition. As such, an event model
ensure that statistically significant additional brain activations in the
two-target condition (see Fig. 2C) is not an artefact merely because of the
higher number of trials. Possibly though, an event model may underes-
timate the parameter estimates in the condition with more trials because
of non-linear saturation effects in the data (this is because even though
the mean block activity is higher in the condition with more trials, the
activity per trial becomes lower; cf. Henson, 2007). We also assumed that
the occurrence of occasional corrective actions caused a transient effect
relative to the sustained activity, which was reasonable given the relative
scarcity of premature cursor exits (see Results).
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We choose two different significance levels corresponding to the
different magnitude of effects that we could expect in our contrasts, given
that the analyses included sustained effects and transient effects (large
and small effects, respectively). Specifically, we expected that the sus-
tained effects (resembling boxcar functions in a blocked design) would
result in highly powered contrasts which would necessitate stringent
thresholds in order to increase specificity and interpretability of the data,
whereas we expected that the contrasts involving transient effects would
be less powered and therefore warrant less stringent thresholds so as to
maintain reasonable sensitivity in the analyses (Woo et al., 2014). Thus,
first, to analyze differences between task conditions in sustained brain
activation patterns related to the phase transitions (Correct One> Cor-
rect Two, Correct Two> Correct One) we used an initial voxel-wise
statistical threshold of p< 0.01 FDR corrected for multiple compari-
sons. We then report the activations that also survived a cluster-wise
threshold of p< 0.005 (uncorrected), which implies that we only
report clusters that contain more than 185 p< 0.01 FDR-corrected vox-
els. This conservative approach was chosen to ensure the validity of our
conclusions regarding the brain activations involved in the linking of
action phases. Second, to assess transient effects of corrective actions
relative to the sustained activity (Premature One> Correct One, Pre-
mature Two> Correct Two) we used an initial voxel-wise statistical
threshold of p< 0.001, uncorrected, and then we report the activations
that also survived a cluster-wise threshold of p< 0.05 (uncorrected). To
further investigate the transient effects of corrective actions, we also
compared the premature exits during the one-target condition with the
premature exits during the two-target condition (Premature One> Pre-
mature Two and Premature Two> Premature One) using the same
thresholds (voxel-wise threshold p< 0.001, uncorrected, with a
cluster-wise threshold of p< 0.05, uncorrected). Specifically, if the
transient effects of corrective actions relative to the sustained activity are
different during the one-target condition as compared with the two-target
condition (that is, if [Premature One> Correct One] 6¼ [Premature
Two> Correct Two]) we wanted to examine if this was because the
transient effects themselves are different. If this is the case, we expected
that the contrasts between the transient effects would resemble the
contrasts when the transient effects are compared with the sustained
effects (that is, we expected that [Premature One> Correct
One]¼ [Premature One> Premature Two] and [Premature Two> Cor-
rect Two]¼ [Premature Two> Premature One]).

Based on coordinates in MNI stereotaxic space, the localization of
local maxima and clusters was initially assessed by the Automated
Anatomical Labeling software (Tzourio-Mazoyer et al., 2002), and
cross-referenced to the Talairach stereotactic atlas for identification of
relevant anatomical structures using the Talairach client (Lancaster et al.,
2000). We then validated this method of localization by comparing with
the median anatomical MRI of the participants, after each participant's
MRI had been stereotactically transformed into the same standard ste-
reotactic space. When obvious differences were identified, we rectified
the anatomical labeling of the detected effects.

Results

We first describe the behavioral results, and then brain activation
patterns associated with predictive linking of action phases and correc-
tive actions.

During the hold phase, the participants held the cursor steady within
the target zone for 0.6 s until goal completion in the vast majority of trials
in both conditions (Fig. 3A). This demonstrates that the participants quite
well mastered the kinematic mapping between the forces applied to the
manipulandum and cursor movements. Nevertheless, the number of
premature exits were significantly higher during the two-target condi-
tion, as compared with the one-target condition (t(15)¼�4.95,
p< 0.0005). This was because there were an enhanced number of pre-
mature cursor exits during approximately the last 50ms of the hold phase
in the two-target condition as compared with the one-target condition



Fig. 3. Behavioral results. A: During the hold phase, the
participants held the cursor steady within the target zone
in most trials until goal completion in both the one-target
condition and the two-target condition. However, during
approximately the last 50 ms of the hold phase, there
were an elevated number of premature cursor exits from
the target zone in the two-target condition as compared
with the one-target condition (inset in A). B: During the
correction phase, the cursor re-entry times (i.e., the time
between the premature cursor exit and the time of cursor
re-entry into the current target) were longer in the two-
target condition as compared with the one-target condi-
tion. The time of the premature cursor exits is indicated
by the vertical arrow. Inset in B: Median cursor re-entry
times for individual participants (black lines) in the one-
target condition and the two-target condition. C: During
the transition phase, the cursor exit times (i.e., the time
from goal completion to exit from the target zone) were
shorter in the two-target condition as compared with the
one-target condition. The time of goal completion is
indicated by the vertical arrow. Inset in C: Median cursor
exit times for individual participants (black lines) in the
one-target condition and the two-target condition. D:
During the transition phase, the transport times (i.e., the
time from a correct cursor exit to entry into the next target
zone) were shorter in the two-target condition, as
compared with the one-target condition. The time of the
correct cursor exits is indicated by the vertical arrow.
Inset in D: Median transport times for individual partici-
pants (black lines) in the one-target condition and the
two-target condition. A-D: The one-target condition is
shown in blue, whereas the two-target condition is shown
in red. Insets in B-D: The bars indicate the mean of the
participants' medians. Insets in A-D: The asterisks (***)
indicate p < 0.001.
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(inset in Fig. 3A). This can be explained given that the participants
attempted to predict the time of goal completion in order to exit the
target as soon as possible, and therefore sometimes exited too early. In
the one-target condition, there was a linear increase in the cumulative
frequency of premature cursor exits throughout the entire hold phase,
suggesting that the exits were solely due to accidental slips from the
target zone. In total, there were 218 premature exits during the one-
target condition (on average 13.6 per participant, range 5–31), and
341 during the two-target condition (on average 21.3 per participant,
range 11–43).

During the correction phase, following a premature cursor exit, the
participants had to return with the cursor to the current target zone and
again attempt to keep it there for the required hold phase duration. The
re-entry time (i.e. the time between the premature exit and the time of
cursor re-entry into the current target) was significantly longer in the
two-target condition compared with the one-target condition
(t(15)¼�5.09, p< 0.0005; Fig. 3B), and this pattern was apparent for 15
of the 16 participants (inset in Fig. 3B). This pattern was reasonable given
that the premature exits were purely accidental in the one-target condi-
tion with the cursor slipping to the close vicinity of the target zone,
whereas the premature exits to a large degree were “purposeful” in the
two-target condition, that is, the participants exited because they aimed
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at the next target and had to return a longer distance.
During the transition phase, following goal completion, the partici-

pants had to exit the zone of the completed target and transport the
cursor to the next target. Given that the participants in the two-target
condition specified and released the motor commands for cursor trans-
port in anticipation of goal completion, we expected fast and smooth
phase transitions which would substantially decrease the time required
to complete the overall task (see Introduction). Indeed, all participants
had a higher overall task performance measured as target rate (i.e.
number of targets completed per second) during the two-target condition
(0.82 targets/s) as compared with the one-target condition (0.69 targets/
s; t(15)¼�8.15, p< 0.0001; not illustrated). The faster phase transitions
in the two-target condition were due to two factors. First, the movement
towards the next target was initiated more rapidly, as demonstrated by
the cursor exit times (i.e. the time from goal completion to cursor exit
from the target zone) which were substantially shorter for all participants
in the two-target condition (0.18 s) as compared with the one-target
condition (0.28 s; t(15)¼ 6.43, p< 0.0001; Fig. 3C). Second, the cursor
transport to the next target was faster during the two-target condition, as
demonstrated by the transport times (i.e. the time from a correct cursor
exit to entry into the next target zone). The transport times were mark-
edly shorter for all participants in the two-target condition (0.29 s), as
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compared with the one-target condition (0.43 s; t(15)¼ 12.78,
p< 0.0001; Fig. 3D). This was reasonable given that the movement
vector for cursor transport could be specified prior to goal completion
during the two-target condition, but had to be specified when the next
target appeared during the one-target condition. However, the distribu-
tion of transport times were slightly bimodal in the two-target condition,
with a second peak matching the average transport times during the one-
target condition, suggesting that a small fraction of themovement vectors
for cursor transport were specified after goal completion also in the two-
target condition.

In summary, we conclude that our two experimental conditions
induced different control strategies. During the one-target condition, the
motor commands for cursor transport towards the next target was spec-
ified when the current target was completed, and the new target had
appeared on the screen. Occasional premature cursor exits were due to
accidental slips from the target zone. In the two-target condition, the
motor commands for cursor transport towards the next target was spec-
ified already during the hold phase and released in anticipation of goal
completion, that is, the participants predictively linked consecutive ac-
tion phases. This strategy resulted in an increased frequency of “pur-
poseful” premature cursor exits during the final part of the hold phase.

We investigated the brain activations supporting predictive linking of
action phases by comparing sustained differences in brain activation
between the two-target and the one-target condition (Correct
Two> Correct One; Fig. 4; Table 1). We found significantly increased
activity in two predominantly occipital clusters that mainly involved
parts of the lingual, fusiform and inferior occipital gyruses bilaterally, as
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well as parts of the middle occipital gyrus and the calcarine sulcus on the
left side. Additionally, there were four clusters that were significantly
more activated in the two-target compared with the one-target condition:
First, a right-sided fronto-parietal cluster that mostly involved the pre-
central and the postcentral gyruses, but also extended into the superior
parietal lobule including the precuneus (BA 5). Second, an adjacent right-
sided parietal cluster that involved the angular gyrus (BA 7) and the
nearby intraparietal sulcus. Third, a left-sided parietal cluster that mainly
involved the supramarginal gyrus (BA 40) and the parietal rolandic
operculum. And finally, a cluster that involved the anterior middle
cingulum bilaterally (BA 24). No brain areas were significantly more
active in the one-target condition compared with the two-target condi-
tion (Correct One> Correct Two), which was expected given that all task
features in the one-target condition also were included in the two-target
condition (Fig. 2A–B).

We investigated the brain activations supporting corrective actions by
examining transient effects caused by premature cursor exits. During the
one-target condition (Premature One> Correct One), when premature
cursor exits were due to accidental slips from the target zone, such events
were associated with significant activation in the left middle frontal
gyrus (BA 46; Fig. 5A; Table 2A). Corresponding events during the two-
target condition (Premature Two> Correct Two) were not associated
with any significant activations. To further investigate transient effects
because of corrective actions, we compared premature cursor exits dur-
ing the one- and two-target conditions. There were significant activations
during the one-target condition (Premature One> Premature Two) in the
middle frontal gyrus (BA 9/46) and the superior frontal gyrus (BA 10) on
Fig. 4. Brain activations supporting predictive
linking of action phases. A-F: Brain regions with
significantly increased activation in the two-
target condition as compared with the one-
target condition (Correct Two> Correct One;
voxel-wise threshold PFDR< 0.01, and cluster-
wise threshold P< 0.005, uncorrected). A-E:
The activations are plotted on a single-
participant standardized brain template in
SPM8 viewed from a left (A), right (B), dorsal
(C), anterior (D) and posterior (E) aspect. F: The
bars represent the average relative difference in
BOLD signal (%) between the two conditions in
the cluster peaks. Error bars represent standard
error of the mean (SEM) across participants. A-F:
The encircled numbers refer to the cluster
numbers in Table 1.



Table 1
Brain regions with significantly increased activation in the two-target condition compared
with the one-target condition.

Brain region Correct Two> Correct One

Cluster number
(voxels)

x y z Ze

Occipital cortex
L calcarine (BA 18) 1 (1247) �12 �94 �10 4,38
L Lingual gyrus (BA 18) �22 �90 �18 6,03

�20 �82 �8 4,92
L Fusiform gyrus (BA 19) �32 �82 �16 5,15
L middle occipital (BA 18) �34 �90 6 4,04

�32 �94 �8 3,64
L middle occipital (BA 19) �40 �88 �8 4,43
L inferior occipital (BA 19) �42 �70 �14 4,39
R Lingual gyrus (BA 18) 2 (1458) 20 �96 �12 4,76
R inferior occipital (BA 18) 30 �90 �10 5,18
R inferior occipital (BA 19) 38 �84 �8 5,31

36 �74 �10 5,06
Temporal cortex
R Fusiform gyrus (BA 37) 30 �54 �14 4,69
Cerebellum
R cerebellum (Lo VI; hemisphere) 32 �44 �26 4,40

30 �60 �22 4,01
Frontal cortex
R precentral (BA 4) 3 (1024) 56 �14 50 4,42

60 0 38 4,21
32 �18 50 4,09
24 �32 68 3,82

R precentral (BA 6) 30 �20 60 4,26
Parietal cortex
R postcentral (BA 2) 22 �42 66 4,62

40 �42 62 4,26
R postcentral (BA 3) 36 �34 54 4,41

46 �30 62 4,23
48 �24 50 4,11
58 �12 40 3,79

R postcentral gyrus (white matter) 18 �30 52 4,27
R superior parietal (BA 5) 20 �54 66 4,42
R precuneus (BA 5) 14 �48 58 4,21

10 �48 48 3,77
R Angular gyrus (BA 7) 4 (276) 28 �60 42 5,01
L supramarginal gyrus (BA
40)

5 (611) �62 �30 20 4,48

�52 �26 20 4,16
�58 �24 28 3,88

L postcentral (BA 1) �58 �18 12 3,83
L Rolandic Operculum �48 �18 14 4,42

�52 �6 6 4,24
Cingulate cortex
R middle cingulum (BA 24) 6 (243) 6 �4 48 4,33

4 14 38 3,88
L middle cingulum (BA 24) �10 �4 42 3,47

Hemisphere (L-left; R-right), brain region and Brodmann area (BA) refer to coordinates (X,
Y, Z; provided in MNI stereotaxic space) of peak Z equivalent (Ze) values located within
each cluster (voxel-wise threshold PFDR< 0.01, and cluster-wise threshold P< 0.005, un-
corrected). The cluster numbers refers to the activations indicated by encircled numbers in
Fig. 4, and the number of significant voxels in each cluster is given within brackets.
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the left side (Fig. 5B; Table 2B). Again, corresponding events during the
two-target condition (Premature Two> Premature One) were not asso-
ciated with any significant activations.

Discussion

We have investigated the brain activations supporting linking of ac-
tion phases in a sequential manual task. We have also investigated brain
activations associated with corrective actions caused by occasional per-
formance errors during task progression. Our behavioural data showed
that the participants used information about forthcoming targets to
predictively link consecutive action phases such that the phase transi-
tions became faster. As expected, this control strategy was associated
with increased activation in right-sided fronto-parietal areas, but also
with left-sided parietal areas, the occipital lobe bilaterally, and the
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anterior midcingulate cortex. Corrective actions due to accidental per-
formance errors were associated with increased activation in the left
dorsolateral prefrontal cortex. Our suggestions regarding possible func-
tions related to these activations are discussed below.

Brain activations supporting predictive linking of action phases

The use of a predictive control policy for linking action phases was in
accordance with our previous studies where participants learned to
optimally balance exiting the target zone as soon as possible while
avoiding an excess of premature cursor exits (S€afstr€om et al., 2013), and
where the gaze often was directed to the forthcoming target about 0.4 s
ahead of the cursor (S€afstr€om et al., 2014). These results are also in line
with findings that motor commands for applying forces on objects are
released in anticipation of the predicted moment of contact during
grasping movements (S€afstr€om and Edin, 2008) and that sequential
saccades to different targets are planned in parallel before the start of the
first saccade (Sharika et al., 2014).

We observed increased activation in two adjacent right-sided fronto-
parietal clusters during the two-target condition: One cluster involving
parts of the precentral and postcentral gyruses, and the superior parietal
lobule (including the precuneus), and another cluster in the angular
gyrus (BA 7) involving the intraparietal sulcus. This finding was in
agreement with our hypothesis regarding gaze behaviour and visuospa-
tial attention (see Introduction), suggesting that a predictive control
policy is associated with activation in right-sided fronto-parietal net-
works involved with directing visuospatial attention and gaze direction
to future goal locations (Corbetta, 1998; Corbetta and Shulman, 2002;
Nobre et al., 1997; Wu et al., 2016). The angular gyrus has been sug-
gested to be involved in reorienting of attention, for instance when
shifting the attentional system toward salient stimuli (Gottlieb, 2007)
and in encoding salient events (Singh-Curry and Husain, 2009). As such,
the angular gyrus, and other areas in the inferior parietal cortex has been
proposed to be part of a “bottom-up” attentional subsystem that mediates
automatic allocation of attention to task-relevant information (Ciaramelli
et al., 2008; Corbetta and Shulman, 2002). The angular gyrus is an
integrative area for converging multisensory inputs, where connections
with the superior parietal cortex may modulate spatial attention (Segh-
ier, 2013). Thus, the increased activation that we observed in the supe-
rior parietal lobule may reflect a higher demand on systems involved in
visuospatial attention due to processing of the additional next target.
Also, studies in monkeys have shown that the posterior parietal cortex is
important during motor planning, in transforming representations of
target position and hand position in retinal coordinates to a representa-
tion of the desired movement vector in hand-centered coordinates
(Buneo et al., 2002; Buneo and Andersen, 2006). In our experiment, the
desired movement vectors in hand-centered coordinates were presum-
ably derived from the visual representations of the target and the cursor
on the screen. The posterior parietal activations that we observed may
thus represent visuomotor processing related to specification of motor
commands associated with forthcoming movement vectors (MNT in
Fig. 2C). The precentral activations involved the ipsilateral M1, which is
known to be involved in hand movements, with greater involvement in
more complex tasks (Chen et al., 1997; Verstynen and Ivry, 2011). The
precentral activations also involved the frontal eye field, an area
important for oculomotor control and related functions, such as visuo-
spatial attention (Vernet et al., 2014). Interestingly, this activation
continued to the postcentral gyrus (S1), which has been demonstrated to
receive eye position signals (Balslev and Miall, 2008) thought to mediate
allocation of attention in visual space (Balslev et al., 2013). In monkeys,
eye position has been shown to be represented in the primary somato-
sensory cortex by neurons that receive proprioceptive signals that
represent the position of the eye in the orbit (Wang et al., 2007).

During the two-target condition we also observed increased activity
in the left supramarginal gyrus (BA 40), an area which is important in
sequential motor tasks. First, this area is activated during tasks that



Fig. 5. Brain activations supporting corrective actions. A:
Brain regions with significantly increased activation
because of premature cursor exits during the one-target
condition (Premature One> Correct One). B: Brain re-
gions with significantly increased activation because of
premature cursor exits during the one-target condition as
compared with the two-target condition (Premature
One> Premature Two). A-B: The activations are plotted
on a single-participant standardized brain template in
SPM8 (voxel-wise threshold P< 0.001, uncorrected, and
cluster-wise threshold P< 0.05, uncorrected), viewed
from a dorsal and left aspect. C: The bars represent the
average relative difference in BOLD signal (%) between
the two conditions in the cluster peaks. Error bars repre-
sent standard error of the mean (SEM) across participants.
A-C: The encircled numbers refer to the cluster numbers
in Table 2.

Table 2
Brain regions with significantly increased activation because of premature cursor exits during the one-target condition compared with correct cursor exits during the one-target condition, or
compared with premature cursor exits during the two-target condition.

Brain region (A) Premature One> Correct One (B) Premature One> Premature Two

Cluster number (voxels) x y z Ze Cluster number (voxels) x y z Ze

Frontal cortex
L middle frontal gyrus (BA 9) 2 (146) �18 28 36 3,78
L middle frontal gyrus (BA 46) 1 (183) �26 38 28 4,05 �24 34 22 3,41
L middle frontal (white matter) �22 28 26 3,56 �26 26 30 3,82
L superior frontal gyrus (BA 10) 3 (145) �20 62 6 3,87

�18 54 16 3,66

Hemisphere (L-left; R-right), brain region and Brodmann area (BA) refer to coordinates (X, Y, Z; provided in MNI stereotaxic space) of peak Z equivalent (Ze) values located within each
cluster (voxel-wise threshold P< 0.001, uncorrected, and cluster-wise threshold P< 0.05, uncorrected). The cluster numbers refers to the activations indicated by encircled numbers in
Fig. 5, and the number of significant voxels in each cluster is given within brackets.
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require implicit timing, that is, tasks where accurate timing is important
but not the focus of the task (Wiener et al., 2010), as when predictive
linking is used in sequential manual tasks. Also, this area is important for
motor attention when performing limb movements (Rushworth et al.,
2001). It is specifically activated when disengaging the focus of motor
attention, which is particularly important in sequential motor tasks when
the focus of attention quickly must be shifted from one movement in a
sequence to the next (Rushworth et al., 1997). The activation in this
cluster continued to the parietal rolandic operculum which has been
suggested to be involved in integration of inputs from auditory, so-
matosensory and motor cortical areas (Sepulcre et al., 2012). Such
integration may have been important in our task given the auditory
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signals related to goal events. The parietal operculum network is believed
to mediate multimodal integration for the modulation of
auditory-sensorimotor control. For example, the functional connectivity
of the parietal operculum with auditory and sensorimotor areas is
elevated in musicians, whichmay facilitate musical performance (Tanaka
and Kirino, 2017).

The bilateral occipital activations likely reflected visual processing
related to the attended next target (Fink et al., 2000; Heinze et al., 1994).
However, these activations did not involve the primary visual cortex
(V1), suggesting that they were not related to encoding of basic visual
features. Interestingly, activation patterns in the lateral occipital cortex is
strongly modulated by goal-directed movements towards targets
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(Astafiev et al., 2004), and visual processing of targets has been shown to
be regulated at an early stage depending on if the upcoming movement
towards the target is an eye- or a hand movement (Wehrspaun et al.,
2013). Thus, given that information about the next target was exploited
to specify forthcoming movement vectors, motor planning during the
two-target condition may have influenced the activation patterns in the
occipital cortex. Notably, our lateral occipital activations involved areas
which are located within the ‘ventral stream’ of visual processing, for
instance the right fusiform gyrus (BA 37), which is involved in object
perception and recognition (cf. Goodale and Milner, 1992). Ventral
stream activation was recently demonstrated during a grasping task
(Gallivan et al., 2016) and may represent recognizing and accessing
stored knowledge of object properties relevant for action. During
goal-oriented movements, it has also been shown that ventral stream
areas provides the dorsal visuomotor stream with a representation of the
desired goal based on perceptual features before parietal areas specifies
the movement plan (Zimmermann et al., 2016). This finding suggests
that perceptual processing precedes visuomotor processing during
movement planning. Speculatively, our lateral occipital activations may
represent processing of perceptual visual features identifying the next
target, rendering a representation that was subsequently used in the
specification of desired movement vectors.

Finally, we observed increased activation in the anterior midcingulate
cortex (aMCC; BA 24/32). The aMCC is involved in performance moni-
toring and error detection (Botvinick et al., 2001; Holroyd et al., 2004;
Ullsperger and von Cramon, 2001). More specifically, the aMCC is
involved in detecting conditions under which errors are likely to occur
rather than errors themselves (Carter et al., 1998). Notably, given the use
of a predictive control policy for linking action phases, the two-target
condition can be characterized as a condition where errors are likely to
occur. This is because when participants use a predictive control policy
they learn to optimally balance exiting the target zone as soon as possible
while avoiding an excess of premature cursor exits (S€afstr€om et al.,
2013). Given such a strategy, occasional premature exits are expected due
to sensorimotor uncertainty (S€afstr€om et al., 2013), presumably related
to estimation of time intervals and execution of motor commands (Harris
and Wolpert, 1998; Hudson et al., 2008). Speculatively, the two-target
condition may represent a condition where errors are likely to occur
which necessitates continuous performance monitoring by the aMCC.

Brain activations supporting corrective actions

Our behavioral data was in line with the notion that premature cursor
exits were expected due to the use of a predictive control policy (S€afstr€om
et al., 2013). Specifically, we found an elevated number of premature
cursor exits during the final part of the hold phase in the two-target
condition as compared with the one-target condition. Also, the re-entry
times were longer in the two-target condition which was reasonable
given that the participants exited because they aimed at the next target.
In contrast, the premature exits from the target zone were solely acci-
dental in the one-target condition, as suggested by the linear increase in
the cumulative frequency of premature cursor exits throughout the entire
hold phase and the shorter re-entry times.

Corrective actions were associated with increased activation in the
left dorsolateral prefrontal cortex (DLPFC; BA 9/10/46) during the one-
target condition. The DLPFC has a critical function in executive control,
that is, in controlling overt, deliberate, intentional, nonautomatic
behavior (Fassbender et al., 2004; Wagner et al., 2001) and it also has an
important role in error detection (Chevrier et al., 2007). Given that task
progression between targets normally was quick, fluent and automatized
(S€afstr€om et al., 2013), the increased activation in DLPFC due to
corrective actions may represent that the participants reestablished overt
executive control over the task (Kübler et al., 2006). Notably, we did not
find any increased activation due to corrective actions in the two-target
condition. This was surprising, given that previous studies have shown
that detection of prediction errors, and the subsequent corrections of
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those errors, are supported by cerebellar (Miall and King, 2008) and
posterior parietal (Desmurget et al., 1999), including superior parietal
(Wolpert et al., 1998), mechanisms.

This difference in brain activation patterns between the one- and the
two-target conditions suggests that error detection and associated
corrective actions may be processed differently by the brain depending
on if errors are purely accidental (as in the one-target condition) or ex-
pected and not inadequate given the control strategy (as in the two-target
condition). If the errors are purely accidental the brain seems to respond
to the error by reestablishing executive control over the task (that is, the
brain responds to the individual error with increased DLPFC activity). In
contrast, if errors are expected and an integrated part of the control
strategy, we speculate that the brain instead exert continuous perfor-
mance monitoring, that is, there is sustained increased activity in the
aMCC, which obviates the need to reestablish executive control over the
task when an individual error occurs.
Limitations

In this study we used an experimental task designed to capture several
central characteristics of natural manual tasks: (1) The task had an
explicit overall goal (‘complete as many targets as possible’); (2) it
involved both spatial and temporal control; (3) discrete multimodal
sensory events indicated goal completion of action phases; (4) each ac-
tion phase needed to be completed before the task could progress; and (5)
premature launching of action phases resulted in errors that required
corrective actions (S€afstr€om et al., 2013, 2014). We do acknowledge
however, that our manipulation task differs in some regards from many
normal tasks. For instance, most manipulation tasks do not contain action
phases with externally predetermined durations, and also, tactile signals
(in addition to auditory and visual feedback) about goal completions are
important in many natural manipulation tasks (Johansson and Flanagan,
2009). Also, because of our relatively small sample size our results need
to be confirmed by future studies. Finally, given that predictive linking of
action phases not previously has been studied with regard to brain
activation patterns, our suggestions regarding possible functions related
to the brain activations in our data must be considered tentative.

Conclusions

Humans have been estimated to spend roughly 60% of their time
awake manipulating objects (Kilbreath and Heard, 2005), and given that
most manual tasks involves sequential action phases (Johansson and
Flanagan, 2009), we perform a considerable number of phase transitions
each day. Therefore, identifying the brain networks supporting efficient
phase transitions is important both for understanding normal human
behavior and the symptoms of brain injury and disease. This study adds
new knowledge about the underlying brain activations supporting pre-
dictive linking of action phases, and corrective actions due to perfor-
mance errors. Our results suggest that these complex skills are supported
by activity in several brain regions, each involved in specific functions.
We conclude that: (1) Predictive linking of action phases is associated
with increased activation in right-sided fronto-parietal areas related to
visuospatial attention, eye movements and planning of desired move-
ment vectors, left-sided parietal areas related to implicit timing and shifts
of motor attention, occipital regions bilaterally reflecting visual pro-
cessing related to the attended next target, and finally, the anterior
midcingulate cortex involved in continuous performance monitoring and
error detection. (2) Corrective actions due to accidental errors are asso-
ciated with increased activation in the left dorsolateral prefrontal cortex
involved in reestablishing executive control over automatized behavior.
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