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Abstract

How does the brain coordinate concurrent adaptation of arm movements and standing posture? From previous studies, the pos-
tural control system can use information about previously adapted arm movement dynamics to plan appropriate postural control;
however, it is unclear whether postural control can be adapted and controlled independently of arm control. The present study
addresses that question. Subjects practiced planar reaching movements while standing and grasping the handle of a robotic
arm, which generated a force field to create novel perturbations. Subjects were divided into two groups, for which perturbations
were introduced in either an abrupt or a gradual manner. All subjects adapted to the perturbations while reaching with their
dominant (right) arm and then switched to reaching with their nondominant (left) arm. Previous studies of seated reaching move-
ments showed that abrupt perturbation introduction led to transfer of learning between arms, but gradual introduction did not.
Interestingly, in this study neither group showed evidence of transferring adapted control of arm or posture between arms.
These results suggest primarily that adapted postural control cannot be transferred independently of arm control in this task par-
adigm. In other words, whole body postural movement planning related to a concurrent arm task is dependent on information
about arm dynamics. Finally, we found that subjects were able to adapt to the gradual perturbation while experiencing very
small errors, suggesting that both error size and consistency play a role in driving motor adaptation.

NEW & NOTEWORTHY This study examined adaptation of arm and postural control to novel dynamics while standing and
reaching and subsequent transfer between reaching arms. Neither arm nor postural control was transferred between arms, sug-

gesting that postural planning is highly dependent on the concurrent arm movement.

anticipatory postural adjustment; interlimb; motor adaptation; motor error; transfer

INTRODUCTION

The ability to maintain stable, upright standing while car-
rying out other physical tasks is required for many of our
daily activities. This ability requires that we generate appro-
priate postural control when making voluntary movements
or compensating for an external perturbation. A common
measure of postural control is center of pressure (COP),
defined as the application point of the net ground reaction
force vector (1). COP provides a measure of the net torque at
the ankle (an active control variable) and thus represents the
active control being generated to control the movement of
the whole body center of mass (COM) (2, 3). Of particular in-
terest is anticipatory postural control, which involves the
activation of postural muscles and resultant COP movement
initiated before onset of the focal movement or perturbation.
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That anticipatory control helps to maintain postural equilib-
rium by controlling the COM against the impending shift in
body mass and other movement dynamics (3-6); it can also
aid in generating the desired movement (7-10). To generate
anticipatory control that is appropriate for a given move-
ment or perturbation, one must make an accurate prediction
about the impending dynamics; if that prediction is not
accurate, the anticipatory control will be inappropriate for
the actual dynamics, and some reactive or corrective control
action will be required. Upon correction, we can then adapt
our anticipatory control for subsequent movements to better
compensate for internal and external dynamics. These abil-
ities to anticipate and adapt our movement control are fre-
quently taken for granted as we pursue our daily activities,
but they are a fundamental component of our ability to ma-
neuver effectively in different environments.
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An extant question in the field of motor control is how the
central nervous system represents and coordinates the con-
current adaptation of focal movements and whole body pos-
ture. A body of previous studies have investigated concurrent
adaptation of arm reaching and standing postural control,
using an experimental paradigm in which subjects make arm
reaching movements while holding the handle of a robotic
manipulandum that can generate perturbing forces. With
repeated exposure to a given perturbation, subjects learn
to anticipate the perturbation and adapt both their arm
control and their postural control to compensate (11-14).
Theoretically, in this dual-modality task, whole body
standing posture is controlled secondary to (i.e., in sup-
port of) the focal arm movement; even the postural pertur-
bations are induced via the arm perturbations. However,
the whole body posture experiences a perturbation due to
the external forces at the hand, and postural control is
adapted to minimize overall the whole body effects of that
perturbation. Ahmed and Wolpert (11) showed that after
subjects adapted their arm reaching movements to novel
dynamics while sitting, they were able to generate appro-
priate postural control immediately upon standing. This
indicates that the postural control system can use infor-
mation about arm movement dynamics to plan appropri-
ate postural control, even though the whole body postural
system did not directly experience the novel dynamics
during adaptation. However, even when the perturbation
was explicitly linked between arm and posture with a per-
turbation to the arm while standing, all of the studies ref-
erenced above showed specific differences in adaptation
between the two modalities, suggesting that adaptation
occurs via a similar but independent mechanism in each
form of movement. Most notably, another study used a
similar paradigm with a range of perturbation magnitudes;
they found that although arm control was adapted in
response to all perturbation magnitudes, postural control
was not adapted to the smallest perturbations (15). This
supports the idea that postural control may be adapted in-
dependently or partially independently in this dual-mo-
dality task, rather than being adapted dependent on
adaptations in arm control. In other words, whereas some
components of postural control are specifically linked to
control of the focal reaching movement, other compo-
nents may be adapted independently in response to the
whole body postural perturbation.

In this study, therefore, we sought to answer the question
of whether postural control can be adapted and transferred
independently, or partially independently, of arm control in
this dual-modality task, or if postural control is completely
dependent on the adapted arm control. Subjects adapted
their arm and postural control to a novel force field while
standing and reaching with their dominant (right) arm and
then switched to standing and reaching in the same force
field with their nondominant (left) arm. The postural control
required to support a left-handed versus right-handed reach-
ing movement is slightly different, and similarly the specific
control required to counter the force perturbation at the left
versus the right hand is slightly different; however, the net
force perturbation imparted from the robot arm to the whole
body COM is similar, and the COP control required to coun-
teract the perturbation is similar. Therefore, if the postural
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control system can adapt to, anticipate, and control for the
force field dynamics independent of the arm controller,
there should be minimal change in the perturbation-specific
postural control when subjects switch arms, regardless of
whether or not the adapted arm control is transferred.

To investigate that possibility, we sought to control
whether or not arm control would be transferred between
reaching arms. Two previous studies of arm reaching adapta-
tion found that when subjects adapted their arm reaching
movements (while seated) to an “abrupt” perturbation,
where the force field was introduced abruptly and experi-
enced at a constant strength throughout the adaptation pe-
riod, the adapted arm control was transferred from the
dominant to the nondominant arm (16, 17). However, when
subjects experienced a “gradual” perturbation, where the
force field gradually increased in strength from zero over
many trials, they showed no transfer from the dominant to
the nondominant arm (17). So an abrupt introduction to the
force field leads to transfer of learning from right to left in
seated reaching movements, but a gradual introduction does
not. In the present study, we leveraged these findings to
probe the dependence of postural control on arm control.

We tested two groups of subjects, who adapted their arm
and postural control to a novel force field with either an ab-
rupt or a gradual development. We then examined the arm
and postural behavior upon initial transfer to the nondomi-
nant arm, to gain insight into whether postural control can
be adapted and transferred independently of arm control.
When subjects switched arms, they experienced the same
force field and a similar postural perturbation; thus, the
change in reaching arm should have a minimal effect on the
associated postural control. Based on this, we formed two
separate hypotheses about how subjects might transfer their
adapted control. First, if the postural control system can in-
dependently adapt to, anticipate, and control for the novel
dynamics, there should be no change in the perturbation-
specific postural control when subjects switch arms, regard-
less of whether or not the adapted arm control is transferred.
Conversely, if the gradual group shows no transfer of either
arm or postural control, this would suggest that in this task
not only is the postural control system able to generate pre-
dictive control based on information from the arm but plan-
ning of postural control is also dependent on information
about the planned arm movement.

Importantly, the results of this study demonstrate the
extent to which postural control is informed by the planned
arm control in a concurrent reaching task. This gives us in-
formation about how postural control is coordinated with
concurrent movement tasks and can provide greater insight
into the underlying mechanisms of whole body movement
planning.

METHODS

Fourteen healthy young adult subjects (age 24.6+5.1 yr;
height 171.7 +11.5 cm; mass 68.9 £12.4 kg; 7 male, 7 female)
participated in the study. All subjects were screened with a
health questionnaire and the Edinburgh Handedness
Inventory test (18). All subjects were right-handed, had nor-
mal or corrected-to-normal vision, and reported no recent
musculoskeletal injuries or history of neurological or
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musculoskeletal disorders. The University of Colorado
Boulder Human Research Committee approved all exper-
imental procedures, and all participants gave written
informed consent.

Experimental Apparatus and Setup

Subjects made forward reaching movements in the hori-
zontal plane while grasping the handle of a two-degree-of-
freedom planar robotic arm (InMotion2 Shoulder-Elbow
Robot, Interactive Motion Technologies Inc.) and standing
barefoot on a six-axis, dual-plate force platform (AMTI Dual-
Top AccuSway, Advanced Mechanical Technology Inc.) (Fig.
1A). A rigid cradle was attached to the handle to support the
arm if needed (separate right- and left-handed cradles were
used during reaching with right and left arms), but subjects
were instructed not to lean on the handle or cradle. The
height of the robot was adjusted for each subject so that the
robot arm and handle were level with the subject’s sternum
(mean height 127.7+7.4 cm across subjects). A computer
monitor, vertically suspended in front of the subject, dis-
played visual feedback of hand, start, and target positions
throughout the movement.

Before the experiment began, a “start” circle and a cursor
representing COP location were shown on the screen.
Subjects were asked to stand such that their COP was cen-
tered in the start circle when they were standing comfortably
upright and holding the robot handle. Their exact foot posi-
tion was marked on the force platform to ensure that they
always stood in the same location. Subjects were asked to
keep their feet flat on the ground throughout the experi-
ment, to ensure that the size of the base of support (BOS) was
not affected by lifting or rotation of the feet. They were also
explicitly instructed not to lean on the handle of the robot
arm for support. To ensure that they were not leaning on the
handle, we measured the vertical forces exerted on the han-
dle during the experiment with a force transducer in the
handle.

In the experiment, subjects were asked to make 15-cm
reaching movements straight ahead (+y), using the robot
handle to control the cursor on the screen (Fig. 1A). At the
start of each trial, subjects were required to hold the 0.6-cm-
diameter hand cursor in the center of the 1.6-cm start circle
and to maintain their COP location (represented by a sepa-
rate 0.6-cm cursor of a different color) anywhere within the
same start circle. Along with the centering exercise described
in the previous paragraph, this ensured that they returned to
a neutral position at the beginning of every trial. After a
short time delay, the COP cursor disappeared and a 1.6-cm
target circle appeared, and subjects moved the hand cursor
toward the target. At the end of the movement, subjects were
required to remain within the target circle for 50 ms, after
which the robot moved the subject’s hand back to the start
position to begin the next trial. After each movement, sub-
jects also received visual feedback about the movement du-
ration, measured from the time at which the hand left the
start position to the time at which the 50-ms target require-
ment was fulfilled. This was to encourage subjects to com-
plete the reaching movements within a duration window of
450-550 ms.

Experimental Protocol

The protocol consisted of 560 trials and was divided into
five consecutive blocks: baseline 1 (70 null trials, left arm),
baseline 2 (70 null trials, right arm), learning (300 force tri-
als, right arm), transfer (100 force trials, left arm), and wash-
out (20 null trials, left arm) (Fig. 1B). The baseline blocks
consisted of null trials, in which robot forces were turned off,
to familiarize the subject with the robot and to measure base-
line performance. Null trials were also used in the washout
block at the end of the experiment to allow the subject to
deadapt the previous dynamic environment. The learning
block consisted of force trials, in which a viscous curl field
was simulated such that the robot exerted a force F on
the hand that was proportional to the magnitude and
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Figure 1. Experimental setup and protocol. A: experimental apparatus and setup; visual feedback is provided on computer screen. B: experimental pro-
tocol. C: force field gain k vs. trial; subjects experienced either the Abrupt or Gradual perturbation during the learning block. COP, center of pressure.
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perpendicular to the direction of the instantaneous velocity
V of the robot handle, with field strength dependent on the
gain k (Eq. I). Thus, for a forward reaching movement (in the
anterior direction, +y) and a positive value of k, the robot
generated rightward perturbing forces ( + x).

F, 0 1|V,

e o][v] g

Subjects were randomly assigned into one of two groups,
Abrupt and Gradual, with n = 7 per group. In the learning
block, the force field was introduced in either an abrupt or a
gradual manner, depending on group (Fig. 1C). The Abrupt
group experienced force trials with a constant gain of k=15
N-s/m. For the Gradual group, force field gain k was
increased gradually over the first 280 learning trials, with the
remaining learning trials at the maximum field strength of
k=15 N-s/m. The gradual increase in gain k was dictated by
the equation k = t%, where ¢ is learning trial number (exclud-
ing channel trials) and a = log(15)/log(T); 15 is the maximum
final value of k, and T is the learning trial number (excluding
channel trials) at which k reaches its maximum (17, 19).

Every trial block began with a null or force trial, immedi-
ately followed by a channel trial, with the exception of the
transfer block; in that block, the first trial was a channel trial.
In the rest of each block, one trial in every batch (5 trials) was
chosen randomly to be a channel trial. Channel trials were
used to quantify subjects’ predictive, feedforward arm con-
trol. In channel trials, the robot generated a force channel
that restricted the hand trajectory to a straight path between
the start position and the target; the robot could then mea-
sure the amount of perpendicular force that the subject was
exerting into the channel. Stiffness and damping for the
channel were 2,000 N/m and 50 N-s/m, respectively. These
trials have been shown to have a minimal effect on adapta-
tion or deadaptation (20). The sequence of trial types was
identical for all subjects.

After the experiment, subjects played a brief COP game
for the purpose of measuring the size of their functional
BOS (fBOS), or the limits of the area within the BOS that a
person is willing to extend their COP (21-23). In this game,
they controlled the cursor with their COP to make a series
of 24 leaning movements from the start circle toward eight
randomized targets located in different directions, evenly
spaced around a 360° circle at 45° angles and at a distance
of 13 cm from the central start position (this distance was
chosen to encourage subjects to move their COP out as far
as possible).

Data Collection and Analysis

Position, velocity, and force data from the robot handle
were sampled at 200 Hz. Center of pressure (COP) position
data were calculated from force platform data, which were
also sampled at 200 Hz. For each side of the dual-plate plat-
form (right and left), eight voltage signals were collected and
converted into three-dimensional ground reaction forces (F,,
Fy, F;) and moments (M, M,, M), which were then low-pass
filtered at 10 Hz. COP position data for each force plate (right
and left) were calculated from these filtered data, relative to
the center of the platform [C, C,], as [COP, COPy] = [C, Cy] +
(M, M,|/F., where x and y subscripts denote mediolateral
and anteroposterior axes, respectively. The net COP was
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then calculated as a weighted average of the COP for each
plate by the method described by Winter et al. (24). COP ve-
locity was calculated from net COP position with a five-point
differentiation algorithm. All COP data for each subject were
normalized to foot length (mean 25.7+2.2 cm across
subjects).

All data were aligned to movement onset, such that time O
represents movement onset of the arm, and truncated at
movement end. Movement onset was defined as 50 ms
before the time when tangential hand position and velocity
exceed threshold values of 0.25 cm and 2 cm/s, respectively.
Movement end was defined as the time when the cursor
reached the target circle. All data were taken from move-
ment onset to movement end, unless otherwise noted. Data
from channel trials were analyzed separately from all other
trials. Note that for forward reaching movements (+y), the
force perturbation is in the rightward direction ( + x).

Trials were excluded from analysis if the movement onset
criterion was inaccurate (by visual inspection) or if the data
were corrupted. A total of eight trials were rejected, out of
the entire data set, with five trials excluded for the Abrupt
group and three trials for the Gradual group (out of 3,920
total trials per group, with 560 trials per subject). These were
all channel trials. On average, less than one trial was rejected
per subject.

Arm control.

Arm control was quantified with two metrics: hand error and
anticipatory force. Hand error was calculated for each trial,
excluding channel trials, as the peak signed value of the per-
pendicular deviation of the handle trajectory from a straight
path between the start and target positions. Anticipatory
force was calculated, for channel trials only, as the perpen-
dicular channel force at the time of peak tangential hand ve-
locity. This was therefore a measure of the amount of force
being exerted by the subject at the time when peak perturba-
tion force would be experienced in the force field. As a mea-
sure of forces experienced in the force field, we quantified
field force as the peak signed value of perpendicular force
(exerted by the robot arm) on force trials.

Postural control.
The rightward (+x) force perturbation in this experiment
exerts a net rightward torque on the COM, causing the COM
to be perturbed to the right. To recover, subjects activate pos-
tural muscles to generate a leftward torque on the COM,
which is represented by rightward COP movement. This may
be viewed colloquially as the COP moving to the right to
“catch” the COM, to recover from the perturbation. This re-
covery action is termed a “reactive postural adjustment” and
can serve as a measure of postural error, somewhat analo-
gous to hand error. When subjects have adapted to the force
perturbation, they generate anticipatory control to counter
the predicted perturbation, represented by rightward COP
movement that begins near movement onset; this early COP
movement is termed an “anticipatory postural adjustment”
and serves as a measure of anticipatory postural control,
analogous to anticipatory force at the hand.

Postural control was quantified for each trial, excluding
channel trials, with three COP movement metrics: reactive
postural adjustment (RPA4) based on COP displacement,
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reactive postural adjustment (RPA,) based on COP accelera-
tion, and anticipatory postural adjustment (APA) based on
COP displacement. All of these metrics were based on the
normalized COP displacement or acceleration in the direc-
tion of the force perturbation (+x, perpendicular to the
direction of reaching movement). We observed that COP ve-
locity responses on force trials began no earlier than 100 ms
after movement onset, and COP displacement responses
occurred later than that. Therefore, as a conservative mea-
sure of anticipatory control, APA was calculated as the peak
signed value of COP displacement observed between 50 ms
before movement onset and 100 ms after movement onset.
Over the remaining duration of the movement (after the
APA time period), RPA4 was calculated as the peak signed
value of COP displacement and RPA, was calculated as the
peak value of COP acceleration.

RPA4 and similar metrics using COP velocity are typical
measures of postural error used in this experimental para-
digm (11-15). However, by the end of learning, these metrics
remain elevated relative to baseline because of the fact that
subjects anticipate a perturbation by initiating COP move-
ment near arm movement onset and that COP displacement
is then propagated into the reactive portion of the move-
ment. Therefore, we included the additional RPA, metric as
a way to measure the quickness of the COP movement.
When subjects experience a large unexpected perturbation,
COP acceleration will be high, reflecting a quick COP move-
ment made in reaction to the perturbation. However, when
subjects are correctly anticipating the perturbation and/or
the relative perturbation is small (as with the gradual pertur-
bation), COP movements are slower and smoother, and COP
acceleration and thus RPA, will remain low.

Statistics

Data were compared between groups and across eight
phases of the protocol: late baseline 1 and 2 (LB1, LB2), first
learning (FL), late learning (LL), first transfer (FT), late trans-
fer (LT), first washout (FW), and late washout (LW). The
“first” phases consisted of one trial only; for anticipatory
force these phases consisted of the first channel trial in the
block, and for all other metrics these phases consisted of the
first force or null trial in the block. One exception is that for
both anticipatory force and APA the first transfer phase con-
sisted of the first trial (channel trial) in the transfer block.
For all metrics, the “late” phases consisted of the last four
batches (16 null or force trials, or 4 channel trials) of the trial
block.

Hand error, anticipatory force, RPA4, RPA,, and APA data
were analyzed with repeated-measures ANOVAs, with phase
as a within-subject factor and group as a between-subjects
factor. To test for adaptation during right-handed reaching,
we made planned comparisons on the within-subject results
for each group between the late baseline 2, first learning, and
late learning phases (all 3 phases are from right-handed
movement blocks). To compare adaptation between groups,
we made a planned comparison in the late learning 1 phase.
When testing for transfer, we included comparisons for
right- and left-handed phases to respective right- and left-
handed baseline, to control for differences in reaching-spe-
cific control versus perturbation-specific control. To test for
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initial transfer of adaptation to left-handed reaching, we
made planned comparisons on the within-subject results for
each group between the late learning and first transfer
phases (right-handed vs. left-handed phases) and between
the late baseline 1 and first transfer phases (both are left-
handed phases). To examine transfer behavior more closely,
we also made planned comparisons within each individual
subject between the late baseline 1 and first transfer trials,
using independent two-sample ¢ tests. To examine the time
course of transfer, we made additional planned comparisons
on the within-subject results for each group between the first
transfer and late transfer phases. Planned comparisons were
also made between groups at specific phases of interest.
Unless otherwise noted, we used paired ¢t tests for within-
subject planned comparisons between phases and independ-
ent two-sample ¢ tests for planned comparisons between
groups.

All data analyses were performed with MATLAB. For all
statistical tests, the criterion for significance was set at the
level of o = 0.05. Mean values are reported in the text as
mean * standard deviation.

RESULTS

Both groups adapted their arm and postural control as
expected while reaching with the right arm (Fig. 2, A-D).
When initially exposed to the force field, the Abrupt group
showed large rightward movement errors, in the same direc-
tion as the perturbing forces, but the Gradual group did not.
With practice, however, both groups increased their antici-
patory control to counter the force field. Despite the differ-
ence in the abrupt versus gradual force field introduction,
and the corresponding differences in initial movement
errors, both groups showed similar adaptation of arm and
postural control by the end of learning. Interestingly, neither
group showed evidence of transferring the adapted control
of arm or posture from right-handed to left-handed reaching,
but both groups subsequently adapted their control in left-
handed reaching and showed similar control by the end of
the transfer block. This is illustrated in the transfer trajecto-
ries of Fig. 2, E-H, where upon switching to the left arm both
groups initially showed anticipatory control similar to late
baseline 1 (left-handed reaching) and showed large rightward
movement errors, but with practice they increased their an-
ticipatory control.

Results are presented below for adaptation and transfer
of arm control (hand error and anticipatory force) and pos-
tural control (RPA4, RPA,, and APA) as well as movement
characteristics (reaching velocity, field force, and COP
displacements).

Arm Control in Adaptation and Transfer

As expected, both the Abrupt and Gradual groups adapted
similarly to the reaching dynamics by the end of the learning
block. Hand error and anticipatory force were similar
between groups in late baseline 1 and late baseline 2 (all P
values > 0.281). In the first learning phase, peak velocities
were similar between groups (P = 0.814); as expected, peak
field forces were significantly different (P < 0.001) because
of the difference in field gains. By late learning, peak
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Figure 2. Group mean trajectories (Abrupt: N = 7; Gradual: N = 7). Mean trajectory data are shown for perpendicular hand position (force trials only), tan-
gential reaching velocity and channel force (channel trials only), and perpendicular center of pressure (COP) position (force trials only). Data for Abrupt
group are plotted with solid lines; data for Gradual group are plotted with dashed lines. A-D: data for right-handed reaching phases: late baseline
2 (LB2), first learning (FL), and late learning (LL). E—H: data for left-handed reaching phases: late baseline 1 (LB1), first transfer (FT), and late transfer (LT).
Note that trajectories were averaged across trials in each phase for each subject, then averaged across subjects in each group. Shading indicates SE
across subjects. Time O represents movement onset of the arm. APA, anticipatory postural adjustment.

velocities and field forces were again similar between groups
(both P values > 0.289).

In the first transfer phase, peak velocities and field
forces in the force trial (second trial in transfer block) were
significantly lower in the Gradual group compared with
the Abrupt group (P = 0.018), despite the same field gain.
However, in the channel trial, which was the very first trial
in the transfer block, peak velocities were similar between
groups (P = 0.202); therefore, there should be no difference
in the magnitude of the anticipated perturbation (propor-
tional to reaching velocity). In late transfer, peak velocities
and field forces were similar between groups (both P
values > 0.360).

Hand error and anticipatory force data (Fig. 3) show that
both groups adapted to the field with the right arm during
the learning block. Interestingly, both groups then failed
to transfer this adaptation to the left arm initially but sub-
sequently showed further adaptation with the left arm
throughout the rest of the transfer block. For hand error,
the ANOVA revealed main effects of phase (P < 0.001, F =
148.54) and group (P < 0.001, F = 80.32) as well as an inter-
action effect of phase x group (P < 0.001, F = 13.35). For an-
ticipatory force, the ANOVA revealed a main effect of
phase (P < 0.001, F = 75.54) but did not show a main effect
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of group (P = 0.106, F = 3.06) or an interaction effect (P =
0.465, F = 0.96).

Adaptation.

To test for movement adaptation in the right arm, we
focused on hand error and anticipatory force in the late base-
line 2, first learning, and late learning phases (Fig. 3, C and
E). In the Abrupt group, hand error significantly increased
from late baseline 2 to first learning and then decreased from
first learning to late learning (both P values < 0.001). In the
Gradual group, hand error did show a relatively very small,
but significant, increase from late baseline 2 to first learning
(P < 0.001); however, hand error then showed no change
from first learning to late learning (P = 0.429). Anticipatory
force was significantly different from late baseline 2 to late
learning in both groups (both P values < 0.001), demonstrat-
ing that both groups adapted to the novel dynamics. To com-
pare the extent of adaptation of arm control between groups,
we made planned comparisons between the changes in hand
error and anticipatory force from late baseline 2 to late learn-
ing (Fig. 3, D and F). These changes were similar between
groups (hand error P = 0.473; anticipatory force P = 0.227),
indicating that the groups adapted similarly in the right arm
by the end of the learning block.
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Figure 3. Arm control metrics. Data shown are peak field force (A and B), hand error (C and D), and anticipatory force (E and F). Black, Abrupt group (N =
7); gray, Gradual group (N =7). A, C, and E: each metric vs. batch (5 trials); in each plot, 2 traces show group means (solid lines) + SE (shading). B, D, and
F: the change from respective late baseline (LB) to first learning (FL, from LB2), late learning (LL, from LB2), first transfer (FT, from LB), late transfer (LT,
from LB1), first washout (FW, from LB1), and late washout (LW, from LB1), with error bars showing SE. (B shows actual peak force values, because field
force is O in baseline.) *Statistically significant differences between groups (P < 0.050). +Statistically significant difference within group in change from

respective baseline or between other phases where indicated (P < 0.050).

Transfer.

To test for transfer of adapted arm control from the right to
the left arm, we focused on the late baseline 1, late learning,
and first transfer phases (Fig. 3, C and E). From late learning
to first transfer, both groups showed significant reductions
in anticipatory force and increases in hand error (all P
values < 0.001), indicating a lack of transfer to reaching with
the left arm. We next compared initial transfer performance
to baseline performance, before any exposure to the novel
dynamics. From late baseline 1 to first transfer, both groups
showed no significant change in anticipatory force (both P
values > 0.342) and a significant increase in hand error (both
P values < 0.001), indicating that when subjects switched to
the left arm they used arm control that was similar to left-
handed baseline; they did not anticipate the perturbation in
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the left arm and thus experienced large errors as a conse-
quence. Subsequently, both groups adapted to the perturba-
tion in the left arm, showing significant decreases in hand
error and significant increases in anticipatory force from first
transfer to late transfer (all P values < 0.001).

To compare the degree of transfer between groups, we
made planned comparisons between the changes in hand
error and anticipatory force from late baseline 1 to first trans-
fer and late transfer (Fig. 3, D and F). The changes in antici-
patory force from late baseline 1 to first transfer were similar
between groups (P = 0.628), indicating that the groups
showed a similar lack of transfer. The Gradual group did
show a smaller change in hand error from late baseline 1 to
first transfer compared with the Abrupt group (P = 0.035);
however, this is likely due to the fact that the Gradual group
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reached with a smaller peak velocity and experienced a
smaller peak field force than the Abrupt group (P = 0.018)
(Fig. 3B). The changes in hand error and anticipatory force
from late baseline 1 to late transfer were similar between
groups (both P values > 0.184), indicating that the groups
adapted similarly in the left arm by the end of the transfer
block.

Postural Control in Adaptation and Transfer

RPA and APA data (Fig. 4) show that both groups adapted
their postural control to the field during the learning block
when reaching with the right arm; both groups then failed to
transfer this adaptation when they switched to the left
arm initially but subsequently showed further adaptation
throughout the rest of the transfer block. For RPAy, the
ANOVA revealed main effects of phase (P < 0.001, F = 28.04)
and group (P = 0.016, F = 7.91) as well as an interaction effect

of phase x group (P < 0.001, F = 5.39). For RPA,, the ANOVA
revealed a main effect of phase (P < 0.001, F = 8.31) but did
not show a main effect of group (P = 0.328, F = 1.04) or an
interaction effect (P = 0.328, F = 1.17). For APA, the ANOVA
revealed a main effect of phase (P < 0.001, F = 8.97) but did
not show a main effect of group (P = 0.935, F = 0.01) or an
interaction effect (P =0.947, F = 0.31). We expand upon these
results below.

Adaptation.

To test for postural adaptation while reaching with the right
arm, we focused on RPA4, RPA,, and APA in the late baseline
2, first learning, and late learning phases (Fig. 4, A, C, and E).
In the Abrupt group, RPA,4 and RPA, significantly increased
from late baseline 2 to first learning (both P values < 0.018)
and then decreased from first learning to late learning (RPA4
P = 0.055; RPA, P = 0.008). In the Gradual group, RPA,

w
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Figure 4. Postural control metrics. Data shown are reactive postural adjustment based on center of pressure (COP) displacement (RPA4; A and B), reac-
tive postural adjustment based on COP acceleration (RPA,; C and D), and anticipatory postural adjustment (APA; E and F). Black, Abrupt group (N = 7);
gray, Gradual group (N =7). A, C, and E: each metric vs. batch (5 trials); in each plot, 2 traces show group means (solid lines) + SE (shading). B, D, and F:
the change from respective late baseline (LB) to first learning (FL, from LB2), late learning (LL, from LB2), first transfer (FT, from LB1), late transfer (LT, from
LBY), first washout (FW, from LB1), and late washout (LW, from LB1), with error bars showing SE. *Statistically significant differences between groups (P <
0.050). +Statistically significant difference within group in change from respective baseline or between other phases where indicated (P < 0.050).
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showed no significant change from late baseline 2 to first
learning or from first learning to late learning (both P
values > 0.870). Similarly, RPA4 did not show a significant
change from late baseline 2 to first learning (P = 0.963), but
then it significantly increased from first learning to late
learning (P = 0.001). However, that increase over the learning
block was related to adaptation of APA, which significantly
increased from late baseline 2 to late learning in both groups
(both P values <0.009). (As discussed in METHODS, in the
Gradual group RPA, was expected to remain low because of
the incremental perturbation and RPA4 was expected to
increase throughout learning because the COP movement
that is initiated in the APA is propagated into the reactive
time period.) To compare adaptation of postural control
between groups, we made planned comparisons between the
changes in RPA4, RPA,, and APA from late baseline 2 to late
learning (Fig. 4, B, D, and F). These changes were similar
between groups (RPAy P = 0.940; RPA, P = 0.668; APA P =
0.113), indicating that the groups adapted their postural con-
trol to the same extent by the end of the learning block.

Transfer.

To test for transfer of adapted postural control from the right
to the left arm, we focused on the late baseline 1, late learn-
ing, and first transfer phases (Fig. 4, A, C, and E). From late
learning to first transfer, both groups showed a significant
reduction in APA (both P values < 0.011), indicating reduced
anticipatory control for the novel dynamics. Accordingly,
the Abrupt group showed significant changes in RPA4 and
RPA, (both P values < 0.018), indicating a greater corrective
response to the unanticipated dynamics. However, although
RPA; and RPA, corrective responses increased in the
Gradual group, the changes did not reach significance (RPA4
P=0.275; RPA, P=0.052).

Anticipatory control in both groups upon first transfer was
also similar to baseline performance, before exposure to the
novel dynamics. From late baseline 1 to first transfer they
showed no significant change in APA (both P values > 0.421).
Accordingly, there was a significant increase in RPA4 (both P
values < 0.001) and an increase in RPA, (Abrupt P = 0.066;
Gradual P = 0.091). This indicates that when subjects
switched to the left arm they used postural control that was
similar to left-handed baseline reaching; they did not antici-
pate the perturbation and thus needed to compensate with
large reactive COP movements. Subsequently, both groups
adapted to the perturbation while reaching with the left arm,
showing significant decreases in RPAy (both P values <
0.029), slight decreases in RPA, (Abrupt P = 0.058; Gradual
P = 0.086), and significant increases in APA (both P
values < 0.035) from first transfer to late transfer.

To compare transfer between groups, we made planned
comparisons between the changes in RPA4, RPA,, and APA
from late baseline 1 to first transfer and late transfer (Fig. 4,
B, D, and F). The changes in all three metrics from late base-
line 1 to first transfer were similar between groups (all P
values > 0.111), indicating that the groups showed a similar
lack of transfer. The Gradual group did show a trend toward
a smaller change in RPA4 from late baseline 1 to first transfer
compared with the Abrupt group (P = 0.111); however, as we
observed with hand error, this is likely due to the fact that
the Gradual group reached with a smaller peak velocity and
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experienced a smaller peak field force than the Abrupt group
(Fig. 3B).The changes from late baseline 1 to late transfer
were also similar between groups (all P values > 0.105), indi-
cating that the groups adapted their postural control simi-
larly by the end of the transfer block.

Alternative Metrics and Additional Transfer Analyses

To ensure that our findings were not dependent on a spe-
cific choice of metrics, we performed additional analyses
using alternative measures of anticipatory force and APA.
These included a metric termed the anticipatory force coeffi-
cient, taken as the regression coefficient of the channel force
profile onto the ideal force profile (where ideal force is the
product of tangential hand velocity and the gain of the force
trial immediately preceding the channel trial), and APA,
taken as mean COP velocity or as peak signed COP velocity
during the APA period. With these alternative measures our
findings remained similar. For anticipatory force coeffi-
cients, the ANOVA showed a main effect of phase (P < 0.001,
F = 32.66) but did not show a main effect of group (P = 0.279,
F =1.28) or an interaction effect (P = 0.754, F = 0.60). For the
alternative measures of APA, ANOVAs showed a main effect
of phase (mean COP velocity P < 0.001, F = 9.35; peak signed
COP velocity P < 0.001, F = 9.98) but did not show a main
effect of group (mean COP velocity P = 0.556, F = 0.37; peak
signed COP velocity P = 0.782, F = 0.08) or an interaction
effect (mean COP velocity P = 0.972, F = 0.25; peak signed
COP velocity P = 0.990, F = 0.17). From late baseline 1 to first
transfer, all three alternative metrics showed no significant
change in either group (anticipatory force coefficient both P
values > 0.411; mean COP velocity both P values>0.412;
peak signed COP velocity both P values > 0.666). Similar to
our original metrics, these results indicate that when sub-
jects switched from right-handed to left-handed reaching
they used anticipatory arm and postural control that was
similar to left-handed baseline.

We wished to further confirm our finding that learned
control was not transferred from right-handed to left-handed
reaching. To do so, we performed additional analyses on an-
ticipatory force and APA data, including the above alterna-
tive metrics. First, we quantified transfer as the percentage
of anticipatory control transferred from late learning to the
initial transfer trial (i.e., we quantified control on the first
transfer trial as a percentage of mean control in the late
learning phase) for each metric of anticipatory control (25).
For anticipatory force and anticipatory force coefficients,
this transfer percentage was not significantly different from
zero in either group (all P values > 0.398). Similarly, for all
measures of APA (original and alternative), this percentage
was not significantly different from zero in either group (all
Pvalues > 0.495). These results confirm our original findings
of no transfer. Second, we compared the trials in late base-
line 1 and first transfer within each individual subject.
Anticipatory force was similar between late baseline 1 and
first transfer for six of seven subjects in the Abrupt group (P
values > 0.146; for remaining subject P = 0.029) and all seven
subjects in the Gradual group (P values > 0.122). (This analy-
sis was not performed for the alternative metric, anticipatory
force coefficients, because it would involve comparing a set
of zero values in late baseline to a single nonzero value on
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the first transfer trial.) APAs, quantified with our original
metric, were similar between late baseline 1 and first transfer
for six of seven subjects in the Abrupt group (P values>
0.221) and six of seven subjects in the Gradual group (P
values > 0.061). Using the alternative APA metrics, we found
comparable results: APAs were similar between late baseline
1 and first transfer for six of seven subjects in the Abrupt
group (using mean COP velocity) or five of seven subjects in
the Abrupt group (using peak signed COP velocity) and all
seven subjects in the Gradual group (using both alternative
metrics). These results show that in initial transfer the ma-
jority of individual subjects used anticipatory arm and pos-
tural control that was similar to left-handed baseline. Thus,
this also confirms our finding that subjects did not transfer
their learned control.

Postural Adaptation Is Sensitive to Small Errors

With this data set we can also ask the question of whether
postural adaptation can be driven by very small errors. A pre-
vious study, using a trial-to-trial adaptation paradigm in which
perturbations of randomly varying strengths were applied to
the hand while subjects stood and made arm reaching move-
ments, found that although arm adaptation was sensitive to
small error magnitudes, postural adaptation seemingly was
not (15). That study compared those small error magnitudes to
errors experienced in unperturbed baseline movements and
found that small hand error magnitudes were significantly dif-
ferent from baseline; importantly, however, small postural
error magnitudes were indistinguishable from baseline. To
make a similar comparison, we compared error magnitudes
for the Gradual group in first learning and late learning to
error magnitudes in late baseline 2. Hand error magnitudes in
both phases were similar to late baseline 2 (first learning P =
0.415; late learning P = 0.172). RPA, magnitudes were also simi-
lar to late baseline 2 (first learning P = 0.827; late learning P =
0.110). RPA4 magnitudes in first learning were similar to late
baseline 2 (P = 0.617). RPA4 magnitudes in late learning were
significantly increased from late baseline 2 (P < 0.001), but, as
we discussed above, this was related to APA adaptation. Thus,
our results show that error magnitudes experienced by the
Gradual group during learning were similar to those experi-
enced in unperturbed baseline movements. Despite this, adap-
tation was able to occur in both arm and posture.

For reference, we also wished to compare initial adapta-
tion of anticipatory control between arm and posture. For
each subject, we found the learning batch at which anticipa-
tory force and APA significantly diverged from late baseline
2 values, using independent ¢ tests to compare for statisti-
cally significant differences between trials in late baseline 2
and each subsequent batch. Group mean results are shown
in Fig. 5. We then compared between metrics within each
group, using one-tailed paired ¢ tests. In both groups, antici-
patory force diverged faster than APA (Abrupt P = 0.016;
Gradual P = 0.018), indicating that anticipatory learning pro-
gressed faster in the arm than in posture.

Control Analyses

Subjects were explicitly instructed not to lean on the han-
dle of the robot arm for support. To ensure that they were
not leaning on the handle, we measured the vertical forces
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Figure 5. Initial adaptation. Bar plot showing group mean value of learning
batch (where learning batch 1 is the first batch of learning trials, or batch
29 overall) at which anticipatory force and anticipatory postural adjust-
ment (APA) significantly diverge from late baseline 2 values. Black, Abrupt
group (N =7); gray, Gradual group (N = 7). Error bars show SE. +Statistically
significant difference within group (P < 0.050).

exerted on the handle during the experiment with a force
transducer in the handle. The average peak vertical forces
were 1.14 £ 0.28 N for the Abrupt group and 1.04 +0.28 N for
the Gradual group (<1% of body weight); this suggests that
the forces were sufficiently low to indicate they were not
leaning on the handle.

We compared maximum lateral COP displacements dur-
ing the experiment, in both groups, to those measured dur-
ing the COP game (which established the lateral dimensions
of the functional BOS). (All COP data were measured from
the “start” location and normalized by foot length.) This was
done to verify that the COP movements executed during the
experiment were within the limits of the functional BOS.
Across all subjects, mean foot length was 25.7+2.2 cm. In the
COP game, averaged across all subjects, the maximum nor-
malized lateral displacement was 0.42+0.12 cm/cm, or a lat-
eral functional BOS limit (measured from center) of 10.8 2.9
cm. In the experiment, maximum lateral COP displacements
in the Abrupt group were 0.12 = 0.02 cm/cm (normalized), or
3.1+£0.5 cm; in the Gradual group they were 0.08 £ 0.03 cm/
cm (normalized), or 2.2+0.5 cm. COP displacements in the
experiment did not meet or exceed the limits of the func-
tional BOS in any subject. These results confirm that, for
both groups, COP movements developed in response to the
force field were well within the limits of the functional BOS.

The type of perturbation used in our experiment is partic-
ularly useful for studying adaptation of postural control,
because the components of COP movement that are specific
to the perturbation are perpendicular to components related
to the focal reaching movement and therefore can be clearly
isolated (11-13, 15). In this experiment, the perturbation
acted in the rightward (+x) direction because subjects
reached forward to the target (along the -+ y-axis), and the
force field acted at a 90° angle in a clockwise direction. Thus,
the components of COP movement that were specific to the
perturbation were along the x-axis and could be examined
without the confounding effect of the reaching movement
along the y-axis. Related to the reaching movement itself, y-
axis APAs were observed consistently on all trials; specifi-
cally, the COP moved away from the target before hand
movement onset, as has been observed previously (12, 13, 15).
However, the requirements in this direction did not change
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whether the force field was active or not, and as there were no
perturbations in this direction, these were simply prelearned
APAs that were not relevant to the experiment. To confirm
that these reaching-specific y-axis APAs were not affected by
the perturbing forces and related adaptation in the perpendic-
ular direction (along the x-axis), we examined y-axis APAs
between phases and between groups. Reaching-specific APAs
were measured in the direction of reaching as the peak signed
value of COP displacement, similar to perturbation-specific
APAs, but taken between 100 ms before movement onset and
50 ms after movement onset (11, 12, 26). Across all subjects,
the magnitude of the reaching APA showed no significant dif-
ferences between phases (all P values > 0.053), except for a
reduction in APA magnitude in both groups from late learn-
ing to first transfer (Abrupt P = 0.036; Gradual P = 0.049).
However, this was likely related to the drop in peak forward
reaching velocity that was observed concurrently (Abrupt P =
0.087; Gradual P = 0.002). Magnitudes did not significantly
differ between groups at any phase (all P values > 0.072). It
should be noted that, even in the direction of the perturba-
tion, the dynamics related to the arm movement and forces at
the arm do have an impact on COP movements, independent
of active postural control. Experimentally, it is not possible to
completely separate out the components of postural move-
ment that are attributable to anticipatory control, reactive
control, and arm movement. In the future, modeling work
could help to disambiguate the contributions of these factors.

DISCUSSION

In this study we sought to answer the question of whether
postural control can be adapted and transferred independ-
ently or partially independently of arm control in a dual-mo-
dality standing-and-reaching task, or if postural control is
completely dependent on the adapted arm control. Using a
dynamic force learning paradigm with concurrent arm and
postural adaptation, we found that when subjects switched
to the nondominant arm after adapting with the dominant
arm, neither arm nor postural adaptation was transferred.
Thus we found no evidence that postural control was
adapted or transferred independently of arm control.
Rather, considered together with previous findings, our
results suggest that predictive postural control in this task
is generated secondary to the focal arm movement, while
allowing for some posture-specific modulation within
those constraints.

The lack of arm transfer was an unexpected result com-
pared with previous studies of seated reaching. This may
have been caused by the addition of the standing component
of the task, which could theoretically interfere with transfer
because of adverse effects on uncertainty and/or attentional
processing. We also uncovered a novel finding in the
Gradual group, where adaptation was able to occur in both
arm and posture despite subjects experiencing very small
errors with magnitudes within the range of inherent baseline
variability. This suggests that error consistency as well as
error size play a role in driving motor adaptation.

Postural Control Was Not Transferred in Either Group

We found that both groups failed to transfer their adapted
postural control from right-handed to left-handed reaching,
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even though they adapted their arm and postural control by
the end of learning. When subjects switched arms, they were
still holding the same robotic arm and reaching in the same
force field; thus, the expected postural perturbation caused
by the force field, and the associated postural control, should
remain the same. Whereas any learned arm control would
need to be transferred from one arm to the other, postural
control requires no transfer except that which is linked to
the specific reaching arm; if any components of postural
control were adapted independently from the arm, no trans-
fer of those components would be required. However, we
found that the adapted control was not transferred in either
arm or posture. When subjects switched arms, they defaulted
to baseline left-handed reaching patterns, and their postural
control also defaulted to baseline left-handed patterns.
Therefore, our results show no evidence that postural control
was adapted or transferred independently of arm control.

Ahmed and Wolpert (11) showed that after subjects
adapted their arm reaching movements to novel dynamics
while sitting, they were able to generate appropriate postural
control immediately upon standing, even though the pos-
tural system did not directly experience the novel dynamics
during adaptation. This indicates that the postural control
system can plan appropriate postural control based on infor-
mation about arm movement dynamics; i.e., the postural
controller can learn from the arm controller. But is the
inverse true—can the arm controller learn from the postural
controller? If that were possible, the arm controller could
theoretically incorporate additional information from the
postural controller when transferring control between arms.
Our findings did not support this idea; rather, our findings
suggest that the arm controller planned its movement inde-
pendently and the postural controller planned its control
according to the arm controller’s anticipated movement dy-
namics. In two previous adaptation studies using the same
standing-and-reaching task, differing postural conditions
(change in BOS size) led to differences in postural control
but did not affect control of the focal arm reaching task (13,
14). In another study by Patron et al. (27), subjects made arm
reaching movements while standing in microgravity and
adapted their arm and postural control in response to the
microgravity environment. Note that in this case the “pertur-
bation” was purely environmental and acted equally on the
entire body, rather than a force that is applied directly to the
arm and is thus applied indirectly to the whole body posture.
Even in that case, they found that posture was not controlled
over and above the focal arm movement but rather postural
control was highly correlated with arm control. Thus it
seems that the arm controller does not learn from the pos-
tural controller, at least when the arm movement is focal,
but further research is needed to provide a more conclusive
answer.

Overall, our findings suggest that in a combined postural
and arm movement task, not only is the postural control sys-
tem able to generate predictive control based on information
from the arm but postural planning is also dependent on in-
formation about the planned arm movement. Furthermore,
whether or not appropriate postural control is adapted inde-
pendently, those adaptations can be overwritten by arm
control upon transfer to a new context. This is because pre-
dictive postural control is generated secondary to (i.e., in
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support of) the focal arm movement and is based on the
brain’s prediction of how whole body dynamics will be
affected by arm movement dynamics. Therefore, because
the brain did not predict novel dynamics at the arm, predic-
tive postural control was not generated for those dynamics.
Where previous studies observed specific differences in ad-
aptation between the two modalities (11-15), this may point
to a kind of limited autonomy rather than fully independent
adaptation: the postural controller can modulate its control
to suit the known postural conditions, within the constraints
dictated by the planned arm movement and its associated
dynamics.

Arm Control Was Not Transferred in Either Group

Both groups failed to transfer their adapted arm control
from right-handed to left-handed reaching. When we com-
pare these findings to previous studies involving seated arm
reaching, the results are mixed. Two previous studies exam-
ined adaptation of seated arm reaching to a similar gradual
force perturbation, using the same number of adaptation tri-
als (160) and a similar trial sequence, and subsequently also
examined transfer from the dominant to the nondominant
arm. Findings differed between the two studies. Malfait and
Ostry (17) found no transfer between arms, but, using differ-
ent data analysis methods, Joiner et al. (25) found small but
significant transfer. Our Gradual group results agree with the
finding of no transfer, despite the use of similar methods
and analyses.

Interestingly, however, our Abrupt group results differ
from all previous findings. Three studies found that when
subjects adapted their seated arm reaching to a similar ab-
rupt force perturbation, they transferred their adapted con-
trol from the dominant to the nondominant arm (16, 17, 25).
In contrast, we found that subjects in the Abrupt group
showed no transfer between arms. In those previous studies,
subjects adapted to a force field gain of 13 or 15N-s/m, over
training periods of 450, 160, and 15 trials; in the present
study, subjects adapted to the same type of force field with a
similar gain of 15N-s/m, over a period of 300 trials.
Therefore, the difference in our findings was not due to per-
turbation strength or training duration. We also ensured that
our findings were robust to alternative data metrics and
additional analyses.

In each of these previous studies, at least one condition
led to some transfer from the dominant to the nondominant
reaching arm. However, we clearly showed that neither
group transferred their learned arm control. It seems likely,
therefore, that the lack of transfer can be attributed to the
major unique feature of our experiment: the addition of the
standing component. In all of the previously mentioned
studies, subjects performed reaching movements while
seated; in our experiment, they reached while standing. This
could have adversely affected uncertainty and/or attentional
processing, both of which are influential factors in adapta-
tion and transfer. However, we did not directly compare ad-
aptation between seated and standing conditions; this is an
area for possible further research.

Movement complexity and variability, and thus overall
uncertainty, are greater in a standing reaching task com-
pared with a seated reaching task; these factors could have
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led to a change in error assignment that thus contributed to
the lack of arm transfer. When Malfait and Ostry (17) found
no transfer between arms, they suggested that this was
because the very small error sizes experienced during adap-
tation to the gradual perturbation led to a lack of higher cog-
nitive information about the force field, and thus inhibited
transfer. A modeling study by Berniker and Kording (28) sup-
ported this explanation. Their model indicated that during
adaptation to novel dynamics the brain prefers to attribute
motor errors to a misestimate of body properties (e.g., reach-
ing arm) rather than to a change in environmental properties
(e.g., robotic training device). Thus, the brain will assume
the misestimate is mostly localized to the first arm and will
not transfer that control to the other arm. When errors are
small and/or uncertainty is high, errors are even more likely
to be attributed to the arm than to the environment (19, 29),
and control that is adapted in response to those errors is less
likely to be transferred to the other arm (16, 28). Similar to
this idea, Werner et al. (30) found that in adaptation to visuo-
motor perturbations, awareness of the nature of the pertur-
bation (i.e., awareness of what is causing movement errors)
was correlated with transfer between reaching arms; stron-
ger perturbations with an abrupt introduction (compared to
smaller perturbations and/or gradual introduction) led to
greater awareness and greater transfer. However, others
have found that awareness has little effect on transfer (31).
Nonetheless, this “awareness” may be related to uncertainty
about the source of movement errors, which can negatively
affect error assignment and thus transfer.

The standing component of this task likely also had an
adverse cognitive effect on the reaching task compared with
a seated reaching task. This effect was further exacerbated
by the presence of postural perturbations. Several studies
have shown that when postural control is more attentionally
demanding because of decreased BOS and/or increased pos-
tural threat (e.g., standing vs. sitting, standing with a narrow
vs. normal BOS, or standing on a high vs. low platform), per-
formance on a concurrent mental task is negatively affected
(e.g., reaction times are slowed in an auditory reaction time
task) (32-35). Evidence from studies of brain activity sug-
gests that this is a direct result of competing demands on
attentional resources in the brain (36, 37). Other studies have
shown that responding to a postural perturbation can also
draw attentional resources away from a concurrent visual or
mental task (38-40). These findings suggest that attentional
resources, and thus cognitive processing, may be reduced for
the arm reaching task when performed concurrently with a
standing postural task compared with a simple seated reach-
ing task. Theoretically, this might interfere with storage and
transfer of motor memories, which could result in reduced
transfer of motor control. More specifically, the additional
cognitive demands may also have a deleterious effect on
how the brain processes and assigns motor errors.

It is also possible that the added postural component of
this task had a negative effect on adaptation overall due to
increased uncertainty and attentional demands. One previ-
ous study provides support for this idea: Manista and
Ahmed (12) used a similar experimental paradigm, in which
subjects adapted their arm reaching to novel dynamics while
standing and reaching in multiple directions. They found
that subjects adapted their postural control less for a
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backward perturbation than for a forward perturbation, cor-
relating with reduced BOS and greater postural threat in the
backward direction. It is possible that adaptation was nega-
tively affected by the greater attentional demands of those
conditions. Another study found that postural threat also
can lead to changes in movement decision-making (41).
When choosing between target-directed whole body leaning
movements of varying risk (probability of target success vs.
monetary reward), subjects chose less risky movements in a
condition of greater postural threat. That condition did not
have a similar effect on decisions about arm reaching
movements, but subjects did restrict their arm movement
variability as well as whole body movement variability.
These findings may indicate more complex effects of pos-
tural threat or difficulty on the attentional demands and
cognitive processing of movement control, especially in
more complex movement situations such as responding to
external perturbations.

Arm and Postural Control Were Adapted in Both Groups

We found that the groups adapted similarly by the end of
learning, in both arm and posture. Several earlier studies
found that in arm reaching with a visuomotor or dynamic
perturbation, adaptation was similar or greater when the
perturbation was introduced gradually rather than abruptly
(17,19, 25, 42, 43). For example, Kagerer et al. (42) found that
in visuomotor adaptation the gradual group exhibited
smaller errors at the end of adaptation than the abrupt
group, indicating that they had adapted to a greater extent.
However, the duration of adaptation in these studies varied
between 84 and 180 trials, with the initial period of gradual
increase ranging from 57 to 145 trials. In our experiment the
groups adapted over 300 trials, with the final 20 trials at full
perturbation strength. Our findings indicate that, given a
sufficiently long adaptation period, subjects will adapt simi-
larly whether the perturbation is abrupt or gradual.

This experiment also allows us to address the question of
how error size affects adaptation. In general, adaptation of
arm reaching movements is found to increase with error size
and/or perturbation size (44-49). Interestingly, in an earlier
study with a similar standing-and-reaching adaptation para-
digm, Pienciak-Siewert et al. (15) found that although sub-
jects did show increasing adaptation with increasing error
sizes, they did not adapt their postural control in response to
small error magnitudes that fell within the range of inherent
movement variability. As mentioned above, smaller errors in
dynamic learning are more likely to be attributed to the
body, whereas larger errors will be attributed to the environ-
ment (e.g., robotic training device) (19, 28, 29). For example,
Torres-Oviedo and Bastian (29) found that in adaptation to a
locomotor perturbation on a treadmill, smaller errors
induced by a gradual perturbation led to improved transfer
to overground walking; however, those small error sizes were
significantly larger than errors experienced in preperturba-
tion baseline conditions and thus could serve as a distinct
error signal to drive adaptation. Similarly, two studies found
that when arm reaching was adapted to a gradual visuomo-
tor or dynamic perturbation, subjects experienced errors
that were small but still larger than baseline (19, 42). Based
on the idea that smaller errors are more likely to be
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attributed to the body, Pienciak-Siewert et al. (15) suggested
that very small postural errors were small enough to be
attributed to inherent postural variability rather than to
external forces and thus could not serve as an error signal to
drive adaptation. However, the randomly varying perturba-
tion strengths in that experiment likely contributed a high
degree of uncertainty, which also may have led to reduced
adaptation. Wei and Kording (49) found that in an arm
reaching task with visuomotor perturbations, subjects
adapted more slowly when the uncertainty of visual feed-
back was increased via noise added to the cursor position.
Stevenson et al. (50) tested a standing task in which subjects
controlled their COP position in the presence of random vis-
ual perturbations to COP cursor feedback; similar to Wei and
Kording, they found that perturbation responses were
reduced when noise was added to the cursor position.

In the present experiment, uncertainty was reduced; both
groups experienced errors that were consistently biased in a
single direction rather than randomly varying. In the
Gradual group, the postural error magnitudes (RPA,) experi-
enced during learning were very small, within the range of
movement variability experienced in unperturbed baseline
movements; however, adaptation still occurred to a similar
extent as in the Abrupt group. Our results show conclusively
that subjects can adapt their postural control to very small
errors, if those errors are consistently biased so as to mini-
mize uncertainty. Despite being unrelated to our main ex-
perimental question, this is nonetheless a novel finding and
suggests that both error size and consistency play a role in
driving adaptation.

Our adaptation results also showed that anticipatory force
diverged from late baseline faster than APA in both groups,
indicating that anticipatory learning progressed faster in the
arm than in posture. In a similar dynamic adaptation experi-
ment, Ahmed and Wolpert (11) found that anticipatory learn-
ing in the arm progressed at a faster rate than anticipatory
postural control. These results might be explained as an
effect of error uncertainty in arm versus posture. In both
experiments, uncertainty may have been greater for postural
error than for arm error because subjects received explicit
visual feedback about hand movements (via the hand posi-
tion cursor) in addition to proprioceptive feedback but did
not receive explicit visual feedback about posture during
movement. However, it is also possible that anticipatory
learning in the arm was faster because of the focal nature of
the arm movement. This aligns with the idea, discussed
above, that in this standing-and-reaching task, planning and
adaptation of anticipatory postural control are dependent on
the dynamics of the arm movement. If that is the case, it fol-
lows that anticipatory learning in posture would lag behind
anticipatory learning in the arm.

Clinical Implications

In general, it is desirable for learning acquired in one con-
text to be transferred to other contexts. In this study we
found that in a standing-and-reaching task, neither arm nor
postural learning was transferred when subjects switched
reaching arms. The addition of the standing component of
the task (compared to a seated reaching task), as well as pos-
tural perturbations, may have led to greater uncertainty
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about task performance and error assignment. In addition,
those elements may have drawn increased attentional
resources to postural control, thus reducing the amount of
resources available for arm control (33-40). Theoretically,
any of those factors could have interfered with storage and/
or transfer of the learned dynamics. Therefore, when design-
ing training and rehabilitation paradigms, it is important to
consider the possible effects of performing concurrent tasks.

This would be especially important in clinical populations
who exhibit poor motor performance in some areas. For
example, older adults can demonstrate reduced postural sta-
bility (21, 51-56), reduced mobility (57-59), and reduced abil-
ity to recover from perturbations (60-63). These may be
related to the fact that postural tasks can be more attention-
ally demanding in older adults than in young adults (34, 38,
64, 65). Another study showed that when older adults experi-
enced a postural perturbation they exhibited delayed atten-
tional switching between postural control and a concurrent
visuomotor task (39). This suggests that older adults may
have impaired attentional dynamics, which could exacerbate
the deleterious effects of concurrent task performance, espe-
cially when adapting to novel dynamics, which requires
additional cognitive resources.

Our adaptation results suggest that both error size and con-
sistency play a role in driving motor adaptation. Therefore,
both of these factors should be considered in the design of
training and rehabilitation paradigms. Some clinical popula-
tions make larger and more variable baseline errors in their
postural control, such as older adults (52, 54-56) and stroke
survivors (66). Because of their larger baseline errors, it is pos-
sible that they might be unable to respond to a greater range
of “small” errors, compared with healthy individuals, if they
are unable to distinguish those errors from their natural
errors. However, in light of our present findings, a highly con-
sistent error signal could help to reduce uncertainty and could
thus improve adaptation.

Conclusions

The results of this study suggest that in a dynamic force
learning paradigm with concurrent adaptation of arm reach-
ing and standing posture, learned postural control can be
overwritten by planned arm dynamics. In other words, pos-
tural movement planning related to a concurrent focal arm
task is dependent on information about arm dynamics, but
not vice versa. Taken together with previous findings, this
supports the idea that predictive postural control is gener-
ated secondary to the planned arm dynamics, with limited
autonomy for posture-specific modulation within those
constraints.

Generally, our findings demonstrate that although pos-
tural control is a separate process from arm control it is
nonetheless dependent on arm control. Furthermore, it is
important to consider the possible effects of performing con-
current tasks in rehabilitation and training regimens, espe-
cially when transfer is of concern.

We highlight one other “small” but notable finding.
Subjects were able to adapt their movement control while
experiencing only very small errors with magnitudes within
the range of inherent baseline variability, when those errors
were consistently biased so as to minimize uncertainty.
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Therefore, both error size and consistency should be consid-
ered in the design of training and rehabilitation regimens.
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