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Abstract We previously investigated sensory coupling of
the sensed positions of cursor and hand in a cursor-control
task and found differential characteristics of implicit and
explicit measures of the bias of sensed hand position
toward the position of the cursor. The present study further
tested whether adaptation to a visuomotor rotation differ-
entially affects these two measures. Participants made
center-out reaching movements to remembered targets
while looking at a rotated feedback cursor. After sets of
practice trials with constant (adaptation condition) or ran-
dom (control condition) visuomotor rotations, test trials
served to assess sensory coupling. In these trials, partici-
pants judged the position of the hand at the end of the
center-out movement, and the deviation of these judgments
from the physical hand positions served as explicit measure
of the bias of sensed hand position toward the position of
the cursor, whereas the implicit measure was based on the
direction of the return movement. The results showed that
inter-individual variability of explicitly assessed biases of
sensed hand position toward the cursor position was less in
the adaptation condition than in the control condition.
Conversely, no such changes were observed for the implicit
measure of the bias of sensed hand position, revealing
contrasting effects of adaptation on the explicit and implicit
measures. These results suggest that biases of explicitly
sensed hand position reflect sensory coupling of neural
representations that are altered by visuomotor adaptation.
In contrast, biases of implicitly sensed hand position reflect
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sensory coupling of neural representations that are unaf-
fected by adaptation.

Introduction

When reaching movements are made, the position of the
hand is monitored both visually and proprioceptively. The
individual position estimates, based on each of the two
modalities, are integrated to obtain a single estimate (Van
Beers, Sittig, & Denier van der Gon, 1999). In general,
multisensory integration can be modeled as a weighted
average, with the weights of the individual estimates being
matched to their relative reliabilities (Cheng, Shettleworth,
Huttenlocher, & Rieser, 2007; Ernst & Biilthoff, 2004).
Thereby the variance of the combined estimate, e.g., of the
position of the hand, is minimized. Such optimal combi-
nations are advantageous when the individual estimates
refer to the same characteristic of the same object because
the integrated perceptual estimate has a higher precision
than each individual estimate. However, a less-than-perfect
multisensory integration, called sensory coupling (cf.
Bresciani, Dammeier, & Ernst, 2006; Ernst, 2006, 2012),
has also been found in tool-use tasks where different sen-
sory modalities refer to different objects, in particular in
the task of controlling a cursor on a monitor by way of a
computer mouse or a similar input device.

In a cursor-control task, the position of the effective part
of the tool (the cursor) is specified by visual information,
and the position of the hand is specified by proprioceptive
information. These are positions of different objects that
typically move in different planes, the cursor in the fron-
toparallel plane and the hand in the horizontal plane. In
such a case, and even in the case where the cursor moves in
the same plane (e.g., horizontal) as the hand, visual and
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proprioceptive information are no longer fully redundant in
that they do not refer to the same object. But they are
related to each other through the tool’s kinematic trans-
formation. This systematic relation between the move-
ments of the hand and the motions of the cursor is sufficient
to prompt sensory coupling, which has been observed in
different variants of cursor-control tasks (e.g., Debats,
Ernst, & Heuer, 2017; Kirsch, Pfister, & Kunde, 2016;
Ladwig, Sutter, & Miisseler, 2012, 2013; Rand & Heuer,
2013, 2016; Wendker, Sack, & Sutter, 2014). For example,
when the direction of cursor motion is slightly rotated
relative to the direction of hand movement, the sensed final
hand position is biased toward the final position of the
cursor, and the sensed final position of the cursor is biased
toward the final position of the hand (Debats et al., 2017;
Rand & Heuer, 2013, 2016). The magnitude of these biases
reflects the strength of sensory coupling. However, sensory
coupling and the resulting bias of sensed hand position
toward the position of the cursor are not invariant across
different methods of assessment. Here, we test whether two
particular methods of assessment are affected differently
by a preceding adaptation to a visuomotor rotation.

For the assessment of mutual biases of their sensed final
positions, hand and cursor have to move in slightly dif-
ferent directions in each trial so that their final positions
differ. These visuomotor rotations were randomized across
trials and zero on average both in previous studies (Debats
etal., 2017; Rand & Heuer, 2013, 2016, 2017, in press) and
in the control condition of the present study. In a second
(i.e., adaptation) condition of the present study, visuomotor
rotations were constant across series of trials so that par-
ticipants adapted to them (e.g., Abeele & Bock,
2001a, 2001b; Heuer, Hegele, & Rand, 2013; Krakauer &
Mazzoni, 2011; Krakauer, Pine, Ghilardi, & Ghez, 2000;
Morehead, Qasim, Crossley, & Ivry, 2015). We introduced
the visuomotor rotation stepwise, a procedure that serves to
reduce participants’ awareness of the rotation (Buch,
Young, & Contreras-Vidal, 2003; Kagerer, Contreras-Vi-
dal, & Stelmach, 1997). The adaptation and the control
condition of the present experiment allowed us to compare
the strength of sensory coupling for two different methods
of assessment of the bias of sensed hand position toward
the position of the cursor when participants were either
adapted or unadapted to visuomotor rotations.

Explicit and implicit assessments of biases of sensed
hand position

We tag the two methods of bias assessment used in this and
previous studies (Rand & Heuer, 2013, 2016, 2017, in
press) as explicit and implicit. Our explicit assessment of
the bias of sensed hand position toward the position of the
cursor is based on psychophysical judgments. In each test
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trial, participants perform a center-out reaching movement
in a particular direction while looking at a visual feedback
cursor moving in a slightly rotated direction and return to
the starting position. Immediately afterwards, they give a
psychophysical judgment of the perceived (and remem-
bered) position of the hand at the end of the center-out
movement. They do so by moving their hand on a circular
path which runs through all possible end positions of
reaching and stop at that position that matches the
remembered hand position. In each single trial, the devia-
tion of the judged hand position from the physical position
of the hand at the end of reaching serves as an explicit
measure of the bias of sensed hand position toward the
position of the cursor. Across trials, the bias depends lin-
early on the difference between the physical positions of
cursor and hand, that is, on the size of the visuomotor
rotation (Debats et al., 2017, Rand & Heuer,
2013, 2016, 2017, in press). Therefore, we compute the
slope of that linear regression for each participant and
experimental condition and use it as an explicit measure of
the (proportional) bias of sensed hand position. We use the
term “proportional” because the bias is expressed as pro-
portion of the visuomotor rotation.

Our implicit assessment of the bias of sensed hand
position toward the position of the cursor is based on the
movements of the participants without them being aware of
judging the position of their hand. Specifically, we measure
the angle between the reaching movement and the return
movement back to the initial position of that reaching
movement in each trial. The rationale of this implicit
measure of the deviation of the sensed hand position from
the physical position of the hand is based on the observa-
tion that discrepancies between sensed and physical loca-
tions of the hand give rise to systematic errors in
subsequent movements (Bock & Eckmiller, 1986; Heuer &
Sangals, 1998; Heuer & Siilzenbriick, 2012; Holmes,
Crozier, & Spence, 2004; Holmes & Spence, 2005; Ros-
setti, Desmurget, & Prablanc, 1995; Vindras, Desmurget,
Prablanc, & Viviani, 1998). The implicitly assessed bias of
the sensed hand position in each trial is subjected to a
linear regression on the visuomotor rotation for each par-
ticipant. The slope of that linear regression serves as an
implicit measure of the (proportional) bias of sensed hand
position.

We use the terms “explicit” and “implicit” in a
descriptive way for the procedures used to assess sensory
coupling in a cursor-control task, specifically the bias of
sensed hand position toward the position of the cursor. The
explicit assessment is based on a psychophysical procedure
where hand position is intentionally judged. The implicit
assessment, in contrast, is based on the observed motor
behavior without an intentional judgment by the partici-
pant. Similar to other fields such as the learning of



Psychological Research (2019) 83:935-950

937

sequences and other regularities in the environment, where
the explicit—implicit distinction is firmly established (cf.
Reber, 2013; Shanks & St. John, 1994), we ask whether the
different types of assessment have different characteristics.
Such differences would suggest that they are based on
different neural representations of hand position. Previous
studies have shown, for example, that implicitly and
explicitly assessed biases are uncorrelated, that the
explicitly assessed bias is about twice as strong as the
implicitly assessed bias, and that the explicitly assessed
bias increases at older adult age, whereas the implicitly
assessed bias remains stable (Rand & Heuer, 2013). The
explicitly assessed bias, but not the implicitly assessed
bias, is reduced when the relative reliability of proprio-
ceptive information on final hand position is increased
(Rand & Heuer, 2016). These findings suggest that the
different types of bias assessment indeed may be based on
different neural representations of hand position. The pre-
sent study extends our exploration of dissociations between
explicitly and implicitly assessed biases of sensed hand
position in a cursor-control task to the effects of adaptation
to visuomotor rotations. More specifically, we investigate
whether the two types of bias differentially change when
the bias due to sensory coupling is combined with a bias
due to adaptation to a visuomotor rotation (i.e., proprio-
ceptive recalibration, see more details in the next section).

Sensory coupling and proprioceptive recalibration

The distinction between sensory coupling and propriocep-
tive recalibration is essential for the purpose of the present
study. The first critical difference is the test condition.
Sensory coupling is tested in a condition in which both
proprioceptive and visual information is presented—a
bimodal condition. For the assessment of biases, a certain
discrepancy between both sources is introduced, for
example by means of a prism or by a visuomotor rotation in
a cursor-control task. Proprioceptive recalibration, con-
versely, is tested in a condition in which only proprio-
ceptive information on hand position is provided—a
unimodal condition. The typical finding in an adaptation
experiment is a shift of the judged position of the hand
toward the physical position of the cursor in the preceding
adaptation trials (Cressman & Henriques, 2009, 2010;
Simani, McGuire, & Sabes, 2007; Synofzik, Lindner, &
Thier, 2008; Wilke, Synofzik, & Lindner, 2013; Zbib,
Henriques, & Cressman, 2016). Note that the distinction
between a bimodal and a unimodal test condition refers to
the stimulus to be judged, but not to the procedure used to
obtain the judgments.

The second critical difference is the time course. The
biases due to sensory coupling are immediate, that is, they

depend on the intermodal discrepancy in the current trial
and vary across trials when the discrepancy is varied. In
the classic literature on prism adaptation (cf. Welch,
1978), the immediate bias of sensed hand direction toward
the direction of the cursor—a result of sensory coupling—
is also known as visual capture (Hay, Pick, & Ikeda,
1965). Proprioceptive recalibration, in contrast, develops
in the course of a number of adaptation trials with a
certain discrepancy between proprioceptive and visual
information. It depends on a consistent discrepancy across
trials, whereas sensory coupling can be observed when the
discrepancy varies from trial to trial and is zero on
average.

In the present study, we use bimodal test conditions after
a preceding adaptation period. How does the observed
bias—the deviation of the sensed position of the hand from
its physical position—change when the bias due to sensory
coupling (i.e., the coupling bias) is combined with the bias
due to adaptation (i.e., the proprioceptive recalibration)? A
simple formal analysis suggests the following hypothesis
that is not evident intuitively.

Let /' be the expected value of the sensed hand position
under unimodal test conditions, that is, judgments of the
final position of the hand after a movement being made
without visual feedback. Similarly, let ¢’ be the expected
value of the sensed cursor position under unimodal test
conditions, that is, judgments of the final position of the
cursor after cursor motion without accompanying hand
movement. Then under bimodal test conditions where
judgments are made after a movement with visual feed-
back, the expected value of the sensed hand position, 4", is

W =h+wd(c—h) (1)

with w, as the coupling weight which represents the shift of
the sensed hand position towards the sensed position of the
cursor (cf. Debats et al., 2017; Eq. 1). The variables of this
equation are illustrated in Fig. la, where positions are
marked by polar coordinates with constant amplitudes, so
that only directions matter. This is also the case in the
experiment, where we focus on the deviations of the sensed
positions from the physical positions of cursor, ¢, and hand,
h: AW =h — h, Ad =c — ¢, and AW =h' — h. In
Fig. 1a, AW’ is counterclockwise and thus positive.
Replacing the sensed positions in Eq. (1) by their devia-
tions from physical positions and re-arranging terms results
in

AW’ B AW (14
c—h c—h

Ad AR
= _ . 2
c—h c—h>w @)

In this equation, all deviations of judgments from
physical positions of cursor and hand are expressed as
proportions of the discrepancy between cursor and hand
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Fig. 1 a Illustrations of different positions of cursor and hand in the
control and adaptation conditions; & and ¢ are physical positions; 4’
and ¢ are judged positions of cursor and hand in unimodal test trials;
K’ and ¢ are judged positions of cursor and hand in bimodal test
trials. b Proportional bias Ah"/(¢c — h) as a function of the coupling
weight w., where Ah', the deviation of 4" from h, is expressed as
proportion of the visuomotor rotation, the discrepancy between ¢ and
h. The dashed and dotted lines refer to the control and adaptation
condition, respectively. The coupling weight w. and the proportional
bias are identical in the control condition, whereas the slope of the
proportional bias as a function of the coupling weight is reduced in
the adaptation condition

position, that is, as proportions of the visuomotor rotation
so that they vary between 0 and 1 (or between — 1 and 0).

For the control condition of the present experiment with
randomly varying visuomotor rotations (Fig. 1a, control),
the expected values of the unimodal judgments 4’ and ¢
roughly correspond to the physical positions, so that the
proportional deviations AR'/(c — h) and Ac'/(¢c — h) are
approximately zero (cf. Debats et al., 2017). In this case,
the proportional deviation Ak”/(¢c — h), as assessed under
bimodal test conditions, is an estimate of the coupling
weight w, (cf. Eq. 2). This is illustrated by the dashed line
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in Fig. 1b (control), which shows Ah”/(c — h) as a function
of w,, and the coefficient of w. in Eq. (2) is one. In the
adaptation condition (Fig. la, adaptation), the expected
values of the unimodal judgments /' and ¢’ should be
shifted away from the respective physical positions, so that
Al becomes larger (more positive) and Ac¢’ smaller (more
negative). The increase of AK' represents the well-estab-
lished proprioceptive recalibration, and the change of Ac
represents the less well-established visual recalibration (cf.
Van Beers, Wolpert, & Haggard, 2002; Hatada, Miall, &
Rossetti, 2006). The consequence of these adaptive chan-
ges, the one being negative and the other one being posi-
tive, is that the coefficient of w,. in Eq. (2) becomes less
than one. This is illustrated by the dotted line in Fig. 1b
(adaptation), where the slope of Ah”/(¢c — h) as a function
of w, is reduced in the adaptation condition as compared
with the control condition.

In the following, we consider individuals who differ with
respect to the coupling weight and the adaptation effects
(proprioceptive and visual recalibration). Note that observed
biases Al”/(c — h) are measured individually in the present
study as the proportional biases of sensed hand position
toward the cursor position (i.e., the slopes of linear regres-
sions, see the previous section). Some individuals will have
smaller coupling weights (w.), meaning that their observed
biases of sensed hand position toward the cursor position,
AN'[(c — h), in the control condition are small and closer to
0 (cf. Fig. 1b, control). Some individuals will have larger
coupling weights, meaning that their observed biases of
sensed hand position toward the cursor position in the
control condition are large and closer to 1. Other individuals
with moderate coupling weights lie in-between. In the
adaptation condition, however, the observed individual
biases Al/(c — h) are affected by both the proprioceptive
and visual recalibration (Fig. 1b, adaptation). If there were
only proprioceptive recalibration, the observed biases in the
adaptation condition should be consistently larger than in the
control condition. If there were only visual recalibration,
they should be consistently smaller. But when there are both
types of recalibration (as shown in Fig. 1b, adaptation),
smaller biases in the control condition (small coupling
weights w,) should become larger after adaptation due to the
proprioceptive recalibration (Ak'/(c — h)), and larger biases
in the control condition (large coupling weights w.) should
become smaller due to the visual recalibration (Ac'/(c — h)).
Consequently, adaptation should result in smaller or larger
observed biases AW’/(c — h) in the adaptation condition
depending on the relative sizes of the proprioceptive and the
visual recalibration. Thus, there are no clear expectations for
the means of observed biases across individuals—they could
be larger or smaller after adaptation depending on the rela-
tive sizes of proprioceptive and visual recalibration. Inde-
pendent of a difference in the means, however, the inter-
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individual variability of observed biases Ah”/(c — h) in the
adaptation condition should be smaller than in the control
condition, as evidenced from Fig. 1b.

This hypothesis implies that sensory coupling is based
on the sensed positions of hand and cursor as they are
changed by adaptation. The implication is likely to hold for
the explicit assessment of the bias of the sensed position of
the hand under bimodal test conditions. The reason is, first,
that proprioceptive recalibration has mainly been shown by
psychophysical procedures, that is, by explicit assessments
under unimodal test conditions (Cressman & Henriques,
2009, 2010; Izawa, Criscimagna-Hemminger, & Shad-
mehr, 2012; Simani et al., 2007; Synofzik et al., 2008;
Wilke et al., 2013; Zbib et al., 2016). The second reason is
that explicitly assessed biases in bimodal tests have been
shown to depend on the explicit judgments of hand and
cursor positions in unimodal tests (Debats et al., 2017).
However, the implication may not hold for the implicit
assessment of sensory coupling, which might rely on rep-
resentations of hand and cursor positions that are unaf-
fected by adaptation. After all, neural representations of
proprioceptive information reside in various areas of the
human brain, both cortically and subcortically (e.g., Goble
et al., 2012), and different methods of assessing the sensed
position of the hand might tap different representations.
Therefore, we felt it worthwhile to inquire whether adap-
tation to visuomotor rotations has same or different effects
on explicit and implicit methods of assessing the bias of
sensed hand position toward the position of the cursor.

Materials and methods
Participants

Twenty-nine  healthy right-handed young  adults
(mean £ SD: 22.6 £ 2.5 years; 14 males and 15 females)
signed informed consent and participated in the study.
Initially, 28 participants were tested. However, one par-
ticipant was identified as having outliers for the explicitly
assessed bias of cursor direction and was replaced by
another participant. The study was conducted in accor-
dance with the Declaration of Helsinki and with general
approval by the ethics committee of the Leibniz Research
Centre for Working Environment and Human Factors.

Apparatus

The experimental setting was similar to the one used in our
previous studies (Rand & Heuer, 2013, 2016, 2017, in
press). In brief, seated participants held a stylus with their
right hand and made three-stroke movements from a
starting position (SP) to a first target (T1) and then to a

second target (T2), and back to T1 on a digitizer (Wacom
Intuos 4 XL, 133 Hz sampling rate). They faced a monitor
which was covered by a large black circular screen with a
semi-circular window (32 cm in diameter) in its center. T1
(1.4 cm in diameter) was located in that center, and the SP
(1.2 cm in diameter) was located 3 cm below T1. T2 (1 cm
in diameter) was presented at pseudo random locations,
ranging continuously from — 60° to 4 60° relative to the
central location (12 o’clock position), on an invisible circle
with a radius of 15 cm around T1. Corresponding to this
circle, the workspace on the digitizer was bordered by a
semi-circular plastic ring, the “stopper ring”, with a radius
of 15 cm around T1. An opaque board placed above the
participants’ arm blocked their direct view of the hand.

Design and procedure

Each participant was tested both in the control condition
and the adaptation condition. These conditions differed in
the serial order of the different types of trial, but within
each trial the sequence of events was the same. At the
beginning of a trial, participants were guided to the SP by
arrows shown on the monitor. One second after the stylus
was in the SP, T2 appeared for 1 s (Fig. 2a, first panel).
Subsequently, T1 appeared (Fig. 2a, second panel). After
a delay of 0.5 s, an auditory go-signal was presented. The
participants then made three-stroke movements from the
SP to T1 (first stroke), to T2 (second stroke), and back to
T1 (third stroke) at a comfortable speed. When the first
stroke was made to TI1, this target disappeared. This
stroke was introduced because the participants would
naturally look at T1 during the movement (Neggers &
Bekkering, 2000; Rand & Stelmach, 2010), which pre-
vented them from keeping their gaze on T2 to remember
those locations. Because T2 was no longer visible after
the initial presentation, the participants next made the
second stroke to the remembered T2 (Fig. 2a, third panel)
until the movement was stopped by the stopper ring.
Afterwards, they made a return movement (third stroke)
back to the remembered T1 location (Fig. 2a, fourth
panel).

The participants made the first and second strokes with
concurrent visual feedback provided by a cursor on the
monitor, but the third strokes without visual feedback.
Only during the second stroke, the direction of cursor
motion was rotated relative to the direction of hand
movement. In the control condition, the rotation angle in
each trial was randomly chosen out of six rotations
[clockwise (CW) direction: — 25°, — 15°, — 5°; counter-
clockwise (CCW) direction: 5°, 15°, 25°]. In the adaptation
condition, the rotation angle in each trial was chosen out of
ten rotations (— 25°, — 20°, — 15°, — 10°, — 5°, 5°, 10°,
15°, 20°, 25°) in specific orders as described below.
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Fig. 2 Behavioral task of a
three-stroke movement and
judgments of hand and cursor
positions (a). SP, T1 and T2
refer to a starting position, a first
target, and a second target,
respectively. The visual
feedback of the second stroke
(from T1 to the remembered T2)
is rotated and displayed
simultaneously with hand
movements. After the second
stroke, the participants make a

Cursor position
judgment

3rd stroke

2 stroke

Hand position
judgment

return movement back to T1
without the visual feedback as
the third stroke, and
subsequently make an explicit
judgment regarding the hand or
cursor position. Arrows with
solid line refer to motions of
visual feedback (third panel)
and a position marker (fifth
panel, top). Arrows with dashed
line refer to hand movements
(not the visual feedback).

b Implicit measure of hand
position. The directional
deviation o of the sensed hand
position (dotted outline circle)
from the physical one (black
circle) at the end of the second
stroke is estimated from the
directional deviation o of the
hand position at the end of the
third stroke (solid outline circle)
from its remembered target (T1,
gray circle)

Time

Sensed

hand position Line A

Hand position at
2nd-stroke end

Note that the second stroke was performed with the
presence of both proprioceptive and visual information, as
described above. This bimodal procedure was used for both
practice and test trials (see below), which was essential for
studying sensory coupling and makes a clear distinction
from studies of sensory recalibration (see the section:
Sensory coupling and proprioceptive recalibration in
“Introduction™).

The participants were instructed to make three distinct
reaching movements to the targets without lifting the stylus
from the digitizer surface and make a brief stop at the end
of each movement. Regarding the second stroke, the par-
ticipants were not informed of the nature of the feedback
distortion, but they were told that the motions of visual
feedback of the second stroke may be or may not be dif-
ferent from their hand movements and that they must adjust
hand movements during that stroke so that the feedback
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Line B
Line B’

e

Hand position at
3rd-stroke end
£\
\J

T

cursor reaches to the remembered T2. They were instructed
to make accurate movements at a comfortable speed. There
were no reaction time or movement time constraints.

There were two types of trials, practice trials and test
trials. Only the test trials included an explicit judgment
after the three-stroke movement. One second after com-
pleting the third stroke (Fig. 2a, fourth panel), participants
were asked to judge the position of either the hand or the
cursor at the end of the second stroke. More specifically, to
indicate the type of judgment to be performed, either the
word “Hand” (for a judgment of hand position) or “Cur-
sor” (for a judgment of cursor position) appeared briefly in
the center of the monitor together with an arrow pointing to
either the right (for a judgment using a CCW motion) or the
left (for a judgment using a CW motion). Thence, the
specified judgment followed.
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For the judgment of cursor position (Fig. 2a, fifth panel,
top), a short (2 cm) straight line served as a spatial direc-
tion marker and was moved on the monitor screen at
constant speed (like a clock arm) CCW or CW on a circular
path, beginning at a starting position 102° to the right or
left of the vertical. It marked the peripheral end of a radial
line from T1 to the circumference of the invisible ring of
15 cm diameter centered at T1. The participant instructed
the examiner to stop and finely adjust (back and/or forth)
the line to the position that matched the judged position of
the cursor at the end of the second stroke. As needed, the
position of the line was further adjusted (back and/or forth)
by participants verbally instructing the experimenter to
start and subsequently stop the movement of the line until
they were satisfied with the position.

For the judgment of hand position (Fig. 2a, fifth panel,
bottom), the participant first moved the pen (held by the
right hand) to the right (or left) from the end point of the
third stroke until the pen contacted the stopper ring. From
that right (or left) lower corner of the stopper ring, the
participant continued moving the pen CCW (or CW) along
the ring, and stopped where he/she judged the hand posi-
tion to match the position of the hand at the end of the
second stroke. This hand judgment was performed without
any visual feedback. Judged position (hand or cursor
position) and direction of line or hand movement during
the judgment (CW or CCW) were randomized across trials,
with the constraint of equal frequencies.

Note that both the motion of the visual marker and the
movement of the hand during the judgments differed from
cursor motion and hand movement, respectively, during the
second stroke. Therefore, only positions could be matched,
but not movement directions and/or amplitudes.

The participants underwent 3-day experiments, 1 day
for the control condition and 2 days for the adaptation
condition. The arrangements of practice and tests trials and
the rotation angles in the two conditions are shown in
Table 1. In the adaptation condition, visuomotor rotations
during the second stroke were gradually introduced in 5°
steps in the order of 5°, 10°, 15°, 20°, 25°, 20°, 15°, 10°,
and 5° on the 1 day and in the order of — 5°, — 10°, — 15°,
— 20°, — 25°, — 20°, — 15°, — 10°, and — 5° on the other
day. The order of positive and negative rotation days was
counterbalanced across participants. For each rotation
angle, participants performed 40 practice trials. After
completion of the practice trials for each of the six rotation
angles — 25°, — 15°, — 5°, 5°, 15°, and 25°, a set of test
trials with the same rotation angle as in the preceding
practice trials was performed. The control condition also
consisted of practice and test trials. However, visuomotor
rotations in both the practice and the test trials were ran-
domly chosen from the set (— 25°, — 15°, — 5°, 5°, 15°,
25°), with the constraint of equal frequencies of the six

angles and thus an average angle of 0°. Thereby adaptation
to a visuomotor rotation was prevented. The number of test
trials for each visuomotor rotation was the same for the
adaptation and the control condition, with the only differ-
ence being the sequence of visuomotor rotations. The
number of practice trials was somewhat reduced in the
control condition to reduce the total duration of the
experiment (from 4 to 3 days) but still maintain the same
total number of trials on each day (432 trials). Given that
the control condition did not involve any adaptation, the
reduction of the number of practice trials did not affect the
main distinction (i.e., with or without adaptation) between
the adaptation and control conditions. The order of the
control and adaptation conditions was counterbalanced
across participants to avoid any practice effect that would
systematically confound the differences between
conditions.

On the first day of the experiment, there were ten
familiarization trials without the judgment that included the
procedure with/without the visual-feedback rotation and
four warm-up trials that included all the procedure of the
test trials (two trials each for hand and cursor judgments).
The same four warm-up trials were also performed on the
second and third day of the experiment. Within each set of
test trials of each condition (Table 1), trials with explicit-
hand and explicit-cursor judgment were randomized, again
with the constraint of equal frequencies. There were short
breaks after the second, fifth, eighth, and eleventh trial sets
on each day of the experiment. In total, we recorded 288
practice and 144 test trials in the control condition and 720
practice and 144 test trials in the adaptation condition for
each participant. The 144 test trials for each condition, 24
trials for each of the six angular rotations, were analyzed.

Data analysis

Data analyses were similar to those of our previous studies
(Rand & Heuer, 2013, 2016, 2017, in press). The angular
deviation of the judged hand or cursor position from the
actual hand or cursor position at the end of the second
stroke was measured in each test trial (the CCW direction
had a positive sign) and served as the explicit measure of
the bias in that trial. Individual means were computed for
judged positions of cursor and hand for each condition
(control and adaptation) and each visual-feedback rotation.
The overall influence of the rotated visual feedback on the
angular deviations of the judged from the actual hand or
cursor positions was assessed by the slope of the linear
regression of the angular deviation (dependent variable) on
the visual-feedback rotation (independent variable), which
was computed for each participant, condition, and type of
judgment (cursor or hand). These slope parameters specify
the strength of sensory coupling in terms of the
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Table 1 Order of practice and test trials for the control and adaptation conditions

Control condition (1 day)

Adaptation condition (2 days)

Trial Rotations £ Number of Number of Positive rotations Negative rotations Number of Number of
set 5°, £ 15°, £+ 25° practice trials® test trials” (1 day)* (1 day)* practice trials® test trials”
1 Random 32 5° - 5° 40

2 Random 24 5° —5° 12

3 Random 32 10° — 10° 40

4 Random 32 15° — 15° 40

5 Random 24 15° — 15° 12

6 Random 32 20° — 20° 40

7 Random 32 25° — 25° 40

8 Random 48 25° — 25° 24

9 Random 32 20° — 20° 40

10 Random 32 15° — 15° 40

11 Random 24 15° — 15° 12

12 Random 32 10° — 10° 40

13 Random 32 5° - 5° 40

14 Random 24 5° —5° 12

Trials included no explicit judgments. The numbers shown are for each day

"The numbers shown are for each day. Each set of test trials were preceded by 1 warm-up trial

“The order of negative and positive rotation days was counterbalanced across participants as was the order of control and adaptation condition

proportional biases of the judgments of hand and cursor
positions in degree per degree of the visual-feedback
rotation.

As implicit measure of the bias of sensed hand position
toward the position of the cursor in each trial, we computed
the angular deviation of the direction of the third stroke
from the direction of the second stroke, namely, the angle «
(Fig. 2b) between the line connecting T1 with the end of
the second stroke (i.e., line A) and the line connecting the
end of the second stroke with the end of the third stroke
(i.e., line B) was measured. The angle «’, which is o« = «,
was used as the implicit measure of the bias in that trial.
This measure exploits the existence of error propagation in
successive reaching movements (Bock & Eckmiller, 1986;
Heuer & Sangals, 1998; Heuer & Siilzenbriick, 2012), in
particular the propagation of errors that originate from
visually induced deviations between the physical and the
sensed position of the hand (Holmes et al., 2004; Holmes &
Spence, 2005; Rossetti et al., 1995). In our case, the
visually induced angular deviations of the sensed position
of the hand from the actual one at the end of the second
stroke (angle o in Fig. 2b) result from the rotated visual
feedback, and they are estimated from the angular error of
the return movement (angle « in Fig. 2b). When the sensed
position deviated in the CCW or CW direction from the
actual position of the hand, the angular deviation (o) had a
positive or negative sign, respectively. Individual means
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and standard deviations of the angular deviations were
computed for each condition (control and adaptation) and
each visual-feedback rotation across trials including both
types of judgments (cursor and hand) because the third
strokes were made before the direction to be judged was
instructed. The angular deviations o’ were subjected to the
same linear regressions as the angular deviations of the
explicit judgments of hand direction from the actual
direction to obtain a measure of the implicitly assessed bias
as proportion of the visual-feedback rotation (i.e., propor-
tional bias).

To identify changes of movement characteristics of the
second stroke due to adaptation, we measured the deviation
of the initial movement direction from the target direction,
and the target error for each test trial. For these measures,
we computed again individual slopes of the linear regres-
sions on the visual-feedback rotation. These analyses
served to check that adaptation indeed occurred (initial
movement direction) and to test whether movement end
points in the two experimental conditions (target error)
were different.

The deviation of the initial movement direction from the
target direction (i.e., initial direction error) was the devia-
tion between two vectors. The first vector was defined by
the starting position of the hand and its position after
10 mm distance. The second vector, which served as the
reference, was defined by the starting position of the hand
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and the center of T2. The deviation of the initial movement
direction from the target direction was positive (or nega-
tive) when a hand-path was directed CCW (or CW) com-
pared to the reference line. In the control condition, the
initial direction should be consistently toward the remem-
bered visual target, that is, the deviation from the target
direction should be close to zero on average and indepen-
dent of the visuomotor rotation. In the adaptation condi-
tion, in contrast, the deviation of the initial movement
direction from the target direction should depend on the
visuomotor rotation: the slope of the linear regression of
the deviation on the visuomotor rotation should be nega-
tive, indicating the adaptive change of the initial movement
direction which is proportional to the visual-feedback
rotation, but in the opposite direction.

The target error was the angular deviation of the cursor
position at the end of the second stroke from the position of
T2 (This deviation is identical to the angular deviation of
the hand from its correct final position). The target error
was positive (or negative) when the cursor position was
shifted CCW (or CW) compared to the position of T2. If
the cursor reached the remembered position of the target
T2 consistently both in the control and the adaptation
condition, the target error should be close to zero and not
depend on the visuomotor rotation. In that case, the slope
of its linear regression on the visual-feedback rotation
should be zero as well.

The data were screened for outliers both among trials
and among participants. Based on the linear regressions
applied separately for each type of bias assessment (ex-
plicit cursor, explicit hand, implicit hand), each condition
(control, adaptation), and each participant, trials with
angular deviations outside the range of predicted devia-
tions =+ 3 standard deviations of the residuals were elimi-
nated as outliers among trials. In total, 0.57% of test trials
were removed from all analyses. Subsequently, the pro-
portional bias parameters for each type of assessment and
each condition were screened for outliers among partici-
pants. Means and standard deviations across all participants
were calculated for the three types of measurement and the
two conditions, and bias parameters outside the range of
mean * 3 standard deviations were defined as outliers.
These computations were repeated until no further outliers
were found. As the result, one participant was identified as
having outliers for the explicitly assessed bias of cursor
direction and was excluded from all analyses. This par-
ticipant was replaced by a new one.

The individual regression parameters (slopes and inter-
cepts) of the explicit and implicit bias measures of hand
direction were subjected to a 2 (condition: control vs
adaptation) x 2 (type of measure: hand-explicit vs hand-
implicit) repeated-measures ANOVA. For analyzing the
inter-individual variability of the different bias measures

(the explicit and implicit measures of hand direction and
the explicit measure of cursor direction), group’s mean
regression coefficient (slope) was first calculated across
participants in each condition and each measure, and next
absolute deviations of individual values from the group’s
mean value were calculated (cf. Levene, 1960). The larger
these are, the larger is the inter-individual variability.
These values were subjected to non-parametric tests to
compare differences between the conditions and between
the measures. Furthermore, individual regression parame-
ters for the explicit bias measure of cursor direction, initial
movement direction, and target error were compared
between the control and adaptation conditions by using
¢ tests.

Results

Our main interest is in the effects of adaptation on
explicitly and implicitly assessed proportional biases of
sensed hand position toward the position of the cursor.
These findings are reported first, followed by a simulation
based on the assumptions about the combination of adap-
tive changes and sensory coupling outlined in the Intro-
duction. Next we report the findings for the explicit
measure of sensed cursor position, and finally present the
results for the initial directions and target errors of the
reaching movements (second stroke).

Explicit and implicit assessments of the proportional
bias of sensed hand position

In both the control and the adaptation condition, the mean
angular deviation of the judged hand direction from the
physical direction showed a steep positive slope as a
function of the visual-feedback rotation (Fig. 3, squares).
This indicates a strong explicitly assessed (proportional)
bias toward the direction of the cursor. Turning to the
implicit measure of the bias of hand direction, there were
again positive slopes as a function of the visual-feedback
rotation in both conditions (Fig. 3, triangles). However,
these slopes were less steep than those observed for the
explicit measure, indicating a weaker implicitly assessed
than explicitly assessed (proportional) bias toward the
direction of the cursor.

The means (and standard errors) of the individually
estimated biases (proportional biases as measured by the
slopes of the linear regressions) for the explicit measure of
sensed hand direction toward the direction of the cursor
were 0.595 £ 0.055 for the control and 0.646 £ 0.032 for
the adaptation condition. The comparable means for the
implicitly assessed biases of sensed hand direction were
0.351 + 0.014 and 0.332 £ 0.011, respectively. A 2
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Fig. 3 Mean explicit and implicit measures (i.e., angular deviation of
the judged hand or cursor position from the actual hand or cursor
position) as a function of the rotation of visual feedback. The mean
values across all participants are plotted for explicit measures of
cursor position (circles) and hand position (squares) and implicit
measures of hand position (triangles). Open and filled symbols refer
to the control and adaptation conditions, respectively. The error bars
represent the SE

(condition: control vs adaptation) x 2 (type of measure:
hand-explicit vs hand-implicit) ANOVA revealed a sig-
nificant main effect of type of measure (F(1,27) = 47.51,
p < 0.001): the explicitly assessed bias was significantly
stronger than the implicitly assessed bias. There was no
condition effect (F(1,27) = 0.57, p > 0.05), and the
interaction between condition and type of measure just fell
short of statistical significance (F(1,27) = 3.68, p = 0.06).
The explicitly assessed bias was numerically larger in the
adaptation than in the control condition, though not sig-
nificantly so (#27) = 1.39, p = 0.18), whereas the
implicitly assessed bias was numerically smaller in the
adaptation condition (#(27) = 1.49, p = 0.15).

Figure 4 shows histograms of the individual (propor-
tional) bias assessments in the control and the adaptation
condition. For the explicitly assessed bias of sensed hand
position, there was a conspicuous reduction of the vari-
ability in the adaptation condition, resulting from the
reduction of the frequency of small biases (< 0.30) from 4
to 0 and of large biases (> 0.85) from 6 to 2 (see Fig. 4b as
compared to Fig. 4a). The means (and standard errors) of
the absolute deviations of the individual biases from their
condition means were 0.230 £ 0.032 for the control and
0.143 £ 0.016 for the adaptation condition; the associated
medians were 0.207 and 0.124, respectively (To make sure
that these differences were not simply due to the three
individual biases close to zero in the control condition, we
repeated the analysis with a reduced sample: the mean
absolute deviations were 0.185 £ 0.022 for the control and
0.127 4 0.008 for the adaptation condition). The compa-
rable means for the implicitly assessed biases of sensed
hand direction were 0.061 £ 0.008 and 0.051 £ 0.005 for
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the control (Fig. 4c) and adaptation (Fig. 4d) condition,
respectively; the associated medians were 0.052 and 0.053.

Separate Wilcoxon signed-rank tests indicated a signif-
icant difference between conditions for the explicitly
assessed bias (z = 2.80, p < 0.01; in the reduced sample:
7=12.22, N=25, p<0.05) but not for the implicitly
assessed one (z = 0.96, p = 0.34). We also compared the
change from the control to the adaptation condition
between the two types of assessment by means of a Wil-
coxon signed-rank test, which was significant as well
(z = 2.28, p < 0.05). Thus for the explicit, but not for the
implicit assessment, the inter-individual variability was
reduced in the adaptation condition, and the change from
control to adaptation condition was significantly different
for the two measures. In addition, the inter-individual
variability of the explicitly assessed biases was signifi-
cantly larger than for the implicitly assessed ones both in
the control condition (z = 4.19, p < 0.01) and the adap-
tation condition (z = 4.12, p < 0.01).

In addition to the slopes of the individual linear regres-
sions for explicit and implicit proportional bias measures of
sensed hand position, we examined whether the intercepts of
the same regressions differed between the control and
adaptation conditions. For the explicitly assessed bias of
sensed hand position (Fig. 3, squares), the means (and
standard errors) of the individual intercepts were
2.125 % 0.539 in the control conditionand 2.271 + 0.5761in
the adaptation condition, both of which were significantly
greater than zero (control: #(27) = 3.94; adaptation:
1(27) = 3.94, p < 0.01 for both). The comparable mean
intercepts for the implicitly assessed bias (Fig. 3, triangles)
were 0.978 & 0.239 and 1.278 £ 0.358, respectively. Both
means were significantly greater than zero (control:
1(27) = 4.09; adaptation: #(27) = 3.57, p < 0.01 for both).
A 2 (condition: control vs adaptation) x 2 (type of measure:
hand-explicit vs hand-implicit) ANOVA revealed that the
condition effect (F(1,27) = 0.97) and the interaction effect
(F(1,27) = 0.075) were non-significant (p > 0.05 for both).
The intercepts of the explicit measure tended to be greater
than those of the implicit measure (F(1,27) = 3.45,
p = 0.074). These findings indicate that both implicit and
explicit measures of sensed hand position were slightly, but
systematically shifted counterclockwise relative to the
hand’s physical position, independently of the visuomotor
rotation and to a similar extent in control and adaptation
conditions.

Simulations of explicit and implicit assessments
of the bias of sensed hand position

We hypothesized that the inter-individual variability of
explicitly assessed (proportional) biases of sensed hand
position, but not of implicitly assessed biases, would be



Psychological Research (2019) 83:935-950

945

Control Hand-explicit Hand-implicit Cursor-explicit
14 14 14
a c e
12 12 12 1
10 10 10 1
8 1 8 1 8 1
[
6 6 6
4 A 4 1 4
2 1 2 A 2 1
-0.2 0.0 0.2 04 0.6 0.8 1.0 -0.2 0.0 0.2 04 06 0.8 1.0 -0.2 0.0 0.2 04 0.6 0.8 1.0
Adaptation
14 14 14
b d f -
12 1 12 1 12 1 |
101 10 1 107
8 1 8 1 8 1
c
6 1 6 1 6
41 4 A 4
2 1 21 2 1
0 0 0 O -|-|

-0.2 0.0 0.2 04 0.6 0.8 1.0
Bias
Fig. 4 Individual (proportional) biases (i.e., the slope of the linear

regression). Histograms of directional biases for explicit measures of
hand positions (a, b), implicit measures of hand positions (¢, d), and

a Implicit assessment

-
N

-

o
)

o
o

S
IS

3

Adaptation condition
o

o

s
N

-0.2 0 02 04 06 038 1 1.2
Control condition

Fig. 5 Proportional biases of sensed hand positions toward the cursor
directions in the adaptation condition are plotted as a function of those
in the control condition for the implicit (a) and explicit (b) assess-
ments. Note that the proportional biases in the control condition serve
as estimates of the coupling weight w.. Black dots refer to the

reduced after adaptation. Our experimental data (Fig. 4a—
d) confirmed our hypothesis. The rationale of this expec-
tation is outlined in the “Introduction” (the section:
“Sensory coupling and proprioceptive recalibration” in
“Introduction”, Fig. 1). In Fig. 5, we relate this rationale to
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explicit measures of cursor positions (e, f) are shown for the control

condition (upper panels) and the adaptation condition (lower panels).
The binning size of each plot is 0.05°
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experimentally observed individual biases and contour plots refer to
the simulated biases. The contour lines mark the boundaries of the
central areas which cover 67, 95, and 99% of all cases. Straight lines
are identity lines

the experimental data by way of simulations based on
Eq. (2).

For the simulations, we used a large sample size of 10’
to obtain robust estimates of the distributions of the
expected individual biases of send hand position toward the
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position of the cursor. For the individual coupling weights
we, we assumed normally distributed random variables in
the control-condition session and the adaptation-condition
session, which are correlated between the sessions. Means
and standard deviations of the coupling weights were set to
the observed means and standard deviations of the
observed proportional biases in the control condition, 0.351
and 0.075 for the implicit assessments and 0.595 and 0.289
for the explicit assessments. The correlations between the
individual coupling weights in the different sessions were
estimated by the correlations between biases computed
separately from odd-numbered and even-numbered trials in
the control condition (split-half reliability), being 0.74 and
0.87 for the implicit and explicit assessments, respectively.
For the adaptation condition, means and standard devia-
tions of the adaptive changes of sensed positions of hand
and cursor (proprioceptive recalibration, AR'/(¢c — h), and
visual recalibration, Ac'/(c — h), Fig. 1b) were set to 0.336
and 0.140 for the hand and to 0.145 and 0.043 for the
cursor. These values were chosen for the simulated biases
of the explicit measure in the adaptation condition to have
the same mean (0.645), the same standard deviation
(0.168), and the same correlation with the biases in the
control condition (0.78) as the observed biases have.
Adaptive changes were zero for the control condition.

The bivariate distributions of the simulated biases in
the control and adaptation condition were smoothed and
are shown as contour plots in Fig. 5. The contour lines of
the figure mark the boundaries of the central areas which
cover 67, 95, and 99% of all cases. The simulated dis-
tributions (and the observed data) are close to the identity
line for the implicit assessments (Fig. 5a), whereas they
clearly deviate from it for the explicit assessments
(Fig. 5b). Note that for the explicit assessments, most of
the smaller biases in the control condition have their
counterparts in the adaptation condition mostly above the
identity line, reflecting the effect of the proprioceptive
recalibration. In contrast, most of the larger biases in the
control condition have their adaptation-condition coun-
terparts below the identity line, reflecting the effect of
visual recalibration.

Explicitly assessed bias of sensed cursor position

The slope of the mean angular deviation of the judged
cursor position from the physical position as a function of
the visual-feedback rotation was negative and small in
absolute terms for both the control and the adaptation
condition (Fig. 3, circles). This indicates a weak bias
toward the position of the hand. The mean proportional
biases (and standard errors) of cursor judgments toward the
position of the hand were — 0.053 % 0.009 for the control
condition and — 0.039 + 0.007 for the adaptation
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condition. These means were not significantly different
(#(27) = 1.22, p = 0.23). The inter-individual variability
of the proportional biases was also similar between the two
conditions (Fig. 4e, f). The means (and standard errors) of
the absolute deviations of the individually estimated biases
from their condition means were 0.038 + 0.006 for the
control and 0.031 £ 0.004 for the adaptation condition; the
associated medians were 0.029 and 0.028, respectively.
These means were not significantly different (Wilcoxon
signed-rank test, z = 0.46, p = 0.65). Additionally, means
(and standard error) of the individual intercepts of the
linear regressions for the explicit bias measures (Fig. 3,
circles) were — 0.348 £ 0.169 in the control condition,
which was significantly smaller than zero (#(27) = — 2.06,
p < 0.05), and — 0.106 = 0.208 in the adaptation condi-
tion, which did not differ from zero (#(27) = 0.511,
p < 0.05). The condition difference was not significant
(#(27) = 1.68, p > 0.05).

Target error and initial movement direction

Mean target errors in the control condition were generally
small, but they increased slightly from about — 0.3° for the
— 25° rotation to about 1.7° for the 25° rotation (Fig. 6a,
open circles). The mean (and standard error) of the slopes
of the individual linear regressions of the target error on the
rotation angle was 0.046 £ 0.010. In the adaptation con-
dition, the mean slope was significantly reduced (Fig. 6a,
filled circles) to 0.015 4 0.006 (#(27) = 35.90, p < 0.001).
Thus, in the control condition, the visuomotor rotation was
slightly less compensated at the end of reaching than in the
adaptation condition.

The mean initial movement directions relative to the
direction of the target T2 were about 3° in the control
condition and independent of the visuomotor rotation
(Fig. 6b, open circles). The mean (and standard error) of
the slopes of the individual regressions of initial direction
on visual-feedback rotation was 0.003 £ 0.008 and not
significantly different from zero (#(27) = 0.32, p = 0.75).
In the adaptation condition, conversely, the mean initial
movement direction relative to the direction of the target
was about 18° for the — 25° rotation and about — 14° for
the 25° rotation (Fig. 6b, filled circles), and the mean of the
individual slopes was — 0.672 = 0.016. Thus, the initial
movement directions were adapted to compensate for about
67% of the visual-feedback rotation. The difference
between the mean slopes of the two conditions was sig-
nificant (#(27) = 35.90, p < 0.001). This considerable
difference in initial directions together with the very small
difference in target errors indicates that the reaching
movements were more curved in the control condition than
in the adaptation condition, in particular at the larger
visuomotor rotations.
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Discussion

In previous studies of sensory coupling in cursor-control
tasks, we had found a number of differences and dissoci-
ations between implicit and explicit assessments of the bias
of the sensed position of the hand toward the position of the
cursor (Rand & Heuer, 2013, 2016, 2017, in press). Here
we extend these findings by showing different effects of
adaptation to visuomotor rotations: explicitly assessed
proportional biases have a reduced inter-individual vari-
ability after adaptation as compared with the control con-
dition, whereas there is no such difference for the
implicitly assessed proportional biases. We shall first
elaborate on the different effects of adaptation on our
implicit and explicit assessments. Thereafter, we discuss
the implications of the current findings together with those
of differences and dissociations observed previously.
Finally, we turn to discuss additional findings that are not
at the focus of this study.

Contrasting effects of adaption on explicit
and implicit bias assessments

This study was motivated by the possibility that sensory
coupling might be based on different representations of
hand position depending on the type of measurement used.
More specifically, explicit assessments might be based on
representations of hand and cursor positions that are
affected by visuomotor adaptation (e.g., Cressman &
Henriques, 2009, 2010; Izawa et al., 2012; Simani et al.,
2007; Synofzik et al., 2008; Wilke et al., 2013; Zbib et al.,
2016). Implicit assessments, in contrast, might be based on
representations of hand and cursor positions that remain
unaffected. If this were the case, the observed biases of
sensed hand position toward the position of the cursor for
the implicit assessments should be the same for the control
and the adaptation condition. This is what we found. For
explicit assessments, the effect of adaptation should be less
straightforward and essentially result in a reduced inter-

25 15 -5 5 15 25
Rotation angle (°)

15 25

individual variability. Again this is what we found. We
outlined the rationale of this expectation (the section:
“Sensory coupling and proprioceptive recalibration” in
“Introduction”, Fig. 1) and further illustrated it by way of
simulation (Fig. 5). The essence of the rationale for the
explicit assessments is that adaptation induces proprio-
ceptive and visual recalibration, which reduces the dis-
crepancy between the sensed hand and cursor positions
compared with that of the respective physical positions. As
the CNS takes into account that reduced discrepancy, the
range of the component of the explicitly assessed biases of
hand position toward the cursor position that results from
sensory coupling also reduces. This in turn reduces the
observed inter-individual variability of the explicit measure
in the adaptation condition compared with the control
condition.

In the present study, the presence of proprioceptive and
visual recalibration can be only inferred from the observed
changes of inter-individual variability of the proportional
biases of explicitly assessed hand positions toward the
position of the cursor. In future studies, they can be
assessed separately in unimodal test trials, which we have
not done because of the already long duration of the
experiment. It should become possible, however, when
time is saved, e.g., by only one visuomotor rotation for
adaptation (instead of the 6 rotations of the present study).
With such a design, adaptation effects are constant for the
different visuomotor rotations used in bimodal test trials,
and hence, the expected findings are quite different from
the findings with the present design. Namely, the individual
intercepts of the regressions of the observed biases of
sensed hand position toward the position of the cursor
should be affected by proprioceptive and/or visual recali-
bration, rather than the individual slopes. How they are
affected by these recalibrations should be predictable from
separate assessments of the effects of adaptation in uni-
modal test trials.

A striking parallel to our main finding has recently been
reported with a quite different paradigm. The temporal
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integration of auditory and visual stimuli is known to adapt
to systematic stimulus onset asynchronies, so that asyn-
chronous stimuli come to be perceived as synchronous
(e.g., Harrar & Harris, 2008). Judgments of synchronicity
of bimodal stimuli are psychophysical judgments and
explicit. Synchronous visual and auditory stimuli do also
result in particularly fast reaction times, faster than
expected by statistical facilitation (or by responding to the
signal that in a particular trial is processed more rapidly).
This speed-up of reaction time is a behavioral measure of
sensory integration and thus implicit. It turned out not to be
affected by adaptation to asynchronous auditory and visual
stimuli (Harrar, Harris, & Spence, 2017). Thus, again
implicit and explicit measures of sensory integration
respond differently to adaptation (though here it is a
comparison between different experiments), even though
the measures and the type of adaptation are grossly dif-
ferent from those of the present study.

Do explicit and implicit measures of sensory
coupling depend on different representations
of sensory information?

Sensory coupling in cursor-control tasks can be formalized
as a weighted average of individual estimates of hand and
cursor positions (Debats et al., 2017). Depending on how
sensory coupling is assessed, the individual estimates that are
averaged may differ. The implicit and explicit assessments
that we used in the present and previous (Rand & Heuer,
2013, 2016, 2017, in press) studies are primarily different
ways of measurement. However, the differences and disso-
ciations that we found can be taken to suggest that they tap
different representations of hand position. In particular, we
found selective effects of visuomotor adaptation (present
study), of enhanced proprioceptive information after the end
of the forward movement (Rand & Heuer, 2016), and of
aging (Rand & Heuer, 2013) on explicitly assessed biases of
sensed hand position toward the position of the cursor, but
not on implicit assessments. Regarding differences, we
found weaker implicitly assessed biases with smaller intra-
and inter-individual variability than explicitly assessed bia-
ses. Finally, the individual explicit and implicit biases are
uncorrelated (This was also the case in the present study,
r = 0.27, p = 0.16, in the control condition and r = 0.04,
p = 0.84, in the adaptation condition).

Can these differences and dissociations be understood in
terms of a single coupled estimate of hand position that is
used for different purposes, psychophysical judgments (ex-
plicit assessments) and motor control (implicit assess-
ments)? Certainly some of the differences such as those in the
means and individual standard deviations could be explained
in this way. But overall the various differences and dissoci-
ations of explicit and implicit bias assessments are consistent
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with the view that the two types of measure tap different ones
of the several neural representations of proprioceptive
information (e.g., Brown, Rosenbaum, & Sainburg,
2003a, 2003b; Goble et al., 2012; Proske & Gandevia, 2012;
van Dam & Ernst, 2013). A possible distinction of the
functional roles of these different representations is in terms
of motor control and conscious awareness. This distinction is
quite prominent for the visual modality (Milner & Goodale,
1995, 2008), though not undisputed (e.g., Schenk, Franz, &
Bruno, 2011), and less prominent for the proprioceptive
modality (Dijkerman & de Haan, 2007; Paillard, 1991).
From the available findings, we can tentatively charac-
terize the two representations of hand position that are
probably tapped by the implicit and explicit assessment
procedures. The implicit representation is a rather low-level
representation close to the information provided by the
sensors and thus to the physical position of the hand, whereas
the explicit one is a rather high-level representation which is
more influenced by concurrent stimuli (cf. Kavounoudias
et al., 2008; Reichenbach, Thielscher, Peer, Biilthoff, &
Bresciani, 2014) and capable to feed consciousness. Thus,
sensory coupling of high-level representations is stronger
than sensory coupling of low-level representations, and it is
more subject to the age-related difficulty in keeping visual
and proprioceptive information on cursor and hand position
apart (Rand, Wang, Miisseler, & Heuer, 2013; Rand &
Heuer, 2013). Sensory coupling of the low-level represen-
tation is a rapid process that occurs already during move-
ment, whereas sensory coupling of the high-level
representation is a later process that is affected by proprio-
ceptive information after the end of the movement (Rand &
Heuer, 2016). Only the high-level representations are
affected by proprioceptive recalibration (this study).

Implications of additional findings

The main findings of the present experiment regarding
sensed hand positions were accompanied by no effect of
adaptation on the explicitly assessed bias of the sensed
position of the cursor toward the position of the hand. This
bias was much smaller than the explicitly assessed bias of
the sensed hand position. Perhaps small variations of such
small biases are difficult or impossible to detect in the face
of noisy data. The asymmetry of the explicitly assessed
biases of the sensed hand position toward the position of
the cursor and the sensed cursor position toward the posi-
tion of the hand is a rather consistent finding (Debats et al.,
2017; Rand & Heuer, 2013, 2016, 2017, in press). Never-
theless, the asymmetry can be modulated by the reliability
of the individual estimates of hand and cursor positions
(Debats et al., 2017), being consistent with the principle of
reliability-based weighting that is typically observed for
sensory coupling.



Psychological Research (2019) 83:935-950

949

The examination of movement characteristics revealed
an adaptation in terms of motor performance: about 67% of
the visuomotor rotation was compensated by the planned
movement direction, as assessed by the direction of the
movement during the first centimeter of amplitude. Thus,
our experimental manipulation to induce visuomotor
adaptation was successful. Although the initial movement
directions differed considerably between the adaptation
and the control condition, the target error at the end of the
movement was only slightly different. The compensatory
adjustments during the movements were stronger in the
control condition than in the adaptation condition, so that
the final hand positions that were judged were almost
identical in the control and adaptation conditions.

One could expect that the sensorimotor adaptation to the
visuomotor rotations is correlated with the proprioceptive
recalibration. However, the magnitudes of proprioceptive
recalibration and sensorimotor adaptation have been shown
to be uncorrelated in healthy adults (Cressman & Hen-
riques, 2009, 2010; Izawa et al., 2012). Furthermore, sen-
sorimotor adaptation and proprioceptive recalibration have
different time courses (Zbib et al., 2016). Consistent with
these findings, we found no correlation between the indi-
vidual changes of the initial movement directions (ex-
pressed as proportion of the visuomotor rotation) from the
control to the adaptation condition and the corresponding
changes of the explicitly assessed proportional biases
(r=—0.14, p = 0.48).
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