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Abstract The basal ganglia have traditionally been agdth decreases in movement speed in order to use the
sociated with motor control functions and this view hdgedback to ensure accuracy. When the augmented feed-
prevailed since the late nineteenth century. Recent exfierek is withheld and the movement pattern is to be con-
imental studies suggest that this neuroanatomical systentled by means of intrinsic information feedback sourc-
is also critically involved in motor learning. In the press, performance is severely hampered. The findings are
ent study, motor learning/transfer capabilities were colypothesized to indicate that learning/transfer is affected
pared between patients with Parkinson’s disease anuh #arkinson patients who apparently prefer some con-
group of normal elderly people. Subjects practiced a btancy in the environmental contingencies under which
manual coordination task that required continuous flggractice takes place. The present findings are consistent
ion-extension movements in the transverse plane withvidh the notion that the basal ganglia form a critical neu-
90° phase offset between the forearms. During acquisianatomical substrate for motor learning.

tion, augmented visual feedback of the relative motions

was provided in real time. The findings revealed inkey words Parkinson’s disease - Motor learning -
provements in the bimanual coordination pattern acrdsterlimb coordination - Basal ganglia - Hur»an

practice in both groups when the augmented concurrent

feedback was present. However, when transferred to per-

formance conditions in which the augmented informintroduction

tion was withheld, performance deteriorated (relative to

the augmented condition) and this effect was more pré&@f all central neurological movement disorders, Parkin-
alent in the Parkinson patients. More specifically, no imen’s disease has perhaps been studied most intensively.
provement in interlimb coordination was observed undEhis work has contributed to a better understanding of
nonaugmented feedback conditions across practice. the effects of degenerative diseases of the basal ganglia.
stead, a drift toward the preferred in-phase and aftatients with Parkinson’s disease show clear disorders in
phase coordination patterns was evident. The presiet organization and control of movement. Deficits in
findings suggest that Parkinson patients can imprav@vement initiation and movement speed have been ob-
their performance on a new motor task, but they remaierved during the production of simple movements.
strongly dependent on augmented visual information These problems become even more prevalent when com-
guide these newly acquired movements. The apparplex sequential or simultaneous movements are to be
adoption of a closed-loop control mode is accompanipeédrformed (Benecke et al. 1986; Schwab et al. 1954).
Until recently, few studies have addressed the possi-
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er and under continuous control. Flowers (1976) cogroups. Against the background of these preferred modes
cluded that Parkinson patients were not able to perfoofmcoordination, new tasks can be designed that are not
the fast ballistic movement but were forced to movwstrinsic to the human motor repertoire and that require
slowly to allow continuous monitoring. In other wordspractice. In the present study, subjects produced a biman-
these patients had a problem with open-loop control wdl coordination pattern with a phase offset of 90° be-
movement. Moreover, they could not improve their petween the limbs, located between the aforementioned in-
formance after 2 min of practice: the patients failed phase and anti-phase modes. The difficulty with learning
learn to anticipate the movement of a target but followedch a pattern is that a strong tendency emerges to be
it instead. Frith et al. (1986), however, found that Patrawn to the preexisting or preferred coordination
kinson patients were able to learn to make anticipatonpdes. Previous experiments using young adults demon-
movements during a particular task, but they expestrated this bias for bimanual finger movements (Zanone
enced difficulties in deploying already existing proand Kelso 1992) as well as for arm movements (Lee et
grams in novel situations. Similarly, Worringham andl. 1995).
Stelmach (1990) found that patients could use advancen view of the difficulty associated with overcoming
information to initiate their movements faster followinghe aforementioned preferred coordination modes, the
sufficient practice, suggesting that preprogrammed a@w coordination pattern was practiced with the help of
tions could be acquired. augmented visual information feedback of the produced
Robertson and Flowers (1990) tested the ability wdlative motions in real time. Based on the general con-
Parkinson patients to learn and generate movementtsetion that visual information is important in the con-
guences and to switch between alternative sequenceschtof movement in Parkinson patients, it was predicted
will. They found that patients could learn individual pathat the augmented information would constitute an in-
terns of movement normally but experienced difficulty wmaluable source of information for acquiring the new
switching spontaneously from one to another acquirksk. However, performance was also assessed in the
sequence within a trial. In other words, the patients ebsence of augmented feedback, because it has previ-
hibited difficulties in executing a designated sequenoasly been shown that various sources of feedback
while at the same time suppressing the alternative, cfparticularly concurrent feedback) have a strong influ-
rently unwanted, sequence. ence on performance when available, but their effect
Studies using the pursuit rotor task showed that omhay decrease or disappear when the feedback is with-
demented patients or patients with more advanced symeld (Salmoni et al. 1984; Schmidt 1988; Swinnen
toms of the disease showed impairments in the acqui®i96). Therefore, transfer of performance to feedback
tion of the task (Harrington et al. 1990; Heindel et akithdrawal conditions was investigated at regular inter-
1989). Soliveri et al. (1992) also demonstrated improweals during practice. An additional benefit of this pro-
ments during practice of a “doing up buttons” task. cedure is that it enabled the evaluation of performance
It appears from the aforementioned overview that thader externally guided and internally cued environ-
evidence in favor of the viewpoint that the basal gangflizental circumstances.
are involved in motor learning is largely inconclusive, at
least when relying on evidence from studies with Parkin-
son patients. Moreover, three serious drawbacks chalaterials and methods
terize past learning research and underscore the need for
additional experiments. First, the tasks used in previci#bjects

studies often imposed more cognitive .th.an motor d§ljbjects were seven patients with idiopathic Parkinson’s disease.
mands. Secondly, they entailed only limited levels @lfinical characteristics of these patients were obtained at the time
complexity and few (if any) addressed the acquisition afftesting and are shown in Table 1. All patients were declared free
new spatiotemporal (opologies. Third, the practce seLSogine Gefels by relidons, Sever sblects uteutan
Slons were l’.lsua”y short. These “mlt_atlons_ prov!ded t@h}? patignt gr?)up was 73 years (SD 2.38),gthatpof the control group
major incentive for the present experiment in which Sugy years (SD 2.44). Noné of the subjects had previous experience
jects learned a complex bimanual coordination pattesithe task. All subjects were tested between 3 and 6 p.m.
over a longer period of practice. This represents one of
the first studies that addresses the learning of new COQfparatus and task
dination skills in diseased groups.

Recent work on bimanual coordination has resultedTihe apparatus consisted of two horizontal metal levers (43 cm
the identification of two elementary and preferred modegg and attached to virtually frictionless vertical axles) which

o . ould be moved toward and away from the body midline. An ad-
of movement coordination, called in-phase and a Stable handle was located at the distal end of each lever (see

phase patterns (Heuer 1991; Kelso 1984; Turvey 19%{}. 1). Incremental shaft encoders (4096 counts/revolution) were
Yamanishi et al. 1980). In-phase coordination refers rtounted at the base of the axles to determine elbow displacement,
the simultaneous contraction of homologous musc pled at 150 Hz. The subject was seated on a height-adjustable

. . : air behind the apparatus in such a way that the body was cen-
(e.g., flexing or extending the arms simultaneousl Ted between the levers. Movements were made while resting the

Anti-p_hase (or 180° qut-qf-phase) coordination refers fearms on each lever and by grasping the handle at the distal
the simultaneous activation of nonhomologous museled. The handle could be adjusted to accommodate different fore-
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;Ii'?glgf]t.hgIggﬁgngevrﬁlﬁtggﬁ;m_ Subject Age Time since StageRigidityp Brady- TremoP Medication Dose

son’s diseas 2 ?yn;zfrt's) kinesia
1 66 7 2 1 1 2 Eldepryl 2x5 mg
R>L R>L Sinemet 3x1/2 tablet
2 66 12 3 0 2 1 Permax 3x0.5 mg
Prolopa 5x125
Apomorphin 2 mg, 1-2/day
Eldepryl 2x1
Akineton 2-3x1/2
3 83 10 3 1 2 0 Sinemet 3x250 mg
L>R L>R Parlodel 2.5mg, 3x1/2
4 75 6 1 1 2 3 Sinemet 4x1/2 tablet
L>R L>R
5 67 3 3 3 1 Amantan 2x100 mg
L>R L>R Sinemet 250 mg, 3x1/2
6 79 5 2 1 1 0 Sinemet 250 mg, 3x1/2
L>R
2 Hoehn and Yahr scale 7 757 2 2 1 3 Parlodel 10+5+5 mg
b Unified Parkinson-rating R wrist R hand
scale:

ternal spatiotemporal structure is to be developed within the con-
—] fines of an imposed overall time frame (the metronome) and
against the backdrop of preferred preexisting coordination tenden-
cies (i.e., the in-phase and anti-phase modes).

o
80 :}

80° Procedure

Subjects were instructed to produce cyclical limb movements for a
duration of 20 s per trial at the pace of the metronome (0.83 Hz).

N Acquisition

— 1 Two blocks of 20 acquisition trials were performed within a single
experimental session. Augmented visual feedback of the relative
motions was provided during all 40 acquisition trials. This infor-
Fig. 1 Schematic view of the experimental apparafig2ersonal Mation was shown with the aid of a computer monitor that was po-
computer;B Terminal for experimente€ Terminal for subjec: sitioned just beyond the movement apparatus, 10 cm above the
surface of the table. The monitor provided feedback of the dis-
placement-displacement angles, with the left limb represented in
the ordinate and the right limb in the abscissa (the Lissajous fig-
arm lengths. The elbow was positioned just above the lever's axig). When produced correctly, the movement resulted in a Lissaj-
of rotation. Table height was 75 cm and the levers were positiords plot with the configuration of a circle. Provision of this visual
6 cm above the table surface. information occurred in real time. Previous work showed this to be
Subjects were instructed to make cyclical, bimanual mova-powerful source of information for the acquisition of new bi-
ments coincident with the beating of an electronic metronom®nual coordination patterns (Lee et al. 1995; Swinnen et al.
(KORG DTM-12), such that one complete movement cycle (fle2991b, 1996). The Lissajous figures remained on the screen until
ion-extension) was performed on every beat. Subjects were the trial was completed.
quired to produce oscillations of each limb with the same frequen- In addition to concurrent information feedback during each tri-
cy (0.83 Hz) and amplitude (+40°, or 80° peak-to-peak displaca; posttrial feedback was also provided during the acquisition
ment) but with a phase offset between the limbs of 90°. The duphase: Following every fifth trial, subjects were shown informa-
tion of each trial was 20 s. The limbs always started in mid-poibn of the last trial produced in the set: the right and left limb
tion prior to movement initiation. The reversals in direction ahovements were plotted orthogonally on top of a representation of
peak flexion and peak extension were made within indicated vettie ideal movement template (a circle). This template was ob-
cal targets (width 4°), located behind the movement path. A 80486ed through generation of two pure sine waves with equal fre-
microcomputer was used to sample and record data, to signalghencies (0.83 Hz) and amplitudes (+40°) and with a phase offset
start and end of the trial, and to control the onset and offset of #fie90°. The experimenter explained the displayed information to
metronome. the subject and aided in interpreting this feedback. The plot of the
The main goal of this motor skill is to develop a new spatioaovement template on the computer screen on top of the subject’s
temporal relationship between the limbs. When one limb is reveosyn trial enabled a quick comparison of both patterns.
ing direction at peak position, the other limb is located midway Prior to and during the acquisition phase, subjects were given
between peak extension and flexion. This is exemplified in Fig.tBree test blocks: prior to practice (a test of initial skill level, block
showing the upper limbs’ angular displacement-time profiles forly, and following completion of 20 (middle test, block 2) and 40
successful 90° out-of-phase movement (left side). The orthogoaedjuisition trials (final test, block 3). During these test blocks, per-
plot of the angular displacement patterns (also called a Lissajéarsnance was assessed under three different feedback conditions.
figure) results in a circular configuration (right side). Thus, an ifrn order, the movement was produced while the subject was blind-
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Fig. 2 Displacement-time profiles of the left and right limb moveture of the coordination pattern that is observed between the

ment (eft sidg and relative motion plot of a successful 90° out-ofimbs as well as its stability (Haken et al. 1985; Turvey 1990).

phase movementight side The phase angle of each arm oscillation was calculated for
each sample of the displacement time series, using a formula
adapted from Kelso et al. (1986):

folded (reduced vision condition), with normal vision (normal viz _ —tanl tanl

sion condition), and in the presence of concurrent informatit(iorTeR_eL tam [(dXg/dt)/Xgl-tam [(dX, /d)/X,]

feedback (augmented vision condition). This order was maintainelereby8y refers to the phase of the right limb movement at each

across all three test occasions to minimize the effect of one ganple Xy is the position of the right limb after rescaling to the

upon the next. These tests enabled the evaluation of performantsval [-1, +1] for each cycle of oscillation, an¥dt is the

under augmented feedback conditions as well as under feedbaknalized instantaneous velocity. The same notation applies to

withdrawal conditions, i.e., learning and transfer of learning wettee left limb (L). The relative phase between the arms was subse-

assessed: quently determined through subtraction of the phase angle of the
o limbs, 6;—6,. Amplitude rescaling was done for each half-cycle:
Acquisition the positive amplitudes were divided by their peak positive ampli-
1. Test block 1 — pretest: tude and the negative amplitudes by their respective peak negative
One trial — reduced vision condition amplitude score. A similar procedure was applied for normaliza-
One trial — normal vision condition tion of velocity. This allowed a conversion from the Cartesian co-
One trial — augmented vision condition ?rdinates to)sine and cosine functions of the unit circle (ranging
rom 1 to -1).
(Practice phase 1: 20 trials under augmented vision conditions)  Briefly, the reasoning underlying this procedure is as follows.
2. Test block 2: The relevant variables to describe the state of an arm movement or
One trial — reduced vision condition any other system with oscillatory features are its momentary posi-
One trial — normal vision condition tion and velocity (the state variables). In graphical terms, these
One trial — augmented vision condition variables can be considered as coordinates of a point in a two-di-

mensional Cartesian coordinate system, with position being repre-
(Practice phase 2: 20 trials under augmented vision conditions) sented in thex-axis and velocity in the-axis (a phase-plane).

3. Test block 3: When the oscillations are harmonic, the phase-plane represents a
One trial — reduced vision condition circular trajectory. If position and velocity are rescaled to the in-

One trial — normal vision condition terval [-1, +1], these Cartesian coordinates are equivalent to the
One trial — augmented vision condition cosine and sine values of the phase angle, which are then used for

computation of the tangent of that angle. It is therefore possible to
represent the state of that system by polar coordinates (0°-360°)
Retention as described by the phase angle.
) ) ) ] ) _ Following computation of the continuous estimate of relative
Five minutes after completion of the practice session, a retentifiase with the formula shown above and with a remapping of the
test was given. Subjects were again tested under the aforemgit-circle to the range 0-180 and —180 to 0, the absolute differ-

tioned three different feedback conditions: ence in phase angle (ranging from 0-180°) was extracted at two
1. One trial — reduced vision condition peak position landmarks of the reference (right, R) limb and for
2. One trial — normal vision condition each oscillation cycle. Accordingly, the program routine provided
3. One trial — augmented vision condition two sets of absolute phase differences, one at peak elbow flexion

one at peak elbow extension. These data were subsequently
raged to provide an estimate of relative phase accuracy. The
around the mean relative phase was used as a measure of vari-
ability in relative phase.
Data analysis In addition to relative phase measures, temporal and spatial pa-
rameters of the left and right limb motions were quantified, i.e.,
The data analysis focused on (a) the spatiotemporal featuresyafe duration and amplitude. Cycle duration was defined as the
the individual limb motions by means of cycle duration and artime that elapsed between successive peak extension positions.
plitude measures and (b) a quantification of the new coordinatibime mean cycle duration was computed across the 20-s trial, and
pattern that evolved between the limbs through relative phagéhin-trial standard deviations were computed to assess temporal
measures. Through subtraction of the phase angles of two sigmat&bility. The spatial measure consisted of the absolute value of
(or limb motions) occurring simultaneously, insights are obtaindie peak-positive to peak-negative amplitude for each individual
into the way these signals relate to each other. This differenceyule. This measure was averaged across each trial and the within-
phase angle, also referred to as relative phase, provides a sigi@-SD was computed to estimate variability.

The data analysis focused on performance obtained during g
three test blocks of acquisition as well as during the retention te



501

The analysis of relative phase, timing, and amplitude, which iS [—— Parkinson Bindfolded —T7— FEiderly Bindfolded
reported next, focused on the three test blocks (start, middle, and {—#&— Parkinson Normal vision —&—  Elderly Normal vision
end) obtained during acquisition as well as on retention perfor- |——®— Parkinson Enhanced visual FB —0—  Eiderly Enhanced visual FB
mance. A 80

70+

| 14

Results

Relative phase 601

Relative phase accuracy
50
Acquisition. Figure 3 shows the mean absolute error i o
relative phase, as determined during the three test blogks 4, |
administered at the start, middle, and end of acquisitigh.
These error scores denote the absolute deviation between ®
the observed relative phase and the required 90° phase3? ot Mol Eng :
offset. . . o . Acquisition Phase Retention

The graph illustrates two major findings of interest.
First, a considerable improvement in the performanc g f 30
the circle task was made in the presence of augmented
visual feedback as a result of practice. Error scores de-
creased sharply, particularly between the first and secogd
test block. Both groups showed a comparable progre§s. o
Second, performance was much worse in the absencezof
augmented visual information (normal vision and blind2
folded conditions). 9

Data were analyzed using a 2x3x3 (GroupxTest 1o B
blockxFeedback condition) ANOVA with repeated meas
sures on the last two factors (see Table 2). The variable
denoted as Test block referred to the administration of per-
formance at the beginning, the middle, and the end of ac- , i ,
quisition. The variable called Feedback condition included Start Middle End
evaluation of performance under blindfolded, normal vi- Acquisition Phase Retention
sion, and augmented visual feedback conditions. The re-
sults of the statistical analyses are presented in Table 2Fig. 3A, B Relative phase accuracy and variability for the Parkin-

A significant decrease in error was observed durifif’ 3iouP and elderly group across the different feedback (FB)

2 - . A, itions during acquisition and retention

acquisition, resulting in a significant Test block effect.
Significant differences were also observed across Feed-
back conditions. Mean error was lower during the auigg the three feedback conditions (see GroupxFeedback
mented feedback conditioMES3°) than during the nor-condition interaction) also differed across the three test
mal vision M=63°) and blindfolded performance condiblocks.
tions M=64°). The main effect for Group was not signif-
icant. However, the interaction between Group and Fe&stention.The performance pattern found at the end of
back condition was significant (see Fig. 3A). Whereasquisition was essentially confirmed at retention (see
the Parkinson and elderly group performed similarly fig. 3A). The 2x3 (GroupxFeedback condition) ANOVA
the presence of augmented visual feedback, the forméth repeated measures on the last factor supported these
were less successful than the latter during the normalaldservations (see Table 2). The Group effect was not sig-
sion and blindfolded conditions. The interaction effegificant. The Feedback condition effect was significant:
between the variables Test block and Feedback conditimwer error scores were observed in the condition with
also reached significance. During the first test block (b&4gmented visual feedbackl£39°) than in the remain-
fore initiation of practice), no distinction was foundhg two conditions (blindfoldedM=59° and normal vi-
among the three feedback conditions. Difference®nM=61°). The interaction between both variables was
emerged in the middle and at the end of acquisitiatso significant. Figure 3A shows that the elderly sub-
where performance was more successful during the ajggts performed very similarly across the three feedback
mented feedback condition than during the blindfoldegnditions, whereas the Parkinson group performed well
and normal vision conditions. Finally, a significant threéa the presence of augmented feedback but poorly during
way interaction between the variables Group, Test blotlk¢ normal vision and blindfolded conditions. In fact,
and Feedback condition was observed. The aforemwtien comparing retention performance under the latter
tioned different performance patterns of both groups dtwo feedback conditions with pretest performance (Test

ror Relative phase (°)
o>

up>

T
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Table 2 Results of the statisti-

cal analyses with respect to df Relative phase Amplitude Cycle duration
relative phase, movement am-
plitude, and cycle duration Mean SD Mean Sb Mean Sb
(FB Feedback conditiorGr, .
Group,Bl. block) Acquisition
Group 1,12 <1 1.46 3.7 4.15 2.96 5.73*
Test block 2,24  10.22* 237 2.6 <1 11.66**  6.68*
Feedback condition 2,24 9.6 <1 2.24 1.33 5.37**  3.74*
Limb 1,12 — - 2.42 7.82* <1 1.71
Gr.xTest BI. 2,24 <1l 1.24 1.95 <1 <1 1.27
Gr.xFB 2,24 4.63* 1.09 1.35 <1 5.06* 7.2%*
Gr.xLimb 1,12 - - <1 4.33 1.22 <1
Test Bl.xFB 4,48 3.63* <1 <1 <1 2.72* 3.88**
Test Bl.xLimb 2,24 — - 4.36 <1 1.7 2.8
FBxLimb 2,24 - - 1,41 1.05 2.43 1.36
Gr.xTest Bl.xFB 4,48 3.61* <1 1.11 <1l 3.28* 2.93*
Gr.xTest Bl.xLimb 2,24 - - <1 <1 2.44 1.11
Test Bl.xFBxLimb 4,48 - - 1.72 1.67 3.99%* <1
Gr.xTest Bl.xFBxLimb 4, 48 - - 1.27 <1l 241 <1
Retention
Group 1,12 1.05 1.54 2.79 10.57** 1.41 <1
Feedback condition 2,24 14.76* 1.14 <1 <1 5.94* <1
Limb 1,12 - - 1.45 11.09** 3.93 1.26
Gr.xFB 2,24 8.01** 6.4** <1 1.93 9.23**  2.89
Gr.xLimb 1,12 - - <1 4.75* 8.12* 4.14
* P<0.05 FBXLimb. 2,24 — — <1 <1 10.21** 1.8
. X X —_ —_ *
w peh Ol GrxFBxLimb 2,24 142 <1 10.4 2.56
A Elderly subject
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Fig. 4 Example of the evolution of the coordination pattern across
acquisition in the presence of augmented visual feedback for an
elderly subjectA), and a Parkinson patier8)

-10 20 50
Displacement Right Arm (°)

Displacement Left Arm (°)

-80-54 -28 -2 24 50
Displacement Right Arm (°)

End



503
A Elderly Subject
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Fig. 5 Example of the coordination pattern of a typical elderlRetention.The main effects for Group and Feedback
subject f) and Parkinson patienB] as produced at retention un-condition failed to reach significance (see Table 2). The
der the three different feedback conditins

interaction effect between both variables was significant

and suggests a divergence in variability scores for both

. . roups across the three feedback conditions. A posteriori

block 1), it appears that no improvement on the coorglisis revealed that relative phase variability was signifi-

nation pattern had taken place. ntly higher in the Parkinson group (SD 24°) than in the

One additional note is in order here. The succes erly group (SD 11°) when augmented visual informa-
performance of the Parkinson patients during the aygyn was presentP<0.01). No significant differences

mented feedback condition should be evaluated in COsre obhserved with respect to the remaining two perfor-
bination with the cycle duration data (as discussed latef)ance conditionsR0.05; see Fig. 3B, right side).

Relative phase variability Example of improvements

. s . . _in the coordination pattern during the acquisition phase
Acquisition. Before initiation of practice, differences in

SD between both groups were small (See Fig. 3B). Vatigure 4 shows the evolution of the coordination pattern
ability appeared to increase from the first to the Secoﬁgoss practice with augmented feedback for an elderly
test block. At the end of acquisition, relative phase wagd Parkinson subject. The displacement pattern of the
slightly more variable in Parkinson patients, particularfgft arm is plotted against that of the right arm (Lissajous
in the condition with augmented visual information.  figure). These plots need to be compared with the correct

I—_|oyvever, the aforementioned observations were IHdrformance of the 90° out-of-phase pattern which is
statistically supported (see Table 2). The ANOVA did ngharacterized by a circular configuration (see Fig. 2).

reveal any significant main effects. The interaction ef- |n the elderly subject, a strong tendency to perform

fects also failed to reach significance. the intrinsic antiphase coordination mode is evident be-
fore initiation of practice (Fig. 4, upper left). After 20 tri-
als, the circular configuration (gradually) appears (Fig. 4,
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upper middle) and this pattern is further improved after —W— Parkinson left — O Elderly ot
40 trials of practice (Fig. 4, upper right). The pattern still
shows variations from cycle to cycle.

In the Parkinson patient, a tendency toward th
phase pattern is initially evident (Fig. 4, lower left). Af-
ter 20 and 40 practice trials, features of the required co-
ordination mode emerge (Fig. 4, lower middle and right®
Variability in coordination remains evident as well as &
tendencies to regress toward the antiphase coordinat@n
mode, as shown by an occupation of the diagonal (Fig.‘g,
upper left/lower right) in the second and third plot. a

()

— 4 — Parkinson right — {3 — Elderly right

A 100

90+

M

70+

Example of performance under the three feedback
conditions administered during the retention test

60 T T T
Figure 5 shows an example of retention performance un- Start Middle End A
der the three different feedback conditions, i.e., blindfold- Acquisition Phase Retention
ed, with normal vision, and with augmented visual infnr-
mation. It is evident that the elderly person is capabl
producing the required coordination pattern across wne
three feedback conditions. In other words, the subject
succeeds in transferring what was learned during practice
trials with augmented feedback to other conditions. Nev- |
ertheless, the diagrams representing performance un@r
blindfolded and normal vision conditions (Fig. 5, uppe&
left and middle) lean slightly to the left, indicative of ten-E 77 -
dencies toward the antiphase (or 180° out-of-phase) pai- ~~ =2 -~
tern. Small problems in breaking away from the antiphase ¢ P TSl Ny
pattern are also encountered at the start of the trial, but -~ d o o
the pattern improves toward the end. With augmented vi- o
sual feedback (Fig. 5, upper right), the required coordina- Start Middle End '
tion pattern emerges during the majority of the cycles. Acquisition Phase Retention
The example of the Parkinson patient demonstrates

that the 90° pattern is lost during blindfolded (Fig. %jg. 6A, B Mean amplitude and variability of the left and right
lower left) and normal vision (Fig. 5, lower middle) conlimb motion for the elderly group and Parkinson group during
ditions. Without augmented visual information, perfofactice and retenticn
mance breaks down and leans toward the in-phase pat-
tern. In general, the Parkinson patient is less successfglin amplitude
in transferring the skill level, established under augment-
ed feedback conditions, to conditions where this infofcquisition. No significant main or interaction effects
mation is withheld. Apparently, the patient strongly ravere identified. Even though mean amplitudes were gen-
lies on the augmented visual information to produce tBeally higher in the elderly group than in the Parkinson
correct pattern. This is evident in Fig. 5 at the low@foup (see Fig. 6A), the Group effect did not quite reach
right, where the required coordination pattern reappe&ignificance P=0.078). Left arm amplitudes were not
when augmented feedback is again available. significantly different from right arm amplitudes. The

Test block and Feedback condition effect also failed to

reach significance.

10

©
!

Amplitude

" : . R ion.The ANOVA di | signifi [
In addition to the imposed relative phase mode of 90° eti?stlofgr Geroup OLimgldaggtggggﬁazfr&gﬁgﬁoma%e

. h ode C fle
peak-to-peak amplitude of 80° was required in boﬁli‘teraction effects also failed to reach significance (see
arms. The data for acquisition were analyzed by megng e 2).

of a 2x2x3x3 (GroupxLimbxTest blockxFeedback con-

dition) ANOVA with repeated measures on the last three

factors. Separate analyses were conducted on the mM@agupility of amplitude

and SD scores. Retention data were analyzed by means

of a 2x2x3 (GroupxLimbxFeedback condition) ANOVAAcquisition. Variability of the amplitudes was signifi-
with repeated measures on the last two factors. Theaantly larger in the left than in the right limb (see
sults of the statistical analysis are reported in Table 2. Fig. 6B). The main effect for Group was not significant,
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neither was the effect for Test block and Feedback condi- [—#—Parkinson Bindfolded —F— Elderly Biindiolded
) . . . i —&—  Parkinson Normal visi —&— Elderly N | visi
tion. None of the interaction effects were significant. —e— Parkinson Enhanced vieusl F8 0 Eidory Exanoed vieual FB

. . . ... A 5000
Retention.The trends observed during the acquisition
phase were confirmed at retention (see Table 2). The
ANOVA revealed that the SD scores were significantl§ ., | o
smaller in the elderly group than in the Parkinson group‘f,
M=5.5° andM=8.2°, respectively. The larger variability £
of the left arm =7.6°) as compared to the right armg .,
(M=6.0°) was also statistically confirmed. The Feedback
condition effect failed to reach significance. The differ® g
ences between both arms were more clearly apparentgin ., |
the Parkinson patients than in the control group. This ré-
sulted in a significant GroupxLimb interaction (see
Fig. 6B).

1000 T
Start Middle End

. isiti Retenti
Cycle duration . Acquisition Phase etention

600

The ANOVAs applied to the cycle duration means and
SDs were similar to those used for analysis of the move- so0-
ment amplitudes. g
4004
Mean cycle duration 3001 °
Acquisition.In the present experiment, the target cycl
duration was set at 1200 ms. The main effect for Gro
and Limb failed to reach significance (see Fig. 7A, Ta- 100/
ble 2). A significant increase in cycle duration was ob-
served across practice: mean cycle duration was o , . .
1715 ms, 2573 ms, and 2772 ms, at the start, middle, and Start Middle End
end of practice, respectively. Significant differences in Acquisition Phase Retention
cycle durap_on were also obs_erved across the th_ree fqﬁ . 7A, B Mean and SD of cycle duration for the elderly and
back conditions. Cycle duration was generally higher giZrkinson group with respect to the three feedback conditions as
the presence of augmented visual informati@mserved during practice and reten ion
(M=2572 ms) as compared to the remaining two condi-
tions (blindfolded M=2310 ms, normal vision
M=2189 ms). The GroupxFeedback condition interactitatter interaction indicated that the increase in cycle du-
was significant. It is apparent from Fig. 7A that mean ckation across test blocks was more pronounced in the
cle duration diverged more across feedback conditiongight than in the left limb.
the Parkinson group than in the group of elderly persons.
The latter group showed only small timing differencé?etention.The only significant main effect was observed
among the feedback condition®>0.05). Conversely, for Feedback condition. All interaction effects were found
the Parkinson group showed significantly slower moveignificant (see Table 2). The significant GroupxFeedback
ments in the presence of augmented visual informatigendition interaction can be interpreted as follows: where-
than the remaining two performance conditiorgs no differences in cycle duration among the three feed-
(P<0.05). back conditions were observed in the elderly group
The Test blockxFeedback condition interaction w#8>0.05), the Parkinson group showed higher cycle dura-
significant, suggesting that the increase in cycle duratiwon scores during the augmented feedback condition than
across the three test blocks was more pronounced indheng the remaining two condition®<0.01 for both).
augmented feedback condition than in the remainiige LimbxGroup interaction was also significant. Where-
conditions. Finally, two three-factor interactions wers the left arm was slightly slower than the right arm in the
significant and invite a reinterpretation of the previousderly group M=2432 ms an#1=2411 ms), the converse
effects: GroupxTest blockxFeedback condition and Tedtect was found in the Parkinson groiyp=¢801 ms and
blockxFeedback conditionxLimb. The former interactioM=2923 ms). The Feedback conditionxLimb interaction
indicated that the extra increase in cycle duration duriatgo reached significance. Whereas no differences in cycle
the augmented feedback condition, relative to the otltkaration between the left and right limb were observed
conditions, was mainly due to the Parkinson group. THering the blindfolded and normal vision conditions, the
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left arm moved faster than the right arm during the augplling the intrinsically high number of degrees of free-
mented feedback condition. In order, means for the léftm that characterizes the human motor apparatus.
and right limb were 2422 ms and 2389 ms during tiidese interactions have been studied extensively in the
blindfolded condition, 2375 ms and 2358 ms during tlhper limbs and they have become particularly evident
normal vision condition, and 3053 ms and 3253 ms duriwhen human performers are confronted with performing
the augmented feedback condition. Finally, the Feedbddkerent tasks with both arms simultaneously (Heuer
conditionxGroupxLimb interaction was significant. A4991; Kelso et al. 1979; Swinnen et al. 1991b, 1993).
stated previously, the elderly group did not show major With respect to cyclical bimanual movement, two co-
differences in cycle duration among the three feedbaxkination modes have been characterized as intrinsically
conditions and this effect was similar in both limbs. Gnable patterns that normally belong to the preexisting
the other hand, the Parkinson group moved slower dunngtor repertoire of the human performer: in-phase, re-
the augmented feedback condition than during the remauiring the simultaneous activation of homologous mus-
ing conditions and this effect was more prevalent in tble groups, and antiphase (180° relative phase), which is
right than in the left limb. characterized by the simultaneous contraction of nonho-
mologous muscle groups. In the present study, subjects
acquired a 90° out-of-phase task, located in between the
Variability of cycle duration previously identified in-phase and antiphase modes. This
task has the advantage that its goal can be specified in
Acquisition. Figure 7B shows that cycle duration wasxact mathematical terms. Because this new skill is not
more variable in the Parkinson patients than in the comrmally part of the intrinsic motor repertoire, difficul-
trol group. The ANOVA confirmed this observation, reties in performing the skill are initially experienced and
vealing a significant main effect for Group (see Table Practice is required to attain accurate and stable perfor-
SD scores for the elderly and Parkinson group werence. Accordingly, the present task was considered a
147 ms and 263 ms, respectively. Variability scores difaluable tool with which to address the acquisition of
fered significantly across the three test blocks: variabiligw skills.
increased from the start (SD 105 ms) to the middle of Previous experiments on the acquisition of a 90° out-
practice (SD 258 ms) and remained at the same leveldbphase task revealed that performance was constrained
ward the end of practice (SD 256 ms). The main effdny the in-phase and antiphase modes at the start of prac-
for Feedback condition was also significant. The Size (Lee et al. 1995; Zanone and Kelso 1992). This also
scores were larger during the augmented feedback cobeicame evident in the present experiment, giving rise to
tion (256 ms) than during the blindfolded (182 ms) arddrge deviations from the intended relative phase of 90° at
normal vision conditions (176 ms). The effect of Limthe start of practice. However, as practice with augmented
failed to reach significance. feedback continued, the elderly as well as the Parkinson
The aforementioned main effects for Group and Feesibjects became gradually more successful in reducing
back condition need to be reinterpreted in view of thige influence of these preferred coordination modes. In
significant GroupxFeedback Condition interaction. As &pite of the major improvements made in the accuracy of
evident from Fig. 7B, the elderly group only showethe coordination pattern, variability of relative phase re-
small differences among the three feedback conditiongined high and was not reduced across practice in the
In the Parkinson group, however, the SD scores w&arkinson subjects. In fact, variability tended to increase
larger during performance with augmented feedbaickthose conditions where the coordination pattern was
than during the normal vision and blindfolded conditiopmoduced most successfully. The increase in variability
(P<0.01). The interpretation of the remaining significamtas perhaps due to attempts to overcome the preferred in-
interaction effects bears similarities with the mean cygddase and antiphase coordination modes that have an in-
duration effects. trinsically higher degree of stability. Inspection of the rel-
ative motion plots also revealed that some Parkinson pa-
Retention.No significant main or interaction effectdients tended to perform the limb motions sequentially in-
were identified (Table 2). stead of simultaneously. As practice continued, sequenc-
ing disappeared and true coordination of the limbs
emerged. Similar difficulties in producing movements si-
Discussion multaneously have also been underscored in previous
work, albeit not within the context of motor learning (Be-
In the present study, two research issues were combinedke et al. 1986; Schwab et al. 1954).
that have received limited attention in the literature on Even though the Parkinson patients seemed to suc-
Parkinson’s disease: the learning/transfer of movemecégd reasonably well in the presence of concurrent, visu-
and coordination between the limbs. The study of inted- relative motion feedback (but with higher relative
limb coordination has become a dominant focus of attgalvase variability and increased cycle duration), they
tion in current motor neuroscience (for an overview showed marked deficits when transferring to perfor-
this work, see Swinnen et al. 1994). When more than anance conditions in which this augmented feedback was
limb or segment is involved in movement production, imvithheld. During normal vision and blindfolded condi-
teractions become evident that reflect constraints in ceiens, performance deteriorated, relative to the augment-
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ed feedback condition. No indications of improvement the control subjects during the nonaugmented perfor-
the coordination pattern across practice were evidentance conditions. However, the former group slowed
the Parkinson patients during the former conditions. Thieswn considerably during the augmented feedback con-
is in marked contrast with the elderly group, whdition. Previous studies have also shown considerable
showed clear improvements in transfer performans®wing in Parkinson patients in comparison with normal
across practice, almost reaching the skill levels attainsebple, particularly when simultaneous movements are
under augmented feedback conditions. On the one handbe produced (Benecke et al. 1986; Berardelli et al.
these observations may reflect the difficulty that Parkih986; Flowers 1976; Hallet and Koshbin 1980; Schwab
son patients experienced in shifting their attention froet al. 1954). Furthermore, the observed decrease in
one performance condition to another. On the other hanthvement speed during the augmented visual feedback
we entertain the hypothesis that the movement represmmdition is consistent with the findings of Inzelberg and
tation established by the Parkinson patients as a result@forkers (1990), who also described a similar effect in
practice appeared to be rather specific to the conditi@ssociation with the presence of visual feedback. They
in which practice took place, i.e., generalizability afoncluded that Parkinson patients are forced to verify
learning was hampered. their movement progression continuously according to
The performance deterioration observed under bliritte available visual information. It is then reasonable to
folded and normal vision conditions predominantly r@ropose that bradykinesia is not only a consequence of
sulted from a regression to the preferred in-phase and am-intrinsic movement speed deficit but also reflects a
tiphase coordination patterns (see Fig. 5). It appearsntrol strategy associated with the processing and use
therefore, that the presentation of relative motion infasf (augmented) visual feedback, resulting in slower but
mation in real time allowed the patients to establishnzore accurate behavior. Reducing movement speed al-
perception-action link for guiding their movements. THews the patients to establish a closed-loop control mode
present observations support and extend earlier cont@nperception-action link.
tions that Parkinson patients prefer to adopt a closed-The apparent discrepancy in performance under aug-
loop control mode, adjusting their movements continmented and nonaugmented feedback conditions may also
ously on the basis of available visual information (Flovtentatively suggest the involvement of different brain ar-
ers 1976). Apparently they experience difficulties in gemas or network systems that are differentially affected in
erating movements from an internal action plan. TheBarkinson's disease, even though additional research is
observations bear a remarkable resemblance to animahdatory to further validate this judgment. Deficits in
research. Saint-Cyr et al. (1995) have remarked that aniernally generated movements have been linked with
mal research indicated relatively early that “damage dasruption of the basal ganglia and supplementary motor
the caudate nuclei led to a condition in which animasea circuits (Deiber et al. 1991; Goldberg 1985; Mars-
had difficulty formulating internally (i.e., subjectively)den 1989). On the other hand, externally cued or closed-
driven response strategies, relying instead on envirt@ep movements are argued to rely upon the sensory and
mental (i.e., external) cues and previously establishpdemotor cortex with less involvement from the basal
somewhat stereotypical, response tendencies”. Similaggnglia (Marsden 1989).
Goldberg (1985) has noted that Parkinson patients haven summary, the present findings suggest that Parkin-
difficulty initiating motor programs that are not directlyson patients are able to improve performance on a new
linked to exteroceptive information and he has suggestahanual coordination pattern if augmented visual infor-
that nigrostriatal dopaminergic function is particularlgnation about the crucial features of the task is provided.
important in this respect. The present findings are Rerformance is nevertheless more variable and slower.
agreement with this viewpoint. In particular, the obHowever, virtually no improvement in coordination is
served regression toward in-phase and antiphase coastiserved when the augmented feedback is withdrawn,
nation modes in the absence of augmented informatian, patients are hampered when they have to rely on
feedback suggests that Parkinson patients convergedtheir own intrinsic feedback sources. Even though it can-
on stereotypical response tendencies and/or were unalole be excluded that problems with shifting attention
to sufficiently suppress these unwanted patterns. may have contributed to this effect, we hypothesize that
No clear improvements in other features of movemehts lack of transfer to feedback withdrawal conditions
were observed. Instead, subjects appeared to focus poggests limited generalizability of learning.
dominantly on the required relative phasing of the limbs In spite of the fact that the cerebellum has traditional-
at the expense of timing and amplitude. Higher variabili- been denoted as a principal learning device, the learn-
ty in the specification of movement amplitude was obig/transfer deficits established in the present experiment
served in Parkinson patients than in the elderly subjestgygest that the basal ganglia play an equally important
(significant at retention), and this is a typical sign of threle in certain forms of motor learning. Accordingly, fu-
disease (Phillips and Stelmach 1992). This effect wase work on the neurobiological bases of motor learning
particularly evident in the nondominant limb, suggestiwhould focus on the relative contribution of the basal
of a differential impairment of simultaneous movemegtanglia and cerebellum as well as on the interactions
scaling between the limbs. among various other brain regions that are involved in
With respect to movement timing, the findingthis process. The present findings support the hypothesis
showed that Parkinson patients moved almost as fasthad motor (and more general procedural) learning is im-
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paired in Parkinson patients (Butters et al. 1994; SaiKelso JAS (1984) Phase transitions and critical behavior in human
Cyr et al. 1995; Salmon and Butters 1995). The relatign bimanual coordination. Am J Physiol 15:1000-1004

: : -Kelso JAS, Southard DL, Goodman D (1979) On the coordination
_betW_een basal ganglia dysfunction Q”d motor Ie.aml ‘alof two-handed movements. J Exp Psychol Hum Percept Per-
impairment has also been supported in recent animal retgrm 2:229-238
search (Aosaki et al. 1994; Whishaw et al. 1994). Kelso JAS, Scholz JP, Schoner G (1986) Nonequilibrium phase
The observed lack of transfer of learning has clinical transitions in coordinated biological motion: critical fluctua-
relevance as well in that it suggests that skill improvg; tions. Phys Lett A118:279-284

. . e TD, Swinnen SP, Verschueren S (1995) Relative phase altera-
ment, obtained with augmented sources of feedback Oftons during bimanual skill acquisition. J Mot Behav 27:

extra cues in the environment, does not necessarily trans263-274 . . .
fer to conditions where these extra aids are withheldMgrsden CD (1989) Slowness of movement in Parkinson's dis-
remains to be seen whether practice with a greater vagi-éase. Mov Disord 4:26 37

f . | diti includi diti illips J, Stelmach GE (1992) The contribution of movement dis-
ety of environmental conditions (including conditions "o ders research to theories of motor control and learning. In:

with removal of augmented feedback) provides a more summers J (ed) Approaches to the study of motor control and

fertile ground for provoking generalizability of learning.  learning. North-Holland, Amsterdam, pp 469-493 _
Robertson C, Flowers KA (1990) Motor set in Parkinson’s disease.
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