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Vision, (2) Object Vision with only the target object
visible and, (3) No Vision with neither the moving arm
nor the target object visible. PDPs exhibited two types of
deﬁcits. First, in all conditions, they demonstrated a
generalized slowing of movement or bradykinesia. We
consider this an intensive deﬁcit, since it involves largely a
modulation of the gain of speciﬁc task parameters: in this
case, velocity of movement. Second, they were less able
than controls to extract critical proprioceptive information and integrate it with vision in order to coordinate the
reach and grasp components of movement. These deﬁcits
which involve the coordination of diﬀerent inputs and
motor components, we classify as coordinative deﬁcits.
As in our previous work, the PDPs’ deﬁcits were most
marked when they were required to use proprioception to
guide their hand to a visible target (Object Vision condition). But even in the full-vision condition, their performance only became fully accurate when both the
target and eﬀector (hand) were simultaneously visible. In
Experiment 2, PDPs were tested on their dopaminergic
replacement therapy. Dopaminergic treatment signiﬁcantly ameliorated the bradykinesia of the PDPs, but
produced no changes in the hand preshaping deﬁciencies
of PDPs. These results suggest that adequate treatment
of the PDPs may more readily compensate for intensive,
than coordinative deﬁcits, since the latter are likely to
depend on speciﬁc and time-dependent neural interdependencies that are unlikely to be remediated simply by
increasing the gain of a pathway.
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A number of speciﬁc sensorimotor processing deﬁcits
have been suggested to characterize impairment of
voluntary movement in Parkinson’s disease. In brief,
these include: (1) a generalized slowing of movements

Abstract Previous studies in our laboratory examining
pointing and reach-to-grasp movements of Parkinson’s
disease patients (PDPs) have found that PDPs exhibit
speciﬁc deﬁcits in movement coordination and in the
sensorimotor transformations required to accurately
guide movements. We have identiﬁed a particular diﬃculty in matching unseen limb position, sensed by proprioception, with a visible target. In the present work, we
further explored aspects of complex sensorimotor
transformation and motor coordination using a reachto-grasp task in which object shape, visual feedback, and
dopaminergic medication were varied. Normal performance in this task requires coordinated generation of
appropriate reach, to bring the hand to the target, and
diﬀerentiated grasp, to preshape the hand congruent with
object form. In Experiment 1, we tested PDPs in the oﬀmedication state. To examine the dependence of subjects
on visual feedback and their ability to implement intermodal sensory integration, we required them to reach
and grasp the target objects in three conditions: (1) Full
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(Godaux et al. 1992; Brown and Marsden 1999; Berardelli et al. 2001), (2) a diﬃculty in assembling complex
movements (Benecke et al. 1987a; Agostino et al. 1998;
Gentilucci and Negrotti 1999a, b; Alberts et al. 2000),
(3) a reliance on sensory input, especially visual, to guide
and correct movement (Flowers et al. 1976; Beuter et al.
1990; Georgiou et al. 1993; Poizner et al. 2000; Adamovich et al. 2001) and (4) a particular deﬁciency in
processing proprioceptive input (Chong et al. 2000;
Klockgether et al. 1994, 1995).
The ﬁrst deﬁcit—the generalized slowing of movement—is reﬂected in the well-known clinical characteristics of bradykinesia and akinesia. Since it has been
shown that PD patients (PDPs) are capable of modulating their speed of movement, it is often a relative,
rather than absolute slowness which is at issue. Like
force, speed can be considered a unidimensional or
intensive aspect of movement and there is considerable
evidence that, in many situations, such intensive
dimensions of performance can be altered by scaling an
internal metric of movement (Pine et al. 1996). The
latter three deﬁcits, however, involve more coordinative
aspects of movement: either the coordination of diﬀerent
movement components or the relation of sensory to
motor coordinates. In some cases, they require the
translation of one speciﬁc coordinate system (e.g. visual
space) into another (a motor map) or the integration of
two diﬀerent coordinate systems (e.g. those centered
upon the shoulder and ﬁnger joints) which must be
integrated to eﬀectuate multi-joint movements.
In our laboratory, we have been studying the coordinative aspects of movements in PDPs compared to
age-matched controls. Our plan has been to determine
exactly which aspects of a sensorimotor coordination are
deﬁcient. We have been able to show that PDPs can use
either a present or remembered visual map to guide
pointing movements, but show particular deﬁcits when
they must coordinate proprioceptive information from
their unseen arm with a visual target (Adamovich et al.
2001). Similarly, we have shown that coordination of
arm and trunk movements when both are used in
pointing become impaired until vision permits the
simultaneous view of both ﬁnger and target (Poizner
et al. 2000). Vision thus functions not only to assure
accurate targeting, but also in the integration of diﬀerent
movement components.
More recently, we have expanded our study to
examine the reach and grasp movement. This movement
consists of two distinct, but integrated components
(Jeannerod 1981, 1984) and has been extensively studied.
Earlier prehension experiments with PD subjects have
generally shown accurate grasps despite some coordination deﬁcits (Castiello et al. 1994; Ingvarsson et al.
1997; Tresilian et al. 1997; Alberts et al. 1998). Unfortunately, only a few studies have been conducted in
PDPs in the absence of L-dopa medication (Gentilucci
and Negrotti 1999a, b; Castiello et al. 2000). In these
studies, a major diﬃculty has been a deﬁciency in
reaching normal speed (failure in control of intensive

aspect of movement). In a preliminary study, we compared the performance of PDPs in the oﬀ-medication
state to controls in grasping diﬀerent shaped objects that
require diﬀerent coordination of individual ﬁngers
(Schettino et al. 2003b). We found that PDPs were not
only slower than controls, but showed deﬁcits in integrating their grasp with their reach, primarily evident as
a delayed diﬀerentiation between the required grasps for
diﬀerent shaped targets. This failure in coordinating the
two motor components and matching the motor action
to the target was present even with full vision of both
arm and target. As in our previous study of arm and
trunk coordination (Poizner et al. 2000), fully integrated
behavior was delayed until the hand approached the
target and both could be simultaneously visualized.
In the present article, we report on two studies
involving hand preshaping during the reach-to-grasp
movement of PDPs. In the ﬁrst one we asked which
sensory inputs were most required to facilitate the
accuracy of grasp and integration of reach and grasp in
PDPs. In order to do this, we exposed PDPs in an oﬀstate and age matched controls to targets presented in
three feedback conditions: Full Vision—both hand and
target visible; Object Vision—only target visible; and No
Vision—neither the hand nor the target object visible.
Our prediction, based on our previous work, was that an
intensive deﬁcit of slowed movement would be present
under all conditions, but that PDPs would be increasingly impaired in coordinative aspects of movement as
visual feedback was withdrawn. We predicted that the
Object Vision condition and No Vision conditions
would be speciﬁcally problematic for them since these
conditions require matching proprioceptive and visual
coordinates.
Our second study was designed to test whether currently available therapeutic approaches to PD are able
to resolve the coordinative as well as the intensive deﬁcits observed in PDPs. The most common ﬁnding in
studies comparing the performance of PD patients on
versus oﬀ DA therapy is an increase in movement speed
and/or in the stability of performance of relatively simple tasks after levodopa (L-dopa) administration, that is,
an improvement in the intensive properties of motor
performance (Baroni et al. 1984; Benecke et al. 1987b;
Johnson et al. 1994; Hocherman et al. 1998; Castiello
et al. 2000; Kelly et al. 2002). However, beneﬁts to
coordinative aspects of motor performance have been
much less consistent and are often absent. Benecke et al.
(1987b) reported an improvement in the performance of
complex movements by PD subjects following L-dopa
ingestion. In contrast, a number of studies have found
little evidence of L-dopa derived amelioration in a variety of measurements (Blin et al. 1991; Caligiuri et al.
1992; Johnson et al. 1994, 1996; Horak et al. 1996;
Chong et al. 2000; Feigin et al. 2002), and it has even
been reported that proprioception is acutely depressed in
Parkinson’s disease by dopaminergic medications
(O’Suilleabhain et al. 2001). Feigin et al. (2002), for
example, found that L-dopa infusion signiﬁcantly

improved OFF state clinical motor ratings and movement time in a task in which PD patients performed a
paced sequence of reaching movements. However, they
also found that L-dopa infusion signiﬁcantly worsened
the spatial errors of these movements. Likewise, Johnson et al. (1994) report that L-Dopa administration can
improve movement velocity, but does not necessarily
improve movement accuracy. We thus predicted that the
intensive kind of deﬁcit would be more amenable to the
repletion of dopaminergic drive through PD treatment
while the coordinative kind of deﬁcit would remain
impervious to treatment

Experiment 1: Effects of visual feedback
The major focus of the ﬁrst experiment was to determine, by altering the feedback informational available,
whether PDPs would be selectively impaired in performance under speciﬁc feedback conditions. Our previous
study had led us to consider that, while both PDPs and
controls have diﬃculty performing in the absence of any
visual feedback, PDPs would be relatively more impaired when moving with vision of the target alone –a
condition that stresses the need for coordinating visual
and proprioceptive information.

plus condition) was excluded. Moreover, no patient had
any oﬀ-state tremor or peak dose dyskinesias of more
than minimal amplitude. Patient clinical features are
given in Table 1. All subjects were right handed and
both subject groups were screened with the Mini-Mental
State Examination (excluded if MMSE, score <25/30)
and the Beck depression inventory (excluded if score
>10) to exclude patients with depression or dementia.
All patients were aﬀected on their right side. There were
no Parkinson’s patients whose left side was markedly
more aﬀected that their right side. All subjects were free
of signiﬁcant upper limb or trunk arthritis or pain and
also free of any signiﬁcant neurological disease, except
for the Parkinson’s disease in the PD patients. All subjects had normal vision or vision corrected to normal.
The same subjects participated in Experiment 1 and
Experiment 2. The two experiments, separated in time
by approximately 1 week, were administered in counterbalanced order across subjects. In Experiment 1, the
PD patients were tested in the morning before their ﬁrst
medication dose of the day, having been oﬀ their antiParkinsonian medications for at least 12 h. All subjects
were informed about the nature of the study and signed
institutionally approved consent forms.

Apparatus
Methods
Subjects
9 PD patients and 9 age-matched normal older adults
served as subjects (Mean age: PD patients, 70.8 years;
controls, 68.22 years, t test for means: t=0.79, ns). The
PD patients were clinically evaluated by a trained
movement disorders specialist at the time of testing and
were found to have mild to moderate Parkinson’s disease (Hoehn and Yahr stages 1.5 to 3). They had experienced symptoms of PD for between 5 and 16 years
(mean 8.8 years, SD 3.98). All patients had clinically
typical PD and their motor disabilities were responsive
to anti-Parkinsonian medications. Any patient having
additional deﬁcits in other neural systems (Parkinson

The apparatus and general procedure have been described elsewhere (Schettino et al. 2003a, b). Brieﬂy,
subjects sat in front of a ﬂat table and were presented
objects of three diﬀerent shapes. The objects were positioned on a presentation platform that visually isolated
the objects at a height of 15 cm from the surface of the
table allowing a comfortable grasping position. In order
to normalize for diﬀerences in subjects’ arm lengths,
objects were placed at a distance from the shoulder equal
to the length of the subject’s extended arm from shoulder
to wrist. Objects were positioned directly in front of the
sternum. All objects were approximately the same size.
Fig. 1 shows the shapes and the mean angles elicited by
each object at contact in the ﬂexion/extension angles of
the middle and ring ﬁngers and in the abduction angle

Table 1 Clinical characteristics of PD subjects
PD
patient

Age

UPDRS-OFFa

UPDRS-ONa

UPDRS
change (%)

Duration of
illness (years)

Medicationsb

CS
DM
GA
FR
KH
KD
MC
NC
SG

78
76
59
73
73
71
79
61
68

35.5
46.5
23
30
37
17
34
23
24.5

28.5
36.5
14.5
22.5
23.5
11.5
29
14.5
16.5

19.7
21.5
36.9
25
36.4
32.3
14.7
36.9
32.6

7
6
6
7
9
9
16
15
5

Sinemet SS, Mirapex, Eldepryl
Sinemet SS, Eldepryl, Paxil
Sinemet SS, Selegiline, Parlodel
Sinemet CR
Sinemet CR, Eldepryl
Sinement CR, SS, Mirapex
Sinemet CR, Mirapex, Amantadine
Sinemet SS, Parlodel
Sinemet SS

a

From a possible total score of 108
SS regular, CR controlled release

b

Fig. 1 a Object shapes used in
the experiment. The abscissa
represents the angle of ﬂexion/
extension of the middle and ring
ﬁngers for each object grasp for
one subject. The ordinate
represents the angle of
abduction between the index
and middle ﬁngers. Note that
objects SQ and CC elicit only
minimal abduction during a
grasp. b Diagram of the
experimental setup

between the ring and middle ﬁngers. The objects will be
referred to as CC (Concave), CX (Convex) and SQ
(Square). During the experiment, both the CC and CX
objects were presented with the square edge on the left
and the deﬁning indentation or protrusion on the right
side. The objects were painted with a light-green ﬂuorescent paint (Seal-Krete) in order to be clearly visible in
complete darkness. The background of the apparatus
was uniform and dark-colored to reduce visual noise.
Data capture
The positions of the major joints of the arm were recorded in 3D space using four electromagnetic sensors
(MiniBird system, Ascension Technologies, Inc.) attached with adhesive tape to the subject’s arm segments
at positions that were referenced to the following body
landmarks: shoulder, elbow, wrist and midpoint of the
dorsum of the hand. In this study, only the displacement
of the wrist was analyzed. Finger joint ﬂexion and
extension were obtained via resistive bend sensors
embedded in a glove (CyberGlove, Immersion, Inc.)
worn on the right hand. The ﬂexion/extension of the
metacarpophalangial (MCP) and proximal interphalangial (PIP) joints of the index, middle, ring and little
ﬁngers were included in the analysis as well as the
abduction/adduction joints of the index-middle and
middle-ring ﬁngers (ABD). All the devices were individually connected to RS-232 serial ports of a SGI Octane/SSE workstation (SGI, Inc.) Multi-threaded, high
performance drivers for both the MiniBird and CyberGlove were developed that allowed all the devices to
stream data to the disk at a rate of 100 Hz.
Procedure and analysis
Each trial started with the subject’s hand in a preset
initial position (ﬁngertips and thumb touching one another and held against the sternum). All experimental
sessions were videotaped for oﬄine analysis of error
patterns. An infrared sensitive camera (SONY CCDTR416) was used when the experimental conditions required a darkened room. Subjects were instructed to
maintain the initial position until they heard a tone
signaling the start of the trial. Once the tone sounded,

the subjects were to reach to and grasp the object at a
comfortable speed. A successful grasp was deﬁned as the
thumb being positioned on the left vertical surface
opposing the other four ﬁngers. This type of grasp, referred to as ﬁnger prehension (Rizzolatti et al. 1988), was
chosen due to its production of a well-deﬁned hand
conﬁguration. The subjects were further instructed to lift
the object vertically and to release it on the table surface
next to the presentation platform. Total reaches per
experiment were 90 (3 shapes·3 feedback conditions·10
trials). If the subject did not grasp an object successfully,
another trial was run in its place. In order to ensure that
subjects understood the task and could perform the required motor acts, subjects practiced grasping all objects
before the experiment for 5 to 10 trials. Objects were
presented in a pseudo-randomized fashion. In the full
vision condition, subjects could see both their hands and
the target throughout each trial.
Reduced visual feedback conditions The grasping procedure was essentially the same in the reduced visual
feedback conditions as in the Full Vision condition. The
main diﬀerences were as follows: in the Object Vision
condition, the overhead lights were turned oﬀ and the
experimental room fully darkened so that only the
ﬂuorescent objects were visible. This manipulation
eliminated visual feedback of the subject’s moving arm
during the experiment. After each trial, the lights were
switched on for approximately 1–2 s in order to prevent
dark adaptation.
Finally, in the No Vision condition subjects were
asked to close their eyes upon hearing the tone indicating the start of the trial and to immediately initiate the
reach-to-grasp movement. The interval between eye
closure and movement initiation was less than 1 s. An
experimenter sitting in front of the subject ensured that
the subjects complied as required.
These manipulations eliminated visual feedback of
environmental cues as well as that of the hand or the
hand and object, depending on condition. Earlier work
has indicated that the removal of such information may
have an eﬀect on kinematic parameters (Connolly and
Goodale, 1991; Churchill et al. 2000). However, the results of Churchill et al. (2000), together with those of the
majority of previous studies (Wing et al. 1986; Jakobson
and Goodale 1991; Chieﬃ and Gentilucci 1993; Berthier

et al. 1996) indicate that the removal of environmental
cues does not aﬀect kinematic parameters in an unpredictable fashion. Rather, the elimination of environmental cues appears to lie in a continuum of the amount
of visual feedback available resulting in longer movement times (MT), earlier times to peak aperture (TPA)
and larger peak apertures (PA). Therefore, we expected
our results on kinematic parameters to reﬂect a compounded eﬀect of the absence of visual cues plus that of
the manipulated variable, namely object shape.
Analysis All glove sensor data were transformed into
degrees for analysis. Wrist trajectories were inspected
visually using a computerized system for 3D graphic
analysis of human multiple-joint movements that permits the precise localization of onset and oﬀset points in
the movement as a function of speed and acceleration.
All trajectories could be rotated, translated, and scaled
in real-time (Poizner et al. 1986, 1990; Kothari et al.
1992). Movement onset was deﬁned as the point in
which the wrist sensor reached 5% of the peak velocity
during the initial acceleration phase. The oﬀset was deﬁned as the point in which wrist movement shifted
direction during the grasping movement, corresponding
to the point in time at which the object was lifted.
Wrist kinematics We analyzed the following kinematic
parameters: Peak velocity (PV) and movement time
(MT) deﬁned as the time between the onset and the
oﬀset as described above.
Discriminant analysis Two diﬀerent types of discriminant analysis were used to analyze successfully completed grasps: stepwise discriminant analysis (SDA) and
canonical discriminant analysis (CDA). An SDA was
performed on the ten joint angles at each of the selected
time points (5–95% at 10% intervals) in order to ﬁnd the
best discriminating joints between the hand conﬁgurations for each object at each time point. Once a subset of
the initial joints was selected (in the absence of statistically signiﬁcant variables, all joints were included) CDA
was performed on the selected joint angles. The relative
eﬃcacy of the discriminant analysis can be determined
by the percentage of patterns whose group membership
is correctly predicted, or conversely, the percentage of
patterns that were incorrectly predicted (classiﬁcation
error) at a given time point. CDA thus provides a
measurement of the error of hand preshaping during the
transport phase of the movement and an estimate of the
predictive value of this measure for the ﬁnal hand shape
per object type.
Relationship between object shape and hand conﬁguration
dimensions Earlier work (Santello and Soechting 1998;
Schettino et al. 2003a) has shown that the three object
shapes included in our study elicit in normal subjects
markedly diﬀerent handshapes. Furthermore, the classiﬁcation errors between each Object Comparison (the

comparison between each pair of shapes CC-CX, CXSQ, SQ-CC) follow diﬀerent time courses during reachto-grasp movements (Schettino et al. 2003a).
Statistical analyses
Eﬀects of Parkinson’s disease
Kinematic measures Repeated-measures ANOVAs
were conducted on the kinematic measures in order to
assess the eﬀects of Object shape (CC, CX, SQ) and
Condition (Full Vision, Object Vision, No Vision)
(within factors) and Group (Controls, PD-OFF) (between factor).
Hand preshaping classiﬁcation errors In order to evaluate hand preshaping during the grasping movement, a
repeated-measures ANOVA was run on the individual
classiﬁcation error percentages with Condition (vision,
object vision, no vision), Object Comparison (CC-CX,
CX-SQ, SQ-CC) and Time (5–95%) as within factors
and Group (Controls, PD) as a between factor.
Post-hoc tests (Tukey HSD) were employed to test for
signiﬁcant diﬀerences between factor means in all significant main eﬀects and second order interactions. Subsequent repeated measures ANOVAs were conducted on
factors exhibiting statistically signiﬁcant eﬀects.
Results
PD subjects made signiﬁcantly more incorrect and failed
grasps than control subjects in the Object-Vision and
No-Vision Conditions.
Incorrect and Failed Grasps
As deﬁned in the Methods section, ﬁnger position was
well-deﬁned in this reach-to-grasp task. Due to this,
subjects occasionally made incorrect or failed grasps
(wrong ﬁnger position, failure to pick up object). In the
case of PD subjects, errors would sometimes consist of
grasping the object from the side, apparently due to a
reduced hand aperture. These incorrect or failed grasps
occurred in a small percentage of the total number of
trials (average per group for the No Vision condition:
Controls 0.73%, PD 4.31%). An ANOVA on the error
totals for the Control and PD groups with Condition as
within factor and Group as between factor revealed a
signiﬁcant eﬀect of Group (F1,16 =7.46, P=0.014) and
Condition (F2,2= 8.43, P=0.001), as well as a signiﬁcant
interaction of Group·Condition (F2,32=4.3, P=0.022).
Subsequent post hoc tests revealed that while control
subjects did not make more mistakes under reduced visual feedback conditions, PD subjects exhibited larger
number of errors as feedback was reduced (Fig. 2).
Furthermore, pair-wise comparisons indicated that
while PD subjects were signiﬁcantly less accurate than
controls in the Object Vision and No Vision conditions,
they did not diﬀer in the Full Vision condition. This

Fig. 2 Mean and SEM of
incorrect and failed grasps for
each visual feedback condition
in Control and PD-subjects.
The asterisk denotes a
statistically signiﬁcant
diﬀerence

result supports the notion that while PD subjects are
able to successfully grasp an object as well as elderly
controls when they have vision of their hand, they have
more diﬃculty executing accurate movements in the
absence of visual feedback of their moving limbs,
regardless of whether the target of their movement is
visible. Previous studies from our laboratory have also
reached the same conclusion in the case of pointing
movements. Adamovich et al. (2001) suggested that this
deﬁcit may be due to an impairment in the integration of
visual and somatosensory inputs in PD. Nevertheless, in
spite of their apparent impairment, PD subjects were
able to grasp the objects in the prescribed fashion even
in the total absence of visual feedback in most trials.
Earlier studies have reported deﬁcits in the trajectory of
PD subjects during grasping relative to age-matched
controls (Castiello et al. 2000). However, PD subjects’
errors did not prevent them from ﬁnishing the task
successfully. This suggests that PD subjects are able to
determine movement direction suﬃciently well under no
vision conditions to accomplish a reach-to-grasp
movement, even though the increased number of errors
in the task suggests that their grasping eﬃciency is
reduced.
Eﬀects of PD on kinematic parameters of the reach PD
subjects were signiﬁcantly slower than control subjects,
independently of visual feedback condition.
Peak velocity
Figure 3 shows the means and standard errors (SEM)
for peak velocity (PV) for the controls and PD groups to
each object shape for all visual feedback conditions. An
ANOVA revealed signiﬁcant main eﬀects of Group
(FF1,16=20.91, P=0.0003) and Object (F2,2=7.28,

Fig. 3 Mean and SEM of Peak Velocity in control (ctrl) and PD
subjects per object shape on each visual feedback condition

P=0.0025) as well as a signiﬁcant interaction of
Group·Object (F2,32=3.47, P=0.048). No other main
eﬀects or interactions were statistically signiﬁcant.
Overall, PD subjects were signiﬁcantly slower than agematched controls and this eﬀect did not depend upon
visual feedback condition. Subsequent post hoc tests
revealed that during trials towards the CC object, PV
was higher than that for the CX and SQ objects. An
ANOVA for PV performed separately for each group
followed by post hoc tests indicated that the Object effect was due only to the control group’s performance.
This is an interesting result because it indicates that
controls subjects modulated their PV depending on the
object shape they were about to grasp, while PD subjects
did not.

PD subjects had signiﬁcantly longer movement times
than control subjects, independently of visual feedback
condition.
Movement duration
Figure 4 shows the means and SEM for movement time
(MT) for the controls and PD groups to each object
shape for all visual feedback conditions. An ANOVA
revealed signiﬁcant main eﬀects of Group (F1,16=13.8,
P=0.0019), Condition (F2,2=20.17, P<0.0001) and
Object (F2,2=27.47, P<0.0001). A signiﬁcant interaction of Object·Group (F2,32=5.92, P=0.0065) was also
found. Subsequent post hoc tests revealed MT diﬀerences between all visual feedback conditions, with Full
Vision producing the shortest duration, followed by
Object Vision and No Vision. Separate ANOVAs for MT
per group followed by post hoc tests revealed that the
Condition and Object shape eﬀects were present in both
group. Post hoc pair-wise comparisons for Object revealed that for both groups, grasping trials directed towards the CC object took longer than those for the other
shapes. This is interesting especially in the case of Controls given that it was precisely during these trials that
they achieved the fastest speed. Post hoc tests for Condition revealed that the No Vision condition resulted in
longer trial durations than the other two conditions.
Eﬀects of PD on the kinematic parameters of prehension PD subjects showed delayed speciﬁcation of
handshape during the reach across visual feedback
conditions, but were particularly impaired in the ObjectVision condition.
Hand preshaping
The temporal pattern of handshape speciﬁcation during
a reach-to-grasp movement depends largely on the shape
of the target object (Santello and Soechting 1998;

Fig. 4 Mean and SEM of movement time per object shape on each
visual feedback condition

Schettino et al. 2003a, b). We have previously shown
that our methodology allows us to probe the handshaping process at diﬀerent temporal stages based on
speciﬁc target shape comparisons (Schettino et al.
2003a, b). In order to assess the existence of diﬀerences
between PD subjects and elderly controls in the evolution of hand preshaping, a repeated measures ANOVA
was conducted on the percent classiﬁcation errors per
subject with Object Comparison, Condition and Time as
within factors, and Group as between factor. Statistically signiﬁcant main eﬀects of Group (F(1,16)=12.61,
P= 0.0027) and Comparison (F(2, 32)=35.27,
P<0.0001) and Time (F(9, 144)=225.31, P<0.0001) were
obtained. Post hoc tests indicated that there were signiﬁcant diﬀerences between the Group levels (Control,
PD) in Object Comparisons CC-CX and SQ-CC. The
Time main eﬀect is an expected occurrence in all hand
preshaping ANOVAs given that the classiﬁcation error
consistently decreases as a function of time.
Subsequent repeated measures ANOVAs were conducted on the Object Comparison data exhibiting signiﬁcant diﬀerences.
CC-CX Comparison The CC-CX comparison involves
not only the largest distance in the ﬁnger ﬂexion/extension dimension between our objects (see Fig. 1), but also
requires a modulation of the abduction dimension. In
our previous work (Schettino et al. 2003a), we have
determined that early changes occur along the abduction
dimension, suggesting that the sudden drop in classiﬁcation error values are a result of internally-guided
processes. A repeated measures ANOVA for the CC-CX
comparison revealed signiﬁcant main eﬀects of Group
(FF1,16=6.095, P=0.025), Condition (F2,2=7.7,
P=0.0019) and Time (F9,144 = 64.09, P<0.0001) on the
level of classiﬁcation errors, as well as a signiﬁcant interaction of Condition·Time·Group (F18,288=3.71,
P<0.0001). No other interactions were statistically signiﬁcant. The main eﬀect of Group indicates that PD
subjects exhibited higher error levels than controls when
the data are pooled across Condition and Time. The
main eﬀect of Time indicates that when the error data
are pooled across the other factors classiﬁcation errors
decreased over time during the evolution of the reach.
The main eﬀect of Time is present in all analyses,
therefore, it will not be discussed henceforth. The main
eﬀect of Condition shows that when pooled across
Group and Time, there is an eﬀect of the Visual Feedback manipulation. The three-way interaction of Condition·Time·Group indicates that diﬀerences exist
between PD and control subjects that depend on each of
the two other factors. Planned comparisons for each of
the visual feedback conditions were conducted. Figure 5
shows the temporal patterns of classiﬁcation errors for
the CC-CX comparison on each of the three visual
feedback conditions. Figure 5 shows that the classiﬁcation errors fall rapidly in both groups in each condition.
However, while those of the control group are below 5%

MTs (resulting in the compression of early time points,
see above) and the increase in hand aperture which is
characteristic of reach-to-grasp tasks under reduced visual feedback conditions (Wing et al. 1986; Sivak and
MacKenzie 1990; Berthier et al. 1996). This increase in
ﬁnger extension would aﬀect the abduction dimension as
well, and PD subjects tend to use overly small abduction
angles relative to controls (see below).
SQ-CC Comparison A repeated measures ANOVA for
the SQ-CC comparison revealed signiﬁcant main eﬀects
of Group (F1,16=11.46, P=0.0038) and Time
(F9,144=54.31, P<0.0001) on the level of handshape
classiﬁcation errors, as well as a signiﬁcant interaction
of Condition·Time·Group (F18, 288=1.87, P=0.017).
The main eﬀect of Group indicates that overall, the PD
subjects exhibited higher errors than the elderly controls. The signiﬁcant three-way interaction indicates

Fig. 5 Patterns of classiﬁcation errors for the control and PD
groups in the CC-CX comparison at 10% epochs of time during a
reach-to-grasp movement per Visual Feedback condition. a Full
vision, b Object vision and, c No Vision condition. Shaded areas
indicate regions where signiﬁcant diﬀerences between the groups
were found. Error bars are ± SEM

by time point 35% in all conditions, the PD group error
levels in the Full Vision and Object Vision conditions lag
behind. Post hoc tests revealed that in the Full Vision
condition, the handshape classiﬁcation errors of PD
subjects were signiﬁcantly higher than those of controls
at time points 35% through 85% (shaded area in
Fig. 5a). These results are in accordance with our earlier
studies regarding hand preshaping in normal controls
and in PD subjects (Schettino et al. 2003a, b). In the
Object Vision condition, PD subjects showed even
greater deﬁcits, having signiﬁcantly elevated handshape
classiﬁcation errors from time points 35% through 95%
of the movement (shaded area in Fig. 5b). Finally, in the
No Vision condition, the PD subjects showed signiﬁcantly increased handshape classiﬁcation errors relative
to controls at time points 25% and 35%. It is somewhat
surprising that the PD subjects showed smaller deﬁcits in
the No Vision condition than in the other two conditions. This result may be due to a combination of longer

Fig. 6 Patterns of classiﬁcation error for the control and PD
groups in the SQ-CC comparison at 10% epochs of time during a
reach-to-grasp movement per Visual Feedback condition. a Full
vision, b Object vision and, c No Vision condition. The asterisk in b
indicates a main eﬀect of group. The shaded area in c indicates a
signiﬁcant diﬀerence between the groups. Error bars are ± SEM

that diﬀerences exist between the experimental groups
that depend on Condition and Time point. Figure 6
presents the temporal patterns of classiﬁcation errors
for the SQ-CC condition on each of the three visual
feedback conditions. In contrast to those of the CC-CX
comparison, and in accordance with our previous
ﬁndings (Schettino et al. 2003a), the SQ-CC patterns
show a slower rate of decline across time. Interestingly,
the Object Vision condition is the only condition in
which PD subjects show overall elevated error levels
relative to age-matched controls; there is no overlap in
the means or SEMs of the two groups. Repeated
measures ANOVAs were conducted for each condition.
In the Full Vision condition there were no signiﬁcant
main eﬀects nor interactions except that of Time
(F9,144=24.12, P<0001) indicating that the experimental groups did not diﬀer signiﬁcantly in their error
levels at any Time point or Condition. In the Object
Vision condition, signiﬁcant main eﬀects of Group
(F1,16=12.8, P=0.002) and Time (F9,144=22.6,
P<0001) were revealed. There were no signiﬁcant interactions. The main eﬀect of Group indicates that PD
subjects’ error levels were higher than those of elderly
controls when pooled across Time. Finally, in the No
Vision condition, a signiﬁcant main eﬀect of Time
(F9,144=17.47, P<0001) and a signiﬁcant interaction of
Group·Time (F9,144 =2.14, P=0.029) were found.
Subsequent post hoc tests were conducted on the signiﬁcant Group·Time interaction. Signiﬁcant diﬀerences
between the experimental groups were found at time
points 15%, 65% and 75%. The early diﬀerence between the groups reﬂects the fact that the control group
had signiﬁcantly higher classiﬁcation error levels than
the PD group at time 15%. This result is probably
independent of hand preshaping processes, however,
since the earlier evidence of preshaping does not normally occur before 35% of the movement (Schettino
et al. 2003a). The PD subjects had signiﬁcantly higher
classiﬁcation error rates than control subjects at times
65% and 75% of the movement (Fig. 6, shaded area in
graph). The results for the reduced visual feedback
conditions indicate that PD subjects are impaired in the
modulation of hand conﬁguration relative to normal
controls. Surprisingly, in the Full Vision condition, for
this object pair comparison and unlike for the more
complex CC-CX comparison, PD subjects did not exhibit any impairment relative to normal elderly controls. A further point of interest is that compared to
young controls (Schettino et al. 2003a), the age-matched controls preshaped their hands relatively quickly
in normalized time. In our previous experiments, we
found that for the SQ-CC comparison under full vision
conditions, the error levels of young controls did not
reach low levels until 75% of normalized time. The
apparent discrepancy is resolved by noting the amount
of time dedicated by each group to the deceleration
section of the movement. While young controls dedicate 54% of the movement to this section, older con-

trols dedicate more than 65%, suggesting that their use
of visual feedback for the control of hand preshaping
may start earlier than in young controls.
PD subjects did not abduct the ﬁngers as much as
control subjects in the Full Vision condition.
Abduction/adduction
We have previously shown that PD patients exhibit
abnormal rates and modulation of ﬁnger abduction/
adduction while grasping the CX object (Schettino et al.
2003b). Given that ﬁnger abduction is a major component of early preshaping, occurring as early as 35% of
the movement, it can be considered the result of internally-guided processes. A repeated measures ANOVA
was conducted on the mean abduction angles per subject
during CX trials for joints ABD1 and ABD2 for each
visual feedback condition. The within-subjects factors
were Joint (ABD1, ABD2) and Time (5–95%) and the
between-subjects factor was Group (Controls, PD). In
the Full Vision condition, signiﬁcant main eﬀects of
Group (F1,16=5.14, P=0.03), Joint (F1,1=20.12,
P=0.0004) and Time (F9,144=36.79, P<0.0001) were
found. There were no signiﬁcant interactions. The main
eﬀect for Joint simply indicates that ABD1 generally
reached wider angles than ABD2. The main eﬀect of
Time reﬂects the increase in abduction angle throughout
the movement. Finally, the signiﬁcant eﬀect of Group
indicates that PD subjects did not reach the abduction
levels observed in elderly controls. Figure 7 presents the
abduction angles for ABD1 for both the control and the
PD group in the Full Vision condition. Interestingly, PD
subjects show a relative lack of modulation in the
abduction angle at the end of the motion. Unlike controls, PD subjects show no decrease of the abduction
angle at the end of the movement. Statistical comparisons for the Object Vision and No Vision conditions did
not reach signiﬁcance for the Group eﬀect or for interactions including Group.

Fig. 7 Patterns of change in ABD1 in normalized time for control
(ctrl) and PD subjects

Discussion
Summary of results
We found several motor deﬁciencies in the PD subjects
when in the Oﬀ state:
1. Relative to controls, PD subjects were bradykinetic in
the reach parameters of the reach-to-grasp movements, exhibiting lower peak velocities and longer
movement times consistently across all visual feedback condition (Figs. 3, 4).
2. In agreement with our earlier work, PD subjects were
found to rely on visual feedback more than controls
for the performance of this reach-to-grasp task (cf.
Schettino et al. 2003b). In particular, while PD subjects’ levels of incorrect and failed grasps under Full
Vision conditions were not diﬀerent from those of
elderly controls (suggesting that both subject groups
were able to grasp the object relatively eﬃciently with
the appropriate hand conﬁguration), PD subjects
showed signiﬁcantly higher rates of incorrect and
failed grasps in the Object Vision and No Vision
conditions. It is possible that due to their lack of
predictive control, PD subjects waited until their
hand was visible during the last portion of the
movement and only then attempted to position their
ﬁngers through online control, an extremely complex
and error-prone process given the number of degrees
of freedom involved (Jeannerod 1997).
3. The PD subjects also exhibited speciﬁc deﬁcits in the
ability to use propioceptive information in order to
execute grasping movements in a predictive fashion
(cf. Schettino et al. 2003b). This is especially clear in
the SQ-CC comparison where hand preshaping deﬁcits are speciﬁcally evident in the reduced visual
feedback conditions. While age-matched controls
were able to switch to proprioceptive guidance in
order to preshape their hands under reduced visual
feedback conditions, PD subjects were not.
The PDPs’ deﬁcits were evident even though normalized trajectories were considered, so that bradykinesia, if acting in a compensatory fashion, was still
insuﬃcient to allow normal coordination. It is also
notable that the deﬁcit in preshaping the hand was most
pronounced in the Object Vision condition, for both
CC-CX and SQ-CC comparisons, though present even
in the Full Vision condition for the SQ-CC comparison.
In summary, there were two main types of deﬁcits
observed in the Parkinsonian patients. First, the PDPs
manifested a generalized slowing of movement in this
task, which we suggest stems from deﬁcit of an intensive
nature. Intensive deﬁcits can be considered those in
which the gain is maladaptively altered from normal so
that output is either too great (fast, overshot) or too
small (slow, undershot). Such deﬁcits can be remedied
by altering gain. While the actual circuitry involved is
likely to be more complex, such deﬁcits can be consid-

ered to depend on a rather straightforward input-output
pathway. Second, the PDPs demonstrated an inability to
use diﬀerent information sources to generate appropriately patterned and coordinated motor output, which we
have classiﬁed as being of coordinative nature. Coordinative deﬁcits can include those involving the integration
of diﬀerent sensory modalities (e.g. proprioceptive with
vision), the transformation of sensory input to motor
output (e.g. target shape guiding hand preshaping), or
the coordination of diﬀerent motor components (e.g.
reach and grasp). As a consequence of this inability,
PDPs relied more upon visual feedback in which target
information could be directly coded into motor output
without intermediate transformations. They waited to
shape their hands until both the target and eﬀector
(hand) were simultaneously visible within the workspace. Their deﬁcits were most acute, relative to controls, in the Object Vision condition when they needed to
integrate proprioceptive information about the arm
position into motor commands in coordination with a
visual target.
Sensorimotor processing in Parkinson’s disease
It has been frequently noted that PD subjects appear
to rely excessively on sensory information in order to
guide their movements (Flowers et al. 1976; Klockgether and Dichgans 1994; Beuter et al. 1990; Georgiou et al. 1993; Nixon and Passingham 1998; Poizner
et al. 2000, Adamovich et al. 2001). Such a dependence
could explain why, in the present study, hand preshaping was delayed until the hand was in the area of
the target. We previoulsy found a similar failure of
coordination in PDPs until an arm and trunk reach
closed in upon its target (Poizner et al. 2000). Moreover, in that study, the PDPs not only had delayed
preshaping, but had higher levels of incorrect and
failed grasps despite the availability of visual feedback
of the target object. This result suggests that PD subjects had diﬃculty with the transformation of visual
input into the necessary motor commands for the
coordination of hand preshaping (Klockgether et al.
1995; Demirci et al. 1997; Adamovich et al. 2001).
Consistent with that idea, in the present study, PD
subjects exhibited impairments in the earlier phase of
the hand preshaping process (CC-CX comparison)
regardless of visual feedback condition.
But PDPs also have an additional diﬃculty—the
inability to integrate diﬀerent sensory modalities to
guide movements. We had previously suggested that
PDPs’ reliance on vision can also arise from their diﬃculty in integrating proprioceptive signals with concurrent or remembered visual information in order to guide
movements. (Adamovich et al. 2001). In accordance
with our previous work (Schettino et al. 2003b), the
present study also found that the need to integrate
proprioceptive and visual information further impaired
PDP performance relative to normals.

Loss of predictive control in PD
Closely related to the PDPs dependence on visual
information is an inability to control movement predictively. Predictive control is that generation of movement which is based on a spatial and temporal pattern
not speciﬁed by the movement target. To establish such
control, subjects need to generate motor plans from
limited sensory information (as available from a distant
target rather than one adjacent to the hand in this task).
In addition, they may need to coordinate one component of a movement (e.g. the grasp) with another (e.g.
reach). Therefore, breakdown of the coordinative
requirements for sensorimotor processing or for motor
component coordination can impair the ability to choreograph predictive, open loop movement sequences.
Learned motor behavior relies on assembled movement
sequences that require considerable predictive control
(Halsband and Freund 1993). It has been proposed that
use of proprioceptive monitoring facilitiates rapid and
predictive execution (Gentilucci et al. 1994), relegating
the relatively slow visual feedback control mechanisms
to the last phases of reaching movements which require
higher degrees of accuracy (Desmurget and Grafton
2000). However, such motor sequences require the
ability to coordinate diverse coordinate systems resident
in a variety of diﬀerent topographically and perhaps
functionally organized brain regions. In the current
study, we found that the PD subjects had diﬃculties with
crucial elements of predictive control of grasping, such
as early abduction during CX grasps. This result supports the notion that PD subjects exhibit impairments in
the use of predictive control for the coordination of
complex movement sequences (Benecke et al. 1987a;
Schettino et al. 2003b).
Variation of bradykinesia with task requirements
Our current study also conﬁrms observations that more
complex motor tasks result in relatively greater slowing
of movement in PDPs (Benecke et al. 1987a). In our
previous studies involving a relatively simple pointing
paradigm, PD subjects, although on average somewhat
slower, were not signiﬁcantly slower than elderly controls (Poizner et al. 1998, 2000; Adamovich et al. 2001).
In contrast, in the current grasping paradigm, where
precision requirements are increased due to the diﬀerent target object shapes and the reach must be ﬁnely
coordinated with the grasp, PD subjects show signiﬁcantly longer MTs and lower peak velocities than
controls (see also Schettino et al. 2003b). This supports
the idea that bradykinesia may depend on the particular motor task as well as subject state (Majsak et al.
1998). Diﬀerent motor deﬁcits are interrelated such that
deﬁciency in one deﬁcit (coordinative deﬁcits) may
impact on another (intensive deﬁcits). Movements may
be slowed to allow the assembly of the correct motor
coordination.

Experiment 2: Effects of Dopamine replacement therapy
Dopamine replacement therapy is the most common and
eﬀective therapy for the amelioration of several of the
impairments stemming from Parkinson’s disease (PD)
(Sage and Mark 1994; Hagan et al. 1997). While the
eﬀects of PD on motor control have been studied
extensively, comparatively less has been written regarding the eﬀects of dopamine (DA) replacement therapy
on the same processes. DA therapy commonly results in
a reduction in the four cardinal features of PD, namely,
tremor, bradykinesia, rigidity and postural impairments
(Sage and Mark 1994). In spite of the success of DA
therapy in treating such impairments, it has become
increasingly clear that a constellation of symptoms of
PD may be refractory to the available therapeutic regimes (Blin et al. 1991; Horak et al. 1992; Johnson et al.
1994, 1996; Burleigh-Jacobs et al. 1997; Chong et al.
2000; Castiello et al. 2000; Kelly et al. 2002).
The most common ﬁnding in studies comparing the
performance of PD patients on versus oﬀ DA therapy is
an increase in movement speed and/or in the stability of
performance of relatively simple tasks after levodopa
(L-dopa) administration (Baroni et al. 1984; Benecke
et al. 1987b; Johnson et al. 1994; Hocherman et al.
1998; Castiello et al. 2000; Kelly et al. 2002). Benecke
et al. (1987b) reported an improvement in the performance of complex movements by PD subjects following
L-dopa ingestion. In contrast, a number of studies have
found little evidence of L-dopa derived amelioration in a
variety of measurements (Blin et al. 1991; Caligiuri et al.
1992; Johnson et al. 1994, 1996; Horak et al. 1996;
Chong et al. 2000).
Experiment 2 was designed to test whether currently
available therapeutic approaches to PD are able to resolve the coordinative as well as the intensive deﬁcits
observed in PDPs.

Methods
In Experiment 2, PD subjects were tested ON medications and their performance compared to how they
performed OFF medications in Experiment 1. Whereas,
in Experiment 1 PD subjects were tested after being oﬀ
of their medications for at least 12 hours (PD-OFF)
(Langston et al. 1992), in Experiment 2 they were tested
approximately two hours after taking their ﬁrst medication of the day (PD-ON) when L-dopa blood concentrations are close to their peak (Duvoisin and Sage
2001). As previously mentioned, the order of the sessions
was counter-balanced across subjects. The interval between the two testing sessions was approximately one
week (8.22 days on average). The motor section of the
Uniﬁed Parkinson’s Disease Rating Scale test (Stebbins
and Goetz 1998) was evaluated for both sessions by a
trained movement disorders specialist using a standardized protocol with videotaping of the testing for

ﬁnal scoring, and the relative amelioration of the clinical
motor symptoms by DA therapy is presented in Table 1.
All other methods and procedures were identical to
those of Experiment 1 with the exception of medication
state.
Statistical analysis
Repeated-measures ANOVAs were conducted on the
kinematic measures in order to assess the eﬀects of Meds
(PD-ON, PD-OFF), Object shape (CC, CX, SQ) and
Visual Feedback Condition (Full Vision, Object Vision,
No Vision).
Hand preshaping classiﬁcation errors
Although our second experiment focused on the performance of PD-ON versus PD-OFF subjects, in order
to compare the hand preshaping classiﬁcation error data
of age-matched control subjects to those of the PD-ON
group, we conducted a repeated measures ANOVA with
Object Comparison (CC-CX, CX-SQ, SQ-CC), Condition (vision, object vision, no vision) and Time (5–95%
at 10% intervals) as within factors and Group (Controls,
PD-ON) as a between factor.
Repeated measures ANOVAs were conducted on the
classiﬁcation error data for the PD subjects in the
present study with Meds (PD-ON, PD-OFF), Object
Comparison, Condition and Time as factors. Post-hoc
tests (Tukey HSD) were employed to test for signiﬁcant
diﬀerences between factor means in all signiﬁcant main
eﬀects and second order interactions. Subsequent repeated measures ANOVAs were conducted on factors
exhibiting statistically signiﬁcant eﬀects.

Fig. 8 Mean and SEM of incorrect and failed grasps for each
visual feedback condition in PD subjects oﬀ (PD-OFF) and on
(PD-ON) their medications

Eﬀects of DA therapy on kinematic parameters of the
reach DA therapy increased movement speed in PD
subjects, having its greatest eﬀect in the Object-Vision
condition.
Peak velocity
An ANOVA on the PD subjects’ peak velocity (PV) with
medication status and condition as within factors revealed a signiﬁcant main eﬀect of Meds (F1,8=17.97,
P=0.0028), and a signiﬁcant interaction of
Meds·Condition (F2,16=4.33, P=0.031). All other main
eﬀects and interactions were non signiﬁcant. Overall,
PD-ON subjects were signiﬁcantly faster than PD-OFF
subjects. In our ﬁrst experiment, PD-OFF subjects were

Results
PD-OFF and PD-ON subjects did not diﬀer signiﬁcantly
in their number of incorrect and failed grasps.
Incorrect and failed grasps
Our ﬁrst experiment found that PD-OFF subjects made
signiﬁcantly more incorrect and failed grasps than did
the control subjects in the Object-Vision and No-Vision
conditions. These incorrect or failed grasps occurred in a
small percentage of the total number of trials (Average
per group for the No Vision condition: PD-OFF 4.31%,
PD-ON 4.68%, controls.73%). An ANOVA with Meds
and Condition as within factors was conducted on the
error totals for the PD subjects while OFF and ON their
DA therapy. Only a signiﬁcant main eﬀect of condition
(F=9.1, P=0.002) was found. No other signiﬁcant main
eﬀects or interactions were found. Since there were no
main eﬀects or interactions with Meds, these results
suggest that L-dopa did not improve successful prehension in PD subjects. Figure 8 presents these results.

Fig. 9 Mean and SEM of Peak Velocity for PD subjects OFF and
ON their anti-parkinsonian medications per object shape on each
visual feedback condition

signiﬁcantly slower than control subjects independently
of visual feedback condition. This result conﬁrms earlier
reports that L-dopa therapy in PD results in higher
movement velocities for self-initiated tasks with high
accuracy requirements (Kelly et al. 2002). A separate
ANOVA conducted on the data for the PD-ON group
revealed a signiﬁcant main eﬀect of Condition. Subsequent post hoc tests revealed that PD subjects
achieved faster PV in the Object Vision condition relative to the Full Vision condition while on their DA
therapy (Fig. 9). In contrast, a separate ANOVA on PV
for the PD-OFF group showed no signiﬁcant eﬀect (see
above). These results indicate that while medicated, PD
subjects were able to signiﬁcantly modulate their PV, but
were unable to do so in the oﬀ medication state.
DA replacement therapy did not alleviate the hand
preshaping deﬁcits in any visual feedback condition.
Hand preshaping
A most critical analysis in the present study involved
deﬁcits in ﬁnger coordination during the reach (hand
preshaping classiﬁcation errors as revealed by the discriminative analysis). Our ﬁrst experiment showed that
PD-OFF subjects exhibited delayed speciﬁcation of
handshape during the reach across visual feedback
conditions, but were particularly impaired in the ObjectVision condition. In order to contrast any hand preshaping deﬁcits of PD patients on their DA replacement
therapy to the normal evolution of handshape in elderly
controls, a comparison of the handshape classiﬁcation
error data from the PD-ON subjects and elderly controls
was performed through a repeated measures ANOVA
including Object Comparison (CC-CX, CX-SQ, SQCC), Condition (vision, object vision, no vision) and
Time (5–95%) as within factors and Group (Controls,
PD-ON) as a between factor. The ANOVA revealed
signiﬁcant main eﬀects of Group (F(1,16)=5.78,
P=0.028), Comparison (F(2,32)=16.08, P<0.0001) and
Time (F(9,144)=255.12, P< 0.0001). Signiﬁcant interactions of Comparison·Condition·Group (F(4,64)=2.98,
P=0.025), Comparison·Time (F(18, 288)=5.6, P<
0.0001) and Comparison·Condition·Time (F(36,
576)=2.44, P<0.0001) were also revealed. Signiﬁcant
eﬀects of Time are expected, since handshape classiﬁcation errors are naturally reduced as the movement has
more and more time to unfold. The signiﬁcant main
eﬀect of Group extends our earlier ﬁnding of hand
preshaping deﬁcits in PD-OFF subjects to include PD
subjects while on their DA medication.
A four-way repeated measures ANOVA was conducted on the classiﬁcation error data for all PD subjects
with Meds (PD-ON, PD-OFF), Object Comparison,
Condition and Time as factors. Statistical main eﬀects of
Comparison (F(2,16)=20.24, P<0.0001) and Time
(F(9,72)=195.16, P<0.0001) were revealed. A signiﬁcant
interaction of Comparison·Time (F(18,144)=5.65,
P<0.0001) was also revealed. There were no signiﬁcant

main eﬀects nor interactions involving Meds as a factor.
Furthermore, separate ANOVAs on the CC-CX and
SQ-CC comparisons also failed to show signiﬁcant effects of medication on reducing the classiﬁcations errors.
DA replacement therapy did not signiﬁcantly aﬀect
ﬁnger abduction during the reach in any of the visual
feedback conditions.
Abduction/adduction
Statistical comparisons between the OFF and ON data
for ﬁnger abduction revealed no signiﬁcant main eﬀects
nor interactions in any of the three visual feedback
conditions except a main eﬀect of Time. These results
increase the evidence that a number of prehension
parameters may not be sensitive to dopamine replacement therapy. However, it should be noted that despite
the lack of improvement in the degree of abduction, the
PD-ON group showed a pattern of abduction modulation more closely resembling that of the control
group.
Discussion
Previous studies have suggested that the normal balance
between the predictive and responsive control of
behavior becomes disrupted in Parkinson’s disease
(Briand et al. 1999; Poizner et al. 2000; Adamovich
et al. 2001; Schettino et al. 2003b). Our ﬁrst experiment
probed the eﬀects of visual input manipulation on hand
preshaping in PD subjects and categorized their motor
deﬁcits as either intensive or coordinative. The results of
our second experiment indicate that while intensive
movement parameters are likely to be improved by
dopamine therapy, coordinative control is more resistant to this type of intervention.
DA replacement therapy does not ameliorate hand
preshaping deﬁcits
Our results indicate that neither the hand preshaping
nor the abduction deﬁcits of PD subjects were ameliorated by DA replacement therapy. As mentioned
before, hand preshaping requires the transformation of
sensory information conveying the intrinsic characteristics of the target object (Jeannerod 1981) into a series
of motor commands. Each one of our three visual
feedback conditions requires a diﬀerential use of sensory information. While subjects may be able to process visual information in a closed-loop fashion in the
Full Vision condition, the same is not true for the
Object Vision and No Vision conditions. In the reduced
visual feedback conditions information regarding arm
position and hand conﬁguration must be acquired
kinesthetically, forcing subjects to employ predictive
control (Schettino et al. 2003a). However, while in the
Object Vision condition information regarding the

extrinsic and intrinsic characteristics of the target
object is available throughout the movement, in the No
Vision condition the movement must be performed
under mnemonic guidance. As shown in our ﬁrst
experiment, PD-OFF subjects show their largest differences in hand preshaping from elderly controls in
the Object Vision condition. We found a similar result
when PD subjects pointed to targets in a darkened
room: the greatest deﬁcit of the PD patients relative to
control subjects was when they pointed, without vision
of their arms, to a target that was visible throughout
the movement (Adamovich et al. 2001). The inability of
PD patients to visually track their moving hand is
especially disabling, more than the need to use spatial
memory to localize the target (see also Flash et al.
1992; Klockgether and Dichgans 1994). The result of
the present experiment is interesting because it indicates
that PD subjects are not able to use the visual information available during the Object Vision condition to
implement the appropriate hand conﬁguration changes,
a condition during which they must extract critical
proprioceptive information. Furthermore, the administration of DA replacement therapy did not remediate
this deﬁcit. This is evidence that somesthetic monitoring, sensorimotor integration and transformation, and,
importantly, motor prediction may not be restored by
dopamine replacement therapy.

Positive eﬀects of DA replacement therapy on movement
control
Consistent with several earlier reports, our results
show that DA replacement therapy produced consistent and signiﬁcant increases in the velocity of movement in the PD subjects (Benecke et al. 1987b;
Castiello et al. 2000; Kelly et al. 2002). Our data show
that while on their medications, PD subjects reached
higher PV while executing grasping movements to all
object shapes and under all visual feedback conditions.
This suggests a generalized eﬀect of dopamine
replacement on movement speed. An interesting issue
regarding increased movement speed is that there
could be a speed/accuracy trade-oﬀ following L-dopa
administration. In other words, given that PD subjects
exhibit hand preshaping problems due in part to a
reduction in predictive control and in sensorimotor
integration, it may be expected that the higher PV
would result in a decrease in the accuracy of grasping
movements (Fitts 1954). Our results show that this was
not the case: the number of incorrect and failed grasps
was not higher in the PD-ON subjects relative to their
PD-OFF state. The preshaping data of this study
indicate that PD subjects, regardless of their medication state, were unable to preshape their hands in a
predictive manner; therefore, hand conﬁguration
changes do not appear to account for the gain in
movement speed.

General discussion
Neural bases of predictive and responsive control
Studies with imaging and animal models have suggested that grasping requires a substantial amount of
inter-regional coordination in the brain. The reach-tograsp movement has been reported to depend critically
on the anterior intraparietal region (AIP) and the
rostral portion of ventral premotor cortex (PMvr)
(Rizzolatti et al. 1988; Luppino et al. 1999; Jeannerod
et al. 1995). It has recently been suggested that interaction between these areas is responsible for the grip
selection prior to the onset of movement and for the
visuomotor control of the reach-to-grasp (Fagg and
Arbib 1998).
Further evidence suggests that the BG may be
needed to contribute to this coordination. It has been
noted that these nuclei receive a variety of sensory
inputs that are topographically organized. They receive
profuse projections from parietal areas thought to be
involved in propioceptive (Cavada and GoldmanRakic 1991; Yeterian and Pandya 1993) and in visual
analysis required for the control of movement (SaintCyr et al. 1990). Moreover, neuronal populations in
the BG have been reported to respond to both tactile
and visual inputs (Crutcher and DeLong 1984; Romo
et al. 1995; Graziano and Gross 1995). In agreement
with the notion of sensory integration in the BG,
anatomical studies have described a high degree of
convergence of cortical inputs onto single striatal
neurons, indicating their probable function as integrators (Percheron et al. 1990). Indeed, the coordination
of complex motor sequences has been suggested to
depend critically on the intact striatum (Aldridge and
Berridge 1998).
The involvement of the BG in such complex sequences is also reﬂected in their functional importance
in the predictive control of movement. In Goldberg’s
(1985) model, they are a critical component of the
‘medial’ circuit involving the basal ganglia (BG) and
the supplementary motor area (SMA). While the lateral pathway (cortico-cortical projections between
parietal and premotor regions) is involved in motor
behaviors dependent on an explicit external input, a
relatively straightforward matching of input and output, the medial circuit operates in a ‘projectional’ or
predictive fashion. The results of the present study and
of our previous work (Schettino et al. 2003b) suggest
that PD subjects exhibit deﬁcits in predictive control
and in the coordination of movement consistent
with this proposed role for the basal ganglia.
Furthermore, PD subjects’ increased reliance on sensory input is consistent with the idea that following
BG dysfunction and the consequent loss of predictive
control, PD subjects must rely preferentially on their
responsive lateral pathways for the control of
movement.

Dopamine replacement therapy and the Parkinsonian
brain
Recent work conducted at the cellular level indicates
that loss of dopamine terminals results in reorganization
within the striatum (Cho et al. 2002). One of the outcomes of such a process could be a disruption of the
response patterns established during previous motor
learning (Jog et al. 1999), observable behaviorally as a
disruption in the execution of motor routines. While DA
replacement through L-dopa intake may partially reinstate striatal connectivity (Calabresi et al. 2000), thereby
relieving the motor system from the maladaptive braking inﬂuence exerted by tonic inhibitory projections
from the GPi on the motor thalamus (Albin et al. 1989),
our results suggest that the coordinated control of
behavior remains disrupted.
At the systems level, the loss of balance between
predictive and responsive control in PD has been
documented by numerous brain mapping studies
(Playford et al. 1992; Jahanshahi et al. 1995; Samuel
et al. 1997a, b; Owen et al. 1998; Catalan et al. 1999;
Sabatini et al. 2000; Haslinger et al. 2001; Fukuda
et al. 2001; Rowe et al. 2002, Mattay et al. 2002).
Converging evidence from this brain imaging work has
indicated that during the execution of complex movements there is, in PD, a hypoactivation of rostral SMA,
which has been proposed to underlie akinesia (Samuel
et al. 1997a; Sabatini et al. 2000; Haslinger et al. 2001;
see also Rowe et al. 2002) and abnormal nonspeciﬁc
hyperactivity of motor cortex, which has been proposed to underlie bradykinesia (Haslinger et al. 2001).
Dopamine replacement therapy results in a partial
reversal of the abnormal activation patterns concomitant with the amelioration of clinical parameters of
bradykinesia, akinesia and rigidity (Haslinger et al.
2001; Mattay et al. 2002). Interestingly, studies comparing surgical procedures geared to improve those
precise parameters have reached similar conclusions
(Samuel et al. 1997b; Fukuda et al. 2001). Some of
these studies have also uncovered an increase in activation in parietal and premotor cortical ﬁelds (Samuel
et al. 1997a; Catalan et al. 1999; Sabatini et al. 2000;
Haslinger et al. 2001), which has been suggested to
represent a reorganization of motor circuits from striato-mesial loops to cortico-cortical networks (Samuel
et al. 1997a; Sabatini et al. 2000). The overall eﬀect of
this reorganization, based on anatomical and physiological evidence (Luppino et al. 1993), is thought to
favor an externally-guided pattern of motor control as
an alternative to the dysfunctional internally-guided
loops. The behavioral correlates of this reorganization
would be an increased reliance on external guidance for
movement control, consistent with the experimental
data from the present study and others (Flowers et al.
1976; Klockgether and Dichgans 1994; Beuter et al.
1990; Georgiou et al. 1993; Nixon and Passingham
1998; Poizner et al. 2000, Adamovich et al. 2001).

Two kinds of Parkinsonian deﬁcits
We propose that in Parkinson’s disease it is possible to
diﬀerentiate two distinct types of motor deﬁcits. The
ﬁrst, a simple loss of motor power or gain, is likely to be
a more generalized decrease in facilitation of motor
output due to decreased BG contributions that normally
operate in an intensive manner. Clinical signs of
bradykinesia and rigidity may be consequences of this
loss of facilitation. The second is due to the loss of a
more precise, diﬀerentiated BG function that is topographically organized and facilitates the integration of
diﬀerent brain regions needed for coordinated motor
output. A neurophysiological sign of this loss may be the
decrease in synchronized cortical activity previously
noted in Parkinson’s disease (Wang et al. 1999). It is our
suggestion that the ﬁrst kind of deﬁcit will be more
amenable to the repletion of dopaminergic drive through
PD treatment while the second kind of deﬁcit may remain impervious to treatment. In so far as the Parkinsonian basal ganglia either fail to facilitate normal
movement or act as a brake upon it, simply restoring an
appropriate level of neuronal activity through repletion
of dopamine should reduce bradykinesia. However, the
degenerated BG will be unable to reconstitute the pattern of inhibitory and excitatory activities required to
support coordinative sensorimotor processing (Cho
et al. 2002).
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