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Abstract
We have previously shown in normal subjects that motor adaptation to imposed visual rotation is
significantly enhanced when tested few days later. This occurs through a process of sleep-dependent
memory consolidation. Here we ascertained whether patients with Parkinson’s disease (PD) learn,
improve, and retain new motor skills in the same way as normal subjects. We tested 16 patients in
early stages of PD and 21 control subjects over two days. All subjects performed reaching movements
on a digitizing tablet. Vision of the limb was precluded with an opaque screen; hand paths were
shown on the screen with the targets’ position. Unbeknownst to the subjects, the hand path on the
screen was rotated by 30°. In experiment 1, patients taking dopaminergic treatment and controls
adapted to rotation with targets appearing in an unpredictable order. In experiment 2, drug-naïve
patients and controls adapted to rotation in a less challenging task where target’s appearance was
predictable. Patients and controls made similar movements and adapted to rotation in the same way.
However, when tested again over the following days, controls’ performance significantly improved
compared to training, while patients’ performance did not. This lack of consolidation, which is
present in the early stages of the disease and is independent from therapy, may be due to abnormal
homeostatic processes that occur during sleep.
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1. Introduction
Impairment in the execution of automatic routines adds a significant burden to the daily
activities and the quality of life of patients with Parkinson’s disease (PD) and their caregivers.
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The reasons for the inefficiency of automatic routines in PD are not clear. Contributing factors
could be deficits in either memory acquisition or memory consolidation. Several studies have
now shown that patients with PD are able to acquire new motor tasks: depending upon the type
of task and the severity of disease, patients may require more practice than normal age-matched
controls [1-3] or the same amount [4] but, in general, by the end of a training session they are
able to achieve the same level of learning [5-7]. Recent studies seem to indicate that long-term
retention for the learned task might be poorer [8-10] or virtually absent [5]. However, there
are no systematic studies ascertaining whether consolidation of a motor skill is preserved in
PD patients over the first few days after the original training.

Learning and consolidation of motor skills have been assessed with different paradigms in
which subjects learn to adapt their movements either to new inertial configurations, or to
viscoelastic forces or to novel visuomotor transformation [11-15]. In particular, to study
interference and consolidation, we have used a task in which normal subjects adapted their
movements to rotated visual displays [12,13,16]. This type of learning can be rather fast, occurs
implicitly, without the subject’s awareness, and is dependent upon the activation of
circumscribed areas in the posterior parietal lobe [12,16]. We have also found that
consolidation of this learning, like other types of learning [17], is dependent on sleep [12]:
when tested one or two days later, after sleep, adaptation is faster.

In the present study, we ascertained whether patients in the early stages of PD with and without
dopaminergic therapy could successfully learn to adapt their movements to a 30° rotated visual
display, and whether their performance improved when tested a few days later.

2. Subjects & Methods
2.1 Subjects

Sixteen patients with PD and 16 control subjects with normal neurological examination were
tested in two separate experiments. All subjects were naïve to the motor adaptation tasks, were
right-handed and had Mini-Mental State Examination scores of 27 or higher. All patients and
eleven normal controls (experiment 2) underwent magnetic resonance imaging to exclude
potential structural brain lesions (e.g. stroke, mass lesion, or hydrocephalus/atrophy). Written
informed consent was obtained from all participants under a protocol approved by the
institutional review board of the participating institutions.

Experiment 1—We recruited a group of 5 PD patients (4 men and 1 woman, mean age 60
years, SD 7.4, range: 49-68). Hoehn & Yahr stage ranged from 2 to 2.5, average disease
duration was 8.4 ± 4.5 years (mean ± SD). All patients were optimally treated at the time of
testing. All of them were taking levodopa (range from 200 to 800 mg/day) and pramipexole
(range from 1.75 to 2.8 mg/day). One patient was taking biperidin 1 mg/day and another one
was taking entacapone 800 mg/day. During the experiment, all patients maintained their regular
medication schedule. Control subjects were five age-matched subjects (1 man and 4 women,
mean age 61 years, SD 12.0, range 43-73) with normal neurological examination.

Experiment 2—Eleven patients with PD (8 men and 3 women) and 11 normal controls (7
men and 4 women) participated in this experiment. Patients had early idiopathic PD (Hoehn
and Yahr Stage 1-2); their mean age was 57.9 years (SD 7.3, range: 45-68); average disease
duration was 2.1 ± 3.1 years. At the time of the study, six of the patients were drug naïve, three
were treated with deprenyl alone, and the remaining two were treated with both dopamine
agonists and levodopa/carbidopa. During the experiment, all patients were drug-free for at least
12 hours. Normal controls had comparable age to the PD group (mean age 54.2 years, SD 8.6;
range 43-67).
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2.2 Experimental design
Details of the motor tasks have been described elsewhere [14,18]. Briefly, subjects moved a
cursor on a digitizing tablet with their right hand. Movements were out and back from a central
starting point to one of eight radial targets displayed on a computer screen. Targets appeared
at 1-second intervals in synchrony with a tone. Instructions were to make out and back
movements without corrections and to reverse sharply inside each target. Greying of the target
circle indicated successful hits. A computer sampled hand positions at 200 Hz and controlled
the experiments. All subjects learned to perform the basic motor task, i.e., without rotation,
during a familiarization session. We define cycle as a group of 8 movements within each block.

Experiment 1—Performance was assessed in blocks of 48 seconds each with two tasks: RAN
and RAN.ROT. The basic task was RAN: targets appeared randomly and subjects were
instructed to wait for the target to appear and to reach it with a fast movement. In the RAN.ROT
task, targets and instructions were as in RAN, but cursor display was rotated by 30° relative
to the direction of the hand on the tablet. After a baseline RAN block, subjects performed three
consecutive RAN.ROT blocks. These groups of subjects were tested 48 hours later as in the
training session.

Experiment 2—Performance was assessed in trial blocks of 90 seconds each with two tasks:
CCW and CCW.ROT. The basic task was CCW: targets appeared in a predictable
counterclockwise order; subjects were instructed to reverse the movement inside each
successive target in synchrony with the tone. Thus, they had to initiate movements before target
appearance. In the CCW.ROT task, the direction of the screen cursor was rotated by 30°. Target
presentation and instructions were as in CCW. All subjects performed a baseline CCW task
and a block of CCW.ROT task. The six drug-naïve patients and six age-matched controls were
also tested 24 h after training.

2.3 Data Analysis
As fully described previously [14,18], for each movement, we computed the following
measures:

Onset time (CCW task) and Reaction time (RAN task), the time from target and tone presentation
to movement onset.

Directional error at the peak velocity, the difference in degrees between the direction of the
vector from the start to the target and that of the vector from the start to the movement peak
velocity.

Movement time, the time between movement onset and end point.

Timing error (CCW task), the time from target and tone presentation to movement end.

Means were computed for each cycle of 8 movements and each complete block.

The rotation adaptation achieved in a trial block or in a movement cycle (8 movements) was
also computed as a percentage with the formula: 100*[1-(Directional Error/30°)].

Mixed model analysis of variance (ANOVA) with post hoc comparisons were performed to
assess the effects of group, cycles, and time of testing. All analyses were considered significant
for p<0.05 corrected for multiple comparisons.
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3. Results
3.1 Experiment 1

In this experiment, patients with stable PD and controls adapted to a rotated display by moving
to targets that appeared randomly during a training session and 48 hours later.

During the initial session, they, first, performed a RAN task without rotation. In all subjects,
movements were straight and directed to the appropriate target. Mean reaction and movement
times were not different in the two groups as reported in Figure 1.

Then, all subjects adapted to rotation in the training RAN.ROT task: directional error decreased
across movement cycles in the two groups of subjects (F[14,120]=13.38, p<0.0001) reflecting
progressive adaptation to the rotated display. Average adaptation was similar in patients and
controls (Figure 2A, p>0.7): during the last two cycles, patients reached an average adaptation
of 53.7% (mean directional error ± SE: 13.9 ± 1.1°), while controls reached an average
adaptation of 58.9% (mean directional error ± SE: 12.3 ± 2.2°). Mean movement time was
increased during training RAN.ROT compared to the baseline RAN in both PD and controls
(p<0.04 and p<0.002 respectively) (Figure 1).

All subjects were tested 48 hours later in the test session. Adaptation to 30° rotation at test
RAN.ROT was faster than during training RAN.ROT (F[1,120]=20.7, p<0.0001). In the first
block of testing, compared to the last block of training, adaptation in the control group
significantly improved by 9.6 ± 2.2% (mean ± SE, p=0.0001), while PD patients showed only
a modest, non significant, improvement of 2.1 ± 2.9% (mean ± SE, p=0.09) (Figure 2B). To
be noticed, the adaptation to the rotated display during test was worse in PD patients than in
age-matched controls (p=0.02).

At test, compared to training, movement and reaction times did not significantly decrease in
the two groups (movement time: PD p=0.3, controls p=0.4; reaction time: PD p=0.3, controls
p=0.087, Figure 1).

3.2 Experiment 2
The results of experiment 1 raised the possibility that motor task difficulty and dopaminergic
therapy interfered with skill consolidation. Thus, we evaluated a group of patients in the early
stages of the disease either drug-naïve or off dopaminergic therapy for twelve hours and a
group of normal controls with CCW, a task where the target’s appearance is predictable. There
were no differences in the performance of patients with right and left PD and there was no
difference between the untreated and treated patients. Thus, the data of all patients were pooled
and analyzed as a single group.

In the block of baseline CCW, movements were anticipatory, straight and accurate in both
groups. Mean onset and movement times as well as timing errors of patients and controls were
not significantly different (Figure 3), confirming prior results [18]. In the successive block
where a 30° rotation was imposed (training CCW.ROT), adaptation was evident as a
progressive decrease of the directional error (F[9,200]=15.4, p<0.0001) without significant
difference between groups (groups: F[1,200]=3.3, p>0.1; cycles × groups: F[9,200]=0.2;
p>0.9) (Figure 4A). Average adaptation in the last two cycles was 71.6% (mean directional
error ± SE: 7.8 ± 3.6°) in the PD group and 70.0% (mean directional error ± SE: 7.9 ± 2.8°) in
the control groups. (Please do not use respectively). The characteristics of the movements in
training CCW.ROT were similar in the two groups. However, in both groups, mean onset times
and timing errors increased compared to the baseline CCW (p<0.02), while movement time
did not significantly change (p>0.1) (Figure 3).
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In the subset of six drug-naïve patients and in six controls, rotation adaptation was tested 24
hours after training. In the testing bock, controls adapted to 30° rotation at a significantly faster
rate (p=0.001) than during training (average improvement: 23.3 ± 4.1% corresponding to 6.9
± 1.2° mean ± SE). In PD patients, instead, adaptation rate at test showed only a minimal, non-
significant (p=0.37), improvement compared to training (average improvement: 7.6 ± 3.9%,
corresponding to 2.3 ± 1.2° mean ± SE) (Figure 4B). At test, both groups had similar onset and
movement times as well as timing errors with non-significant changes from the training session
(p>0.2).

These results show that, when target appearance is predictable, patients in the early stages of
PD adapt to rotated display in the same way as normal subjects by producing movements with
characteristics similar to those of controls. However, while in normal subjects adaptation rate
significantly improves at test 24 hour later, such improvement does not occur in patients with
PD.

4. Discussion
The results of this paper show that patients in the early stages of PD are able to adapt their
movements to a rotated display at the same speed of age-matched controls either when targets
appear randomly and unpredictably, as in experiment 1 or when movements can be prepared
in advance, as in experiment 2. However, PD patients lack the consolidation that normally
occurs when subjects are tested after one or two night’s sleep [12].

4.1 Patients with PD adapt like normal subjects
We have found that adaptation to rotation in PD patients can occur at the same rate as in normal
controls either when target location and time are predictable, as in CCW, or when target
appearance is random and unpredictable, as in RAN. Although CCW and RAN entail the
execution of similar movements, the two motor tasks have different processing requirements.
In CCW, a timed-response paradigm [16], together with tone and target appearance subjects
must predict movement duration. Parkinsonian patients can easily perform this task in the same
way as normal subjects: they initiate and execute movements with normal temporal and spatial
accuracy both with and without treatment [18]. This is probably due to the presence of constant
external prompts -such as target and tone appearances- that promote temporal accuracy. In
RAN, instead, targets are unpredictable, and instructions emphasize speed as well as accuracy:
RAN is a choice reaction time task that allows for the exploration of stimulus-response
processes. In other words, reaction times in such a context reflect the processes involved in
stimulus identification and response preparation, thus providing information about attentional
and working memory capacities. When a rotation is imposed, in PD patients, just as in age-
matched controls, reaction times increased while directional errors decrease, although not as
in CCW. Thus, the additional requirements in the adaptation task do not overload the working
memory buffer of patients with PD in a disruptive way and learning occurs as in normal
subjects. A possible explanation for the preservation of this type of learning is that subjects
adapt to rotation implicitly, without impinging on working memory and attentional resources
that can already be affected in the early stages of the disease [19]. Adaptation to rotated displays
has been studied in patients with PD with different experimental paradigms and with conflicting
results. For instance, studies with tasks in a prism-distorted visual environment [20] or
involving visuomotor responses and visuoperceptual ability [21] showed that PD patients take
the same time to adapt as normal controls. On the other hand, paradigms with explicit learning
components, such as tasks of mental rotation, elicit abnormal results [22-24]. In a reaching task
similar to ours, Contreras-Vidal and colleagues [25] studied the adaptation to a 90° rotated
display in five patients with PD and found that adaptation was slower and incomplete in patients
compared to controls. The learning of 90° rotation usually requires the use explicit mechanisms,
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as shown by the presence of frequent guessing and trial-and-error strategies as well as by
considerable increases of reaction times [26]. In addition, this type of tasks can require the
activity of dorsolateral prefrontal cortex, which can be deficient in PD [19], and could account
for abnormal adaptation to 90° rotation. Our experimental paradigm, on the other hand, allows
for a mostly implicit learning, as 30° rotation is hardly perceived, subjects adapt progressively
and are not aware of it.

Finally, as shown in experiment 2, there were no differences in the adaptation between drug-
naïve and treated patients. Our patients were in the early stages of PD. Although previous
mental rotations studies have shown that PD stage and performance deterioration are not related
[22,27], further studies are needed to ascertain whether with disease progression, adaptation
rate also degrades.

4.2 Patients with PD lack normal consolidation
An important finding of this study is that, when tested the following day, unlike normal
controls, PD patients did not improve their adaptation rate. Previous studies have hinted that
PD might have deficient consolidation in tasks of implicit learning, such as the acquisition of
a new visuomotor gain [5] or of novel different speed and accuracy requirements [8]. In those
studies, small groups of patients were tested months later. During training, those patients failed
to reach normal performance levels and, when tested months later, they showed no sign of
improvement or consolidation [5,8,9]. However, these studies did not document whether those
results stemmed from lack of consolidation or faster motor memory decay, as patients were
not tested in the days immediately after initial training. Indeed, we found that patients in the
early stages of PD, despite “normal” levels of initial learning, do not show ”normal”
improvement when tested one or two days later. It is possible that that such improvement,
which occurs in both normal young and age-matched controls [12,13], is achieved during sleep,
but not during an equivalent period of wakefulness [12]. We discuss two possible neural
mechanisms for the lack of improvement in PD. The first one is that PD affects, at some levels,
the mechanisms inducing processes related to long-term potentiation (LTP). Indeed, recent
studies have reported that in PD, the induction of LTP-like phenomena in the motor cortex
might be impaired [28]: thus, learning might fail to trigger the appropriate mechanisms that
are necessary to promote memory consolidation [29]. A second possibility is that, since sleep
is normally required for this type of consolidation [12], lack of consolidation in PD could, in
principle, be related to abnormal pattern in sleep microstructure. Indeed, sleep disturbances
are frequent complaints in patients with PD also in the earliest stages of the disease [30], with
prevalence varying from 40 to 98% [31-34]. Interestingly, a recent study examining power
spectral changes [35] found a significant and selective decrease in slow wave activity (SWA,
i.e., frequencies between 0.5 and 4.5 Hz) in both drug-naïve and treated patients compared to
age-matched controls. A third possibility is that the two scenarios might coexist. According to
a recent comprehensive hypothesis, the synaptic homeostasis hypothesis [36], during
wakefulness, learning and its molecular counterpart, LTP, result in a net increase in synaptic
strength in specific cortical circuits. This increase in synaptic strength promotes sleep SWA
that, in turn, produces a post-sleep memory improvement. A deficit in LTP processes might
fail to trigger the appropriate mechanisms to promote SWA and thus, memory consolidation.
Thus, reduction in SWA could explain the present findings of abnormal consolidation in PD
and provide a link between the deficit in memory consolidation and abnormal SWA in this
disease.

Further studies are indeed warranted to confirm the presence of such consolidation deficits for
this and other learning modalities. In addition, direct evidence is needed to ascertain whether
deficiency in LTP mechanisms produces SWA abnormality in PD or primary degeneration of
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several structures and neurotransmitters implicated in the regulation of sleep and SWA [37,
38] play a primary role in the motor memory consolidation deficits of PD.
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Figure 1.
(experiment 1). Reaction and movement times (ms ± SE) during baseline, training RAN.ROT
and test RAN.ROT do not differ between PD and controls (p=0.6 and p=0.9 respectively).
Movement time increases during training RAN.ROT compared to baseline RAN in both PD
and controls (p<0.04 and p<0.002 respectively). Also a slight increase in reaction time can be
see, although this is not significant (PD: p=0.2, controls: p<0.08). Reaction and movement
times show a decreasing trend toward baseline level during test RAN.ROT in both groups,
anyway no significant difference can be found if compared to training RAN.ROT.
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Figure 2.
(experiment 1). (A) Mean directional error (degrees ± SE) during motor adaptation to a 30°
rotated display in PD patients and age matched controls at training and test. During training,
there is no difference between the two groups (p=0.7). At test compared to training, directional
error is significantly reduced in normal controls (p<0.0001) but not in PD (p<0.1).
(B) Improvement in directional error reduction expressed in percentage (% ± SE) at test
compared to training in the two groups. Only normal controls show a significant improvement
(p<0.05).
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Figure 3.
(experiment 2). The solid bars represent the 6 drug-naïve PD patients who were tested during
baseline CCW, training CCW.ROT and test CCW.ROT (24h after training). The dotted bars
represent all 11 patients (evaluated during baseline CCW and training CCW.ROT only). Onset
time, timing error and movement time (ms ± SE) during baseline CCW, training CCW.ROT
and test CCW.ROT do not differ between PD and controls. In both groups mean onset time
and timing error increase during training CCW.ROT, while movement time do not significantly
change (see text). Onset time and timing error return to baseline levels during test CCW.ROT.
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Figure 4.
(experiment 2). (A) Directional error (degrees ± SE) significantly decreases across movement
cycles in both PD and controls during training with a 30° rotated display (p<0.0001).
(B) Mean directional error (degrees ± SE) improvement during training and test in PD patients
and controls. During test day, only controls show a significant improvement in adaptation
compared to training (p=0.001).
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