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Abstract We comparatively investigated predictive and
reactive grip force behaviour in 12 subjects with basal
ganglia dysfunction (six subjects with Parkinson’s dis-
ease, six subjects with writer’s cramp), two subjects
chronically lacking all tactile and proprioceptive sensory
feedback and 16 sex- and age-matched control subjects.
Subjects held an instrumented receptacle between the
index finger and thumb. A weight was dropped into the
receptacle either unexpectedly from the experimenter’s
hand with the subject being blindfolded or expectedly
from the subject’s opposite hand. This paradigm allowed
us to study predictive and reactive modes of grip force
control. All patients generated an overshoot in grip
force, irrespective of whether the weight was dropped
expectedly or unexpectedly. When the weight was
dropped from the experimenter’s hand, a reactive grip
force response lagged behind the load perturbation at
impact in patients with basal ganglia dysfunction and
healthy controls. When the weight was dropped expect-
edly from the subject’s opposite hand, patients with
basal ganglia dysfunction and healthy subjects started to
increase grip force prior to the release of the weight, indi-
cating a predictive mode of control. We interpret these
data to support the notion that the motor dysfunction in
basal ganglia disorders is associated with deficits of sen-
sorimotor integration. Both deafferented subjects did not
show a reactive mode of force control when the weight
was dropped unexpectedly, underlining the importance
of sensory feedback to initiate reactive force responses.

D. A. Nowak (D<)

Department of Psychiatry III, University of Ulm,
Leimgrubenweg 12, 89075 Ulm, Germany
E-mail: Dennis.Nowak@uni-ulm.de

Tel.: +49-731-50041270

Fax: +49-731-50041065

J. Hermsdorfer

Clinical Neuropsychology Research Group, Department of
Neuropsychology, Academic Hospital Bogenhausen, Technical
University of Munich, Munich, Germany

Also in the predictive mode, grip force processing was
severely impaired in deafferented subjects. Thus, at least
intermittent sensory information is necessary to establish
and update predictive modes of grasping force control.
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Introduction

When we handle objects in daily life predictive and reac-
tive modes of grip force control are easily exploited
depending on the manipulative intend and the autonomy
of the objects we interact with (Flanagan and Johansson
2002; Nowak 2004). Accurate sensorimotor integration is
necessary for both predictive and reactive control of
grasping forces. For example, when we drop a weight from
one hand into a receptacle held with the other hand, a pre-
dictive increase in grip force occurs prior to the increase in
load due to impact (Johansson and Westling 1988; Nowak
and Hermsdorfer 2004). In this situation the finger forces
necessary to ensure a stable grasp are processed in a pre-
dictive mode to counteract the expected perturbation due
to impact well before it takes place. Such predictive con-
trol strategies established in case perturbations are self-
generated (Johansson and Westling 1988; Nowak and
Hermsdorfer 2004). In contrast, when an experimenter
unexpectedly drops a weight into the receptacle held by a
blindfolded subject, the increase in grip force lags some
100 ms behind the increase in load due to impact (Johans-
son and Westling 1988), suggesting long-loop reactive
force responses initiated by peripheral sensory feedback
and transferred, at least in part, via the cerebral cortex
(Jenner and Stephens 1982).

In recent years it has been shown that a variety of
movement disorders are associated with abnormalities
of isometric finger force control (Fellows et al. 2001;
Fellows and Schwarz 1998; Nowak and Hermsdorfer
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2005; Odergren et al. 1996; Serrien et al. 2000). In
disorders of the basal ganglia, such as Parkinson’s
disease (Fellows and Schwarz 1998; Wenzelburger
etal. 2002) and writer’s cramp (Nowak et al. 2005;
Odergren et al. 1996; Serrien et al. 2000), this abnor-
mality commonly consists of the use of exaggerated
grip force levels in relation to the loads. In healthy sub-
jects an inefficient elevation of grip forces is known to
occur when the cutaneous afferents of the fingers and
lower arm are subjected to local anaesthesia (Nowak
et al. 2001; Witney et al. 2004). Also in subjects with
peripheral sensory neuropathy elevated grip force lev-
els have been observed (Hermsdorfer etal. 2004;
Nowak et al. 2004a).

Given the vital role of cutaneous afferents for accu-
rate grip force scaling (Witney et al. 2004), the abnor-
mally high levels seen in Parkinson’s disease and
writer’s cramp have been attributed to peripheral sen-
sory deficits or, alternatively, to inappropriate selection
of accurate force levels by the supplementary motor
area as a result of misleading afferent information from
the grasping fingers relayed by deficient basal ganglia
circuits (Abbruzzese and Berardelli 2003; Fellows and
Schwarz 1998). Although laboratory studies have docu-
mented deficits of two point discrimination and kinaes-
thesia in Parkinson’s disease (Jobst etal. 1997;
Schneider etal. 1987; Zia etal. 2000) and writer’s
cramp (Bara-Jimenez et al. 2000; Sanger et al. 2002), the
processing of sensory information at the peripheral
level as tested by somatosensory evoked potentials is
usually normal in Parkinson’s disease (Abbruzzese
et al. 1997; Mauguiére et al. 1993) and writer’s cramp
(Abbruzzese et al. 2001; Tinazzi et al. 2000). Based on
these findings the overflow of grasping forces in basal
ganglia disorders is most likely to result from a deficit
of sensorimotor integration within the central nervous
system (Abbruzzese and Berardelli 2003; Berardelli
et al. 2001).

The present study was designed to comparatively
investigate how predictive and reactive finger force con-
trol is affected by basal ganglia dysfunction and periph-
eral neuropathy. We used the weight-catching task to
assess the rules of predictive and reactive finger force
adjustments to expected and unexpected load perturba-
tions in subjects with Parkinson’s disease, writer’s cramp
and complete chronic peripheral deafferentation due to
large fibre sensory polyneuropathy.

Methods
Subjects

All participants gave their informed consent. The study
was conducted in accordance with the Declaration of
Helsinki and the methods were approved by the local
ethics committee. All participants were naive to the spe-
cific purpose of the experiments.
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Subjects with Parkinson’s disease

The study involved six patients (aged 42-62 years, mean
age 55+8.5years; two female, four males) with
advanced-stage Parkinson’s disease. Written informed
consent was obtained from all patients. Six age- and sex-
matched healthy subjects served as a control group (aged
41-61 years, mean age 5447 years; two female, four
males). Patients were tested in the morning after a 12-h
overnight withdrawal of dopaminergic drugs. Patients
were videotaped in the off-drug and on-drug states and
the motor score of the Unified Parkinson’s disease rating
scale (UPDRS, items 18-31) was rated (Fahn and Elton
1987). None of the patients showed dyskinesia, regard-
less of whether off- or on-drug,

The levodopa equivalent daily dose (LEDD) was cal-
culated as described previously (Krack et al. 1998). Sense
of position and light touch was rated not disturbed/dis-
turbed according to the subjects’ perception of passive
movements of the distal joint of the index and the touch
with a swab. Clinical details of subjects with Parkinson’s
disease are summarised in Table 1.

Subjects with writer’s cramp

Six patients with writer’s cramp (aged 31-55 years, mean
age 4149 years; six men). Clinical data on the patients
are summarised in Table 1. Six healthy subjects (aged
30-50 years; mean age 39+7 years; six men) served as a
control group. All dystonic patients were able to relax
their muscles completely and no dystonic movements or
contractions were observed at rest. The diagnosis of
writer’s cramp was based on characteristic clinical fea-
tures: difficulties in writing caused by abnormal muscle
contractions or abnormal posturing, with preserved mus-
cle strength. Task specificity was rated according to the
classification of Sheehy and Marsden (1982).

Deafferented subjects

Two chronically deafferented subjects participated in the
experiments. G.L., a 54-year-old woman, suffered a per-
manent and specific loss of the large sensory myelinated
fibres in all four limbs following two episodes of sensory
polyneuropathy that affected her whole body below the
V2 cranial nerve division. The illness resulted in a com-
plete loss of the senses of touch, vibration, pressure and
kinaesthesia in the neck, trunk, and upper and lower
limbs, but temperature and pain sensation were pre-
served (Fleury et al. 1995; Nowak et al. 2004a; Simoneau
et al. 1999). G.L. has no sensation or control of the head,
neck or limb position and motion with eyes closed. These
clinical observations were documented to be stable over
the past two decades [a detailed clinical description of
G.L. has been provided by Forget and Lamarre (1987)].
LW, a 49-year-old male, suffered a complete and per-
manent loss of large sensory fibres after an episode of
sensory polyneuropathy about 30 years ago, leaving him
from the neck down without movement sense or position
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sense, cutaneous touch, proprioceptive or cutaneous refl-
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Fig. 1 The instrumented object was held between the tips of the
thumb and index finger of the dominant hand. The elbow of the arm
rested on the supporting thigh to keep the object’s position constant.
A 200 g ball was either dropped from the opposite hand or unexpect-
edly from the experimenter’s hand into a receptacle attached to the
instrumented object. The object incorporated a force sensor to reg-
ister grip force (GF) and a linear acceleration (4 CC) sensor to regis-
ter the perturbation when the ball was dropped into the receptacle.
The object’s grip surfaces were oriented in parallel to the axis of
gravity

for the configuration with the ball: subjects were asked
to hold the object stationary and to slowly separate the
thumb and index finger until the object dropped from
the grasp. The slip point was defined as the first detect-
able change in acceleration and the slip force was deter-
mined at this time point.

Fig. 2 Grip force and accelera- (a)
tion profiles obtained from sin-

gle weight-catching trials in the 20 - Experimenter-release condition

a experimenter- and b self-re-
lease conditions of a healthy
subject (male 31 years). The box-
es indicate the 0.5-s intervals
from which the grip force ap-
plied to hold the object station-
ary was averaged (static grip
force). The dotted vertical lines
indicate the time of impact as
signalled from minimum accel-
eration and the time of peak grip
force. Grey circles mark mini-
mum acceleration and peak grip
force. It is evident that grip force
started to rise prior to the per-
turbation at impact in the self-
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Data analysis and statistics

The time of peak load perturbation was indirectly assessed
by determining the minimum of the acceleration signal.
When controlling this measure with a load sensor applied
between the grip object and the receptacle, peak load
indeed occurred synchronously with the minimum in
acceleration. We focused our analysis on the grip force
measures. For all trials in the experimenter- and self-
release conditions the following parameters were analysed:
The grip force applied to hold the object prior to weight
release (GFy,,q) was calculated from a 0.5-s period of sta-
tionary holding defined to start 1s prior to the time of
minimum acceleration due to impact. Grip forces at the
time of minimum acceleration (GFACC,;;,) and maxi-
mum grip forces following impact (GF,,,,) were obtained.
In Fig. 2, the measures used for data analysis are indicated
within the grip force and acceleration traces of single
weight-catching responses of a healthy subject (male,
31 years) in the experimenter- and self-release conditions.
For each subject the average grip force profile during
a 2-s interval defined to start 1 s prior to the time of the
minimum in acceleration was calculated from the last
seven of ten trials performed in the experimenter- and
self-release conditions. To compare reactive and predic-
tive grip force adjustments of patients and controls in the
two experimental conditions, a correlation analysis
between the average grip force signals obtained from the
2-s intervals was performed. Repeated measures analysis
of variance (ANOVA) were performed to compare the
performance in between patients with Parkinson’s dis-
ease, writer’s cramp and healthy controls with “disorder”
(Parkinson’s disease, writer’s cramp) and “condition”
(self- and experimenter-release conditions) as main fac-
tors. T-tests were used for pair-wise comparisons. A P
value of 0.05 was considered statistically significant. Due
to the limited number of patients, the performance of
deafferented subjects is described only qualitatively.
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Results

The average slip forces obtained from the slipping exper-
iments were similar (P>0.2 for all comparisons) for
healthy subjects (4.24+0.4 N), subjects with Parkinson’s
disease (4.44+0.3 N) and writer’s cramp (4.6+0.5). Thus,
the friction between the skin of the grasping fingers and
the object surface was similar for healthy subjects and
both patient groups and should not be responsible for
any differences of grip force scaling in between the
groups. Unfortunately, the average slip force was not
obtained for the deafferented subjects G.L. and I.W.

Figure 2 illustrates the grip force traces of a healthy
subject performing the weight-catching task in the exper-
imenter- and self-release conditions. In the experimenter-
release condition, the subject’s grip force started to rise
after the time of minimum acceleration signalling weight
impact. In the self-release condition, the subject’s grip
force started to increase prior to the time of minimum
acceleration due to impact. In addition, it appears as if
the reactive grip force output generated in the experi-
menter-release condition is more pronounced than that
produced in the self-release condition.

Performance of subjects with Parkinson’s disease

Figure 3a summarises average grip force traces for each
subject with Parkinson’s disease and the corresponding
sex- and age-matched healthy control subject under both
experimental conditions. It is evident that all subjects with
Parkinson’s disease perform in a similar way as healthy
controls. However, patients increased grip force somewhat
earlier than healthy subjects in the self-release condition.
To test the hypothesis that the grip force adjustments were
similar for patients and healthy controls in the experi-
menter- and self-release conditions a correlation analysis
between average grip force traces of individual patients
and their matched control subjects was performed. Indeed,
there was a strong correlation between the grip force sig-
nals of patients and controls in the experimenter- (median
¥ =0.89) and self-release conditions (median © =0.91).
Figure 3b illustrates average group data of each grip
force parameter chosen for data analysis. Statistical
differences in between these measures as assessed by pair-
wise T-tests are indicated. It appears as if all subjects
with Parkinson’s disease produce higher grip forces than
healthy controls, especially in the self-release condition.
This observation was statistically confirmed. ANOVA
revealed a significant effect of “disorder” on all the grip
force measures obtained for data analysis (GFpy,yq:
Fi5=49.5; P<0.001; GFACCyy,: F)5=30.6; P<0.01;
GFyx: F15=37.7; P<0.01). The grip force produced
when holding the receptacle prior to weight release
(GFy,q) seems to be of similar magnitude in the experi-
menter- and self-release conditions within the group of
patients and healthy controls. Indeed, there was no sig-
nificant effect of “condition” on this measure and no
significant interaction “disorder” x “condition”.

In contrast, the grip force level at the time of mini-
mum acceleration seems to be higher in the self-release
when compared to the experimenter-release condition
for both patients and controls, suggesting that partici-
pants started to increase grip force well before weight
release in the self-release condition. This was statistically
affirmed: there was a significant effect of “condition”
(Fis=17.1; P<0.01) on this measure, but no significant
interaction “disorder” x “condition”. The peak grip
forces seem to be more pronounced and variable in the
experimenter-release condition for healthy subjects, but
of similar magnitude in both conditions for patients. Sta-
tistically, neither the factor “condition” nor the interac-
tion “disorder” x “condition” reached significance.

Performance of subjects with writer’s cramp

Figure 4a summarises average grip force traces for each
patient with writer’s cramp and matched control subject
in the self- and experimenter-release conditions. Patients
with writer’s cramp performed similar to healthy con-
trols. A correlation analysis between the average grip
force traces obtained from the trials of corresponding
patients and healthy control subjects was performed. We
found a strong correlation between grip force signals of
patients and controls in the self- (median *=0.89) and
experimenter-release conditions (median r° =0.89).

Figure 4b illustrates average group data for the differ-
ent grip force measures. Patients generated higher grip
forces than healthy controls at least in the self-release con-
dition. Indeed, we found a significant main effect of “disor-
der” on baseline grip force (GFy,g) (F15=17.9; P<0.01)
and on grip force at the time of minimum acceleration
(GFACCyy;y) (Fy 5=37.7; P<0.001), but not on peak grip
forces (GFyy,,). The grip force when holding the object
stationary seems to be of similar magnitude in the self-
and experimenter-release conditions within each group.
Indeed, there was no significant effect of “condition” or
the interaction “disorder” x “condition” on this measure.

For healthy subjects, the grip force level at the time
of minimum acceleration appears to be higher in the self-
release condition than in the experimenter-release
condition. However, patients produced similar, but more
variable force levels at the time of weight impact, regardless
of the experimental condition. There was no significant
effect of “condition” on this measure, but the interaction
“disorder” x “condition” was significant (F)s=48.3;
P <0.001), implicating that the force output was most
pronounced for patients in the self-release condition
(P<0.001). It seems as if healthy subjects generated
higher peak grip forces (GFyy,,) in the experimenter-
release condition, whereas patients produced peak grip
forces of similar magnitudes in the experimenter- and
self-release conditions. There was a significant effect of
“condition” on the peak grip forces (F; s=18.4; P<0.01).
The significant interaction “disorder” x “condition”
(Fis=12; P<0.02) implies that peak grip forces were
most pronounced for healthy subjects in the experi-
menter-release condition (P <0.05).
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Comparison between Parkinson’s disease and writer’s
cramp

When comparing Figs. 3a and 4a it is evident that sub-
jects with Parkinson’s disease and writer’s cramp per-
formed in a similar manner. There was a strong
correlation between the average grip force signals of
individual subjects with Parkinson’s disease and writer’s
cramp in the self- (median *=0.89) and experimenter-
release conditions (median =0.90). When comparing
the average grip force data we found no significant effect
of “disorder” or “condition” on the stationary grip force
(GFpoa) applied against the receptacle prior to impact,
on the grip force produced at the time of minimum accel-
eration (GFACC,;;,) and on peak grip force (GFyy,y)-

The interactive effect “disorder” x “condition” was not
significant for stationary grip forces and peak grip
forces, but significant for grip force at the time of mini-
mum acceleration (F; 5=30.1; P<0.01). The latter sug-
gests that the grip force magnitude at the time of
minimum downward acceleration was most pronounced
for trials in the self-release condition performed by sub-
jects with Parkinson’s disease.

Performance of deafferented subjects

Figure 5a summarises the performance of both deaffe-
rented subjects G.L. and I.W. during five trials performed
in the self- and experimenter-release condition. It is evi-
dent that G.L. generated significantly greater and more
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Fig. 4 a Average grip force
traces for each subject with writ-
er’s cramp and healthy control
subject obtained from a 2-s peri-
od starting 1 s prior to the time
of minimum acceleration in-
duced by impact. Grip force sig-
nals are shown for the self- and
experimenter-release conditions.
Dotted vertical lines indicate the
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variable grip forces than I.W., regardless of the experi-
mental condition. First, consider the performance of G.L.:
G.L. constantly increases her grip force output well
before the time of minimum downward acceleration sig-
nalling impact in the self-release condition. In this aspect
her force control appears to be predictive and similar to
that observed for healthy controls and patients with Par-
kinson’s disease and writer’s cramp. However, in the
experimenter-release condition her grip force output
appears to be highly variable and irregular. Now consider
the performance of L.W.: Interestingly, it appears as if
L.W. generates only a slight increase in grip force prior to
impact in the self-release condition, but definitely no grip
force reaction in the experimenter-release condition. The
small bulb evident in the grip force traces obtained from

GFMax GI:Hold GFACCMin GFMax

trials in the experimenter-release condition also appears
in the trials performed by healthy subjects and patients
with Parkinson’s disease and writer’s cramp and repre-
sents a technical artefact generated by the force sensor at
the time of impact due to small tilts of the receptacle.
There was only a moderate correlation between the
average grip force traces of G.L. and L.W. in the self-
(average r*=0.65) and experimenter-release conditions
(average °=0.66). The correlation between the grip
force traces of both deafferented subjects with the sex-
and age-matched control subjects was considerably less
reliable in the experimenter-release condition (G.L.:
average *=0.67; LW.: average r°=0.68), but stronger
for G.L. than for I.W. in the self-release condition (G.L.:
average ©=0.90; LW.: average *=0.70). G.L. seems to
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illustrated for weight-catching
trials of both deafferented sub-
jects in both experimental con-

trial #1
trial #3
trial #5

40 1 GL

trial #2
trial #4

Grip Force [N]

ditions. Note the different
scaling for the force panels of 0 1
G.L. and I.W. Statistical differ-
ences are indicated (*P <0.05;
** P <0.01; ns not significant)
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generate higher grip forces than I.W. The grip force out-
put of both G.L. and I.W. appears to be higher than that
of their matched control subjects.

Figure 5b illustrates average grip force measures
obtained from trials in the self- and experimenter-release
conditions for both deafferented subjects. For G.L. the
grip force when holding the receptacle stationary was
higher than grip force at the time of impact for trials in
the self-release condition, but similar for trials in the
experimenter-release condition. This finding gives sup-
port to the notion that G.L. increased grip force before
impact in the self-release condition, but there was no
force reaction in the experimenter-release condition. For
LW. there were no significant differences between grip
forces produced when holding the receptacle prior to
impact and at the time of impact, regardless of the exper-

0 l
G‘FHold GI:ACCMin G‘FMax
imental condition. Thus, LW. did not adjust his grip

forces in a predictive or reactive manner according to the
demands of the task.

Discussion

The weight-catching task allows the separate investiga-
tion of both predictive and reactive control processes
during grasping (Johansson and Westling 1988). Accu-
rate execution of predictive and reactive grasping move-
ments crucially depends on both intact peripheral
sensory feedback (Hermsdorfer et al. 2004; Johansson
and Westling 1988; Nowak et al. 2001; Witney et al.
2004) and accurate projection and integration of afferent
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sensory information to cortical sensorimotor areas (Her-
msdorfer et al. 2004). Sensorimotor integration is the
process whereby sensory feedback is integrated within
the central nervous system and used to plan and execute
motor programs. It is sensorimotor integration that is
thought to be abnormal in basal ganglia disorders, such
as Parkinson’s disease and writer’s cramp (Abbruzzese
and Berardelli 2003). The investigation of deafferented
subjects shades some light onto the issue how somato-
sensory feedback contributes to the processing of both
predictive and reactive grip force adjustments.

Performance of subjects with Parkinson’s disease
and writer’s cramp

Dysfunction of the basal ganglia output nuclei, substan-
tia nigra pars reticulata and internal segment of the glo-
bus pallidum results in functional changes in the
complex network of subcortical and cortical sensorimo-
tor structures causing both hypokinetic (Parkinson’s dis-
ease) and hyperkinetic movement disorders (focal hand
dystonia) (Berardelli et al. 2001; Wichmann and DeLong
1996). The processing of somatosensory information at a
peripheral level is usually normal in Parkinson’s disease
and focal hand dystonia (Abbruzzese et al. 1997, 2001;
Mauguiére et al. 1993; Tinazzi et al. 2000). Consequently,
the frequently reported abnormalities of sensory process-
ing in basal ganglia disorders (Bara-Jimenez et al. 2000;
Jobst et al. 1997; Sanger et al. 2002; Schneider et al. 1987;
Zia et al. 2000) are thought to result from impaired sen-
sorimotor integration (Abbruzzese and Berardelli 2003).
Earlier studies demonstrated abnormal control of
grip forces in subjects with Parkinson’s disease (Fellows
and Schwarz 1998; Nowak and Hermsdorfer 2005) and
writer’s cramp (Nowak and Hermsdorfer 2005; Nowak
et al. 2005; Odergren etal. 1996; Serrien et al. 2000)
repetitively lifting an object between the index finger and
thumb. Subjects with Parkinson’s disease and writer’s
cramp squeezed the object more forcefully than neces-
sary, but were able to adjust the force output more accu-
rately to the mechanical object properties through the
following set of lifts (Fellows and Schwarz 1998; Nowak
et al. 2005; Odergren et al. 1996). These data suggest that
patients with Parkinson’s disease and writer’s cramp are
able to use peripheral sensory information from the
grasping digits to assist the scaling of grip force, but that
the accuracy of sensorimotor processing is impaired.
Our subjects with Parkinson’s disease and writer’s
cramp also generated higher grip forces than normal in
both experimental conditions. The force overshoot was
similar in both patient groups. Nevertheless, our subjects
with basal ganglia dysfunction were able to generate
both predictive and reactive grip force adjustments,
depending on whether the weight was dropped by them-
selves or unexpectedly by the experimenter. Given the
fact that the force excess does not generally impair the
programming and execution of predictive and reactive
control strategies, we hypothesise that the selection of
inappropriate force levels may result from an abnormal

gating of sensory information at the level of the basal
ganglia. However, excessive grip forces have been
observed in a variety of neurological disorders affecting
both sensory and motor structures (Fellows et al. 2001;
Fellows and Schwarz 1998; Hermsdorfer etal. 2004;
Nowak et al. 2001, 2002, 2004a; Odergren et al. 1996;
Rost et al. 2005; Serrien et al. 2000). Consequently, the
force excess may also be interpreted to reflect a strategy
to ensure a stable grasp when the sensory or motor sys-
tems work suboptimally.

Performance of deafferented subjects

Both deafferented subjects were chronically deprived of all
tactile or proprioceptive sensations (Fleury et al. 1995;
Nowak et al. 2004a; Simoneau et al. 1999). Consequently,
they would not have been able to use sensory information
from the grasping fingers to judge the mechanical proper-
ties of the object at hand and the consequences of the load
perturbation at impact necessary for accurate program-
ming of predictive and reactive motor commands. Given
the vital role of intact cutaneous, muscle and joint recep-
tors from the grasping fingers for efficient grip force scal-
ing (Hermsdorfer et al. 2004; Nowak et al. 2001; Witney
et al. 2004), it is not surprising that both subjects exhibited
excessive grip forces. We expected the deficit of force
adjustments to be more pronounced in the experimenter-
release condition based on the well-known observation
that the initiation of reactive force responses strongly
depends on intact sensory feedback (Flanagan and
Johansson 2002; Johansson and Westling 1988; Nowak
2004; Witney et al. 2004). Indeed, both subjects did not
reveal any reactive grip force response following the load
perturbation when the weight was dropped unexpectedly
from the experimenter’s hand.

In the self-release condition, the predictive increase in
grip force prior to weight impact is initiated at a cortical
level and thus seems to be less dependent on intact sen-
sory feedback. Indeed, we found an early increase of
grasping forces prior to weight impact when G.L.
released the weight herself. This observation supports
our hypothesis that, in principal, predictive force pro-
gramming can take place even in the absence of any sen-
sory feedback. However, G.L.’s grip force programming
in the self-release condition appears to be less accurate
compared to the performance of healthy controls. We
recently observed that G.L. also modulates grip force
with the load fluctuations induced by voluntary arm
movements with a hand-held object (Nowak et al.
2004a). In healthy subjects, grip force is modulated in
parallel with movement-induced load fluctuations during
arm movements with a grasped object (Nowak 2004). In
G.L., the grip force profile was not modulated in parallel
with the changes in load, suggesting a severe decalibra-
tion of predictive grip force planning (Nowak et al.
2004a). In conjunction with the present set of data, these
findings imply that predictive force control requires at
least intermittent sensory feedback to signal the effective-
ness of the descending motor commands.



Surprisingly, the performance of I.W. at some points
clearly differed from that of G.L. when dropping the
weight expectedly from the opposite hand. I.W. gener-
ated none or only a slight increase in grip force prior to
impact. Thus, it appears as if both deafferented subjects,
despite very similar loss of sensory feedback, had devel-
oped different strategies to counteract the expected per-
turbation at impact. .LW. also generated grip forces that
were higher than those used by healthy subjects, but
smaller than those produced by G.L. Why both deaffe-
rented subjects performed so differently cannot be
answered based on the current study design. However, it
is noteworthy that LW., different to G.L., has been found
to be a sophisticated neurological observer with immense
skills of introspection and self-interpretation (Cole and
Sedgwick 1992; Cole 1995). In addition, . W. has retained
some residual sense of muscular fatigue or effort that
may have allowed him to reduce the overall force output.

Internal models for sensorimotor integration

When our body interacts with the environment, such as
grasping and transporting objects, prediction of the con-
sequences of our own motor commands requires a sys-
tem that can simulate the dynamic behaviour of the body
and environment. Such a system has been termed inter-
nal forward model as it captures the causal relationship
between actions and their consequences (Flanagan and
Johansson 2002; Wolpert and Flanagan 2001; Wolpert
et al. 1998). Predictive grip force behaviour is suggested
to be based on the use of such models (Flanagan and
Johansson 2002). This type of control is based on the
comparison of actual sensory signals and the predicted
sensory outcome of a voluntary action, an internal sen-
sory signal (referred to as corollary discharge). Predicted
sensory outcomes are generated in conjunction with a
copy of the descending motor command (referred to as
efference copy) (Flanagan and Johansson 2002). A mis-
match between the predicted and the actual sensory out-
come triggers force corrections along with an updating
of the relevant internal models. As we interact with
objects which have their own intrinsic dynamics, such
models are not fixed entities, but are learned and
updated by manipulative experience.

Theoretical considerations (Stein and Glickstein
1992; Wolpert et al. 1998), imaging data (Hermsdorfer
et al. 2005; Kawato et al. 2003), lesion studies (Fellows
et al. 2001; Nowak et al. 2002, 2004b) and single cell
recordings (Dugas and Smith 1992; Monzee and Smith
2004) suggest that the cerebellum is functionally best
suited to establish and incorporate internal forward
models. Recently, it has been demonstrated that when
subjects with cerebellar degeneration performed the
weight-catching task under discussion here, they were
unable to process grip force in advance of the expected
perturbation when the weight was dropped from the
opposite hand (Nowak et al. 2004b). On the other hand,
subjects with cerebellar degeneration exhibited a clear
reactive mode of force control when the weight was
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dropped unexpectedly from the experimenter’s hand.
These data suggest that cerebellar circuits are involved in
a predictive, but less in a reactive mode of force control
(Nowak et al. 2004b; Nowak and Hermsdorfer 2005).
The present study extends these data demonstrating that
the basal ganglia are not directly involved in setting up
internal forward models, but rather deal with the accu-
rate processing and integration of sensory information
necessary to program predictive and reactive force
adjustments.

Conclusion

Both predictive and reactive modes of force control were
preserved in subjects with Parkinson’s disease and
writer’s cramp. However, subjects with basal ganglia dys-
function employed elevated force levels, suggesting that
the dysfunction rather consists of defective central pro-
cessing or gating of sensory input via the basal ganglia.
The reactive mode of force control was severely impaired
in both deafferented subjects, underlining the importance
of sensory feedback to initiate reactive force responses.
Also in the predictive mode, grip force processing was
deficient in deafferented subjects, suggesting that at least
intermittent sensory information is necessary to establish
and update predictive modes of force control.
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