
686 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 19, NO. 6, DECEMBER 2011

Lack of Predictive Control in Lifting Series of Virtual
Objects by Individuals With Diplegic Cerebral Palsy
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Abstract—To date, research on the motor control of hand func-
tion in cerebral palsy has focused on children with hemiplegia,
although many persons with diplegic cerebral palsy (dCP) have
asymmetrically decreased hand function. We explored the predic-
tive capabilities of themotor system in a simplemotor task of lifting
a series of virtual objects for five persons with spastic dCP and five
age-matched controls. When a person lifts an object, s/he uses an
expectation of the weight of the object to generate a motor com-
mand. We asked the study subjects to lift a series of increasing
weights and determined whether they extrapolated from past ex-
perience to predict the next weight in the series, even though that
weight had never been experienced. Planning of precision grasp
was assessed by measurement of the grip force at the beginning of
the lifting task and by estimating themotor command. Execution of
precision grasp was assessed by measurement of the time interval
between the onset of grip and the onset ofmovement.We found that
persons with dCP demonstrated a lack of predictive feed-forward
control in their lifting movements: they exhibited a significantly
longer time between onset of grip and onset of movement than the
control subjects and they did not predict the weight of the next ob-
ject in the lifting task. In addition, for subjects with dCP, the time
between the onset of grip and the onset of movement of the domi-
nant hand correlated strongly with the outcome of a hand function
test. We postulate that a higher-order motor planning deficit in ad-
dition to execution deficit are evident in the subjects with spastic
diplegic.

Index Terms—Diplegic cerebral palsy, grip force, motor control,
predictive control.

I. INTRODUCTION

T HE TERM cerebral palsy (CP) is used to describe a group
of disorders of the development of movement and pos-

ture that cause activity limitation; these disorders are attributed
to nonprogressive disturbances that had occurred previously in
the developing fetal or infant brain. The motor disorders of CP
are often accompanied by disturbances of sensation, cognition,
communication, perception, and/or behavior, and/or by seizure
disorder [1]. The above definition emphasizes the fact that CP
is not an etiological diagnosis, but a clinical descriptive term
for a condition that is heterogeneous in etiology, expression and
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severity. It also stresses the idea of impairment in development
(typical versus CP) being essential to the CP concept. Among
the many causes of CP are prematurity, perinatal asphyxia, and
deficiency in maternal iodine [2]. It is important to note here
that the brain damage is permanent but not progressive.
Hemiplegic cerebral palsy (hCP) form has been defined as an

involvement in one side of the body, with upper extremity gen-
erally more affected than the lower. In many cases, the cause is a
focal traumatic, vascular, or infectious lesion. Most hemiplegic
children walk independently by the age of three years. On the
other hand, in diplegic cerebral palsy (dCP) the lower extrem-
ities are severely involved and the arms are mildly involved.
Diplegia is becoming more common as more low-birth-weight
babies survive. Hand dexterity and fine motor control are also
impaired in dCP [3].
Traditionally studies in dCP, concentrated on movement

impairments of the lower extremities (e.g., walking) which is
severe while the hand function was considered mild. This is
perhaps the reason that only very few studies have investigated
the performance of hand function in dCP. Today is known that
in dCP both nondominant and dominant hand showed sensory
impairments. Observed deficits consist identifying shapes,
common objects, or two points discrimination [4]. Impairments
in this population include difficulties in activities of daily
living, deformities, spasticity, and motor control.
The diplegic form of CP has been defined also “as a con-

dition of more or less symmetrical paresis of cerebral origin
more severe in the lower limbs than the upper and dating from
birth or shortly thereafter” [5]. Several factors may contribute to
the impaired hand function in persons with diplegic CP, among
them spasticity, distal weakness, impaired tactile sensibility, un-
coordinated movements, and impaired motor control [5], [6].
In spastic dCP, movement impairment of the lower extremi-
ties is severe while that of the arms is mild. Eliasson et al.
(2006) carried out a long-term (13-year) study of the develop-
ment process underlying hand function in children with hemi-
plegic or diplegic CP; to test hand function, they used the timed-
task Jebsen-Taylor test (JTT) of hand function, and they also
evaluated temporal coordination of fingertip coordination. In the
first data-collection session, both groups of subjects presented
an impaired force-ratio path in terms of variability and straight-
ness. At the end of the 13-year follow-up period, they found that
in both hemiplegic and diplegic CP the improvement in hand
function continues over a longer time frame than previously ex-
pected, regardless of the initial severity of the hand function [7].
Computational motor control is a growing field of study in

which engineering concepts from control theory and other math-
ematical tools are used to quantitatively describe the neural con-
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trol of movement [8]. We believe that it is possible to apply con-
cepts from computational motor control theory to the diagnosis
and rehabilitation of armmovements in persons with dCP, as has
been done recently for patients suffering from damage to the pri-
mary motor cortex [9]–[11]. Studies conducted to date indicate
that upper-extremity weakness, spasticity, and abnormal motor
synergies do not adequately explain the impairment in reaching
movements and lifting tasks [10], [12]–[14] and suggest that ad-
ditional higher-order control deficits may be present.
The feedback control mechanism has been used to describe

the biological motor control system since the beginning of
cybernetics as a modern science in the 1940s [15]. During
fast movements, however, the feedback control mechanism is
unable to correct a trajectory quickly and to generate a stable
system, due to unavoidable delays in the nervous system. It
has therefore been suggested that the brain employs internal
feedforward models [16]–[18]. These models are neural mech-
anisms that can mimic the input/output characteristics—or
their inverses—of the motor apparatus and of the external
environment. Forward internal models can predict sensory con-
sequences from efference copies of motor commands. Inverse
internal models, in contrast, can calculate necessary feedfor-
ward motor commands from desired trajectory information
[17], [19].
It has been shown that the motor system can adapt to external

perturbations and, in that general sense, can generate internal
representations of the external environment. Understanding the
structure and capabilities of these internal representations is es-
sential for understanding the motor system [20]–[22]. Several
studies have examined adaptation to stochastic environments in
neurologically intact subjects. These studies suggested that in a
randomly varying environment, a short-time averaging process
underlies the representation of the task in the motor working
memory and that learningmay not represent the statistics of how
perturbation changes over a longer time scale [23]–[26]. On the
other hand, in a lifting task, we found evidence supporting the
hypothesis that the motor system can extrapolate and predict en-
vironments that were not experienced in the recent past or that
do not represent an average of past experience in the case of pre-
dicting the succeeding weight that follows a series of increasing
weights [20].
To study higher-order sensory-motor integration in hand

motor control, Johansson evaluated the ability of subjects to
predict grip forces when required to grasp and lift objects [27].
It has been suggested that predictive (feedforward) grip force
control, which ensures the generation of appropriate grip and
load forces to prevent the crushing of fragile objects or the
dropping of heavy ones, is based on the structure of internal
models of object properties in the central nervous system
[28]–[33].
Several studies have investigated the relationship between

motor commands and predictive control. Flanagan et al. (2003)
suggested that in early stages of manipulating objects neuro-
logically intact subjects could predict the consequences of their
actions, as measured by the grip force they used to grasp the
object [34]. Ben-Itzhak and Karniel (2008) suggested the min-
imum acceleration criterion with constraints (MACC) hypoth-
esis that posits that the extracted value of the jerk (change in

acceleration) at the beginning of the movement is a physiolog-
ical interpretation of the motor command [35].
In experiments with a short series of objects with increasing

weights, we have recently found that neurologically intact indi-
viduals are able to fit their grip forces at the onset of movement
to the next object in the series. Since the grip force at fast move-
ment onset represents the internal expectation, we concluded
that this expectation is based, at least in part, on extrapolation
and not solely on the average of past experience [20]. In chil-
dren with hemiplegic CP, predictive grip force control for novel
objects is impaired [36]–[39]. The deficit in predictive control
is thought to result from an inability to form or access internal
models of object properties due to disrupted sensory feedback
(perceptive impairment) from the affected hand [37], [38], [40],
and/or from higher-order impairment in sensory-motor integra-
tion [36].
There is strong evidence in the literature that movement and

perception are two sides of the same coin [41], [42]. The theory
of sensory integration states that perception is not just the ac-
quisition of sensory information, but an active process aimed at
guiding the execution of a correct movement, i.e., coherent with
the motor program planned before the action [40].
The purposes of this study were to explore the limitation and

origin of the deficits in predictive control of individuals with
dCP by using our recently developed protocol for lifting a series
of objects with increasing weights [20]. In order to do so, we
analyzed a number of kinematic and dynamic parameters when
the participants made grasping movements and also by finding
out the relation between these parameters and the results of the
hand function test.

II. METHODS

A. Participants and Study Setting

Five individuals with spastic dCP (two women and three
men, aged 20–36 years, mean ) and an equal number of
age- and gender-matched neurologically intact control subjects
(aged 24–27 years, mean ) participated in the study
after signing an informed consent form, as required by the
local Helsinki Committee. All the control subjects are neu-
rologically intact. Three CP subjects have mild dCP and can
walk independently and the two others have moderate dCP
and walk with crutches or get around in a wheelchair. All
the subjects have a cognitive level that is adequate to enable
them to comprehend and cooperate in treatment and testing.
They were classified at levels I or II of the Manual Ability
Classification System (MACS) for persons with CP. MACS
was developed to classify into five levels how persons use their
hands when handling objects in daily activities, according to the
primary criterion that the distinctions in manual ability should
be clinically meaningful [7]. The classification is designed
to reflect the person’s typical manual performance, not the
patient’s maximal capacity. It classifies what persons do when
using one or both of their hands for activities, rather than as-
sessing and classifying each hand separately. For four subjects,
hand function of the dominant hand was assessed with the JTT
[43]. JTT is a seven-task test that evaluates a broad range of
everyday hand functions, i.e., writing, turning pages, picking
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TABLE I
CHARACTERISTICS OF THE STUDY SUBJECTS WITH CEREBRAL PALSY

Fig. 1. The virtual reality system. (a) The dual Reachin/Sensegraphics display
system is based on two robotics devices and an augmented reality display that
allows subjects to see and feel objects with both hands within a small workspace.
(b) One thimble connects the index finger and another thumb to a robotic arm.

up small objects, feeding, stacking checkers, picking up large
lightweight objects, and picking up large heavy objects. Patient
characteristics are shown in Table I. All the subjects used only
their dominant hand for the lifting and for the clinical measure
of the hand function (JTT).
Therapists specializing in the treatment of CP in the Human

Motion Analysis Laboratory, Assaf-Harofeh Medical Center,
referred persons to the study. Only cerebral palsy persons
who meet the requirements of the manual ability classification
system and age were referred by the therapists to the study.
Control subjects were recruited by public advertisement. All
subjects were paid for their travel expenses and participation.
Experiments were conducted in the Computational Motor
Control Laboratory of Ben-Gurion University of the Negev.

B. Experimental Apparatus and Experimental Procedure

An augmented environment was used to create a grip and
lift task. The system [Fig. 1(a)] provides both visual and haptic
feedback, giving the impression of interaction with a real ob-
ject. For each subject, the index finger and thumb of the dom-
inant hand were each connected to a robotic arm (PHANTOM
Desktop by SensAble) via firmly fixed thimbles [Fig. 1(b)]. The
system measures the position of each finger, calculates the ac-
celeration of the object, updates the position of the object, and
computes the resultant forces on the fingers. These forces are
applied to the fingers by torque motors to create the appropriate
feedback. The visual feedback combined with the force feed-
back creates the impression of interaction with a real object.
Participants were instructed to set on an adjustable chair in

front of a table. If required, we helped subjects with adjust-
ments in sitting; the chair was adjusted so that the participant’s
forearm was approximately parallel to its surface when robotics

Fig. 2. The virtual object and Experimental protocol. (a) Illustration of the vir-
tual object (transparent box), target point (circle), the configuration of the hand,
wrist and fingers used to grasp it, and the grip forces produced during a single
lifting movement. (b) Object weights selected randomly in each trial ranged be-
tween 100 and 400 g (black lines). A series of four trials with increasing weights
of 100, 200, 300, 400 g (gray lines), followed by a catch trial of 250 g (black
dashed lines), appeared randomly eight times during the experiment with no
overlapping.

arm were used to grasp the virtual objects. Each subject was re-
quested to keep his/her shoulder adducted to the trunk with the
vertical upper arm, elbow in 90 flexion, forearm in mid-posi-
tion between pronation and supination, wrist in neutral position,
hand opening and resting on the table [Fig. 2(a)].
The experimental procedure was identical to that reported in

Mawase and Karniel for neurologically intact individuals [20].
Each subject was asked to grasp and, with his/her dominant
hand, lift a virtual object up to a target point, 21 cm above a
table. The Reachin Display with the Sensegraphics software
performs virtual integration of the haptic device with stereo
graphics for an augmented reality experience. A purple box
(9 12 12 cm) represented the object, and a small yellow
circle (1.5 cm radius) indicated the location of the target toward
which subjects were instructed to move the object [Fig. 2(a)].
Each subject performed 99 lifting trials, with the weights of

the objects—ranging between 100 and 400 g—being selected
randomly in each trial, A series of four trials with increasing
weights (100, 200, 300, 400 g), followed by a catch trial (250 g),
appeared randomly eight times during the experiment, with no
overlapping [Fig. 2(b)]. It is important to note that the shape of
the object did not change during the trials.
To probe the perceptual deficit in the weight discrimination,

we asked each subject the following questions in the order given
below after they had performed all the trials of the experiment.
1) Did you observe any changes in the object’s weight?
2) Did you observe a random change in the object’s weight?
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3) Did you observe any similarity between the trials?
4) Did you observe a sequence of changes in the object’s
weight?

C. Data Analysis

Force and position data were sampled at 100 Hz using virtual
reality software (SensAble Technologies, Woburn, MA). This
sampling rate is sufficiently high for analyzing the subjects’
movements, and it is sufficiently low to facilitate the virtual ob-
ject rendering. This was also the sampling rate in our previous
study [20]. Custom software written in Matlab (MathWorks,
Natick, MA) was used for all subsequent analysis. Forces were
generated and recorded at the end point of each phantom and
then Grip force was calculated as an average of the forces pro-
duced by the index finger and the thumb along the horizontal
axis crossing the virtual object, in the direction of the squeeze
that prevented the object from slipping. The vertical position of
the object in each trial was analyzed to detect the onset time

of the movement by using an algorithm based on a min-
imum acceleration criterion with constraints (MACC) [44]. The
MACC hypothesis asserts that the observed movement is a re-
sult of minimizing the integrated squared acceleration under the
constraints at the beginning and end of movement, the velocity
and acceleration are zero and limit on the maximum jerk. The
jerk is formulated as the control signal, since it correlates with
the neural activation signal, which in most models is smoothed
to generate the force in the muscle and hence the acceleration
[35].
Here, we assumed that the first part of the vertical movement

can be approximated by the following trajectory:

(1)

Where is the actual maximum jerk during this segment,
and is the initial static position. We used the MACC-based
algorithm to fit and to each trial and set ms. In
this study, we were particularly interested in the first part of the
lifting movement, since in this phase of movement there are no
feedback mechanisms, at least in neurologically intact subjects.
Temporal coordination was evaluated in terms of the time in-

terval between the onset of the grip force [point at which contact
is made with the object and the grip force begins to increase (
N)] and the onset of movement (Fig. 3).
We measured the vertical trajectory of the object and

sought to extract the motor command based on the following
spring-mass model, previously developed to describe human
wrist movements [45], [46]

(2)

Where is the position of an object of mass in trial
is the damping coefficient, is the spring stiffness and
is the resting, or the motor command in trial . This nonlinear
model is derived from a combination of nonlinear muscle prop-
erties and a spinal reflex mechanism, the latter being driven
mainly by feedback from muscle spindle receptors [47]. The

Fig. 3. Position of the virtual object (single trajectory movement) and grip
force trajectories from a representative control subject. Timing of grip force co-
ordination (execution) was measured for specific lift events: point at which
contact is made with the object and the grip force begins to increase ( N);

movement onset .

Fig. 4. Extracting the motor command; The motor command as a step control
function at the initial phase of the movement. Top: Step command. Bottom:
Position as a function of time obtained from a representative subject (solid line)
and the model fitting for the first 70 ms (dashed line).

control signal in our model sets the equilibrium value ,
which represents a central motor command setting the threshold
of the stretch reflex [48], [49]. Pulse step control is effective in
producing rapid and well controlled positioning of the mass in
this system. Since pulse step control is effective in producing
smooth and well controlled positioning of the mass in this
system, and since the first phase of the movement is of partic-
ular interest to us, we assumed that the motor command to be
constant in this part of movement. Optimization problem was
solved to find the best motor command from all feasible
solutions to minimize the root mean square error between the
average jerk of the actual data and the average jerk of the model
prediction that based on MACC algorithm described above.
The free parameters of the model were matched for the first 70
ms (Fig. 4) of each trial and for each subject (B, K) by
using a simple optimization algorithm (Optimization Toolbox,
MathWorks, Natick, MA). Altogether, we have extracted for
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Fig. 5. Grip forces in the series trials in the initial part of the movements in control and dCP subjects. (a) Average sequence of forces across the entire series
of increasing weights in control subjects; white bars represent the average grip force while lifting a series of increasing weights of 100, 200, 300, 400 g, and
black bar represents the average grip force in the catch trial (250 g). (b) Average sequence of forces across the entire series of increasing weights in CP subjects.
(c) Difference between the average grip force at the catch trial and the average grip force for the series of four trials with increasing weights in control subjects
and individuals with CP. Values are means SEM.

each trial, the best fit of the motor command accounting for the
first 70 ms of the movement. The level of statistical significance
for all measures was set at .
We also sought correlation (Pearson’s correlation) between

each one of the seven tasks of the JTT hand function test and the
predictive control variables (grip force at the movement onset,
and the motor command) as well as the execution variable (time
interval between onset of grip and the onset of the movement).

III. RESULTS

A. Lack of Predictive Control in CP

Fig. 5(a) shows the average sequence of forces across the en-
tire series of increasing weights in control subjects. From this
Figure, it is evident that the highest grip force that the control
subjects applied was that in the catch trials; this finding indi-
cates that the subjects expected a higher weight than was actu-
ally available (recall that in the catch trial, the weight was “un-
expectedly” lowered to 250 g; see Fig. 3). In contrast, subjects
with CP [Fig. 5(b)] did not expect higher weight in the catch
trials. For these subjects, the grip force at the movement onset
increased as the weight increased and decreased as the weight
decreased, i.e., subjects with CP applied the proper grip force
under each load condition.
To quantify the predictive control for both control and CP

subjects, we calculated the difference between the average grip
force in the catch trial and the average grip force for the series of
four trials with increasing weights [Fig. 5(c)]. Control subjects
showed significant positive difference , suggesting
that subjects predicted the subsequent weight rather than the
average weight. However, for CP subjects the difference was
not significant , which indicated that predictive
control is impaired in subjects with spastic dCP. Based on the
subject’s answers to the first two questions, most subjects (all
five control subjects and four out of five cerebral palsy sub-
jects) were clearly able to discriminate between objects of dif-
ferent weights. The results therefore indicate that the perceptual
ability of the diplegic subjects was unimpaired, and reinforce
the hypothesis that dCP subjects have higher-order impairment
in sensory-motor integration.

Fig. 6. Time interval between the onset of the grip force and the onset of the
movement. (a) In control and dCP subjects. (b) Time interval between control
and dCP subjects for each object weight. Values are means SEM.

B. Prolonged Grasp in CP

In the CP subjects, the time interval between the onset of grip
and the onset of movement was significantly longer than that
for the control subjects [Fig. 6(a)]; this finding
implies that CP subjects need time to obtain sensory informa-
tion about an object’s weight. Fig. 6(b) shows the time differ-
ence measurement (mean SEM) between dCP and control
subjects and between objects weights (100, 150, 200, 250, 300,
350, 400 g). The difference between groups is statistically sig-
nificant for each and every weight. However, no
significant difference in the time difference measurement was
observed between weights in each group. This finding supports
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Fig. 7. Motor commands (MC) in the series trials in the initial part of the movements in control and dCP subjects. (a) Average sequence of motor commands across
the entire series of increasing weights in control subjects; white bars represent the average of the motor commands while lifting a series of increasing weights of
100, 200, 300, 400 g, and black bar represents the average of the motor commands in the catch trial (250 g). (b) Average sequence of motor commands across the
entire series of increasing weights in CP subjects. (c) Difference between the average motor command in the catch trial and the average motor command for the
series of four trials with increasing weights in control subjects and individuals with CP. Values are means SEM.

TABLE II
CORRELATION OF PREDICTIVE AND EXECUTION CONTROL VARIABLES WITH FUNCTIONAL TEST RESULTS

the hypothesis that dCP use feedback strategy, instead of plan-
ning ahead and therefore need more time to obtain sensory in-
formation about an object’s weight to adjust their movement.

C. Extracting the Motor Command

Fig. 7(a) shows the average sequence of motor commands
across the entire series of increasing weights in control sub-
jects. The highest motor command was evident in the catch trial,
indicating that the control subject’s brain planned for heavier
weights after the fourth (and last) weight in the series. In con-
trast, in persons with CP the motor command process was im-
paired [Fig. 7(b)]: there was no difference between the motor
commands for the series of trials.
We also calculated the difference between the average motor

command in the catch trial and the average motor command
for the series of four trials with increasing weights [Fig. 7(c)].
Control subjects showed a significant positive difference

, suggesting that the motor command is under predictive
control and that subjects plan for the subsequent weight rather
than the average weight. However, for CP subjects, the differ-
ence was not significant , which indicates that the
motor command, too, is impaired in persons with spastic dCP.

D. Correlation Between Predictive Control Variables and
Functional Measures

Table II presents the correlation of predictive control vari-
ables (grip force at the movement onset, and the motor com-
mand) as well as the execution variable (time interval between
onset of grip and the onset of the movement) with the outcomes
of the JTT hand function test in persons with spastic dCP. Mea-
sures of precision grasp planning (grip force at the movement
onset and motor command) did not correlate with any of the
hand function tests for the dominant hand. However, for the
dominant hand there was a significant correlation between mea-
sures of precision grasp execution (time interval between the
onset of grip and the onset of movement) and four of the seven
tasks of the JTT hand function test.

IV. DISCUSSION

In this study, five subjects with spastic dCP demonstrated the
use of feedback control rather than predictive control in lifting
a series of objects with increasing weights. They presented a
significantly longer time interval between the onset of grip and
onset of movement than control subjects, and did not predict
the next object in the lifting task, which demonstrated that the
impairments in predictive control and in performing the task
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presumably result from an inability to form or access internal
models of object properties due to a higher-order impairment in
sensory-motor integration. This disability correlated with motor
measures that were obtained from the JTT hand function test.
Previous studies, in particular by Gordon and Duff [37]–[39]

focused on the performance of hand function and predictive
control in children with hemiplegic cerebral palsy. Here we
tested persons with spastic diplegic cerebral palsy, a group
which was typically studied for lower extremity deficits. Our
results are consistent with the previous results, both groups of
disorder (diplegic and hemiplegic) exhibit problems with antic-
ipatory control that are based on disturbed sensory information
due to a poor internal representation of the object.
We have measured two type of variables, predictive vari-

ables (the grip force at the movement onset and the motor com-
mand) and execution variable (the time between the onset of the
grip force and the onset of the movement), the latter indicates
the time needed to develop appropriate lifting forces, while the
former indicate the expected weight of the object before sensory
feedback of the object’s weight is available at lift-off.

A. Grip Force

To examine whether predictive feedforward control is used to
predict a succeeding weight in a series of increasing weights, we
measured the grip force at the movement onset for each trial in
the series and for each catch trial. Neurologically intact subjects,
including those in our study, are able to predict the next object in
lifting a series of virtual objects through internal models of ob-
ject weight [20], [32], [50], [51]. However, our dCP study pop-
ulation did not predict the weight of the next object in the lifting
task and used sensory feedback control to execute the task. Our
findings are similar to those described previously for stroke pa-
tients and children with hemiplegic CP [10], [37], [38]. A pos-
sible explanation for the lack of predictive control in persons
with dCP is associated to the incomplete internal representations
of the objects, as suggested by the strong relationship between
two-point discrimination and anticipatory control reported pre-
viously [37]. Our results indicate that the diplegic subjects did
not use information from previous trials to plan the grip force
for the next trial, due to their inability to formulate motor plans
based on internal representations. We have tested persons with
dCP, and they did not show any deficits in estimating the weights
of the objects. Therefore, we believe that the observed execution
deficit is due to higher-order dysfunction in motor adaptation
capability rather than effectors dependent deficit.

B. Motor Command

Based on previous studies [34], [35], we assumed that the
jerk during the first part of the movement represents the results
of a predictive feedforward motor command, namely, a com-
mand sent to the muscles in accordance with the predicted envi-
ronment. Therefore, if the environment unexpectedly changes
and the motor command is generated in a predictive feedfor-
ward fashion during the first part of the movement, the jerk must
change according to the change in the environment. This expec-
tation was fulfilled in the control subjects but was clearly not the
case in the dCP subjects, who demonstrated a lack of predictive
feedforward control in our experimental set-up.

Our results were obtained with a unique data analysis tech-
nique—inspired by the MACC hypothesis [35], [44]—that tar-
gets the very beginning of themovement by extracting themotor
command in the first 70 ms of the movement. We believe that
the motor command in the very first part of the movement re-
flects clearly and accurately the motor planning or lack thereof
and is less susceptible to influence of feedback.

C. Prolonged Execution

The execution of grasp variable—measured by the time in-
terval between the onset of grip force and the onset of move-
ment—was longer in the subjects with spastic dCP than in the
control subjects. This finding is similar to those described pre-
viously in children with hemiplegic CP [52], [53], in patients
with chronic pure motor hemiparesis [54] and in patients with
stroke [10]. In such patients, the damage could be due to sus-
tained deficits in the motor neurons pathways that connect that
motor cortex and the spinal cord.
The extended duration between the onset of grip force and

the onset of movement facilitate the use of feedback control
instead of predictive control; however it is important to note
that predictive control was observed also in slow unimpaired
individuals who had similar duration as the fast individual with
dCP, whereas the latter still demonstrated clear lack of predic-
tive control.
Improvement in hand function might occurs over a longer

time frame than commonly would be expected as observed pre-
viously in children with CP [7]. More evidences suggest that
therapies that focus on intensive practice are promising [55],
[56]. Such intensive treatments can also be reflected by changes
in cortical activation patterns after the therapy. The improve-
ments in hand function during development provide another the-
oretical basis for providing intensive practice, suggesting func-
tional and structural plasticity in the human brain. However, fur-
ther long term studies are needed to examine the efficiency of
the rehabilitation.

D. Correlation of Functional Measures With Predictive
Control

In the subjects with dCP, variables of planning precision grasp
(grip force at the movement onset and motor command) did not
correlate with any of the hand function tasks (JTT), with the
exception of a high negative correlation between the writing
task and the motor command. However, the time interval be-
tween the onset of grip and the onset of movement correlated
strongly with most tasks of the JTT. Our results are consistent
with previous studies in stroke patients [10] and children with
hemiplegic CP [37].
The significant correlation between the execution of grasp

(time interval) and four tasks of the hand function test (JTT) sug-
gests that conventional clinical measures used in the assessment
of patients with diplegic cerebral palsy are primarily measures
of execution. The correlation between JTT scores and the time
interval is based only on four subjects, however, it is still of in-
terest since we found significant correlations that are consistent
with previous findings [10], [39]. These results may be critical
to understanding relationships between motor impairment and
functional motor behavior.
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Despite the fact that our dCP subjects classified at MACS
level II presented high values of the time interval between
onset of grip force and onset of movement, they showed im-
paired predictive control similar to that observed for level I
individuals. These results validate the hypothesis that persons
with CP have impaired predictive control, with the impairment
being independent of manual ability deficit levels. However,
further studies are required to draw definitive conclusions and
to examine the relationships between clinical measurements
and motor performances.

E. Feedforward or Feedback Control?

Our conclusion that dCP have impaired predictive control is
in concert with a number of recent studies using different tasks
and movement analyses that indicated predictive control deficits
in persons with CP: Mutsaarts et al. [57], [58] explored antici-
patory planning in children with hemiparetic CP by measuring
the initial reaction time as representative of anticipatory plan-
ning. Their results indicate a lack of motor planning and support
feedback control (in their terminology: step-by-step correction).
Gordon and Duff [37], [38] found that children with hemiplegic
CP exhibited both prolonged delays between movement phases
and sequential (rather than parallel) generation of grip and load
forces. They typically initially increased grip force in conjunc-
tion with negative load force (pushing the object down); this
may indicate a problem in anticipation that is compatible with
our findings. Mutsaarts et al. [58] posited that the selection of
grip is critically dependent on the action that is to be performed
with the object. Therefore, they claimed that proper grip plan-
ning requires an ability to consider the forthcoming perceptual
motor demands associated with the goal of the action sequence.
They observed that children with hemiplegic CP selected a grip
that was predominantly affected by the grip used in a previous
trial and was not flexibly adapted to changes in the task context.
Moreover, their grip was the one most comfortable at the be-
ginning of the movement, while control children selected a grip
that led to a comfortable hand posture at the end of the grasping
sequence. Those findings led to the hypothesis that individuals
with CP use information that is directly available rather than an-
ticipating the forthcoming demands [58]. All the above studies
suggest a central origin for the observed deficits in persons with
CP. However, such persons also suffer from spasticity in addi-
tion to secondary peripheral deficits, and future studies should
differentiate between these two sources of behavioral deficits.

F. Clinical Implications

In this study, we demonstrated that five individuals with dCP
lacked predictive control in lifting a series of objects with in-
creasing weights. We did not further investigate their abilities
to adapt and learn following interventions that may use sim-
ilar protocols to those used in this study, consisting of practice
with catch trial interference. Other investigators have, however
shown that interventions of external force field on adaptation by
using catch trials will be benefit for teaching motor skills and for
neuro-rehabilitation of brain-injured patients [6], [54].
The information gained from studying predictive control has

clinical implications. First, evaluation of predictive control can
aid the medical team in assessing the motor learning capabilities

of person with dCP. Predictive control following motor adap-
tation and motor learning require trial-and-error practice, and
motor adaptation may be an initial component in the process
of motor learning [59]. Thus, studying motor predictive control
allows us to begin to assess whether and to what extent the ca-
pacity for motor learning may be intact in persons with dCP.
Clinicians can use the testing protocols applied in this study
(with or without catch trials) as part of their interventions in
aspects of a short term adaptation and motor learning. Such an
intervention has indeed been suggested by Patton et al. [9] for
stroke patients. The use of robotic training to enhance predictive
feedforward control and its implications in the rehabilitation of
persons with CP remains to be further investigated.

G. Conclusion

Our findings have a number of implications for persons with
diplegic cerebral palsy. Although diplegic cerebral palsy form
was defined as the lower extremities are severely involved and
the arms are mildly involved, we observed that dCP demon-
strate also deficits in hand motor predictive control in the way
they failed to predict succeeding weight in a series of increasing
weights. Diplegic cerebral palsy persons seem to use feedback
control and information that is directly available rather than
using anticipatory feed-forward control when their hands act
in everyday manual activities. Further and larger studies are
needed for investigating the deficits in planning and execution
of hand movements of persons with diplegic cerebral palsy.
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