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Predictive and Reactive Control
of Precision Grip in Children With
Congenital Hemiplegia

Yannick Bleyenheuft, PhD' and Jean-Louis Thonnard, PhD'

Abstract

Background and Objectives. Grasping an object between the thumb and index finger requires precise coordination between
grip force (GF) and tangential load force (LF), which is impaired in children with congenital hemiplegia (CH). This study
aimed to determine the respective contributions of predictive and reactive control in the impaired precision grip of 2
children with CH between 10 and 16 years of age when compared with age- and gender-matched controls. Methods. The
load of a handheld object was increased rapidly by generating an impact through the drop of a mass attached to the object.
The drop was triggered by the participant (predictive conditions) or unexpectedly by the examiner (reactive conditions). In
both conditions, participants aimed to prevent the object from falling. Both hands of children with CH and controls were
tested. Results. During our task, no differences in the GF levels were observed between paretic, nonparetic, and control
hands. Under predictive conditions, the temporal variables related to the GF were preserved before impact in children with
CH but altered after impact. Under reactive conditions, the reactive delays were longer in the paretic hand. Predictive and
reactive control were preserved on the nonparetic hand. Conclusions. Deficits were observed in both predictive and reactive
control for the paretic hand.The predictive control exists but is altered after the impact, suggesting an inability to anticipate
the consequences of a dynamic perturbation.The authors suggest that the abilities of the nonparetic side could be used in

neurorehabilitation to improve motor control of the paretic side.
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Introduction

Children with cerebral palsy (CP) who have congenital
hemiplegia (CH) usually do not acquire normal skilled hand
movements.!”” Their precision grip, necessary to pick up
small objects between the thumb and index finger (eg, pencil,
strawberry), is affected. In precision grip tasks that require
precise coordination between the normal grip force (GF)
and the load force (LF), which is tangential to grip surfaces,
children with CH usually show a pattern of movement rem-
iniscent of that observed in normal younger children with
immature prehension.! In healthy adults, a good synchroniza-
tion of GF and LF forces incorporates a predictive control,
allowing anticipation of the movement on the basis of sen-
sorimotor memory, and a reactive control, allowing
correction of the movement through feedback mechanisms.
Predictive control allows one to correctly target forces to
lift a milk carton, for instance. Reactive control modulates
the forces to stabilize the milk carton in the air. The particu-
larities of GF and LF traces, present in both children with CP
and young children, have been frequently interpreted as

deficits of predictive programming.! It is not clear, however,
if the impairments in fine prehension are linked to deficits
in either predictive or reactive control because it was also
hypothesized that these children were unable to adapt the GF
according to cutaneous feedback.

Our protocol allowed us to test both the predictive and
reactive aspects of precision grip control in the same task
because the load of a handheld object was increased abruptly
by the subject (predictive conditions) or unexpectedly by
the examiner (reactive conditions). Such paradigms have been
investigated in adults®!' and in healthy children'? (Bleyen-
heuft and Thonnard, unpublished data, 2009). In adults,
examiner-triggered impact evoked a reactive GF increase,
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described as an automatic long latency response (long-loop
reflex).® In self-initiated load increases, the anticipation con-
sists of a systematic increase in GF prior to impact, which is
scaled to the impact properties.® A second increase in GF is
often observed after the impact, leading to a maximum GF
that occurs later than the LF maximum.>®'*'> This GF
increase after the impact is of a predictive nature in healthy
young adults.” Under predictive conditions, healthy young
children showed longer delays to increase forces after impact
and longer delays to reach maximum GF (Bleyenheuft and
Thonnard, unpublished data). In the present study, we aimed
to identify the predictive or reactive nature of precision grip
deficits in children with CH. This is of interest in neurorcha-
bilitation because strategies of predictive control are likely
to be improved through rehabilitation, whereas deficits in
purely reactive conditions (long-loop reflex latencies®) pres-
ent few chances for rehabilitation. On the basis of their
abilities in precision grip tasks, we hypothesized that chil-
dren with CH would present characteristics similar to those
of younger children.

In addition, the study of predictive and reactive control
was used to refine the use of corticospinal (CS) tract dys-
genesis'® as a predictive tool of hand deficits in children
with CH.”!7 We correlated CS tract dysgenesis with vari-
ables under both predictive and reactive conditions, aiming
to determine if this measurement was able to anticipate defi-
cits from impaired predictive control or from a disrupted
long-loop reflex (reactive control).

The objectives of this study were thus to investigate (1)
whether the impairments in the precision grip of children
with CH were a result of deficits in their ability to anticipate
movements and/or to impairments in reactive control and (2)
if the CS tract dysgenesis measurement was able to anticipate
deficits from an impaired predictive or reactive control.

Methods

This study was authorized by the Ethical Committee of the
Université Catholique de Louvain, Faculty of Medicine,
Belgium. The parents of the children provided written
informed consent.

We assessed 12 children with CH (10 boys and 2 girls)
between the ages of 10 and 16 years (Table 1) and 12 age-
and gender-matched controls. The ability to meet the
academic requirements of healthy peers was a selection
criterion and assessed the absence of cognitive deficits.
Severity of hemiplegia was categorized according to the
Gross Motor Function Classification'® as level 1 or 2.
This classification is used to roughly categorize the motor
function in children with CP. It presents 5 levels that
reflect differences in motor function that are meaningful
in the daily lives of children with CP. Distinctions between
the levels are primarily based on sitting and walking

abilities. Levels 1 and 2 mean that the child is able to walk
independently.'®

Apparatus

Fingertip GF and LF were measured with a handheld object
(220 g mass) equipped with 2 parallel vertical grip surfaces
of smooth brass (40 mm diameter, 30 mm apart, Figure 1).
Two 3-dimensional force—torque sensors were used to mea-
sure the GF and LF values, calculated on the basis of the 3
orthogonal force components (F, F,, F) applied to the grip
surfaces. The F, F, and F, sensing ranges were 40, +40,
and £120 N, with resolutions of 0.002, 0.002, and 0.006 N,
respectively. LF, tangential to the grip surface, was the
result of the vectorial sum of F and F',, and the force normal
to the grip surface (GF) was given by F..

The horizontal (x) and vertical (y) centers of pressure
were also measured. The object was placed on an open table
(Figure 1). A steel mass (100 g) attached to the object via a
Kevlar string was placed on an electromagnet. This addi-
tional mass was loaded to the object when the magnetic
field was turned off by a button switch.

Procedure and Experimental Protocol

First, the children washed their hands. Each child comfortably
sat next to the table so as to provide support to the forearm.
While keeping their forearm on the support, the child was
required to grasp, with a precision grip, the object given by
the examiner and maintain it in a standard position (keep a
reference mark on the string in front of a reference mark on
the table).

In the predictive trials, each child held a button switch
in his or her free hand that, when pushed in response to an
auditory signal, turned off the magnetic field. This led to
the drop of the mass (4 cm) and a consequent sudden LF
increase (impact). In the reactive trials, the examiner trig-
gered the drop of the object, thereby creating a sudden and
unpredictable impact.

Both hands were systematically tested in controls and
children with CH, starting with the paretic hand for the
latter group. Each child performed a sequence of 20 repeated
trials under predictive conditions, followed by 10 under
reactive conditions with each hand; 4 maneuvers preceded
and followed the experiment to measure the coefficient of
friction (CF) between the skin and the object. The children
gripped the handheld object so that it was stationary and
then slowly released the thumb and index finger until the
object slipped. The CF was measured as 0.5 x (LF/GF) at
the onset of the slip, which was detected by the vertical
component of the center of pressure. The 4 friction mea-
surements taken before the experiment were not different
from the 4 friction measurements performed afterward (paired
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Table 1. Topography, Etiology, Scores on GMFC, and Corticospinal Asymmetry

Age (years)/
Gender

Topography

Etiology (MRI)

GMFC (Level)

CTsym (%)

10.1/M

10.5/M

10.9/M

11.1/M

11.6/M

11.9/F

12.6/F

13.3/M

13.9/M

15.1/M

15.6/M

15.9/M

L hemiplegia

L hemiplegia

R hemiplegia

R hemiplegia

L hemiplegia
L hemiplegia
L hemiplegia
R hemiplegia

R hemiplegia

L hemiplegia

L hemiplegia

L hemiplegia

R encephalomalacy in superficial sylvian area, R cerebral
peduncle atrophy

R widespread micropolygyria (frontal lobe, insula, and part
of temporal lobe); ventricular, thalamic, and peduncular
asymmetry (L > R)

L subcortical malacical lesions (ovale centrum,
periventricular white matter, caudate nucleus), L thalamic
and peduncular atrophy

L periventricular leucomalacy (white matter, caudate
nucleus), L moderate ventricular widening, relative
thalamic atrophy

Widespread macrocystic leucomalacy, R parietal and frontal
lobe, L discrete parietal lesion

R sylvian artery stroke with microcystic and macrocystic
gliosis in the ovale centrum (white matter atrophy), R
ventricular widening, R caudate nucleus lesion

Very discrete periventricular leucomalacy

Bilateral periventricular leucomalacy, with L predominance,
thalamic asymmetry (R > L)

Large L macrocystic gliosis in the left hemisphere (anterior
temporal pole, middle and superior temporal gyrus,
inferior and middle frontal gyrus, insula, parietal lobe,
part of occipital lobe, lenticular nucleus, and caudate
nucleus body major part of thalamus); large L peduncular,
corticospinal, and bulbar atrophy, L ventricular widening

Drained hydrocephaly, bilateral periventricular leucomalacy
in posterior regions, predominant in R ovale centrum,
corpus callosum atrophy

Large R macrocystic lesion in deep and superficial sylvian
territory; hemispheric, thalamic, and peduncular atrophy;
discrete L cerebellar atrophy

R large macrocystic gliosis in ovale centrum associated with
R peduncular and corpus callosum atrophy consistent
with vascular prenatal cerebral lesion; L discrete internal

2

36

27

60

71

53

6l

88

69

21

67

26

33

frontal closed schizencephaly

Abbreviations: M, male; F, female; R, right; L, left; GMFC, Gross Motor Function Classification; CTsym, corticospinal symmetry index.

t test, P = .935). The 8 measurements were therefore aver-
aged to provide a single, reliable CF measurement.

A few minutes before starting the experiment, the max-
imal voluntary contraction (MVC) developed between the
thumb and index finger was also measured by the instru-
mented object.

Data Acquisition and Analysis

For each trial, a stable phase was visually determined thanks
to the stability in the LF trace, providing reference values
during the waiting period that preceded the impact phase.
The mean GF and mean safety margin (SM) were calcu-
lated during this stable phase. The SM to prevent slipping is

the difference between the GF used and the minimal GF nec-
essary to prevent slipping.'® This SM was calculated according
to the following equation:

SM = GF — GF at slip, (1)

where GF at slip = 0.5 x (LF/CF).

During the impact phase, the following dynamic vari-
ables were investigated: GF and SM at impact and GF
and the maximum GF rate before and after impact. The
temporal variables were defined as follows (see Figure 2):

1. the anticipatory delay was defined as the dura-
tion between the onset of the GF and the impact;
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Figure 1. The handheld object used to measure the different
forces during the precision grip task with the additional load
suspended via a Kevlar string. The grip force (GF) normal to the
contact surfaces is indicated by white arrows, and the tangential
load force (LF) is indicated by a black arrow

2. the postimpact delay was defined as the duration
between the impact and the increase in GF after
the impact; and

3. the delay to GF,,, was defined as the duration
between the impact and GF .

The onset of GF increase before and after impact was
determined by visual inspection of GF and by considering
d(GF)/dt.

The number of slips were counted in both the predic-
tive and reactive trials. A slip was identified during the
impact phase when the difference between the highest and
the lowest values of the y center of pressure (vertical axis)
exceeded 5 mm.

CONTROL

GFrate (Nis) (\

b

cm)___/-"‘ 354

— o
D a0 ___“f\ LN

PARTICIPANT WITH CH PARETIC HAND

400 ms 400 ms
PREDICTIVE CONDITION REACTIVE CONDITION

Figure 2. Examples of GF, GF rate, and LF traces recorded
under predictive and reactive conditions from a control and a
participant with CH. In each trace, the vertical dotted lines
represent time references to calculate the different delays: A, the
anticipatory delay; B, the postimpact delay; and C, the delay to
GF,.,.. The short vertical bar indicates the moment when the
participant pressed the button switch

Corticospinal Tract Dysgenesis

In a previous study, we showed a positive correlation bet-
ween CS dysgenesis and upper limb impairments and
disabilities in the same set of patients.!” The more symmet-
ric the tracts measured with diffusion tensor imaging, the
better the scores of manual dexterity, digital dexterity, stere-
ognosis, and manual ability. Briefly, a color-coded diffusion
tensor imaging map?’ was generated, where the direction of
fibers was determined by the direction tensor’s main eigen-
vector, depicted in blue for the craniocaudal, green for the
anteroposterior, and red for the transcallosal directions. At
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Figure 3. A diffusion tensor imaging slice at the level of the
middle cerebellar peduncle in a child with CH.Transcallosal fibers
are coded in red, anteroposterior in green, and craniocaudal in
blue. The fibers of the CS tract are delineated in white

the level of the middle cerebellar peduncles, the CS tracts
(in blue) were manually delineated,?' and the area was cal-
culated in pixels (Figure 3). A symmetry index between both
sides was then calculated as: (contralateral area/ipsilateral
area) X 100. The CS tract symmetry index of the 12 healthy
children was 99% + 9.3%.!7

Statistics

Because it required only 1 trial for the control children and
the nonparetic hand of the children with CH to attain
stable values, we decided to perform the analysis on the
last 19 and the last 9 trials for the predictive and reactive
conditions, respectively.

A 1-way repeated ANOVA (ANOVA;,, or Friedman
analysis under nonparametric conditions) was conducted to
compare the 4 groups of data—namely, the paretic and non-
paretic hands of the children with CH and the dominant and
nondominant hands of the controls. A Tukey test was used
to determine the factors that were significantly different.

A 1-way ANOVA (or Kruskal-Wallis analysis under
nonparametric conditions) was used to compare the num-
ber of slips between the 4 groups of data. A Tukey test
was used to determine the factors that were significantly
different.

Results

Figure 2 shows a typical trace of a control’s hand (upper
panel) and of the paretic hand of a child with CH (lower
panel) under predictive (left panels) and reactive (right panels)
conditions. Under predictive conditions, the control increased
the GF before the impact, even before pressing the switch
(short vertical bar). After the impact, a second increase in the
GF was evident, leading to the maximum GF. In the trace of
a child with CH, the GF of the paretic hand increased before
the impact, showing a clear anticipation with delays similar
to those of controls. After the impact, the second increase in
GF was present, leading to the maximum GF. This increase
began later than the increase observed in the controls, and a
longer duration to reach GF,,, was observed. The observa-
tions on the typical traces were confirmed by statistical
analysis on the entire sample of children with CH and con-
trols (Table 2). Although there were no significant differences
between the dynamic variables of the children with CH and
those of the controls, some temporal variables were different
in children with CH.

Under predictive conditions, the postimpact delay was
significantly longer in the paretic hands of children with
CH when compared with the nonparetic hands and to both
hands of the controls (Table 2). The delay to GF,,, was also
significantly longer in the paretic hand when compared
with both hands of controls (Table 2). Interestingly, this
delay was also far more variable in the paretic hands of chil-
dren with CH (coefficient of variation: 66% + 40%, mean
SD) when compared with the hands of controls (28% =+
15%) and with the nonparetic hands of children with CH
(31% % 17%), showing an inconsistent (less regular) tem-
poral adjustment in reaching the maximum of GF (Friedman
analysis, P =.016).

Under reactive conditions, as observed in Figure 2, no
increase was observed in the GF of the controls prior to the
perturbation (right upper panel). The impact was followed
by a rapid GF increase, which led to GF .. In children with
CH (Figure 2, right lower panel) as for control children, no
increase was observed in the GF prior to the perturbation.
The impact induced a rapid GF increase, which began later
than the GF increase observed in controls. The GF,,,, how-
ever, was reached with similar delays. Statistical analysis
on the entire sample showed that the postimpact delay was
significantly longer in the paretic hands of children with
CH (Table 2); however, the delay to GF,, was not signifi-
cantly different when compared with the hands of controls
(Table 2). The variation in this delay was not significantly
different between the 4 groups (paretic, nonparetic, and
both hands of controls; ANOVA,: P =.496). As with pre-
dictive conditions, no differences in dynamic variables
were observed between the children with CH and the con-
trols under reactive conditions (Table 2).
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Table 2. Mean Values of Dynamic and Temporal Variables®
Values PValue Post Hoc Analysis, P Value
CH Paretic, CH Nparetic, CTRL Ndom, CTRL Dom, ANOVA;,, CH Paretic/lCH CH Paretic/  CH Paretic/
Variables Mean (SD) Mean (SD) Mean (SD) Mean (SD)  or Friedman Nparetic CTRL Ndom CTRL Dom
Predictive condition
GF stable phase (N) 3.2 (1.45) 3.2 (0.83) 2.9 (0.86) 3.2 (1.06) .862
GF at impact (N) 6.4 (3.38) 4.9 (1.47) 5.12 (1.18) 5.3 (1.32) .187
GF,_.. (N) 8.9 (4.62) 7.5 (1.96) 7.3 (1.79) 7.97 (2.08) 729
GF rate maximum 31 (18.8) 383 (I5.11)  35.0(16.3) 43.1 (18.39) 299
after impact (N/s)
GF rate maximum 29 (19.9) 15.7 (8.1) 19.8 (7.64) 19.1 (4.09) .195
before impact (N/s)
D anticipation (ms) 334 (49) 34| (81.8) 344 (114.9) 336 (95.4) 993
D postimpact (ms) 57 (10) 47 (7.5) 44 (6.3) 37 (5.3) <.001° 015° .002° <.001°
D to GF_,, (ms) 210 (77) 167 (31.8) 132 (17.6) 143.3 (15.9) <.001® 115 .001° .005°
Reactive condition
GF stable phase (N) 3.9 (1.42) 3.8 (1.19) 3.4 (1.02) 3.6 (1.23) .572
GF at impact (N) 6.5 (5.17) 4.1 (1.59) 3.4 (0.88) 3.5 (1.20) .058
GF .. (N) 10.1 (6.1) 7.7 (2.54) 6.9 (1.94) 6.5 (1.86) 167
GF rate maximum 76.9 (64.89) 60.8 (35.13)  47.3 (22.31) 45.1 (21.99) .801
after impact (N/s)
D postimpact (ms) 67 (10.5) 57 (6.9) 57 (6.0) 59 (4.9) .006° 0l1° 017° .043°
D to GF . (ms) 243 (60.4) 212 (25.2) 218 (46.1) 208 (32.1) 253

Abbreviations: CH, patients with congenital hemiplegic; SD, standard deviation; CTRL, controls; Dom, dominant hand; Ndom, nondominant hand; Npa-

retic, nonparetic hand; D, delay; GF, grip force.
*Results of Tukey tests (post hoc) are given as P values in ANOVA,,
®Indicates significant difference.

Correlation With CS Tract in Children With CH

To further investigate whether the differences between chil-
dren with CH and controls observed after impact were of a
predictive or reactive nature, we correlated the delay postim-
pact and the delay to GF ,, and their coefficient of variation
with CS dysgenesis. The only significant correlation appeared
under predictive conditions, where the coefficient of varia-
tion of the delay to GF,,, in the paretic hand was negatively
correlated with CS tract dysgenesis (Spearman correlation:
r=-0.902, P < .001; Figure 4), indicating that the children
who reached GF__ with the most consistent delays also

max

exhibited less CS tract dysgenesis.

Influence of Friction and MVC

The CF of the paretic hand of children with CH (0.65 *
0.21) was lower than that of controls (1 +0.29; ANOVA.,:
P =.006), indicating that they had more slippery skin. With
more slippery skin, the minimal GF necessary to prevent
slipping is higher. Because the GF values during the stable
phase and at impact were not different between the children
with CH and controls (Table 2), the lower CF led to lower
SMs (see Equation 1). Thus, the SMs were significantly
lower in the paretic hands during the stable phase and at
impact under both anticipation and reactive conditions (all

160
140 -
120
100 A
80

20 -

variation of delay to GFmax (%)

0 20 40 60 80
CS tract dysgenesis (%)

100

Figure 4. Correlation between the variability of delay to GF,___
in the paretic hand and corticospinal (CS) tract dysgenesis as
measured by diffusion tensor imaging. The gray area represents
the 25th to 75th percentiles of the control values for the delay
to GF,__ variability. The CS tract symmetry index of the 12

max

healthy children was 99% + 9.3% (mean £ SD)

P < .001). Moreover, the number of trials during which a
“slip” occurred consequently to the impact was significantly
higher in the paretic hands of children with CH under
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Table 3. Mean Percentage of Maximum Voluntary Contraction®

Values

PValue

Post Hocs Analysis

CH Paretic, CH Nparetic, CTRL Ndom, CTRL Dom, ANOVA;,

CH Paretic/

CH Paretic/

CH Paretic/

Variables Mean (SD)  Mean (SD) Mean (SD)  Mean (SD) or Friedman CH Nparetic CTRL Ndom CTRL Dom
Predictive
condition (%)
GF stable 274 (15.4) 10 (4.1) 10 (4.1) 11 (4.5) .004° N N s
phase
GF at impact 48 (29.7) 16 (8.4) 17 (6.8) 19 (6.8) <.001° s s s
GF, .. 65 (32.2) 24 (11.1) 26 (10.9) 27 (9.8) <.001° N N s
Reactive
condition (%)
GF stable 32 (18.1) 12 (6.0) 11 (4.6) 13 (5.3) <.001° s s s
phase
GF at impact 47 (33.3) 13 (6.3) 11 (4.6) 13 (5.4) <.001° N N s
GF, . 71 (30.9) 25 (13.7) 22 (9.7) 26 (10.3) <.001° s s s

Abbreviations: CH, patients with congenital hemiplegic; SD, standard deviation; CTRL, controls; Dom, dominant hand; Ndom, nondominant hand; Npa-

retic, nonparetic hand; GF, grip force.

? Results of Tukey tests (post hoc) are given as P values in ANOVA,, and by letters (S = significant; NS = nonsignificant) for Friedman analysis.

® Indicates significant difference.

predictive (P = .022) and reactive conditions (P = .003) as
compared with controls.

The MVC exerted on the handheld object was signifi-
cantly smaller in the paretic hand (15 + 6.7 N) than in the
nonparetic hand (36 + 15.7 N) and both control hands (31 £
9 N; all P < .012). Because the GF values of the children
with CH during the stable phase and at impact were not dif-
ferent from those of controls, the percentage of MVC used
to perform the task was significantly higher in the paretic
hands of children with CH (Table 3).

Discussion

Under predictive conditions, the postimpact delay was longer
in the paretic hand of children with CH compared with the
nonparetic hand and with both hands of controls. In a sample
of 75 healthy children aged between 6 and 14 years, we
showed that when asked to perform a self-imposed impact,
young healthy children had a longer postimpact delay com-
pared with older children (Bleyenheuft and Thonnard,
unpublished data). This was explained by a less accurate
predictive control of the GF increase after impact. In the
present study, the later GF increase exhibited by the paretic
hand could be explained by planning of the movement that is
similar to the immature planning of young children.

The main impairment of children with CH under predic-
tive conditions resides in the delay to GF,, , which was also
longer and more variable in the paretic hand. This could be
explained by an inability to sustain the anticipated motor
plan when a dynamic perturbation arises. Indeed, before the

impact, no difference was observed between the paretic
hand and the hands of controls. After the impact, important
differences appeared in the GF trace. The hypothesis that
the grip was correctly executed before impact and disrupted
afterward could explain why children with CH were unable
to adapt the GF to a changing LF in this protocol or even in
grip-lift tasks'" but were able to maintain the object under
static conditions prior to impact. Because the increase in
force after impact is intended to ensure grasp stability,' the
deficits in motor planning after impact (the longer and more
variable delay to GF,, ) could be partly responsible for the
many slips detected in the paretic hand. In the context of the
processing of tactile input, these results are quite surprising.
In fact, it has been clearly demonstrated that manipulating
objects with small GF, as in the present study, requires a
high level of sensorimotor integration.?>?3 Central impair-
ments, such as in CP, are therefore likely to affect this
sensorimotor integration,> which should lead to unadapted
levels of force.>® In our experiment, the absence of differ-
ences in dynamic variables suggests that the sensorimotor
integration of children with CH allows the anticipation of a
GF equivalent to that of controls. The temporal deficits
observed under predictive conditions, however, suggest that
the sensorimotor integration of afferent information from the
paretic hand is not adequate to manage the precise timing
required for a predictable change in force.

When externally and unpredictably generated, impacts
classically induce an increase in GF.>® This increase has
been described as a reactive response to the impact and has
been called an automatic “long-latency” response.® In our
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experiment, the postimpact delay was the only significantly
disrupted variable under reactive conditions. This post-
impact delay, which is purely reactive under these
conditions, was significantly longer in the paretic hand of
children with CH. This longer delay could be a result of the
slower peripheral conduction velocities shown in children
with CH for cutaneomuscular reflexes from the First Dorsal
Interosseous (FDI).>*

The findings of the present study allow us to make the
following suggestions in relation to the rehabilitation of
patients with CH. In this study, we have described deficits
in predictive and reactive control in the precision grip of
patients with CH. Deficits under reactive conditions were
because of a disrupted automatic long-latency response, for
which a rehabilitation strategy may not exist. Indeed, although
the timing of these automatic responses can be shortened by
increasing the preimpact force,'” patients—already using a
high percentage of MVC—are unlikely to develop higher
static force in everyday life (too demanding). It would,
therefore, be more interesting to focus on the rehabilitation
of predictive control. In fact, as brisk load changes are pres-
ent in everyday life (dog pulling on a leash, heavy bag
ripping), it would be interesting to include predictive
response to load changes in the rehabilitation programs.
Moreover, because we have shown here that this predictive
control was unimpaired in the nonparetic hand, training the
nonparetic hand first, followed by training the paretic hand,
could result in improvement of the predictive control of the
movement. Indeed, grip-lift tasks with an alternative use of
both hands showed that sensory information from the non-
paretic hand could be used to anticipate and scale a
following lift with the paretic hand.’

Correlation With CS Tract Dysgenesis

Under predictive conditions, the variation in the delay to
GF .« Was correlated with CS dysgenesis. This suggests
that the adjustment in the timing to reach GF,_,, is a central
process mediated through the CS tract and that an alteration of
the CS tract was paralleled by an inconsistent temporal adjust-
ment of this delay. The concept of a central process that
adjusts the GF,_,, timing is consistent with our recent data,
which described the GF increase after impact as essentially
predictive in self-triggered impacts.’ In children with CH, the
larger the lesion in the CS tract, the less consistent the tempo-
ral adjustment of this predictive response is after the impact.
Under reactive conditions, no correlations were observed bet-
ween CS tract dysgenesis and the GF increase after impact.

Influence of Coefficient of Friction

The children with CH showed a lower CF between the skin
and the object, indicating that they had more slippery skin.
With more slippery skin, the minimal GF necessary to pre-
vent slipping is higher. Because the GF of children with CH

was equivalent to that of controls, the lower CF led to lower
SMs (see the Methods section). This suggests that children
with CH were unable to adapt their force to produce a SM
equal to that of controls. This may be explained by a lesser
ability to develop force.”> Because the MVC in the paretic
hand was significantly lower than that of the hands of con-
trols, the percentage of force used to generate a GF
equivalent to that of the controls was much higher (Table
3). In normal adult subjects, contractions of the FDI are
considered to be of high intensity when they reach 50% of
the MVC.% For these high intensities, the achievement of a
repetitive position task (supporting an inertial load) leads to
an inability to pursue the task in short durations of approxi-
mately 40 s.?7 In our patients, the percentage of force used
to reach GF, . values under both conditions was clearly
larger than 50% of the MVC. Under predictive conditions,
even the GF at impact reached this value. The children with
CH, therefore, may have avoided using a higher GF because
it would have led to an inability to pursue the task. Further-
more, even in static phases, the percentage of force used
was above the threshold of 20%, which is the maximal
value for a low contraction.?” This lesser ability to develop
force could result from many factors. First, the size and
limb characteristics of children with CP are substantially
smaller for their age, comparable with the values of younger
children.?® As muscle strength develops during growth,?
which depends primarily on an increase in the diameter and
length of muscle fibers,* it is probable that the less-devel-
oped anatomy of children with CH induces lower maximal
forces. Furthermore, independent of age, it has been shown
that CP itself generates considerable remodeling of mus-
cles,**2 which could affect force development.

Along with the lesser ability to develop force, an alterna-
tive explanation for the inability of children with CH to
develop SMs equal to controls could be a problem with
integrating cutaneous feedbacks. As CF is the criterion used
to regulate GF with LF,*® the integration of frictional prop-
erties seems crucial to the performance of precision grip
tasks. Children with CH are able to adequately scale their
GF to different grip surfaces but only for successive lifts
performed under predictable conditions.** This may be
because of deficits in the storage of sensory information.>
Tasks that require the alternate use of both hands, however,
show that sensory information from the nonparetic hand
can be used to anticipate and scale a subsequent lift with the
paretic hand.® This suggests that it is not the storage but the
sensorimotor integration that is mainly impaired in the paretic
hand.** These lower SMs, whatever the underlying mecha-
nism, contributed to the larger number of slips observed in the
paretic hands of children with CH.

In conclusion, both predictive and reactive mechanisms are
impaired in the paretic hand. Under predictive conditions, tem-
poral alterations appeared after the impact. As this predictive
ability to anticipate changes in force was unimpaired in the
nonparetic hand, we suggest that alternate training of both
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hands, starting with the nonparetic hand, may result in
improving the control of the movement. It would be inter-
esting to measure the predictive abilities of children with
CH after specific rehabilitation sequences using both hands
in an alternate fashion. Moreover, because the main deficits
in predictive control are linked to impaired temporal adjust-
ments, it would be interesting to test such rehabilitation
sequences with different timing of changes in load.
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