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Abstract
We investigated hand function in mildly involved Multiple Sclerosis (MS) patients (N = 16; EDSS
1−5, 9-hole peg test 14−32 s) during static and dynamic manipulation tasks using an instrumented
device. When compared with healthy controls (N = 16), the patients revealed impaired task
performance regarding their ability to exert prescribed patterns of load force (L; force acting
tangentially at the digits-object surface). Regarding the coordination of grip force (G; normal
component) and L, the data only revealed elevated G/L ratio, although both the G and L coupling
(maximum correlation coefficients and the time lags between them), and G modulation (gain and
offset of G with respect to L) remained comparable in the two groups. Finally, most of the data
suggested no MS-specific effects of switching from uni- to bimanual tasks, from available visual
feedback to deprived feedback conditions. We conclude that the deterioration in the ability for precise
control of external forces and overgripping could precede the decoupling of G and L and decreased
G modulation in early phases of the disease. The results also suggest that the applied methodology
could be sensitive enough to detect mild levels of impairment of hand function in MS and, possibly,
other neurological diseases.
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The main hand function is to grasp and manipulate objects and external supports. This function
is essential for everyday life, and, consequently, an impaired hand function (e.g., associated
with neurological diseases or injuries) could be an important obstacle to living an independent
life. When an externally fixed (e.g., a handle providing external support) or a free-moving
object (a cup of coffee, or a tool) is held with the opposing tips of the thumb and fingers, a load
force (L) is applied tangentially to the surfaces in contact to move the object or exert a reaction
force. The slippage of the object is countered by friction force originating from grip force
(G) acting normally to the surface. A consistent finding throughout the literature has been that
the changes in G and L appear to be highly coordinated. This coordination is based not only
on an ability of the neural controlling mechanisms to assess the skin-object friction coefficient
and, based on it, apply a relatively low safety margin [i.e., G slightly higher than necessary to
prevent slippage; (Johansson & Westling, 1984)], but also to modulate G in parallel with L
without any considerable time delays between them [i.e., using anticipatory mechanisms
(Flanagan & Wing, 1995, 1997)]. The result appears to be a stable and relatively low grip-to-
load (G/L) ratio (Johansson, 1998), high coupling of G and L (as assessed by both high
correlation coefficient and virtually no time lags between them [Blakemore, Goodbody, &
Wolpert, 1998; Flanagan & Tresilian, 1994]), and a high level of modulation of G with respect
to changes in L [i.e., high gain and low offset assessed through the slope and intercept,
respectively, of the regression lines obtained from G-L diagrams (Flanagan, Tresilian, & Wing,
1993)].
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A deterioration of the G and L coordination has been consistently seen in populations
characterized by a prominent impairment of hand function, such as in neurological patients.
This deterioration has been identified by an elevated G/L ratio, decreased coupling of G and
L, or reduced modulation of G. For example, children with congenital hemiplegia exhibit poor
control of grip because of both an impaired anticipatory scaling and abnormal timing of G and
L coupling (Duque et al., 2003). Parkinson's patients also demonstrate excessive G and a
prolonged adjustment of G to changes in L (Ingvarsson, Gordon, & Forssberg, 1997). Patients
with cerebellar atrophy apply both an exaggerated G and exhibit a disrupted coupling of G and
L, although their anticipatory control mechanisms are mainly preserved (Rost, Nowak,
Timmann, & Hermsdorfer, 2005). An inaccurate temporal coupling of G and L has been also
seen in motor neuron disease (Nowak, Hermsdorfer, & Topka, 2003). Stroke patients with
subcortical lesions demonstrate both an elevated G and impaired anticipatory control that affect
G and L coupling (Nowak & Hermsdorfer, 2003), although stroke patients with cerebral lesions
appear to have preserved the feed-forward mechanism for anticipatory G control, although G
remains elevated and partly decoupled from L (Hermsdorfer, Hagl, Nowak, & Marquardt,
2003). Nevertheless, there is a general lack of data regarding specific aspects of impairment
of hand function in various neurological populations. For example, although most of the authors
have focused on the previously discussed coordination of G and L, the ability to exert an
accurate pattern of L needed for accurate manipulation of an external object or using external
support has been mainly neglected. Changes in force coordination associated with the progress
of neural diseases are also largely unknown.

Multiple sclerosis (MS) is the most common autoimmune, inflammatory, demyelinating
disease of the central nervous system (CNS). MS is characterized by a combination of damage
to both gray matter and white matter, with an ensuing loss of tissue leading to cortical atrophy.
The neurological symptoms include sensory disturbances, motor impairment, intention tremor,
ataxia, memory loss, postural imbalance, and impaired motor coordination (Matthews, 1991).
The clinical symptoms of MS are highly variable depending on the site and extent of CNS
involvement. However, one of the common and important clinical features is impaired hand
function caused by deterioration of hand dexterity (Feys, Duportail, Kos, Van Asch, &
Ketelaer, 2002).

In our recent study we tested mildly involved MS patients (EDSS 1.5−4) in a variety of
bimanual static tasks, looking for disease-specific aspects of impairment of hand function
(Marwaha, Hall, Knight, & Jaric, 2006). When compared with healthy controls, the patients
revealed an elevated G/L ratio and lower task performance regarding the accuracy of the
instructed L profile, although both the coupling of G and L and modulation of G were preserved.
However, several potentially important aspects of the hand function remained unexplored. For
example, the corpus callosum plays a major role in interhemispheric transfer and integration
of sensorimotor information in bimanual movements (Seymour, Reuter-Lorenz, & Gazzaniga,
1994), and it appears to be affected frequently even in mildly involved MS patients (Mendez,
1995; Tsolaki et al., 1994). Therefore, it remains possible that the MS patients could reveal a
noticeable deterioration in bimanual manipulation tasks. It has also been shown that in MS
patients both the intention tremor (i.e., voluntary withering in an attempt to coordinate delicate
movements) and aiming errors can increase with the presence of visual feedback (Feys, Helsen,
Lavrysen, Nuttin, & Ketelaer, 2003; Feys et al., 2003; Feys et al., 2005; Mitoma, 1996; Schenk,
Walther, & Mai, 2000). Since the opposite result could be expected from a healthy population,
the availability of visual feedback when producing a prescribed L profile could have different
effects on MS patients than on healthy individuals. Finally, we have recently shown that the
coordination of G and L in static manipulation tasks (Jaric, Collins, Marwaha, & Russell,
2006) could be less affected by task complexity than the same coordination in tasks performed
with free-moving objects (c.f., Zatsiorsky, Gao, & Latash, 2005). Therefore, testing of both
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static and dynamic manipulation tasks could be needed for a more complete assessment of
hand function in various populations.

The main aim of our study was to assess specific aspects of impairment of hand function in
mildly involved MS patients in both static and dynamic manipulation tasks. Specifically, we
assessed hand function through the indices of both task performance (i.e., the ability to exert
the prescribed L profile) and force coordination reflected through low G/L ratio, a high coupling
of G and L, and a high modulation of G (see previous text for details). We hypothesized that
even the mildly involved patients will demonstrate impaired task performance and decreased
force coordination when compared with healthy controls. When compared with our previous
study, performed on a similar group of MS patients (Marwaha, Hall, Knight, & Jaric, 2006),
the present one has been extended from purely static to both static and dynamic tasks.
Specifically, we expected that the hypothesized differences would be more prominent in the
tasks performed bimanually rather than unimanually, as well as in the tasks in which visual
feedback is available. If the results support the hypotheses, the findings would not only reveal
the specific aspects of impairment of hand function in mildly impaired MS patients, but also
speak in favor of the applied approach as a methodology sensitive enough to detect a mild level
of impairment of hand function in MS. The latter could be of particular importance due to a
general lack of objective quantitative methods for assessment of hand function in MS, as well
as in other neurological diseases (Jaric, Knight, Collins, & Marwaha, 2005).

Materials and Methods
Subjects

Sixteen MS patients (12 females and 4 males) aged between 30 and 58 years (mean ± SD 45.1
± 9.4 years) and an equal number of age (range 31 to 55, 43.4 ± 7.5 years) and gender matched
healthy controls participated in the study. The proportion of males and females was selected
because of the higher prevalence (60 to 75%) of MS in females (Whitacre, 2001). MS patients
were recruited through the Delaware chapter of the National Multiple Sclerosis Society, as
well as from the MS Clinic at the Physical Therapy Department of the University of Delaware,
while healthy controls were recruited by public advertisement. All MS patients were right
handed, although two controls were left handed, as assessed by the Edinburgh Scale (Oldfield,
1971). The experimental procedure was conducted in accordance with the Helsinki
Declaration, and the subjects provided their informed consent according to the procedures
approved by the Human Subjects Review Board of the University of Delaware.

An experienced neurologist screened the MS patients. All patients met the following inclusion
criteria in order to control for the heterogeneity of expression and symptomatology of the
disease: They had relapsing-remitting type of MS, the patients were also without signs of
cognitive impairment and all were capable of independent living, they had normal or corrected
to normal vision, the Expanded Disability Status Scale [EDSS (Kurtzke, 1983)] score was 5
or less, and the 9-hole peg test (Grice et al., 2003) time was less than 40 s. Patients were
excluded if their history suggested drug or alcohol abuse, psychiatric, or any other concurrent
medical problems, or if they were unable to follow simple instructions. The EDSS and 9-hole
peg test were performed on the MS patients, while only the 9-hole peg test was performed on
healthy controls.

Experimental Device and Procedure
The experimental device used in the study (see Figure 1A) consisted of two externally fixed
vertical handles covered with rubber with a 3 cm aperture and positioned 13 cm apart. Two
force transducers (miniature single-axis strain gauge load cells WMC-50, Interface Inc.)
allowed for simultaneous recording of grip force (G) of each hand applied against the handles.
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An additional pair of multi-access force transducers that was positioned below each handle
(Mini40, ATI, Apex, NC) was used to record load forces (L) exerted in a vertical direction.
The device was positioned in front of the standing participant, and its height was individually
adjusted for each of them. In the static manipulation tasks, the device was externally fixed. In
the dynamic manipulation (i.e., lifting task), the device was detached, and additional weights
in steps of 100 g of mass served to adjust the total weight to the selected level of L (see further
text for details). Although due to the cross-sectional approach applied in the study the minimum
individual G/L ratios were not necessary to assess, a pilot study revealed the ratio (average
across four subjects) of about 0.40.

The experimental procedure was conducted within a single session. The sessions were
performed in the morning to minimize the effects of fatigue that are commonly reported by
MS patients later in the day. The subjects were asked to keep their upper arms in a neutral
position (held close to the body), elbows at 90° of flexion, and the forearms in the midprone
position. The handles were rotated 45° (see Figure 1B) to allow comfortable wrist and finger
joint positions that correspond to a number of everyday tasks. The handles were grasped by
using the precision grip exerted from the opposite sides by the tips of the thumb and all four
fingers.

As the first step of the experimental procedure the maximum pinch grip force (G) of each hand
was recorded. About 10% of the maximum pinch G of the weaker hand served as the instructed
peak L in the main experiment. According to our previous findings, this level was well below
the one that could cause fatigue over the course of the experiment (Jaric, Knight, Collins, &
Marwaha, 2005). As a result, the maximum level of the prescribed L was participant specific
and ranged from 4 to 10 N. Thereafter, the tasks were explained and demonstrated, and the
participants practiced the tasks over approximately 15 min. Note that G was not mentioned
through the entire experiment. Finally, the subjects were tested on three different manipulation
tasks including one performed under dynamic (lifting task) and two under static conditions
(ramp-and-hold and oscillatory task) in which they were instructed to produce different L
patterns. The three experimental tasks were performed in random sequence. Prior to the main
experiment the participants cleaned their hands with an alcohol swab and dried them with paper
tissues.

To extend our previous study from purely static to dynamic manipulation tasks (see the
introduction for details), we performed the lifting task that closely corresponded to the natural
grasping and lifting of an object. In particular, the subjects were instructed to prepare their
hands for grasping, placing the tips of the digits close to the grasping surfaces without touching
them, grasp the handles, lift them approximately an inch (2.5 cm), and hold them as steady as
possible, and put them back on the table. All three steps were cued by auditory beeps, and the
intervals between the consecutive steps were 3 s. The task was performed either unimanually
or bimanually. A total of nine trials were performed under three hand conditions (left hand
only, right hand only, and both hands), and the sequence of the trials was fully randomized.

Static manipulations included the ramp-and-hold task and the oscillation task. Both tasks were
performed bimanually against externally fixed handles. In the ramp-and-hold task, subjects
were asked to match a prescribed load force (L) profile by pulling both handles up. The profile
included the following three segments lasting four seconds each: 0 L, increasing ramp L, and
constant L. Four computer-generated beeps indicated the beginning and end of each segment.
In the oscillatory task, the participants were instructed to exert an oscillatory pattern of L by
pulling upward against the handles (pull up and relax) paced by a metronome set at 1.33 Hz.
According to our previous findings, this frequency was within the comfortable range (Jaric,
Collins, Marwaha, & Russell, 2006). The duration of each trial was 12 s (i.e., approximately
16 periods).
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Both static manipulation tasks were performed with and without visual feedback. Under the
visual feedback condition, a computer monitor placed in front of the participants showed either
the prescribed profile (in the ramp-and-hold task) or two horizontal lines depicting the upper
and lower level for the oscillatory force profile, as well as the current average L exerted by the
subject's two hands. The trials were performed in pairs so that the trial with visual feedback
was immediately followed by a trial without visual feedback in which the subject was asked
to repeat the same L profile exerted within the preceding trial. Thereafter, the exerted L profile
of the second (i.e., without visual feedback) trial was shown to the subject to provide the
information about his or her performance. A total number of six trials of both the ramp and
oscillation tasks were performed, and the data from the last two were collected for further
analysis.

Data Processing
G and L signals from all four transducers were A/D converted and recorded at a rate of 200
per s. Two custom-made LabView (National Instruments, Austin, TX, USA) programs were
used for data acquisition and processing. L and G signals for each hand were low-pass filtered
at 10 Hz with a fourth-order Butterworth filter. In the lifting task, the lifting phase (from 0.5 s
before to 0.5 s after the instant of 50% of the maximum L) and the holding phase (the following
1.5 s) were analyzed. In the ramp-and-hold task, the 4 s of the ramp and the middle 2 s of the
holding phase were separately analyzed. Finally, to avoid analyzing both the initial adjustment
and a possible effect of the end of the trial, the first 6 s and the last 1 s were skipped from the
oscillation task, and the remaining 5 s between them were analyzed.

Since the prescribed maximum L was selected individually for each subject, the task
performance of both the lifting task and ramp-and-hold task was assessed from the holding
phase by the coefficient of variation (CV) of L. This measure presumably assessed the subjects’
ability to keep an object in a steady position (lifting task) or exert the prescribed constant load
force (ramp-and-hold task). The task performance of the oscillation task was assessed by
variable errors calculated as the standard deviations of the L peaks.

Force coordination was assessed through a number of variables already found in the literature.
To evaluate the magnitude of applied G relative to the magnitude of L exerted during a
particular task, the averaged G force and L force were assessed either from the holding phases
(the lifting and ramp-and-hold task) or from all 5 s of the analyzed segment of the oscillation
task. Thereafter, the G/L ratio was calculated. In line with previous studies, lower G/L was
interpreted as an index of better coordination of G and L (Johansson & Westling, 1988; Rost,
Nowak, Timmann, & Hermsdorfer, 2005). Since no difference was found between the
dominant and nondominant hand when performing the experimental tasks, the indices of
coordination for two hands (see further text for their description) were averaged prior to the
statistical analysis.

The coupling of G and L in the lifting task was assessed by cross-correlation of the first
derivatives of G (dG/dt) and L (dL/dt) recorded during the lifting phase (see Duque et al.,
2003, for a similar approach). In the ramp-and-hold task (the ramp phase) and oscillation task,
the coupling of G and L was assessed by calculating the maximum cross-correlation
coefficients between the time series of G and L (Flanagan & Tresilian, 1994; Marwaha, Hall,
Knight, & Jaric, 2006). However, similar to the findings of previous studies (Jaric, Collins,
Marwaha, & Russell, 2006; Jaric, Russell, Collins, & Marwaha, 2005), the time lags appeared
to be exceptionally small and inconsistent for all three tasks, demonstrating no significant
effects even at the level of p < .1. Therefore, the maximum correlation coefficients alone were
taken for further analysis (see Marwaha, Hall, Knight, & Jaric, 2006, for a similar approach).
In general, the higher correlation coefficients were interpreted as higher coordination of G and
L.
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In line with a number of previous studies, the modulation of G with respect to changes in L
has been interpreted as an index of force coordination (Flanagan, Tresilian, & Wing, 1993;
Jaric, Collins, Marwaha, & Russell, 2006; Zatsiorsky, Gao, & Latash, 2005). The modulation
was assessed by the regression lines calculated from G-L diagrams (see Figures 3B and 4B for
illustration), and the associated slope and intercept have been interpreted as gain and offset of
G (Flanagan, Tresilian, & Wing, 1993). As a result, highly modulated G was expected to reveal
a high gain and low offset.

Statistical Analysis
In the lifting task, a mixed two-way ANOVA (Group × Hand and Group × Force) were used
where the group (MS subjects vs. control subjects) was between-subject, while the hand (uni-
vs. bimanual) and force (G-L vs. G-G vs. L-L) were within-subject factors. In the ramp-and-
hold and oscillation task a mixed 2-way ANOVA (group × feedback) was used where the group
was between-subject and feedback (with vs. without visual feedback) was within-subject
factor. The cross-correlation coefficients were Z-transformed prior to the statistical analysis.
The Bonferroni post hoc test was carried out when necessary in all statistical tests, and the level
of significance was set at p < .05. Statistical analysis was performed in SPSS 10.0 for windows
(SPSS Inc, Chicago, USA).

Results
The EDSS score, averaged across the MS patients, was (mean ± SD) 3.2 ± 1.1 (range 1−5).
The averaged time expended by MS patients to perform the 9-hole peg test using the dominant
hand was 19.8 ± 4.5 and using the nondominant hand was 20.8 ± 5.4 s, while for the healthy
controls the time was 15.6 ± 1.5 and 17.1 ± 1.9 seconds, respectively (see Table 1). The mixed
two-way ANOVA (Group × Hand) revealed a longer time for test execution in MS patients
than in healthy controls [F(1,30) = 9.9, p < .05] and the subjects performed the 9-hole peg test
quicker using their dominant hand [F(1,30) = 10.2, p < .05].

Figure 2A illustrates the profiles of the time series of G and L recorded from a representative
MS patient (P16) and a healthy subject (C6) performing the lifting task. Note that this patient
demonstrated a remarkably higher grip (G) relative to load forces (L) than the selected healthy
subject. Figure 2B depicts the smoothness of L observed from the holding phase and assessed
by CV. The results showed the main effect of group [F(1,30) = 4.5, p < .05], revealing a higher
CV (i.e., lower smoothness) in MS patients, as well as the main effect of hand [CV higher under
uni- than under bimanual conditions; F(1,30) = 20.6, p < .01] and no interaction. The G/L ratio
also revealed the main effects of group [a higher ratio in MS patients; F(1,30) = 26.3, p < 0.01],
but no effect of hand [F(1,30) = 0.16, p > .05], and no interaction (see Figure 2C). Figure 2D
illustrates Z-transformed correlation coefficients as an index of force coupling obtained from
the interlimb (G-G and L- L) and within limb forces (G-L, averaged for two hands) during the
lifting phase. The results revealed the effect of force [F(2,60) = 4.8, p < .05], but no effect of
group [F(1,30) = 1.5, p > .05] and no interaction between group and hand. The post hoc analysis
suggested that the coupling of interlimb L-L was higher than the within limb force coupling
(i.e., G-L).

Figure 3A shows G and L time series of the ramp-and-hold task performed by the same subjects
as shown in Figure. 2A. Both the overall level of G and the extent of G modulation (see Figure
3B) appear to be higher in the patient. As illustrated by Figure 3C, CV was higher in MS patients
than in healthy subjects [F(1,30) = 9.4, p < .01], while the group-feedback interaction [F(1,30)
= 10.6, p < .01] suggested that the patients decreased the smoothness of L (i.e., increased their
CV) when deprived of visual feedback, but the healthy subjects did not. The G/L ratio
demonstrated the main effect of group [G/L higher in MS patients; F(1,30) = 13.7, p < .05],
but no main effect of feedback [F(1,30) = 3.1, p > .05] and no interaction (Figure 3D).
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Regarding the force coupling as assessed by the maxima of the cross-correlation coefficients
between G and L, there was neither an effect of group [F(1,30) = 0.5, p > .05], nor of feedback
[F(1,30) = 1.8, p > .05] and no interaction (see the Z-transformed data in Figure 3E). Finally,
we assessed the modulation of G from the regression lines of the G-L diagrams (see Figure 3B
for an illustration of the diagrams). MS patients showed higher offset [F(1,30) = 11.4, p < .05]
and higher gain [F(1,30) = 5.7, p < .05] than healthy controls. There were no effects of feedback
on either gain [F(1,30) = 2.0, p > .05] or offset [F(1,30) = 0.1, p > .05] and no interactions.

Figure 4A illustrates the temporal patterns of G and L obtained from the oscillation task
performed by the same subjects as depicted in Figures 2 and 3, while Figure 4B shows the
corresponding G-L diagrams and the regression lines. Note a high level of G relative to L, as
well as both a relatively high gain and low correlation coefficient demonstrated by the MS
patient, as compared with the healthy control. Also note that this patient also demonstrated an
ellipsoidal pattern of G-L diagrams that reveals some temporal delay between G and L. Higher
variable errors suggested lower task performance in MS patients than in control subjects [F
(1,30) = 4.2, p< .05], while both the effect of feedback (F = 0.4, p > .05; see Figure 4C) and
the interaction were not significant. Figure 4D illustrates the G/L ratio averaged across the
subjects. Similar to the results of other tested tasks, there was an effect of group [higher G/L
in MS patients; F(1,30) = 14.5, p < .05], but no effect of feedback [F(1,30) = 0.2, p > .05] and
no interaction. The Z-transformed maxima of the cross-correlation coefficients demonstrated
no effect of group [F(1,30) = 3.2, p > .05], while the trials with visual feedback demonstrated
higher values than the trials without the feedback [F(1,30) = 9.4, p < .05; see Figure 4E]. As
an index of G modulation, the gain was higher in MS patients than control subjects [F(1,30)
= 5.8, p < .05], as well as higher with than without visual feedback [F(1,30) = 16.4, p < 0.01;
Figure 4F]. The offset revealed no effect of group (F(1,30) = 2.9, p >.05), while the effect of
feedback [F(1,30) = 14.7, p < 0.01; see Figure 4G] indicated an increased offset when there
was no visual feedback.

Discussion
The main aim of this study was to assess the specific aspects of impairment of hand function
in mildly involved MS patients. In addition to comparing various indices of both the functional
performance and G and L coordination observed from the patients and healthy controls, we
also evaluated the differences between uni- and bimanual tasks, as well as the differences
between the tasks performed with and without visual feedback.

Prior to discussing the main findings of the study, several important methodological aspects
deserve to be pointed out. First, we tested simple manipulation tasks that closely resemble
everyday activities, such as lifting and holding an object or exerting a force against a fixed
object or external support. Second, most of the derived variables have already demonstrated
either a moderate or high reliability (Jaric, Knight, Collins, & Marwaha, 2005). Therefore, one
could conclude that the study provided both valid and reliable data regarding hand function in
the tested subjects. However, the most important methodological aspect could be the sample
of the MS patients tested. Specifically, we evaluated mildly involved patients who were capable
of leading not only an independent, but also an active, professional life. Most of them claimed
that they did not have any problem with hand function except a somewhat pronounced fatigue.
Therefore, it is not surprising that despite some individual EDSS scores being as high as 5,
their mean 9-hole peg test score was merely 25% higher than in the healthy controls.
Conversely, moderately affected MS patients tested in a recent study revealed EDSS scores
within the range 6−8, while their time to complete 9-hole peg test score was several times
longer than in the healthy controls (Feys, Helsen, Lavrysen, Nuttin, & Ketelaer, 2003).
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Regarding task performance, a deterioration of task performance in MS patients was noticed
in all three tasks. This finding is in line with our previous results (Jaric, Knight, Collins, &
Marwaha, 2005; Marwaha, Hall, Knight, & Jaric, 2006) and generally suggests that the ability
to exert an accurate pattern of external forces could be one of the first signs of functional
impairment of the hands associated with the progress of the disease.

Force coordination was assessed through G/L ratio, force coupling, and G modulation. When
compared with healthy controls, MS patients showed a higher G/L ratio in all three tasks This
result is in line with findings obtained from other neural pathologies (see the introduction for
details) and suggests that, in addition to inaccurate L pattern, an elevated G/L ratio could also
be an early sign of hand function impairment in MS. Although we did not present the data that
could provide more direct evidence (e.g., imaging revealing brain activity during task
performance [Duque et al., 2003]), we could speculate on potential neural factors that could
lead to the observed phenomena. For example, the ability to provide an accurate pattern of the
prescribed external force (i.e., G/L ratio seem to be based considerably on sensorimotor
integration. Specifically, information from proprioceptors and or or vision is required for an
accurate and steady L (Hermsdorfer, Hagl, & Nowak, 2004), while G/L ratio is not only
elevated in neurological patients, but also in healthy individuals when they are deprived of
sensory information from skin receptors (Johansson, 1998; Johansson & Westling, 1984).

Regarding the remaining indices of force coordination, the findings mainly suggest no
differences between the MS patients and healthy controls. In particular, performance of all
three tasks produced a similar level of and coupling in, the two groups in both the almost
negligible time lags and high correlations between the forces. These findings suggest that the
elaborate anticipatory control of and L is preserved in early stages of the disease (see Marwaha,
Hall, Knight, & Jaric, 2006, for a similar finding). With respect to the modulation of G, one
could interpret a higher G gain observed in both the ramp-and-hold and oscillatory task as a
surprising indication of higher G and L coordination in MS patients. However, as illustrated
by G-L diagrams (see Figures 3B and 4B), a higher G/L ratio requires either a higher gain, or
higher offset, or both. Taking also into account that the MS patients demonstrated a higher
offset in the ramp-and-hold task, it remains possible that the discussed difference in gain
between the two groups was a consequence of a higher G/L ratio demonstrated by MS patients.

Besides the assessment of differences in G and L coordination between the two groups, we
also evaluated two effects that could lead to different outcomes in MS patients as compared
with healthy controls. First, due to frequent demyelinization occurring in the corpus callosum,
even in majority of the moderately affected MS subjects (Mendez, 1995; Seymour, Reuter-
Lorenz, & Gazzaniga, 1994), we hypothesized that the patients’ hand function would be
particularly affected in bimanual, as compared with unimanual tasks. We did not find any
group-specific effect of switching from uni- to bimanual tasks, although somewhat better
performance was observed in bimanual than in unimanual lifting tasks in both groups.
However, if the inter-hemispheric transfer and the related force coordination were affected,
one could expect a deteriorated coupling of the interlimb forces (G-G and L-L). In fact, both
groups demonstrated L-L coupling (i.e., maximum correlation coefficients between the L of
two hands) to be higher than either another interlimb (G-G) or within-limb (G-L) coupling,
which was in line with our previous finding obtained from healthy individuals (Jaric, Collins,
Marwaha, & Russell, 2006). We also hypothesized that when compared with the same data
observed from the healthy subjects, the hand function of MS patients would be particularly
affected in the task performed with visual feedback. However, except an increase in L
smoothness associated with the no feedback conditions of the ramp-and-hold task (which
contradicts our hypothesis), no Group × Feedback interactions were observed from either the
ramp-and-hold or oscillation tasks. Therefore, we concluded that the results did not support
the hypothesized effects.
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The present study revealed a lack of differences between the patients and controls regarding
some indices of force coordination, as well as regarding the hypothesized effects bimanual (vs.
unimanual) manipulation and the effect of vision (see previous paragraph). We believe that a
part of explanation could be found in adaptation within the CNS. For example, recent brain
imaging studies conducted on mildly involved MS patients have suggested normal neurological
functioning due to cortical reorganization (Lee et al., 2000; Pantano et al., 2005; Reddy,
Narayanan, Arnoutelis et al., 2000; Reddy, Narayanan, Matthews et al., 2000). In addition, no
performance deficits in reaction time motor tasks was observed between mildly affected MS
patients (with a mean EDSS score of 1.4) indicating an adaptive mechanism in the cortex
(Cerasa et al., 2006). An increased activity in the contralateral cerebellar hemisphere in mildly
impaired MS patients [EDSS score of about 1.5 (Saini et al., 2004)] was similar to the increased
contralateral activity found in association with motor learning in healthy subjects (Doyon et
al., 2002). Of particular importance could be the finding that the patients with lesions of the
corpus callosum may show deficits in the acquisition of novel bimanual activities but not
necessarily in the execution of previously learned bimanual activities (Andres et al., 1999;
Geffen, Jones, & Geffen, 1994; Sperry, 1968). Since lifting objects both uni- and bimanually
could have been learned well before the occurrence of MS, this finding could partly explain
the lack of differences observed between uni- and bimanual lifting. However, since the
potential mechanisms of adaptation and recovery become gradually impaired with the
progression of the disease (Saini et al., 2004), one could expect a more pronounced impairment
of hand function in more involved MS patients, as well as the hypothesized effect of visual
feedback.

To conclude, the present study represents an extension of our previous study (Marwaha, Hall,
Knight, & Jaric, 2006) to both static and dynamic tasks, as well as to the effects of visual
feedback and of uni- versus bimanual manipulation. The results revealed some specific aspects
of the impairment of hand function in mildly involved MS patients. In particular, we found
that the deterioration in the ability for precise control of the observed findings is partly based
on a high involvement of sensorimotor integration. Extension of the applied methodological
approach to more involved MS patients could also deserve attention. However, of particular
importance could be that the applied methodological approach was sensitive enough to detect
impairment of hand function in mildly involved MS patients. As a result, a similar approach
could also be able to detect the moderate effects of applied pharmacologic and therapeutic
procedures, as well as the changes in hand function associated with relapsing and remitting
phases of the disease. The findings of this study, as well as both the importance of hand function
per se and a general lack of objective quantitative tests of hand function, strongly speak in
favor of extending this line of research to both more involved MS patients and other
manipulation tasks and conditions. Finally, taking into account the similarity of findings
regarding the deterioration of hand function in various groups of patients (see the introduction
for details), the applied methodology could also detect the impairment of hand function in a
variety of neurological diseases.
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Figure 1.
(A) Schematic representation of the experimental device. The circles illustrate the position of
the tips of all five digits applying precision grasp against two handles. On the left hand side
the dimensions of the opposing grasping surfaces and the distance between them is depicted.
The lower shaded rectangles illustrate the force sensors recording the instructed load force
(L) exerted in vertical direction, while the upper ones recorded the grip force (G). (B) The stick
diagram illustrates the horizontal projection of the body position and hand position, as well as
the corresponding G.

Krishnan et al. Page 13

Motor Control. Author manuscript; available in PMC 2008 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(A) Right (RG) and left grip (LG), and right (RL) and left load force (LL) recorded in the lifting
task in a representative MS patient and healthy control. The remaining graphs illustrate
coefficients of variation (CV) (B), G/L ratios (C), and Z-transformed correlation coefficients
(D) averaged across the subjects. Error bars represent standard deviations.
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Figure 3.
(A) Right (RG) and left grip (LG), and right (RL) and left load (LL) forces recorded in the ramp-
and-hold task in a representative MS patient and a healthy control. (B) Grip-load diagrams
represent the data depicted in Figure 3A together with the regression lines and the
corresponding coefficients of determination (R2). The remaining graphs illustrate averaged
across the subjects coefficients of variation (CV;) C), G/L ratios (D), Z-transformed correlation
coefficients (E), and gain (F) and offset (G) that correspond to the slopes and intercepts of the
regression lines. Error bars represent standard deviations.
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Figure 4.
(A) Right (RG) and left grip (LG), and right (RL) and left load (LL) forces recorded in the static
oscillation task in a representative MS patient and healthy control. (B) Grip-load diagrams
represent the data depicted in Figure 3A together with the regression lines and the
corresponding coefficients of determination (R2). The remaining graphs illustrate the averaged
across the subjects’ coefficients of variation (CV (C), I/I ratios (D), Z-transformed correlation
coefficients (E), and gain (F) and offset (G) that correspond to the slopes and intercepts of the
regression lines. Error bars represent standard deviations.
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