
Journal of Data Science 10(2012), 619-651

Influence of Choices of Statistical Models on Neural Spike Trend
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Abstract: The Center for Neural Interface Design of the Biodesign Insti-
tute at Arizona State University conducted an experiment to investigate
how the central nervous system controls hand orientation and movement di-
rection during reach-to-grasp movements. ANOVA (Analysis of Variance),
a conventional data analysis widely used in neural science, was performed
to categorized different neural activities. Some preliminary studies on data
analysis methods have shown that the principal assumption of ANOVA is
violated and some characteristics of data are missing from taking the ra-
tio of recorded data. To compensate the deficiency of ANOVA, ANCOVA
(Analysis of covariance) is introduced in this paper. By considering neural
firing counts and temporal intervals respectively, we expect to extract more
useful information for determining the correlations among different types of
neurons with motor behavior. Comparing to ANOVA, ANCOVA can be
one step further to identify which direction or orientation is favored during
which epoch. We find that a considerable number of neurons are involved
in movement direction, hand orientation, or both combined, and some are
significant in more than one epoch, which indicates there exists a network
with unknown pathways connecting neurons in motor cortex throughout the
entire movement. For the future studies we suggest to integrate this study
into neural networking in order to simulate the whole reach-to-grasp process.
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1. Introduction

Patients suffering from neurological diseases and injuries such as stroke and
neural trauma may lose voluntary muscle control in the upper extremity. De-
veloping a cortically controlled neuroprosthetic system for rehabilitation and
recovery of arm control becomes more urgent and demanding for these people
to live independently with a higher quality of life. Therefore, The Center for
Neural Interface Design of the Biodesign Institute at Arizona State University
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conducted an experiment to investigate how the central nervous system (CNS)
controls hand orientation and movement direction during reach-to-grasp move-
ments. Researchers recorded the activity of 906 motor cortical cells in a monkey
trained to reach and grasp one of two targets oriented at various angles. Analysis
of Variance(ANOVA), a conventional data analysis widely used in neural science,
was performed to categorize different neural activities. Some preliminary studies
on data analysis methods have shown that the principal assumption of ANOVA
is violated. Also ANOVA loses some characteristics of data due to taking the
ratio of recorded data. To compensate the deficiency of ANOVA, Analysis of
covariance (ANCOVA) is introduced in this project. By considering neural firing
counts and temporal intervals respectively, we expect to extract more useful in-
formation for determining the correlations among different types of neurons with
motor behavior. The objective of this project is to explore the possible methods
of data analysis which would easily be accepted and be applied by the neuro-
scientists. ANCOVA is a merger of ANOVA and serves as the vanguard in this
project. There are some other models like neural network which can be studied in
future works. This research will advance our knowledge on the cortical control of
hand orientation and arm movement, and provide information to develop a robust
extraction algorithm to decode neural signals so as to control a neuroprosthetic
device under real life reach-to grasp situations.

2. Data Description

2.1 Methodology

A. Experimental Apparatus and Design

The experimental protocol for surgical procedure, animal training and care,
data collection and analyses reported in this paper is reviewed and approved by
the Institutional Animal Use and Care Committee of Arizona State University.
The experimental apparatus consists of a central holding pad and two rectangular
targets (Figure 1(a)). Two touch sensors are fitted on opposite sides of each target
for detecting a truly firm grasp. A successful trial is produced by grasping the
target firmly using a power grip, making contact with both sensors. The monkey
was trained to perform reach and grasp any one of the two targets (left target
1, right target 2) at a given orientation (45◦, 90◦, or 135◦) as instructed. The
sequence of events for the reach-to-grasp task is shown in Figure 1(b). Each trial
started with central light on, cueing the monkey to place its hand on the central
holding pad. After a random center holding time (CHT), a target light came on,
cueing the monkey to reach for the indicated target and make a firm grasp. The
target light would go off after a minimum target hold period post the target hit.
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The monkey would return the hand to the central pad and wait for the next trial
(Figure 1(b)).
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Figure 1: Experimental setup. (a) The front view of the apparatus and the
target orientation definition. (b) The sequence of events for the reach-to-grasp
task and the trial epochs. The cue reaction time (CRT) was defined as the
time from target light on to central pad release; the movement time (MT) was
defined as the time from central pad release to target hit; the target holding
time (THT) was defined as the time from target hit to target release

B. Data Collection

A recording chamber was placed on the contralateral hemisphere of the per-
forming arm (left hemisphere in this case) over the area of motor cortex, targeting
the forearm and hand control areas. The electrical activity of single motor corti-
cal neurons was recorded with five independently driven microelectrodes (Thomas
Recording). The penetrations covered the hand representation area of M1, and
some of PMd and PMv. Each electrode made one penetration a day, and the
recording depth would be adjusted for new neurons after every 108 successful
trials (18 trials to each target condition: 3 angles of each target for 2 targets) to
record different cells. Figure 2 shows the locations of the recorded neurons.
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Figure 2: Top view of the recording location based on the chamber’s coordi-
nates. Each cross represents an electrode penetration. The recording loca-
tion in the chamber’s coordinates was recorded everyday before cortical signal
recording. The chamber location in the stereotaxic coordinates was measured
during the surgery. The rotation matrix from the stereotaxic coordinates to the
chamber’s coordinates was calculated. Then we converted the coordinates of
the major landmarks (ArS, ArSp, and CS) in the stereotaxic coordinates into
that in the chamber’s coordinates. ArS: arcuate sulcus, ArSp: arcuate sulcus
spar, CS: central sulcus

C. Data Analysis from Previous Studies

Spike data were obtained by performing off-line sorting using the Neural Ex-
plore program from Plexon. A total number of 979 motor cortical cells was
recorded totally. A two-way analysis of variance (ANOVA) was used to evaluate
whether changes in the average cell discharge were significantly modulated by
target orientation, or movement direction, or their interaction effect (P < 0.05).
The firing rates during CHT were considered as the baseline firing rates. For
105 out of 979 (10.7%) neurons, their neuronal discharge frequencies within CHT
were significantly altered by target orientation. During CHT, the monkey’s hand
was resting on the central holding pad, the target was not presented and move-
ment had not started. There were two reasons that could account for the changes:
one was the visual input of different target orientations, the other was movement
preparation. We also found 22 (2.3%) sensory cells in the motor cortex. These
cells showed significant higher firing frequency during the CHT, CRT and THT
when the monkey’s hand was either touching the central holding pad or holding
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the target, but lower firing frequency during MT when there was no cutaneous
sensory input. The next step was to find task-related cells. We define a cell as
task-related if its average firing rates within any of the last three epochs was
at least 2SDs greater than its baseline firing rate. Another 284 neurons (29%)
showed no significant increase of discharge frequency during any of the last three
epochs. The remaining 568 out of 979 neurons (58%) were found to be task-
related and were further classified.

2.2 Results from Previous Studies

A. Hand Kinematics

The features of the experiment paradigm are that hand orientation is deter-
mined by the target orientation (Figure 3(a)); movement direction is determined
by the left/right target; transport velocity profiles show no dependence on target
orientation (Figure 3(b)).
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Figure 3: Dependence of movement parameters on target orientation. (a) Av-
eraged hand rotation trajectories (solid) +/− SDs (dashed) during movements
to targets oriented at 45 (red), 90 (blue), 135 (black). Each solid curve is
averaged from all trials of movements to the same target fixed at the same ori-
entation in one day. (b) Averaged wrist transport velocity profiles to different
orientations. The color index is the same as plot (a). Time zero is aligned at
central pad release
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B. General Nature of Orientation-related-only Cells

Figure 4 shows perievent histograms of an exemplary motor cortical neuron.
The left column shows the cell’s activity during movements to the left target; the
right column shows the cell’s activity during movements to the right target. The
three rows correspond to three levels of target orientations. Each raster illustrates
the firing pattern of the cell during 18 trials of movements to the same target
condition. The neuron began to fire approximately 100-msec before movement
onset. The effect of target orientation caused a significant change in the overall
level of cell activity before, during and after movements (ANOVA, P < 0.05).
The changes in firing activity caused by target orientation were consistently ob-
served among movements to the two targets, and no clear difference was observed
between firing patterns to the two targets.
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Figure 4: Perievent histogram of a motor cortical cell encoding hand orientation
during reaching and grasping the targets oriented at three different angles.
Time zero is aligned at central pad release (movement onset). The empty
triangles represent left target light on; the empty squares represent right target
light on; the solid diamonds represent target hit. The raster are ordered by
ascending movement duration. The histograms were calculated with the bin of
10-msec and smoothed using a Gaussian filter with filter width of 3 bins
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C. Direction-related-only Cells

We also found some direction-related-only cells. For these neurons, the dis-
charge frequency during movement to one of the target was significantly higher
(ANOVA, effect of movement direction, P < 0.05) than that to the other target.
And the difference in the neuronal discharge patterns caused by movement di-
rection was consistently observed across movements to the three different target
orientations.

D. Orientation-direction-interaction Cells

Another type of cells was found to have significant orientation-direction-
interaction effect (P < 0.05). Figure 5 shows perievent histograms of an illus-
trative cell. We noticed that most orientation-direction-interaction cells better
encode target hit than central pad release, so we aligned the raster at target
hit. A significant orientation-direction interaction effect indicates that the orien-
tation effect was not uniform between both targets. There might be a shift in
the orientation preference between two movement directions. Note that in the
illustrative cell (Figure 5), for the left target, the neuron’s discharge frequencies
during movements to 90◦ and 135◦ target are higher than that during movements
to 45◦ target; while for the right target, it is the firing during movements to the
45◦ target that has the greatest discharge frequency.

2.3 Discussion from Previous Studies

The present study was conducted to examine the motor cortical control of
hand orientation during reach-to-grasp. We fixed initial hand position and target
locations to keep the movement directions fixed, and investigated reach-to-grasp
movements to targets oriented at various angles. We found single motor cortical
neurons contributed to the control of hand orientation. Changes in hand orien-
tation altered the discharge activity of motor cortical neurons before, during and
after reach-to-grasp movements.

The present findings reveal that the discharge of a lot of single motor cortical
neurons co-varied only with hand orientation independent of movement direction
during reach-to-grasp movements. This is in contradiction to the suggestion that
the position and orientation of the hand in space are unlikely to be controlled
through separate independent neural pathways [12]. Our result shows that hand
orientation constitutes an important control parameter of 3-D prehension move-
ments, and any hypothesis proposed for prehension movement that does not take
into account hand orientation as a constraint is inadequate. At the same time,
we found significant amount of orientation-direction-interaction cells, and there
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Figure 5: Perievent histogram of a motor cortical cell encoding orientation-
direction-interaction during reach-to-grasp. The raster were grouped in the
same way as we did in Figure 4. Time zero is aligned at target hit. The empty
triangles represent left target light on; the empty squares represent right target
light on; the solid squares represent central pad release. The raster are ordered
by the trial sequence

is also a motor cortical area in which we found both cells encode only hand orien-
tation and cells encode only movement direction, which indicate there probably
exists a common pathway in M1 that controls both parameters.

3. Methodology

Observed from the behavior of neurons in our study, most neurons will not
fire in a specified tiny time interval, says, of length 40-msec, but will fire in many
other 40-msec time intervals.
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Among 18 replicates of each neuron, we did find that some neurons might
not fire at first few 40-msec, usually the first one or two 40-msec intervals. We
observed the mean firing counts per 40-msec time interval of 18 replicates is
either flat (a constant), or a linear trend over these 40-msec time intervals. We
can regard 40-msec as per unit time interval.

Let t0 be the time from zero no firing counts being observed, and MT be the
whole time of a specified action for a neuron.

Case I: All time intervals have constant firing count c except the first few time
intervals. Then the total firing counts of a neuron over the time MT is

tc =

∫ t0

0
0dt+

∫ MT

t0

cdt = c(MT − t0) = α0 + c ∗MT. (3.1)

Here, α0 might be zero. If it is zero, the total firing counts over the time MT
will be reasonably expressed as a ratio, tc/MT .

Anyway, the total firing counts over the time MT can be represented as a
linear function of time MT . It makes no sense that c is negative as c, being
counts, is either zero or positive.

Case II: The firing counts have a linear trend over those 40-msec time intervals.
Then the total firing counts of a neuron over the time MT is

tc =

∫ t0

0
0dt+

∫ a+bt

t0

dt = α0 + a ∗MT +
b

2
∗MT 2. (3.2)

The total firing counts over the time MT will be a quadratic function of time
MT as long as b is not zero. If the neuron is firing increasingly or decreasingly
along 40-msec time intervals, the linear trend a+ b ∗ t will have a non-zero slope
b.

Thus, if the total firing count is a quadratic function of the time MT with
statistically significant positive coefficient of MT 2, the neuron is firing more and
more along the time. If the total firing count is a quadratic function of the time
MT with statistically significant negative coefficient of MT 2, the neuron is firing
less and less along the time.

If the neuron is firing more and more or less and less, it seems much likely it
is involving some action. On the contrary, if the neuron is firing constantly along
the time, it seems the neuron is just firing spontaneously. That is, the firing
counts are some noises. If this is true, we are supposed to looking for functioning
neurons is to find out neuron’s total firing count being a quadratic function of
time MT .

For neurons firing increasingly (decreasingly) in the early period of the whole
time interval of length MT , then firing decreasingly (increasingly) in the late
period, it can be shown the total firing count is again a quadratic function of



628 Shu-Chuan Chen, Lung-An Li, Shen Li and Jiping He

the time MT , too. The coefficient of MT 2 of this function is determined by the
linear trend of firing in the late period.

The real neuron firing count when it functions along the time might be a
high order polynomial of time, or a nonlinear function. Our approach is that we
approximate this complicate function by its first order Taylor expansion. Under
this approach, we can directly examine whether the relationship between the total
firing count and the time MT is a quadratic or not.

4. Results

We did ANCOVA analysis described in Section 3. To support our proposed
analysis, we investigated the neuron firing behavior by performing the perievent
histogram of a motor cortical cell encoding orientation-direction-interaction dur-
ing reach-to-grasp using NeuroExplorer. The raster were grouped in the same
way as we described in the previous section. Time zero is aligned at Central Pad
Release. The blue triangles represent the target light on and central light off. The
raster are ordered by the trial sequence. Figure 6 is the perievent histograms for
Neuron ID Aug12set7 sig004a. The left column shows the cell’s activity during

 
Figure 6: Neuron ID Aug12set7 sig004a. Perievent histogram of a motor cor-
tical cell encoding orientation-direction-interaction during reach-to-grasp. The
raster were grouped in the same way as we did in previous Figures. Time zero
is aligned at Central Pad Release. The blue triangles represent the target light
on and central light off. The raster are ordered by the trial sequence
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movements to the left target; the right column shows the cell’s activity during
movements to the right target. The three rows correspond to three levels of target
orientations. Each raster illustrates the firing pattern of the cell during 18 trials
of movements to the same target condition. The effect of target 90◦ orientation
has quadratic effect significantly (ANCOVA, P < 0.05). Also the interaction of
T6 and Orientation 90◦ has quadratics effect. No clear difference was observed
between firing patterns to the two targets. The scatter plots and fitted lines of
Neuron ID Aug12set7 sig004a are presented in Figures 7, 8, and 9.

 

Figure 7: The scatter plots and fitted line from ANCOVA model consider
Direction only for Neuron ID Aug12set7 sig004a

 

Figure 8: The scatter plots and fitted line from Orientation only ANCOVA
model for Neuron ID Aug12set7 sig004a
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Figure 9: The scatter plots and fitted line from ANCOVA model considering
interaction for Neuron ID Aug12set7 sig004a

Figure 10 shows the perievent histograms for Neuron ID Aug12set7 sig004b.
The effects of target 45◦ orientation, and the interaction of the right direction and
target 45◦ orientation have linear effect. The effect of target 90◦ orientation, and
the interactions of left direction and 45◦, left direction and 90◦, right direction
and 90◦ have quadratics effect. No statistically significant difference was observed
between firing patterns to the two targets. The scatter plots and fitted lines of
Neuron ID Aug12set7 sig004b are shown in Figures 11, 12 and 13.

A. Summary of the results from the direction only model:

Using the notations of T1 for the left target, and T6 for the right target, Table
1 shows the summary of the results from the ANCOVA analysis for the neuron
activities in all intervals. The first column is for the T1 effect and the second
column is for the T6 effect. In the first two columns, the symbol “2” indicates
there is significant quadratic effect and “0” indicates there is no effect. The fifth
column is the number of neurons overlapped between CHT and CRT, the seventh
column is the number of neurons overlapped between CRT and MT, and the ninth
column is the number of neurons overlapped between MT and THT. From Table
1, the first row shows that among 979 neurons, one neuron in CHT interval, 5
neurons in CRT, 11 in MT and 2 in THT have significant equal T 2

1 effect and T 2
6

effect. There is no overlapped neuron between two adjacent time intervals.
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Figure 10: Neuron ID Aug12set7 sig004b. Perievent histogram of a motor
cortical cell encoding orientation-direction-interaction during reach-to-grasp.
The raster were grouped in the same way as we did in previous Figures. Time
zero is aligned at Central Pad Release. The blue triangles represent the target
light on and central light off. The raster are ordered by the trial sequence

 

Figure 11: The scatter plots and fitted line from ANCOVA model consider
Direction only for Neuron ID Aug12set7 sig004b
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Figure 12: The scatter plots and fitted line from ANCOVA model consider
Orientation only for Neuron ID Aug12set7 sig004b

 

Figure 13: The scatter plots and fitted line from ANCOVA model considering
interaction for Neuron ID Aug12set7 sig004b
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Table 1: Summarized results of the ANCOVA analysis for the neuron firing
activities

T1 T6 equal or not CHT overlap CRT overlap MT overlap THT

2 2 T1=T6 1 0 5 0 11 0 2
2 2 T1 6= T6 2 0 3 0 7 0 2
2 1 or 0 NA 38 3 74 10 99 4 49

1 or 0 2 NA 37 4 73 10 98 8 53
1 1 T1=T6 609 322 405 217 390 60 102
1 1 T1 6= T6 30 0 12 0 0 0 1
1 0 NA 49 11 129 21 108 11 125
0 0 NA 73 31 100 33 90 55 397

B. Summary for the results from the orientation only model:

Table 2 shows the summary of the results from the ANCOVA analysis for the
neuron activities in all intervals. The first column is for the target 45◦ orientation
effect, the second column is for the target 90◦ orientation, the third column is for
the target 135◦ orientation. In the first three columns, the symbol “2” indicates
there is significant quadratic effect, and “0” indicates there is no effect. From
Table 2, the first row shows that among 979 neurons, none in CHT interval, none
in CRT, two neurons in MT and none in THT have significant quadratic effects
for orientation 45◦, 90◦ and 135◦. There is no overlapped neuron between two
adjacent time intervals.

Table 2: Summarized results of the ANCOVA analysis for the neuron firing
activities

450 900 1350 CHT overlap CRT overlap MT overlap THT

2 2 2 0 0 0 0 2 0 0

2 2 1 or 0 3 0 7 0 10 0 0

2 1 or 0 2 0 0 5 0 10 0 1

1 or 0 2 2 6 0 5 0 11 0 1

2 1 or 0 1 or 0 40 3 55 3 81 4 49

1 or 0 2 1 or 0 49 8 63 5 72 2 43

1 or 0 1 or 0 2 43 5 69 5 89 4 39

1 1 1 458 167 236 104 221 8 22

1 1 0 51 0 39 4 67 3 34

1 0 1 56 7 79 9 64 3 25

0 1 1 37 2 81 13 81 4 46

1 0 0 27 3 57 6 47 2 74

0 1 0 27 5 51 5 43 6 92

0 0 1 37 4 64 6 40 2 93

0 0 0 72 26 95 18 68 31 387
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C. Summary for the results from the interaction model:

In this section, we briefly summarize our findings into two parts, direction
specific and orientation specific. Here we will only show the results for MT
interval. For the other intervals, details are shown in the Appendix.

i. Direction Specific:

Tables 3, 4 and 5 show the results of direction given 45◦, 90◦, and 135◦

orientation, respectively. Among 979 neurons, there are 12 neurons showing
significant quadratic T1 and T6 effects at 45◦ orientation; 6 at 90◦ orientation and
14 at 135◦ orientation.

Table 3: The results of interaction model − direction effect with orientation-45◦

specific

T1 T6 Number of neurons

2 2 12
2 0 88
0 2 60

Table 4: The results of interaction model − direction effect with orientation-90◦

specific

T1 T6 Number of neurons

2 2 6
2 0 77
0 2 39

Table 5: The results of interaction model − direction effect with orientation-
135◦ specific

T1 T6 Number of neurons

2 2 14
2 0 60
0 2 88

Table 6 shows the results of the numbers of overlapped neurons under dif-
ferent conditions. For instance, the first row shows that for those neurons with
quadratic T1 and T6 effects, there is 1 neuron that performs significantly both
in the direction only and the condition of orientation 45◦ specific; 1 neuron that
performs significantly both in the direction only and the condition of orientation
90◦ specific; and 2 neurons that performs significantly both in the direction only
and the condition of orientation 135◦ specific.
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Table 6: The results of interaction model − direction effect with non-
orientation-specific part

T1 T6 overlap with 45◦ specific overlap with 90◦ specific overlap with 135◦ specific

2 2 1 1 2

2 0 23 26 17

0 2 14 12 23

Table 7 shows the results of the numbers of overlapped neurons between
direction effect given orientation 45◦ and other given orientation. For instance,
the first row shows that for those neurons with quadratic T1 and T6 effects, there is
1 neuron that performs significantly both in the direction effect given orientation
45◦ and the direction effect given orientation 90◦ specific; and 0 neuron that
performs significantly both in the direction given orientation 45◦ and the direction
effect given orientation 135◦.

Table 7: The results of interaction model − direction effect given the
orientation-45◦ specific

T1 T6 overlap with 90◦ specific overlap with 135◦ specific

2 2 1 0
2 0 5 4
0 2 3 9

Table 8 shows the numbers of overlapped neurons between the direction effects
given orientation 45◦ and given orientation 135◦. For instance, the first row shows
that for those neurons with quadratic T1 and T6 effects, there is 1 neuron that
performs significantly both in the direction effect given orientation 90◦ and the
direction effect given orientation 135◦ specific.

Table 8: The results of interaction model − direction effect given the
orientation-90◦ specific

T1 T6 overlap with 135◦ specific

2 2 0
2 0 8
0 2 6

ii. Orientation Specific:

Tables 9 and 10 show the results of orientation effects, given T1 and T6 direc-
tion, respectively. For example, the first row of Table 9 shows that among 979
neurons, there is 1 neuron showing significant quadratic 45◦, 90◦, and 135◦ effects
on T1 direction specifically.
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Table 9: The results of interaction model − orientation effect given direction-T1
specific

45◦ 90◦ 135◦ Number of neurons

2 2 2 1

2 2 0 8

2 0 2 7

0 2 2 10

2 0 0 84

0 2 0 64

0 0 2 56

Table 10: The results of interaction model − orientation effect given direction-
T6 specific

45◦ 90◦ 135◦ Number of neurons

2 2 2 1

2 2 0 3

2 0 2 15

0 2 2 7

2 0 0 53

0 2 0 34

0 0 2 79

Tables 11 and 12 are the results of the number of overlapped significant func-
tioning neurons. The first row in Table 11 shows that among those neurons with
quadratic 45◦, 90◦, and 135◦ effects, 0 neuron performs significantly both in the
cases of the orientation effect only and in the orientation effect given direction
T1; and 0 neuron performs significantly both in the cases of the orientation effect
only and in the orientation effect given direction T6.

Table 11: The number of overlapped significant functioning neurons between
non dir specific and direction T1 and T6

45◦ 90◦ 135◦ non dir specific overlap T1 specific non dir specific overlap T6 specific

2 2 2 0 0
2 2 0 1 0
2 0 2 0 4
0 2 2 2 1
2 0 0 36 15
0 2 0 24 9
0 0 2 23 32
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Table 12: The number of overlapped significant functioning neurons between
T1 specific and T6 specific

45◦ 90◦ 135◦ T1 specific overlap T6 specific

2 2 2 0
2 2 0 0
2 0 2 0
0 2 2 0
2 0 0 4
0 2 0 4
0 0 2 7

For the results of other intervals can be found in the Appendix.

5. Discussion

Previous studies have shown that single motor cortical neurons commonly
engage several motoneuronal pools rather than just one and that, within a par-
ticular pool that is engaged, the connections of the corticomotoneuronal cell are
widespread. This one-to-several relation between motor cortical neurons and mo-
toneuronal pools, and the reasonable assumption that a particular motor cortical
neuron could engage different pools at different strengths, may explain the obser-
vation of our present study that the preferred directions or orientations of single
motor cortical neurons differ among different cells. That is similar to what people
have found in the reaching experiments, that the preferred directions of single
motor cortical cells differ among different cells. Their suggestion was that single
cells may relate to groups of muscles, so that a particular cell may engage several
motoneuronal pools in a weighted fashion. The movement of the arm is regarded
as the outcome of the coactivation of many muscle groups, each of which is be-
ing controlled as a separate functional unit. Their suggestion matched with our
observations in this study.
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