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Abstract Young and elderly subjects performed aiming
movements to a visual target with a manipulandum to de-
termine whether the elderly reduce their reliance on visual
feedback after extended practice. Reliance on visual feed-
back was assessed by performance on trials in which the
cursor displaying arm movement was unpredictably extin-
guished. Movements were divided into two subcompo-
nents: a primary, ballistic submovement and a secondary,
corrective submovement. For both age groups, removal of
visual feedback prior to practice resulted in a decrease in
the distance covered in the primary submovement, an in-
crease in the distance of the secondary submovement, and
a decrease in endpoint accuracy. After extensive practice
with the cursor present, the proportion of distance trav-
eled with the primary submovement was again assessed
under trial conditions in which the cursor randomly disap-
peared. Following practice, the young demonstrated that
they were capable of extending the primary submovement
distance closer to the target. In addition, primary sub-
movement distance was unaffected by the removal of vi-
sion following practice. After practice the elderly did not
show evidence of lengthening the primary submovement,
and submovement distance and endpoint accuracy contin-
ued to be altered by the removal of vision. This suggests
that, unlike the young, the elderly do not benefit from
practice so that they can place a greater proportion of
the movement under program control. Thus, on a relative
basis, a greater proportion of their overall movement re-
quires corrective adjustments.
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Introduction

It is well documented that increased age is accompanied
by declines in motor skill performance (Spirduso 1982;
Welford 1984; Seidler and Stelmach 1995, 1996a). One
of the more prominent declines is an increase in move-
ment duration as seen on a variety of tasks (Warabi et
al. 1986; Brogmus 1991; Stelmach and Homberg 1993).
In addition to documenting that movement slowing oc-
curs with age, many researchers have begun to investi-
gate the underlying mechanisms through detailed com-
parisons of movement kinematics between younger and
older adults (Cooke et al. 1989; Darling et al. 1989; Pratt
et al. 1994). This in turn allows the formulation of hy-
potheses regarding factors contributing to movement
slowing.

The bulk of the investigations into alterations in con-
trol with increasing age have analyzed kinematics by di-
viding movements into an acceleration and a deceleration
phase, with the instant of peak velocity being the division
point. A common finding of these investigations is that
the elderly have an extended deceleration phase in com-
parison with the young (Cooke et al. 1989; Darling et al.
1989). However, much motor control research has in-
stead used a more natural division of movements be-
tween an initial, ballistic primary submovement and a
corrective, secondary submovement(s) to explore the lo-
cus of motor control mechanisms (Woodworth 1899;
Carlton 1980; Meyer et al. 1988). Recent work by Pratt
et al. (1994) has investigated the effects of aging on
the temporal and spatial characteristics of these two sub-
movements. They found the incidence of corrective
movements to be equally high for the young and the el-
derly, occurring in over 90% of the trials. In addition,
the elderly subjects spent the same amount of time in
the primary submovement as young subjects, but they
did not cover as much distance. Thus, for a given aiming
task, the young required only a small correction, while
the elderly had to make a large corrective movement(s)
in order to achieve the target. Performing a greater por-
tion of the movement under feedback control as opposed
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to programming control could explain much of the ob-
served movement slowing and increased variability in
the elderly.

With practice, young subjects in the investigation by
Pratt et al. (1994) extended the length of the primary sub-
movement and shortened the distance of the secondary
submovement. In contrast, the elderly did not modify ei-
ther submovement with practice. Since the young subjects
propelled the limb a greater portion of the distance to the
target in the primary submovement following practice,
they required only a small corrective, secondary sub-
movement. Such data make it reasonable to expect that
young subjects are improving the motor program as a
function of practice, such that reliance on feedback de-
creases. The elderly subjects in the investigation by Pratt
et al. (1994) did not modify primary submovement dis-
tance with practice and continued to spend a greater
amount of time in the secondary submovement than the
young. This suggests that the elderly are not able to im-
prove the initial ballistic phase of their movements and in-
stead rely to a greater extent on feedback control. Since
vision was present in the Pratt experiment, however, it
was not certain how much of the movement was under vi-
sual guidance. A better test of programming capabilities
would be to remove the subjects� view of the cursor.

Indeed, Haaland et al. (1993) have demonstrated that,
upon the unexpected removal of visual information re-
garding arm position during movements, aiming-task per-
formance of elderly subjects is impaired to a greater ex-
tent than that of young subjects. The elderly subjects in-
creased movement duration and endpoint errors without
vision to a greater extent than the young. This suggests
that movement planning and organizational processes
may be compromised with advanced age and that the el-
derly allocate more attentional resources for on-line mon-
itoring than the young. This is further supported by the
finding of Pohl et al. (1996) that the elderly make a great-
er number of movement corrections during a tapping task
than the young, suggesting that more of the movement is
under feedback control. These investigations did not pro-
vide extensive practice for the subjects, so nothing is
known regarding whether the elderly modify visual reli-
ance and movement structure as a function of practice.
The purpose of this study was therefore to extend the pri-
mary and secondary submovement analysis in the assess-
ment of whether visual reliance changes as a function of
practice for both young and elderly adults.

Materials and methods

Subjects

Eight male and five female elderly subjects with a mean age of
71.7 � 4.5 years were recruited from the community and paid
$10.00 each for their participation, which took an average of 1 h.
Four male and five female young subjects with a mean age of
27.0 � 4.0 years were recruited from the Arizona State University
campus. Their participation fulfilled undergraduate class experimen-
tation requirements. The elderly were given a health-history ques-

tionnaire to exclude those who may have had a condition affecting
their performance such as a recent history of stroke or arthritis. In
addition, elderly subjects were given the Mini-Mental State test
(Folstein et al. 1975) in an effort to exclude those with neurological
disease or dementia. Minimum performance on the Mini-Mental test
was 29 out of 30 possible points. All subjects were right-handed and
all signed informed consent forms in accordance with human sub-
jects policies.

Apparatus

The testing instrument was comprised of a lever, potentiometer, and
personal computer. Subjects grasped the lever with their elbow
placed over the pivot point. Lever rotations were produced by inter-
nal or external rotation of the subject�s right shoulder and were rep-
resented in real time by corresponding left and right cursor move-
ments on a computer monitor directly in front of the subjects. The
cursor was a bright display 1 mm thick and 20 mm high. The home
position was such that the forearm rested 30� counterclockwise from
the sagittal plane, parallel with the floor. The target was achieved
with an internal shoulder rotation of 50�. The target and home posi-
tions were not mechanical stops but consisted of two lines 2 mm
thick, 60 mm high, and 5 mm apart on the monitor, with 200 mm
between the target and home positions. None of the subjects indicat-
ed difficulty in viewing the display. To prevent visual monitoring of
arm movements, a cover was placed over the arm and the lever. Data
were sampled and stored from the potentiometer at 100 Hz.

Procedure and design

Subjects were instructed to move as fast and as accurately as possi-
ble into the target upon hearing an auditory tone. Feedback of move-
ment time and error direction was displayed on the monitor for 3 s
following each trial. Although latency of response was not stressed,
anticipation and no-response trials were omitted by repeating trials
in which subjects did not achieve a reaction time (RT) between
100 and 1000 ms.

Subjects were provided with five explanation trials followed by
an initial block of 40 trials (block 1). For this initial trial block,
the cursor representing arm movement was extinguished upon the
initiation of movement on ten of the trials (one randomly interspersed
within every four trials). It was essential to randomize the condition
presentation to ensure that subjects could not anticipate the trials
without vision. The 4:1 ratio was chosen so that the subjects made
their movements with the expectation that the cursor would be pres-
ent. Subjects were instructed to make this movement as fast and as
accurately as possible. In the subsequent trial block, subjects per-
formed 100 trials in which visual feedback of lever movements
was always available (block 2). Brief breaks were allowed as needed
to minimize fatigue and maintain attention. The final trial block
(block 3) consisted of 40 trials that were identical to those in block 1.

Data analysis

The angular position data were subjected to a residual analysis to de-
termine the appropriate smoothing cut-off frequency (Winter 1990).
All data were filtered at 6 Hz with a dual-pass Butterworth digital
filter and differentiated to obtain angular velocity and acceleration
data. As sampling was initiated upon target presentation rather than
movement initiation, the following algorithm was used to determine
movement onset: first, the point at which the velocity of movement
exceeded 10% of the peak velocity was found (V10). Then the algo-
rithm worked backwards from V10 until the velocity amplitude had
decreased by 10% of the peak amount. The time at this sample
was marked as movement onset. As sampling was terminated when
subjects remained stationary for 300 ms, the same algorithm was
used in reverse to determine movement offset. The existence of sec-
ondary submovements was determined by an algorithm that
searched for a positive acceleration value following peak velocity,
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as shown in Fig. 1. The parsing routine of Pratt and colleagues
(1994; Pratt and Abrams 1996) was similar, except that their algo-
rithm also searched for an inflection in the acceleration profile, sig-
nifying an increase in braking force. This was not included here, as
Chua and Elliott (1993) have suggested that these fluctuations may
be reflective of feedforward adaptations rather than discrete correc-
tions. For trials in which there was a positive acceleration value fol-
lowing peak velocity, the instant at which acceleration exceeded ze-
ro was termed both the end of the primary submovement and the be-
ginning of the secondary submovement. While it is acknowledged
that multiple corrective submovements may occur, they were con-
sidered as one submovement for the purposes of this analysis. Trials
not containing corrective submovements were excluded from mean
calculations of secondary submovement amplitude and duration.

Performance differences between block 1 and 3 were analyzed
with an Age (2) � Condition (2) � Practice (2) ANOVA with repeat-
ed measures on Practice (pre and post) and Condition (with or with-
out visual information), with the alpha rate set at 0.05. The repeated
measures were treated as multivariate to ensure a robust analysis.

Data from one of the young subjects was omitted due to mechan-
ical errors during acquisition. Therefore, scores for eight young sub-
jects and 13 elderly were included in the data analysis.

Results

Prepractice age differences with vision

Table 1 presents mean performance characteristics for all
conditions. Figure 1 plots sample data for a young and an
elderly subject prior to practice. There was no significant
difference in the peak velocity amplitude; however, the
time to peak velocity differed such that the elderly spent
more time in the deceleration phase of the primary sub-

movement than the young (F(1,19) = 4.81, P < 0.05). Oth-
erwise, prior to practice, performance was similar for the
young and the elderly. There was no age group difference
in the mean number of corrections performed per move-
ment (1.13 for the young and 1.32 for the elderly). Both
age groups propelled the limb the same distance in the
primary submovement. There was a trend for the elderly
to travel further in the secondary submovement than the
young, with the young covering 2% of the total distance
and the elderly covering 4% of their total distance in this
phase of the movement (F(1,19) =3.95, P = 0.06). Despite
the consistent slowing by the elderly throughout the
movement, age differences for the duration of each sub-
movement were not significant. Both age groups spent ap-
proximately 65% of the total duration in the primary sub-
movement and 35% in the secondary submovement. The
elderly tended to be less accurate in their movements than
the young prior to practice; the young subjects hit the tar-
get on 52% (18) of the trials while the elderly only
achieved the target on 42% (14) of the trials
(F(1,19) = 3.25, P = 0.09).

Prepractice age differences without vision

Both age groups were substantially affected by the elim-
ination of visual information of arm position, as evi-
denced by the decrements in performance on trials with-
out visual information (significant main effects for Condi-
tion). These declines in performance were roughly equal

Fig. 1A, B Movement kinemat-
ics. Sample data from one young
(A) and one elderly subject (B)
is presented to illustrate the
submovement parsing method.
The top trace displays angular
position versus time, the middle
trace displays angular velocity
versus time, and the lower trace
displays angular acceleration
versus time. The vertical line,
drawn at the instant when ac-
celeration is first positive after
the deceleration phase, separates
the primary submovement from
the secondary submovement
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in magnitude for both groups. Removal of visual informa-
tion produced differential effects on submovement dis-
tances. Without visual information, primary submove-
ments became shorter by about 5% of the primary sub-
movement distance (F(1,19) = 10.13, P < 0.01) and sec-
ondary submovements increased by about 85% of the sec-
ondary submovement distance (F(1,19) = 11.75, P < 0.01).
There was no change in the number of corrections per-
formed per movement.

Elimination of visual information resulted in substan-
tial movement slowing; total movement duration in-
creased by approximately 300 ms for both groups
(F(1,19) = 75.09, P < 0.01). This increase in total move-
ment duration was a result of increases in both the prima-
ry submovement duration (F(1,19) = 139.97, P < 0.01) and
the secondary submovement duration (F(1,19) = 13.88,
P < 0.01). Both age groups were therefore spending
60% of the total duration in the primary submovement
and 40% in the secondary submovement.

Elimination of vision of arm position resulted in an in-
crease in constant, absolute, and variable endpoint errors
for both age groups (F(1,19) = 4.07, P = 0.05; F(1,19) = 33.41,
P < 0.01; F(1,19) = 108.47, P < 0.01, respectively). In ad-
dition, subjects decreased their target hit rate from rough-
ly 50±10% (significant main effect for Condition,
F(1,19) = 79.40, P < 0.01).

Postpractice effects on age differences with vision

There were no significant changes in total distance for ei-
ther age group with respect to prepractice. The elderly did
not change the distance covered in the primary submove-

Fig. 2 Primary submovement distance. The young increased prima-
ry submovement distance as a function of practice with vision, while
the elderly did not

Table 1 Performance characteristics

Prepractice Postpractice

Young Elderly Young Elderly

With vision Without vision With vision Without vision With vision Without vision With vision Without vision

Primary submovement distance (deg)
Mean 48.80 46.33 48.32 46.05 49.54 49.37 48.37 47.32
SD (0.61) (2.48) (1.31) (2.55) (0.56) (1.17) (1.06) (3.96)

Secondary submovement distance (deg)
Mean 1.13 2.65 2.03 3.48 0.66 1.23 1.60 2.10
SD (0.76) (1.84) (1.51) (2.30) (0.43) (0.93) (1.08) (1.78)

Total movement distance (deg)
Mean 49.94 48.98 50.35 49.54 50.20 50.60 49.96 49.42
SD (0.24) (1.79) (1.70) (1.94) (0.46) (1.63) (0.25) (4.25)

Primary submovement duration (ms)
Mean 481 562 554 673 458 598 515 628
SD (150) (152) (132) (157) (143) (193) (142) (165)

Secondary submovement duration (ms)
Mean 286 489 358 515 231 308 306 390
SD (49) (176) (80) (202) (52) (59) (75) (245)

Total movement duration (ms)
Mean 769 1053 883 1137 691 908 775 914
SD (184) (268) (140) (205) (167) (171) (166) (262)

Constant endpoint error (deg)
Mean �0.08 �1.23 �0.37 �1.04 0.01 �.05 �0.04 �2.00
SD (0.26) (1.67) (0.50) (3.59) (0.15) (0.27) (0.25) (2.89)

Absolute endpoint error (deg)
Mean 0.37 2.55 0.56 3.18 0.31 1.88 0.37 3.49
SD (0.37) (1.04) (0.52) (2.79) (0.25) (0.78) (0.22) (1.96)

Variable endpoint error (deg)
Mean 0.59 2.70 0.64 3.21 0.53 2.19 0.64 2.32
SD (0.49) (1.40) (0.26) (1.28) (0.30) (0.92) (0.24) (1.10)

Target hit rate ratio
Mean 0.52 0.12 0.42 0.08 0.53 0.18 0.54 0.06
SD (0.18) (0.12) (0.14) (0.10) (0.22) (0.07) (0.13) (0.09)



471

ment as a function of practice, while in contrast the young
subjects propelled the arm a significantly greater propor-
tion of the total distance with the primary submove-
ment following practice (Age � Practice interaction:
F(1,19) = 3.05, P = 0.09), leaving them only 0.50� from
the target, as shown in Fig. 2. Both age groups demon-
strated a shortening in the distance traveled to the target
with the secondary submovement following practice
(practice main effect F(1,19) = 7.87, P = 0.01). In addition,
both groups reduced the mean number of corrections per-
formed per trial (F(1,19) = 26.19, P < 0.001) (0.95 for the
young and 1.03 for the elderly).

The young and the elderly reduced total movement
time as a function of practice by about 100 ms (significant
main effect of Practice, F(1,19) = 16.34, P < 0.01). Both
the young and the elderly spent about 50 ms less in the
secondary submovement with respect to prepractice
(Practice main effect, F(1,19) = 28.77, P < 0.001). Both
the young and the elderly were therefore spending 65%
of the total duration in the primary submovement and
35% in the secondary submovement following practice.

There were no significant declines in the magnitude of
endpoint errors for either age group following practice
with vision. The elderly subjects did, however, increase
their target hit rate with vision following practice, while
the young did not. This result produced a significant
three-way interaction, because performance without vi-
sion did not follow the same trend, as discussed in the
next section (significant Age � Condition � Practice inter-
action, F(1,19) = 7.41, P = 0.01). The follow-up Age � Prac-
tice (with vision) contrast was significant at F(1,19) = 3.38,
P = 0.08, reflecting that the elderly subjects increased
their target hit rate ratio as a function of practice, while
the young did not demonstrate significant practice im-
provements. Thus, there was no age difference in target
hit rate with vision following practice.

In summary, improvements as a function of practice
on trials with vision were different for each age group.
The elderly did not increase the distance covered with
the primary submovement, while the young did. Never-
theless, both the young and the elderly decreased the du-
ration of and the distance covered in the secondary sub-
movement. In addition, only the elderly subjects in-
creased target hit rate as a function of practice with vi-
sion, bringing them up to the same level as the young
subjects.

Postpractice effects on age differences without vision

There were no significant effects between age group for
visual condition on total distance following practice, sim-
ilar to prepractice. The same group � time interaction that
applied to primary submovement distance with vision ap-
plies here as well, such that the young increased primary
submovement distance without vision while the elderly
did not (P = 0.09). Although the three-way interaction
was not significant, there was a trend for the young sub-
jects to cover the same distance in the primary submove-

ment regardless of whether they had visual information
following practice while the elderly did not, as seen in
Fig. 3. They increased the proportion of the total distance
covered with the primary submovement from 93% to
99%. Following practice, both age groups continued to
cover a greater distance in the secondary submovement
upon the extinction of visual information.

The effect of removing visual feedback information on
total movement time still existed but was reduced follow-
ing practice for both groups. The increase in total move-
ment duration as a result of removing vision was 300 ms
prior to practice and was reduced to roughly 150 ms for
both age groups following practice, resulting in a signifi-
cant Condition � Practice interaction, F(1,19) = 6.22,
P < 0.05. This was due to the reduction in time spent
in both the primary and the secondary submovement for
both groups without vision following practice (significant
Condition � Practice interactions: F(1,19) = 5.90; P < 0.05,
F(1,19) = 7.88, P = 0.01, respectively). The young spent
65% of the total duration in the primary submovement
following practice without vision and 35% in the second-
ary submovement, while proportions for the elderly were
70% and 30%, respectively.

The young subjects increased target hit rate without vi-
sion as a function of practice, while the elderly showed no
significant change in performance (follow-up contrasts re-
sulted in a borderline Group � Practice without vision ef-
fect, F(1,19) = 2.88, P = 0.10). The same pattern of results
was observed in the constant and absolute endpoint error
data; the young subjects tended to decrease constant and
absolute endpoint error without vision following practice
while the elderly did not (P < 0.10). These endpoint ac-
curacy measures thus support the hypothesis that, follow-
ing practice, the young subjects are less reliant on visual

Fig. 3 Primary submovement distance and visual feedback reliance.
Following practice, the young covered the same distance in the pri-
mary submovement regardless of whether they had visual informa-
tion available. The elderly, meanwhile, were still affected by the re-
moval of visual information following practice
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information to achieve the target, while the elderly are
not. Both age groups did demonstrate a reduction in vari-
able error without vision, resulting in a significant Condi-
tion � Time interaction F(1,19) = 5.46, P < 0.05)).

Discussion

Prior to practice, the young and the elderly subjects cov-
ered essentially the same distance in the primary sub-
movement, although the elderly moved slightly slower.
The proportion of the distance covered in the primary
submovement was larger than that seen in other investiga-
tions (Abrams and Pratt 1993; Pratt et al. 1994); possibly
reflecting the difference in parsing algorithms used. The
general pattern of results does concur with those of other
investigators, however. Since the primary submovement
is assumed to reflect mostly the program-controlled por-
tion of the movement, the lack of age difference in the
distance covered suggests that, for unpracticed conditions,
elderly and young adults program the movement endpoint
in a similar fashion. The finding that both younger and
older adults spend the same amount of time in the primary
submovement supports the suggestion of Pratt et al.
(1994) that both age groups seek feedback information
at the same point in the movement. Despite the similarity
in the primary submovement distance for the young and
the elderly, the elderly spent a greater proportion of the
primary submovement decelerating, suggesting that the
details of this submovement are planned differently for
the elderly than for the young. In addition, the elderly
subjects traveled a greater distance and spent more time
in the secondary submovement than the young prior to
practice, suggesting that they were making either ineffec-
tive and/or multiple corrections. This result concurs with
those of Pratt et al. (1994). The greater time spent in the
secondary submovement by the elderly prior to practice
would suggest a greater reliance on visual feedback than
the young subjects. However, the elderly were not dis-
rupted to a greater extent than the young when visual
feedback was removed prior to practice. The longer sec-
ondary submovement prior to practice may instead reflect
a decreased efficiency in using visual feedback informa-
tion for the elderly, rather than a greater reliance on this
information.

The observation of larger-amplitude and longer dura-
tion secondary submovements without vision concurs
with the results of Pratt and Abrams (1996), who tested
young adults on an aiming task without vision. The fact
that corrections are made in the absence of vision may
seem curious; it is likely, however, that subjects used pro-
prioceptive information to guide these corrections. Pro-
prioceptive information is not as accurate as visual feed-
back, which may explain the increase in amplitude and
duration of these corrections.

The 100 practice trials provided in this investigation
were sufficient to bring about changes in performance
for both age groups, accompanied by changes in the un-
derlying kinematics. The young subjects increased the

distance traveled in the primary submovement following
practice, similar to the findings of Pratt and colleagues
(1994; Abrams and Pratt 1993). This implies that, with
practice, the young extend the length of the primary sub-
movement so that they have fewer adjustments to make in
order to reach the target. While this change was small, it
was quite consistent across subjects. The elderly, in con-
trast, did not increase the distance covered in the primary
submovement, suggesting that they do not have the capa-
bility to alter their movement substructure following prac-
tice.

The elderly subjects tended to decrease total move-
ment distance slightly following practice. This issue
makes it difficult to compare the magnitude of relative
changes in primary and secondary submovement distance
between the young and the elderly. Accepting all trials
into the analysis rather than only those that hit the target,
however, provides a clearer picture of actual perfor-
mance. Both the young and the elderly subjects in the
current investigation decreased the distance covered in
the secondary submovement as a function of practice.
For the young subjects, this decrease in secondary sub-
movement distance was accompanied by an increase in
primary submovement distance, further supporting the
notion that the young reduce reliance on feedback control
following practice and preprogram a greater portion of
the movement. They also concurrently demonstrated a re-
duced reliance on visual information following practice.
The elderly subjects, in contrast, decreased secondary
submovement distance and the number of corrections
performed per trial without increasing primary submove-
ment distance, suggesting that rather than decreasing re-
liance on feedback they were instead becoming more ef-
ficient at using feedback information and making more
effective corrections. In addition, their performance was
disrupted to a greater extent than that of the young sub-
jects upon the extinction of visual information following
practice.

Following practice, the young subjects increased the
primary submovement distance and covered the same dis-
tance with it regardless of whether they had visual infor-
mation, although they did move more slowly without vi-
sion. These results suggest that the young have improved
their movement program.The elderly, however, covered
less distance in the primary submovement without visual
feedback than with visual feedback both pre- and post-
practice. In addition, the young substantially decreased
constant and absolute errors while increasing their target
hit rate when tested without visual information following
practice, while the elderly did not. These results imply,
that following practice, the elderly maintain reliance on
visual feedback while the young reduce reliance on visual
information. These results concur with those of Haaland
et al. (1993), who have shown the elderly to be more re-
liant on visual information than the young. Pohl et al.
(1996) also suggested that the elderly are more reliant
on feedback control, because they made a greater number
of corrective movements during the performance of a tap-
ping task than the young.
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The elderly subjects� greater reliance on visual feed-
back appears to be related to impaired programming abil-
ities. Much research has demonstrated that the elderly
have a reduced capability to prepare movements and that
they cannot maintain this preparation as well as young
subjects (Gottsdanker 1980; Stelmach et al. 1987;
Amrhein et al. 1991). This notion is further supported
by the breakdown in antagonist EMG activity observed
during aiming movements for the elderly (Darling et al.
1989). These authors reported that antagonist activity
was either not present or was improperly timed such that
it overlapped extensively with the primary agonist burst.
Seidler and Stelmach (1996b) have also demonstrated ir-
regularities in EMG patterns for the elderly; the elderly
did not time antagonist inhibition such that it preceded
the initiation of the agonist burst to the same extent that
the young subjects did. The elderly also coactivated their
muscles for a greater portion of the movement than the
young. Coactivation that occurs early in the movement
may be responsible for the shortened primary submove-
ment in the elderly.

Shortened primary submovements may also reflect a
conservative strategy for the elderly, due to the inherent
increase in variability, making it difficult to predict the lo-
cation of the endpoint of the primary submovement. It is
well established that movements for the elderly are more
variable and jerkier than those of the young (Cooke et al.
1989; Darling et al. 1989; Seidler and Stelmach 1995). In-
creased movement variability has been suggested to be re-
lated to the neuromuscular changes that occur with age
(Cooke et al. 1989; Darling et al. 1989; Galganski et al.
1993; Booth et al. 1994). Specifically, motoneuron death
occurs with increasing age (Campbell et al. 1973; Oda
1984; Kanda and Hashizume 1989). Some of the muscle
fibers that were previously innervated by these motoneu-
rons are reinnervated by the remaining motoneurons.
These newly grouped motor units produce greater force,
due to the greater number of muscle fibers per motor unit.
Thus the elderly are left with less-refined control over
force gradation than the young. Indeed, Galganski et al.
(1993) have demonstrated that the elderly exhibit greater
force variability per force ratios than the young at varying
percentages of maximal force. This increased variability
may reduce the precision of movement endpoint predic-
tion in the elderly. Thus they may choose to always un-
dershoot the target and then attempt to correct for errors
due to increased movement variability.

Impaired sensory processes may also contribute to the
elderly not modifying submovement distance as a func-
tion of practice. Recent work by Sainburg et al. (1995)
has demonstrated that patients with peripheral sensory
neuropathy are unable to update their internal model in
the performance of an arm-aiming task. The well-docu-
mented declines in proprioception with aging (Skinner
et al. 1984; Stelmach and Sirica 1986) may prevent elder-
ly subjects from updating their movement plan for the ini-
tial, ballistic phase of the movement. As a result of this
inflexibility, they would be unable to alter the length of
the submovement.

The young and the elderly subjects in this investigation
were equally reliant on visual feedback prior to extensive
practice. The young were able to increase the distance
covered in the primary submovement as a function of
practice, but the elderly were not. Following practice,
the elderly maintained their reliance on visual feedback,
while the young decreased their dependence on it. This re-
lationship between the proportion of the total movement
distance that is covered with the primary submovement
and the level of reliance on visual feedback has not been
previously demonstrated. Overall, the results imply that
young subjects are capable of improving the programmed
portion of an aiming movement following practice, while
the elderly are not. This requires the elderly to make cor-
rective adjustments, causing them to be slower than the
young on maximal speed-aiming tasks.
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