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Abstract
Magnification of visual feedback (VF) impairs force control in older adults. In this study, we aimed to determine whether the 
age-associated increase in force variability with magnification of visual feedback is a consequence of increased amplitude 
or speed of visual feedback. Seventeen young and 18 older adults performed a constant isometric force task with the index 
finger at 5% of MVC. We manipulated the vertical (force gain) and horizontal (time gain) aspect of the visual feedback so 
participants performed the task with the following VF conditions: (1) high amplitude-fast speed; (2) low amplitude-slow 
speed; (3) high amplitude-slow speed. Changing the visual feedback from low amplitude-slow speed to high amplitude-fast 
speed increased force variability in older adults but decreased it in young adults (P < 0.01). Changing the visual feedback 
from low amplitude-slow speed to high amplitude-slow speed did not alter force variability in older adults (P > 0.2), but 
decreased it in young adults (P < 0.01). Changing the visual feedback from high amplitude-slow speed to high amplitude-
fast speed increased force variability in older adults (P < 0.01) but did not alter force variability in young adults (P > 0.2). In 
summary, increased force variability in older adults with magnification of visual feedback was evident only when the speed 
of visual feedback increased. Thus, we conclude that in older adults deficits in the rate of processing visual information and 
not deficits in the processing of more visual information impair force control.
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Introduction

In motor control experiments, visual feedback of the force 
output is a tool to enhance force control. However, a consist-
ent finding is that magnification of visual feedback impairs 
force control in older adults. This is demonstrated as an 
increase in force variability with magnification of the force 
visual feedback (Baweja et al. 2012; Fox et al. 2013; Ken-
nedy and Christou 2011; Sosnoff and Newell 2006; Tracy 
et al. 2007; Welsh et al. 2007a, b). Although strategies used 
to magnify force visual feedback increase both the ampli-
tude and speed of the feedback, their relative contribu-
tion to the exacerbation of force variability in older adults 
remains unclear. Here, we attempt to understand the relative 

contribution of amplitude and speed of visual feedback to 
the age-associated increase in force variability with magni-
fication of visual feedback.

Deficits in visual information processing could explain 
the increase in force variability with magnification of visual 
feedback in older adults. The first evidence in the literature 
likely comes from Sosnoff and Newell (Sosnoff and Newell 
2006). They compared finger force variability of young and 
older adults during a constant force task at various levels of 
visual feedback magnification (250-fold range). Age-asso-
ciated differences in force variability increased as a function 
of visual feedback magnification. The authors concluded that 
these findings indicate impaired visual information process-
ing in older adults relative to young adults. Several follow-
up studies supported the notion that the age-associated dif-
ferences in force variability increase with magnification of 
visual feedback (Baweja et al. 2010; Fox et al. 2013; Ken-
nedy and Christou 2011; Sosnoff and Newell 2006; Welsh 
et al. 2007a). Further support for an age-associated deficit in 
visual information processing comes from reaction time and 
reaching task studies (Temprado et al. 2013; Van Halewyck 
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et al. 2015; Welsh et al. 2007b). Specifically, older adults 
exhibit slower pre-motor time (processing time) during reac-
tion time tasks (Anderson et al. 1997; Curran et al. 2001), 
which is exacerbated with the addition of visual stimuli or 
increased cognitive load (Hahn et al. 2011, 2006; Huxhold 
et al. 2006; Vaportzis et al. 2014; Voelcker-Rehage and 
Alberts 2007). Furthermore, the impaired reaching accuracy 
in older adults is associated with a deficit in visual informa-
tion processing rather than to a deficit in programming the 
movement (Temprado et al. 2013; Van Halewyck et al. 2015; 
Welsh et al. 2007b). The age-associated visual information 
processing deficits are likely related to a functional decline 
and volume loss of the visual cortex (Andersen 2012; Men-
delson and Wells 2002; Park et al. 2004) and prefrontal 
cortex (Raz et al. 1997), which impairs visual information 
transmission and integration with the execution of motor 
output. Thus, age-associated deficits in visual information 
processing exacerbate force variability with magnification 
of visual feedback.

Interestingly, magnification of visual feedback increases 
both the amplitude and speed of visual feedback. This is 
important because increased amplitude of visual feedback 
requires a greater amount of visual information process-
ing, whereas a faster speed of visual feedback requires a 
higher rate of visual information processing. Nonetheless, it 
remains unclear whether the impaired force variability with 
magnification of visual feedback in older adults relates to 
the increased amplitude or speed of visual feedback. In this 
study, we aimed to determine whether the age-associated 
increase in force variability with magnification of visual 
feedback is a consequence of increased amplitude or speed 
of visual feedback. To accomplish this, we manipulated 
force visual feedback amplitude and speed individually or 
concomitantly by changing the vertical (force gain) and hori-
zontal (time gain) aspect of the visual feedback. We hypoth-
esize that the decline in force control with magnification 
of visual feedback is a consequence of increased speed of 
visual feedback.

Methods

Participants

Seventeen young adults (20.5 ± 2.1 years, nine females) and 
18 older adults (72.7 ± 6.4 years, nine females) volunteered 
to participate in this study. All participants reported being 
healthy without any known orthopedic or neurological prob-
lems, and were right handed according to a standardized 
survey (Oldfield 1971). The Institutional Review Board at 
the University of Florida approved all the procedures for this 
study, and the experiment was performed in accordance with 
the ethical standards laid down in the 1964 Declaration of 

Helsinki. Participants signed a written consent form before 
participating in this study.

Experimental protocol and procedures

Participants attended a single 1-h experimental session. Each 
participant began with familiarization of the experimental 
procedures. The familiarization period included a verbal 
explanation of the index finger constant isometric force task 
and ten practice trials. Following the familiarization, each 
participant performed the following: (1) maximum voluntary 
contraction (MVC) force with abduction of the index finger; 
(2) constant isometric force task with the index finger at 
5% MVC. For the constant isometric force task, each par-
ticipant performed 6 trials at three different visual feedback 
conditions. The order of the visual feedback conditions was 
random. Each trial lasted 20 s and participants received 30 s 
of rest between trials, and 1 min of rest between visual feed-
back conditions.

Experimental arrangement

Experimental setup and apparatus Participants were seated 
comfortably in an upright position and faced a 32-inch moni-
tor (Sync  MasterTM 320MP-2, Samsung Electronics Amer-
ica, NJ, USA) located 1.65 m away at eye level. They placed 
their left arm on a custom-built metal plate that secured the 
arm on the table (Fig. 1). They abducted the left shoulder at 
45° and flexed the elbow at 90°. We secured the pronated left 
forearm of the participants on the metal plate and restrained 
all fingers from movement with Velcro straps except the 
index finger. This arrangement allowed the abduction of 
the index finger about the metacarpophalangeal joint in the 
horizontal plane.

Fig. 1  Top view of the experimental set up. We isolated the partici-
pants` wrist, middle, ring and pinky finger to allow only abduction of 
the index finger
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Force measurement We recorded the constant isometric 
force produced by the abduction of the index finger with 
a one-dimensional force transducer (Futek LRF400—
FSH00261, capacity: 1 lb, Futek Advanced Sensor Tech-
nology Inc. CA, USA). The axis of the force transducer was 
aligned perpendicular to the proximal inter-phalangeal (PIP) 
joint. The force signal was sampled at 1 kHz with a NI-DAQ 
card (Model USB6210, National Instruments, Austin, TX, 
USA) and stored on a personal computer.

MVC task Participants abducted their index finger from 
baseline to maximum force over a 2-s period and main-
tained the maximum force for 4–7 s. We repeated MVC tri-
als until two trials were within 5% of each other. We gave 

participants 1-min rest between MVC trials. We quantified 
the MVC force as the average force over 3–6 s (constant 
part) around the peak force. This procedure permitted the 
identification of a more conservative MVC, which reflected 
the person’s capability to perform constant isometric con-
tractions (Baweja et al. 2010; Kennedy and Christou 2011).

Constant isometric force task The goal of the participants 
was to accurately match the target force (5% MVC) line with 
abduction of the index finger. The target force line (red) and 
the force they exerted (blue) simultaneously displayed on 
the monitor (Fig. 2). Participants gradually pushed against 
the force transducer and increased their force to match the 
target force within 3 s. After they reached the target, they 

Fig. 2  Task and visual feedback 
manipulation. Participants 
performed a constant isomet-
ric contraction exerting 5% 
of MVC for 20 s with three 
different visual feedback 
conditions (low amplitude-slow 
speed, high amplitude-fast 
speed, and high amplitude-slow 
speed). a We compared the low 
amplitude-slow speed and high 
amplitude-fast speed condi-
tions, which manipulated both 
the amplitude (0.06°–1.2°) and 
speed of visual feedback (3.64–
5.94 cm/s). b We compared the 
low amplitude-slow speed and 
high amplitude-slow speed con-
ditions, which manipulated only 
the amplitude of visual feedback 
(0.06°–1.2°). c We compared 
the high amplitude-slow speed 
and high amplitude-fast speed 
conditions, which manipulated 
only the speed of visual feed-
back (3.97–5.94 cm/s)
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maintained their force on the target line as accurately and as 
consistently as possible for 17 s.

Visual feedback manipulation We manipulated visual 
feedback with a custom-written program in  Matlab® (Math 
Works™ Inc., Natick, Massachusetts, USA) by changing the 
vertical (force gain) and horizontal (time gain) axis scale on 
the monitor. The horizontal feedback varied by changing the 
horizontal size of the display from 14 to 70 cm (full length 
of the monitor). The vertical feedback varied by changing 
the visual angle of force from 0.06° to 1.2°. We applied the 
following formula to manipulate the visual angle of force, 
as we have done previously (Baweja et al. 2010, 2012; Fox 
et al. 2013; Kennedy and Christou 2011):

where  VAForce is the visual angle of force, h1 is the half 
height of force amplitude displayed on the monitor, and d 
is the distance of the eye to the center of the monitor. For 
each participant, the distance from the eye to the center of 
the monitor (d) was held constant (1.65 m) and participants 
were monitored to ensure that they maintained their position 
in the chair. To alter the visual angle of force, we manipu-
lated the amplitude of force fluctuations (h1) by changing 
the y-axis scale (zooming in or out of the force display). The 
amplitude of force fluctuations was estimated to be 3% of 
targeted force (CV of mean force).

Based on a combination of the horizontal and vertical 
aspects of the display we created the following three distinct 
types of visual feedback conditions:

1. The horizontal length of the display was 70 cm and the 
visual angle of force was 0.06°. We termed this visual 
feedback low amplitude-slow speed.

2. The horizontal length of the display was 14 cm and the 
visual angle of force was 1.2°. We termed this visual 
feedback high amplitude-slow speed.

3. The horizontal length of the display was 70 cm and the 
visual angle of force was 1.2°. We termed this visual 
feedback high amplitude-fast speed.

By changing the visual feedback from one condition 
to another we were able to manipulate the amplitude and 
speed of visual feedback. We performed the following three 
comparisons:

Manipulation of visual feedback amplitude and speed We 
changed the visual feedback condition from low amplitude-
slow speed to high amplitude-fast speed (Fig. 2a) by manip-
ulating the force gain (0.06°–1.2°) while maintaining the 
time gain (70 cm). This manipulation resulted in increased 
amplitude of the force signal on the y-axis (20 times) and 
increased speed of visual feedback (3.64–5.94 cm/s). The 
comparison of these two conditions reflects the traditional 

VAForce = 2 ×

(

tan
−1

(

h1

d

))

,

manipulation of visual feedback in the literature (Baweja 
et al. 2010, 2012; Fox et al. 2013; Kennedy and Christou 
2011).

Manipulation of visual feedback amplitude We changed 
the visual feedback condition from low amplitude-slow 
speed to high amplitude-slow speed (Fig. 2b) by manipulat-
ing both the force gain (0.06°–1.2°) and time gain (x-axis 
length: 70–14 cm). This manipulation resulted in increased 
amplitude of the force signal on the y-axis (20 times), 
but no significant change in the speed of visual feedback 
(3.64–3.97 cm/s).

Manipulation of speed of visual feedback We changed the 
visual feedback condition from high amplitude-slow speed 
to high amplitude-fast speed (Fig. 2c) by manipulating the 
time gain (x-axis length: 14–70 cm) while maintaining the 
force gain (1.2°). This manipulation resulted in increased 
speed of visual feedback (3.97–5.94 cm/s), but no change in 
the amplitude of visual feedback.

Data analysis

Data were analyzed offline using custom-written programs 
in Matlab® (Math Works™ Inc., Natick, Massachusetts, 
USA). We quantified the finger force performance from a 
15 s segment (from 4 to 19 s of each trial). We selected this 
time segment for analysis to exclude the initial adjustments 
(from 0 to 4 s) and end-of-trial force drop (from 19 to 20 s).

Force error We quantified force error with the root mean 
square error (RMSE) from targeted force.

Force variability We quantified force variability with 
the standard deviation (SD) of the processed force signal. 
Processing of the force signal included: (1) the raw force 
signal was low-pass filtered at 10 Hz with a second order 
Butterworth filter; (2) the filtered force signal was detrended. 
Detrending the force signal eliminated drifting of force that 
may be caused by the reduction of visual feedback. We use 
force variability and SD of force interchangeably throughout 
the paper.

Statistical analysis

The independent variables were the age of the group (young 
adults and older adults) and the visual feedback conditions 
(low amplitude-slow speed, high amplitude-fast speed, high 
amplitude-slow speed). The major dependent variables were: 
(1) MVC force; (2) mean force; (3) RMSE; and (4) SD of 
force. We compared the MVC force between the two age 
groups with an independent t test. To compare the effect of 
visual feedback in young and older adults on mean force, 
RMSE, and SD of force we used a two-way mixed Analysis 
of Variance (ANOVA) [2 age groups × 2 visual feedback 
conditions] with repeated measures on visual feedback con-
ditions. Following significant main effects and interactions 
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from the ANOVA models we performed appropriate post 
hoc analyses. We performed all statistical analyses with 
IBM SPSS Statistics (IBM Corp. Version 22.0. Armonk, 
NY: IBM Corp. SPSS, Inc., Chicago, IL). The alpha level 
for all statistical tests was 0.05 and was adjusted for multiple 
comparisons with Bonferroni corrections. Data are reported 
as mean ± SD within the text and as mean ± standard error 
of the mean (SEM) in the figures. Only the significant main 
effects and interactions are presented, unless otherwise 
noted.

Results

MVC and mean force during task

Young and older adults exhibited similar MVC (Young: 
25.32 ± 6.08  N; Older: 23.11 ± 7.89  N; F1,35 = 0.948, 
P = 0.34), therefore, age-associated differences during the 
various visual feedback conditions were not due to strength 
differences. Mean forces were not different between young 
and older adults and between different visual feedback con-
ditions (no main effects or interactions; P > 0.4). Therefore, 
we used the SD of force as our measure of force variability.

Manipulation of amplitude and speed of visual 
feedback

Changing the visual feedback from low amplitude-slow 
speed to high amplitude-fast speed (Fig.  3a) increased 
the amplitude (0.06°–1.2°) and the speed of visual feed-
back (3.64–5.94 cm/s). This manipulation resulted in the 
following:

Force error There was a significant age group main effect 
(F1,33 = 10.625, P < 0.001; Fig. 3b) and a significant visual 
feedback main effect (F1,33 = 16.326, P < 0.001; Fig. 3b). 
The age main effect indicates that older adults exhibited 
greater force error than young adults regardless of the visual 
feedback.

Force variability There was a significant age group × 
visual feedback interaction (F1,33 = 15.255, P < 0.001; 
Fig. 3c). Post hoc analyses demonstrated that older adults 
showed a significant increase in force variability from 
low amplitude-slow speed to high amplitude-fast speed 
(0.064 ± 0.022–0.080 ± 0.03  N, t = 2.315, P = 0.033), 
while young adults showed a significant decrease from 
low amplitude-slow speed to high amplitude-fast speed 
(0.056 ± 0.02–0.041 ± 0.019 N, t = 4.458, P < 0.001). In addi-
tion, the age-associated difference in force variability was 
significant only during high amplitude-fast speed condition 
(young: 0.041 ± 0.019 N, older: 0.080 ± 0.03 N, t = 4.284, 
P < 0.001), but not during low amplitude-slow speed 

condition (young: 0.056 ± 0.02 N, older: 0.064 ± 0.022 N, 
t = 1.174, P = 0.249).

These findings suggest that increasing the ampli-
tude (0.06°–1.2°) and the speed of visual feedback 
(3.64–5.94 cm/s) decreases force error for both groups. In 
contrast, this manipulation results in a decrease in force vari-
ability for young adults and a significant increase in force 
variability for older adults.

Manipulation of visual feedback amplitude

Changing the visual feedback from low amplitude-slow 
speed to high amplitude-slow speed (Fig. 3d) increases the 
amplitude of visual feedback (0.06°–1.2°) but not the speed 
of visual feedback (3.97 and 3.64 cm/s). This manipulation 
resulted in the following:

Force error There was a significant age (F1,33 = 13.354, 
P = 0.001) and visual feedback main effect (F1,33 = 20.857, 
P < 0.001; Fig. 3e). These two main effects demonstrated that 
older adults exhibited greater force error than young adults 
regardless of the visual feedback (Young: 0.058 ± 0.021 N, 
Older: 0.092 ± 0.032 N), and that force error decreased for 
both groups from low amplitude-slow speed to high ampli-
tude-slow speed (0.088 ± 0.038–0.064 ± 0.032 N).

Force variability There was a significant age main effect 
(F1,33 = 6.317, P = 0.017) and a significant age group 
× visual feedback interaction (F1,33 = 7.550, P = 0.01; 
Fig. 3f). Post hoc analyses demonstrated that young adults 
exhibited significant decrease in force variability from 
low-amplitude-slow speed to high amplitude-slow speed 
(0.056 ± 0.02–0.42 ± 0.023 N, t = 3.615, P = 0.002), while 
older adults did not change (t = 0.723, P = 0.48). In addi-
tion, the age-associated difference in force variability was 
significant only during high amplitude-slow speed condition 
(young: 0.042 ± 0.023 N, older: 0.068 ± 0.022 N, t = 3.359, 
P = 0.002), but not during low amplitude-slow speed con-
dition (young: 0.056 ± 0.02  N, older: 0.064 ± 0.022  N, 
t = 1.176, P = 0.25).

These findings suggest that solely increasing the ampli-
tude of visual feedback (0.06°–1.2°) decreases force error 
for both groups. In contrast, this manipulation results in a 
decrease in force variability for young adults but in no sig-
nificant change in force variability for older adults.

Manipulation of speed of visual feedback

Changing the visual feedback from high amplitude-slow 
speed to high amplitude-fast speed (Fig.  3g) increased 
the speed of visual feedback (3.97–5.94 cm/s), but not the 
amplitude of visual feedback (1.2° for both). This manipula-
tion resulted in the following:

Force error There was a significant age main effect (F1,33 
= 23.620, P < 0.001; Fig. 3h). This main effect demonstrated 
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that older adults exhibited greater force error than young 
adults regardless of the visual feedback.

Force variability There was a significant age main 
effect (F1,33 = 17.691, P < 0.001; Fig. 3i) and an age × 
visual feedback interaction (F1,33 = 4.190, P = 0.049; 
Fig.  3i). Post hoc analyses demonstrated that older 
adults exhibited significantly greater force variabil-
ity than young adults during both high amplitude-slow 
speed (older: 0.068 ± 0.022 N, young: 0.042 ± 0.023 N, 
t = 3.359, P = 0.002) and high amplitude-fast speed 
(older: 0.080 ± 0.03 N, young: 0.041 ± 0.019 N, t = 4.345, 
P < 0.001) conditions. However, the difference in force 
variability was greater at high amplitude-fast speed 

visual feedback condition. In addition, older adults 
showed a significant increase in force variability from 
high amplitude-slow speed to high amplitude-fast speed 
(0.068 ± 0.022–0.080 ± 0.03  N, t = 2.131, P = 0.048), 
whereas the force variability did not change for young 
adults (0.042 ± 0.023 and 0.041 ± 0.019  N, t = 0.397, 
P = 0.7, Fig. 3i).

These findings suggest that solely increasing the speed 
of visual feedback (3.97–5.94 cm/s) does not influence 
force error for both groups. In contrast, this manipulation 
results in an increase in force variability for older adults 
but no significant change in force variability for young 
adults.

Fig. 3  Force error and force variability. When both the amplitude 
and speed of visual feedback increased with our visual feedback 
manipulation (a from low amplitude-slow speed to high amplitude-
fast speed), force error decreased for both age groups (b). In contrast, 
variability of force increased for older adults and decreased for young 
adults (c). When only the amplitude of visual feedback increased 
with our manipulation (d from low amplitude-slow speed to high 
amplitude-slow speed), force error decreased for both age groups 
(e). Force variability for young adults decreased, while older adults 

did not change (f). When only the speed of visual feedback increased 
with our manipulation (g from high amplitude-slow speed to high 
amplitude-fast speed), force error did not change for both groups (h). 
Force variability for older adults increased, while young adults did 
not change (i). In summary, these results demonstrate that increased 
speed of visual feedback increases force variability in older adults, 
whereas increased amplitude of visual feedback decreases force 
error in both age groups. +, visual feedback main effect; ○, age main 
effect; *, visual feedback differences; and #, age differences
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Discussion

The finding that magnification of visual feedback impairs 
motor control in older adults has been widely accepted in 
the literature. However, it remains unclear whether this 
impairment relates to the magnification-induced increase 
in amplitude or speed of visual feedback. This is impor-
tant because the amplitude of visual feedback relates to 
the amount of visual information that must be processed, 
whereas the speed of visual feedback relates to the rate 
by which visual information must be processed. Using a 
series of experimental conditions that uniquely manipu-
lated the amplitude and speed of visual feedback; we pro-
vide novel evidence that the increase in speed, but not the 
increase in amplitude of visual feedback impaired force 
variability in older adults. We conclude that for older 
adults, the motor control impairment observed with mag-
nification of visual feedback is likely related to a deficit in 
processing visual information fast.

Visual feedback and force variability

Magnification of visual feedback increases force variabil-
ity in older adults, but not in young adults. This has been 
demonstrated with manipulation of visual feedback from 
very low-gain to high-gain with contractions of the upper 
(Baweja et al. 2009; Fox et al. 2013; Kennedy and Christou 
2011; Sosnoff and Newell 2006) and lower limb (Baweja 
et al. 2012; Tracy et al. 2007; Welsh et al. 2007a). Our 
current results support this finding. Specifically, we show 
that magnifying the visual feedback 20 times (increased 
the visual angle from 0.06° to 1.2°), led to an increase in 
force variability in older adults and a decrease in young 
adults. Magnifying the visual feedback also increased 
the speed of visual feedback ~ 2 times (3.64–5.94 cm/s). 
Thus, this raises the following question: “Does magnifica-
tion of visual feedback increase force variability in older 
adults because of increased amplitude or speed of visual 
feedback?”

It is important to address this question because the 
amplitude and speed of visual feedback challenge differ-
ent neural processes. Greater amplitude is associated with 
the amount of visual information that must be processed, 
whereas faster speed challenges the rate by which visual 
information must be processed. Although there is strong 
evidence that visual information processing is impaired 
in older adults (Briggs et al. 1999; Burns and Nettelbeck 
2001; Hertzog et al. 1986; Nettelbeck and Rabbitt 1992; 
Plude and Hoyer 1986; Salthouse 1996, 2000; van der 
Lubbe and Verleger 2002). It remains unknown whether 
the deficits in older adults relate to increased amplitude or 

speed of visual feedback. Previous studies that magnified 
visual feedback were limited in addressing this question 
because they magnified the vertical part of the visual dis-
play and thus changed both the amplitude and speed of 
visual feedback concurrently. Here, we compared visual 
feedback conditions that uniquely manipulated the ampli-
tude and speed of the visual feedback. When we increased 
the amplitude 20 times, but not the speed of the visual 
feedback (low amplitude-slow speed to high amplitude-
slow speed; Fig. 2b), force variability did not change in 
older adults despite the significant increase in the ampli-
tude of visual feedback. In contrast, when we increased 
the speed two times but not the amplitude of the visual 
feedback (high amplitude-slow speed to high amplitude-
fast speed; Fig. 2c), force variability increased in older 
adults despite the fact that the amplitude of visual feed-
back did not change. Older adults consistently increased 
their force variability only when the speed of visual feed-
back increased (Fig. 3c, i). Thus, we conclude that the 
impairment in force control with magnification of visual 
feedback for older adults relates to a deficit in processing 
visual information fast rather than to deficits in processing 
a greater amount of visual information (Baweja et al. 2010; 
Kennedy and Christou 2011) or fine motor control (Chris-
tou 2011; Enoka et al. 2003; Tracy and Enoka 2002).

Our finding suggests that the generally accepted notion that 
the increased motor output variability in older adults during 
magnified visual feedback (high-gain) is contributed by an 
inability to process visual information fast enough. Age-asso-
ciated changes in the central nervous system can explain the 
visual information processing rate deficits, which contributes 
to motor control deficits in older adults. It is well documented 
that age-associated visual information processing speed defi-
cits are related to various changes in central nervous system 
such as decreased density in visual cortex (Andersen 2012; 
Mendelson and Wells 2002), and reduced white matter integ-
rity in corticostriatal tracks (Bogacz et al. 2010; Forstmann 
et al. 2011). Specifically, selective degeneration of the dorso-
lateral prefrontal cortex delays visual information transmission 
to the primary motor cortex which results to impaired integra-
tion of visual information with the execution of motor output 
(Raz et al. 1997). In addition, a selective loss of functional 
specialization of the neurons in the ventral visual cortex with 
aging (Park et al. 2004) contributes to impaired visual informa-
tion transmission with magnification of visual gain (Coombes 
et al. 2010). In a closed loop visuomotor task where continu-
ous visual information processing is required, impaired and 
delayed information processing in the central nervous system 
can lead to a wrong or late motor execution. Thus, the inabil-
ity of older adults to process visual information at a fast rate 
(delayed visual information processing) could be due to age-
associated structural changes at the brain and consequently 
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lead to an increased motor output variability with magnified 
visual gain.

Our findings demonstrate that young adults decrease force 
variability with magnification of visual feedback. Young adults 
decreased force variability when the amplitude of visual feed-
back increased (Fig. 3c, f). Thus, we conclude that young 
adults are able to use the amplitude of visual feedback and 
enhance their visuomotor corrections and reduce force vari-
ability. These results support previous findings in the litera-
ture (Baweja et al. 2010; Coombes et al. 2010; Slifkin et al. 
2000; Vaillancourt et al. 2006). However, our study provides 
the novel finding that in young adults, increasing the speed 
of visual feedback has no influence on their force variability 
(Fig. 3i).

Visual feedback and force error

A secondary interest of our study was to determine the effect 
of visual feedback magnification on force error. Similar to 
previous studies that compared low-gain and high-gain vis-
ual feedback, we show that force error decreased (accuracy 
increased) with the high-gain visual feedback for both young 
and older adults. Our findings demonstrate that both young and 
older adults decrease force error when the amplitude of visual 
feedback increased (Fig. 3b, e). Thus, we conclude that both 
young and older adults are able to efficiently use the amplitude 
of visual feedback and associated visuomotor corrections to 
reduce the distance of their force output relative to the targeted 
force. These results support previous findings in the literature 
(Beuter et al. 1995; Coombes et al. 2010, 2011; Poon et al. 
2013). However, this study provides the novel finding that 
increasing the speed of visual feedback had no influence on 
the force error of young or older adults (Fig. 3h).

In this study, we aimed to determine whether the increase 
in force variability with magnification of visual feedback in 
older adults is related to the increase in amplitude or speed 
of visual feedback. We provide novel evidence that the 
increase in speed but not the increase in amplitude of visual 
feedback increases force variability in older adults. We con-
clude that the exacerbation of force control with magnifica-
tion of visual feedback in older adults is likely related to a 
deficit in processing visual information fast. These results 
can be useful in rehabilitation protocols developed for older 
adults to improve motor control.
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