Eye Movements, Strabismus, Amblyopia, and Neuro-Ophthalmology

Effects of Anisometropic Amblyopia on Visuomotor
Behavior, Part 2: Visually Guided Reaching
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PURPOSE. The effects of impaired spatiotemporal vision in amblyopia on visuomotor skills have rarely been explored in
detail. The goal of this study was to examine the influences of
amblyopia on visually guided reaching.
METHODS. Fourteen patients with anisometropic amblyopia
and 14 control subjects were recruited. Participants executed reach-to-touch movements toward targets presented
randomly 5° or 10° to the left or right of central fixation in
three viewing conditions: binocular, monocular amblyopic
eye, and monocular fellow eye viewing (left and right monocular viewing for control subjects). Visual feedback of the
target was removed on 50% of the trials at the initiation of
reaching.
RESULTS. Reaching accuracy was comparable between patients
and control subjects during all three viewing conditions. Patients’ reaching responses were slightly less precise during
amblyopic eye viewing, but their precision was normal during
binocular or fellow eye viewing. Reaching reaction time was
not affected by amblyopia. The duration of the acceleration
phase was longer in patients than in control subjects under all
viewing conditions, whereas the duration of the deceleration
phase was unaffected. Peak acceleration and peak velocity
were also reduced in patients.
CONCLUSIONS. Amblyopia affects both the programming and the
execution of visually guided reaching. The increased duration
of the acceleration phase, as well as the reduced peak acceleration and peak velocity, might reflect a strategy or adaptation
of feedforward/feedback control of the visuomotor system to
compensate for degraded spatiotemporal vision in amblyopia,
allowing patients to optimize their reaching performance. (Invest Ophthalmol Vis Sci. 2011;52:795– 803) DOI:10.1167/
iovs.10-6092
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A

primary function of the senses (e.g., vision) is to collect
information to guide motor behaviors, and one of the
brain’s main tasks is to perform sensorimotor transformation—a process that involves integrating sight, sound, and
other sensory information for the preparation and execution of
purposeful action. Visuomotor skills that seem ordinary, such
as reaching and picking up a coffee cup, typing on a keyboard,
or catching a ball, actually require complex and accurate sensorimotor processing. Sensorimotor processing can be conceptualized in three stages: localization, motor planning, and
movement execution.1,2 For instance, to pick up a cup successfully, sensory information about the target, including its
location (both direction and distance) and properties (size,
shape, and orientation), as well as the initial location of the
arm, head, and trunk, have to be detected and encoded by the
central nervous system.
Sensory input must be then transformed into a frame of
reference appropriate for the effector movement. For example,
eye movements are planned and executed in a gaze-centered
coordinate frame, whereas arm movements are programmed in
a shoulder-centered coordinate frame.1,3 During the movement
execution stage, visual and proprioceptive feedback arising
from the receptors is monitored, updated, and compared with
the corollary discharge4,5 so that the motor system can detect
errors and correct them quickly to achieve optimal performance.6 In most everyday situations, input from all sensory
modalities is used during goal-directed movements, but vision
provides a major input for all three stages. This is exemplified
by the observation that reaching movements are most accurate
when the target and the hand are visible throughout the movement.7
Amblyopia is an impairment of spatiotemporal vision8 –13
that is caused by inadequate stimulation of the eyes during
early childhood.14 It is most commonly associated with strabismus, anisometropia, and, more rarely, image degradation
caused by congenital cataract.15 Vision provides a major sensory input in guiding hand movements. It is surprising that very
few studies have examined how degraded vision affects visuomotor skills in people with amblyopia. Previous studies reported that adults16 –18 and children19 with amblyopia exhibit
more perceptual localization errors when viewing with their
amblyopic eye. Another study20 reported significant deficits on
a standardized clinical test of fine motor skills in children with
amblyopia. These studies,16 –20 however, did not provide quantitative kinematic measures of the eye movement or the reaching response. A recent study21 examined prehension skills of
adults with amblyopia using objective recordings of their
reaching and grasping movements. It was found that patients’
movements were slower and that they exhibited spatiotemporal deficits in the final approach phase of reaching and grasping.
To date, the effects of impaired spatiotemporal vision on
feedforward (planning stage) and feedback (execution stage)
control during visuomotor tasks in people with amblyopia
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have not been investigated systematically. In the present study,
we investigated how degraded visual input in patients with
anisometropic amblyopia affects the control of basic visuomotor skills—the accuracy, precision, and speed of reaching to
visual targets. We manipulated the visual feedback of the target
to examine how well patients with amblyopia program their
reaching movement based on the initial (peripheral) view of
the target (feedforward control) and how effectively they use
visual feedback of the target during movement to improve
accuracy and precision. We found that the motor control
system in people with amblyopia compensates for their degraded vision by extending the duration of the acceleration
phase and by reducing the peak acceleration and peak velocity
to optimize reaching performance. Our group has recently
reported on the effects of anisometropic amblyopia on saccades during reaching movements.22

MATERIALS

AND

METHODS

Patients
Fourteen patients with anisometropic amblyopia were recruited (3
males, 11 females; age 27 ⫾ 9 years; Table 1). All participants underwent complete orthoptic assessment, including visual acuity testing
using the Snellen chart, measurement of eye alignment using the prism
cover test, measurement of refractive errors, and stereoacuity testing
using the Titmus test. Anisometropic amblyopia was defined as amblyopia in the presence of a difference in refractive error between the two
eyes of ⱖ1 diopter (D) of spherical or cylindrical power.20,21,23–26 All
patients had visual acuity between 20/30 and 5/400 in the amblyopic
eye, 20/20 or better in the fellow eye, and an interocular acuity
difference ⱖ2 lines. Eleven patients had mild amblyopia (visual acuity
of 20/30 to 20/60) and fine to gross stereopsis, whereas three had
severe amblyopia (visual acuity of 20/400 to 5/400) and no stereopsis.
Four patients were orthophoric and 10 had monofixation syndrome27
(microtropia ⱕ 8PD [prism diopters] as a result of a foveal scotoma
arising from the anisometropia; it is not the cause of the amblyopia),
inability to bifixate, and presence of fusional vergence. Fourteen visually normal participants (7 males, 7 females; age 32 ⫾ 11 years) served
as control subjects. They had normal or corrected-to-normal visual
acuity of 20/20 or better in each eye and stereoacuity ⱕ40 arc sec.
Exclusion criteria were any ocular cause for reduced visual acuity,
previous intraocular surgery, or any neurologic disease. All participants
were right-handed. The study was approved by the Research Ethics
Board at The Hospital for Sick Children, and all protocols adhered to

the guidelines of the Declaration of Helsinki. Informed consent was
obtained from each participant.

Apparatus
Reaching movements of the upper limb were recorded using an infrared illumination-based motion capture system (Optotrak Certus; Northern Digital Inc., Waterloo, Canada). This system is noninvasive and
allows for precise tracking of 3D motion of the limb (spatial accuracy,
0.1 mm; resolution, 0.01 mm; sampling frequency, 200 Hz). The
coordinate system was defined relative to the computer screen used to
present the visual stimulus (see next section) as follows: x-axis, horizontal plane (azimuth); y-axis, vertical plane (elevation); and z-axis,
median plane (depth). The system was calibrated before the experiment by using a four-marker digitizing probe to define the coordinate
frame for the reaching movement. Two infrared markers (4-mm diameter) were affixed to the tip of the index finger and the wrist joint of
the participant’s right hand. A force sensitive resistor (FSR; Tekscan,
Boston, MA), 15 mm in diameter, was placed on the table at the
participant’s midline 28 cm from the computer screen and 17 cm from
the participant. The FSR was used to trigger the initiation of each trial
and to control when the visual target was switched off during a trial.
Eye movements were recorded binocularly at 200 Hz using a
video-based pupil/iris tracking system (Chronos Vision, Berlin, Germany). This system has a maximum resolution of 6 min arc over a range
of ⫾20° and a linearity of ⬍0.5% for both horizontal and vertical eye
movements. Before each experiment, horizontal and vertical calibrations were performed for each eye using fixation targets at five locations: 0° and ⫾10° horizontally and vertically.

Experimental Conditions and Procedure
The visual stimulus was a white circle (visual angle, 0.25°) presented
on a black background generated by a custom-written technical computing program (MatLab; MathWorks, Natick, MA) and presented on a
20-inch CRT computer screen (Diamond Pro 2070SB [NEC/Mitsubishi,
Itasca, IL]; resolution 1600 ⫻ 1200 at 85 Hz) located 42 cm from the
subject using a visual stimulus generator (ViSaGe; Cambridge Research
Systems, Cambridge, UK). In three-dimensional space, the distance
from the starting position of the index finger to the computer screen
was 43 cm. Testing was conducted in a dimly lit room. Participants
were seated at a table with their heads stabilized on a chin rest. At the
start of each trial, the right hand was placed on the table and the index
finger was placed on the FSR at midline 28 cm from the screen.
Participants fixated a white cross on the screen that was centered
vertically at their eye level and horizontally along their midsagittal

TABLE 1. Clinical Characteristics of Study Patients with Anisometropic Amblyopia
Visual Acuity
(Snellen chart)

Refractive Error

Patient

Age (y)

RE

LE

RE

LE

Stereoacuity (arc sec)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

33
29
47
14
18
20
35
36
25
28
21
20
19
36

20/15
20/50
20/40
20/50
20/15
20/15
20/15
20/15
20/40
20/20
20/30
5/400
20/20
20/15

20/30
20/15
20/15
20/15
20/40
20/50
20/60
20/400
20/15
20/400
20/15
20/20
20/40
20/40

⫺0.75
⫹2.50⫹0.75⫻50
⫹2.75⫹2.25⫻60
⫹3.25⫹1.25⫻90
Plano
Plano
⫺4.25
⫺5.25
⫹1.00⫹0.25⫻22
⫹4.00
⫹1.50
⫺2.00
⫺3.50⫹1.50⫻90
⫺1.50

⫹2.00
⫹0.25
Plano
⫹2.00
⫹2.00⫹0.25⫻130
⫹1.50
⫺0.75
⫺12.00
Plano
⫹6.00⫹1.75⫻90
Plano
⫺3.00⫹0.75⫻15
⫺3.50⫹2.50⫻102
⫹1.50⫹1.00⫻15

140
3000
400
50
60
120
3000
Negative
400
Negative
3000
Negative
200
200

LE ⫽ left eye; RE ⫽ right eye.

Alignment
Orthophoria
Monofixation
Monofixation
Orthophoria
Orthophoria
Orthophoria
Monofixation
Monofixation
Monofixation
Monofixation
Monofixation
Monofixation
Monofixation
Monofixation

RE
RE

LE
LE
RE
LE
RE
RE
LE
LE
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plane. After a variable delay of 1.5 to 3 seconds, the fixation cross was
extinguished and the target appeared (i.e., there was no temporal gap
between fixation and target) randomly at four eccentricities ⫾5° or
⫾10° from central fixation along the azimuth. The participants were
instructed to look at and reach to the target as fast and as accurately as
possible. On 50% of the trials, the target was switched off at the onset
of hand movement (i.e., as soon as the finger was lifted from the FSR
[target OFF condition]). On these trials, participants were instructed to
reach to the remembered location of the target. On the remaining 50%
of the trials, the target remained visible throughout the trial (target ON
condition). The target OFF and ON conditions were randomly interleaved.
The experiments were performed under three viewing conditions:
binocular, monocular amblyopic eye, and monocular fellow eye. For
control subjects, viewing was binocular, monocular left eye, and monocular right eye. Data were collected in blocks for each viewing
condition, and the order of viewing conditions was randomized across
subjects. Participants completed 10 trials in each combination of the
experimental conditions for a total of 240 trials. The inter-trial interval
varied among trials and was at least 5 seconds. Practice trials were
completed before the start of the experiment to familiarize subjects
with the experimental procedure.
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come measure. The ANOVA had severity of amblyopia as a betweensubjects factor (mild [20/30 to 20/60] and severe [20/400 to 5/400]) and
viewing condition as a within-subjects factor. All statistical analyses
were performed using a statistics software package (SAS 9.2; SAS
Institute, Cary, NC). The significance level was set at P ⬍ 0.05. Any
significant main effects and interactions were analyzed further using
Tukey’s HSD test.
To investigate the spatiotemporal dynamics of the reaching movement, we examined whether the duration of the acceleration and
duration of the deceleration phases correlated with overall reaching
precision in both groups in each viewing condition. Multiple regression analysis was performed to assess the relative weighting of the
duration of these two phases on reaching precision using the standardized regression coefficient (␤) and the associated P value. The value of
the ␤ weight reflects the proportion of the variance explained in the
dependent variable (reaching precision) by the changes in the independent variables: duration of the acceleration phase (i.e., the interval
from movement onset to peak velocity) and duration of the deceleration phase (i.e., the interval from peak velocity to the end of hand
movement). Separate multiple regressions were performed on the
group mean data from patients and control subjects during the three
viewing conditions using the statistics software package (SAS 9.2; SAS
Institute).

Statistical Analysis
Hand position data were filtered using a second-order, dual-pass (bidirectional) Butterworth filter with a cutoff frequency of 7.5 Hz. Hand
velocity was obtained using a two-point differentiation method. Position data were differentiated twice to obtain acceleration. A customwritten technical computing program (MatLab; MathWorks) was used
to identify the initiation of the hand movement, defined here as when
the velocity of the finger in the y-axis (i.e., elevation) exceeded 30
mm/s. The end of the reaching movement was identified as when the
finger reached the computer screen and the velocity of the finger in
the z-axis (depth) fell to and stayed below 30 mm/s. All trials were
inspected visually to ensure that the reaching movement was identified
correctly by the program.
Reaching performance was quantified by calculating the end point
constant error and variable error along the azimuth (horizontal) and
elevation (vertical) direction. Constant error was defined as the mean
distance between the fingertip and the target location along the azimuth and elevation at the end of the movement. Variable error was the
dispersion (i.e., within-subject SD) of the movement end points along
the azimuth and elevation and their resultant combined vector (i.e.,
azimuth and elevation combined).
The kinematics of the reaching movement were assessed by calculating the following parameters: reaction time (defined as the interval
between onset of the visual stimulus and the initiation of reaching),
total movement time (the interval between reaching initiation and the
end of movement), peak acceleration, peak velocity, the duration of
the acceleration phase (the interval from movement onset to peak
velocity, i.e., the zero-crossing on the acceleration trajectory), and
duration of the deceleration phase (the interval from peak velocity to
the end of hand movement). Peak acceleration, peak velocity, and
duration of the acceleration phase reflect the programming of the
movement (i.e., feedforward control), whereas peak deceleration and
duration of deceleration phase reflect online (i.e., feedback) control.28
All kinematic parameters were calculated based on the z-axis of the
finger, which represents the primary direction of movement in depth.
Reaching accuracy and precision, as well as kinematic parameters,
were submitted to a repeated-measures mixed ANOVA with group as a
between-subjects factor (control subjects and patients) and three withinsubjects factors: viewing condition (binocular, monocular amblyopic
eye, and monocular fellow eye viewing; for control subjects, binocular,
left eye monocular viewing, and right eye monocular viewing), visual
feedback of target (target ON, and OFF), and target location (⫾5°,
⫾10°). To investigate the effects of severity of amblyopia on reaching
performance, repeated-measures ANOVA was performed on each out-

RESULTS
Reaching Performance
Accuracy. There was no significant difference between
patients and control subjects for reaching accuracy (i.e., constant error) along either the azimuth (horizontal) or the elevation (vertical) direction. Mean (⫾ SD) accuracy was 0.26 ⫾ 4.1
mm in patients and 0.03 ⫾ 3.6 mm in control subjects along
the azimuth direction (F(1,26) ⫽ 0.23, P ⫽ 0.604), and it was
⫺1.53 ⫾ 4.9 mm in patients and 0.22 ⫾ 3.6 mm in control
subjects along the elevation direction (F(1,26) ⫽ 1.62, P ⫽
0.173). Of particular note, there was no significant interaction between group (patients and control subjects) and
visual feedback of the target (ON and OFF), or between
group and viewing condition (amblyopic eye, fellow eye,
and binocular viewing) for reaching accuracy. There was no
significant difference in reaching accuracy between patients
with mild amblyopia (0.48 ⫾ 3.96 mm) and those with
severe amblyopia (⫺0.55 ⫾ 4.25 mm; F(1,12) ⫽ 3.01, P ⫽
0.108).
Precision. There was a significant interaction between
group (patients and control subjects) and viewing condition
(amblyopic eye, fellow eye, and binocular viewing) for reaching precision (i.e., variable error) along the azimuth (F(2,52) ⫽
4.63, P ⫽ 0.014). Post hoc tests revealed that patients were less
precise when viewing with the amblyopic eye (4.25 ⫾ 1.26
mm) in comparison with viewing binocularly (3.32 ⫾ 1.19
mm) and with the fellow eye (3.61 ⫾ 1.3 mm) and in comparison with control subjects during all three viewing conditions
(binocular 3.21 ⫾ 1.26 mm, left eye 3.65 ⫾ 1.3 mm, right eye
3.55 ⫾ 1.4 mm) (Fig. 1). However, the effect was very small;
the difference in mean precision between amblyopic eye viewing in patients and monocular viewing in control subjects was
⬍0.7 mm, indicating that precision in patients behaviorally
was relatively normal. In addition, there was no difference in
precision between patients with mild amblyopia (4.09 ⫾ 1.67
mm) and those with severe amblyopia (4.51 ⫾ 1.24 mm)
during amblyopic eye viewing.
Both patients and control subjects made less precise movements along the azimuth when the target was switched off at
the initiation of reach than when the target was present
throughout the trial (F(1,26) ⫽ 5.94, P ⫽ 0.022). For patients,
mean precision (variable error) was 3.53 ⫾ 1.3 mm when the
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FIGURE 1. Mean precision (variable error) of the reaching movement
along the azimuth direction for control subjects and patients across the
three viewing conditions. Patient performance was significantly less
precise when viewing with the amblyopic eye (P ⫽ 0.014). Error bars,
⫾1 SE.

target was ON and 3.81 ⫾ 1.5 mm when the target was OFF.
For control subjects, mean precision was 3.43 ⫾ 1.3 mm when
the target was ON and 3.66 ⫾ 1.3 mm when the target was
OFF.
Mean precision was not significantly different between patients and control subjects in any viewing conditions along the
elevation direction (F(2,52) ⫽ 2.16, P ⫽ 0.139). No other significant main effect or interaction was observed for reaching
precision.

Reaching Kinematics
Reaction Time. There were no significant main effects or
interactions for mean reaction time. Reaching reaction time
was 353 ⫾ 66 ms for patients and 334 ⫾ 86 ms for control
subjects (F(1,26) ⫽ 0.44, P ⫽ 0.584).
Total Movement Time. Patients had significantly longer
total mean movement time (647 ⫾ 116 ms) than control
subjects (547 ⫾ 126 ms; F(1,26) ⫽ 5.29, P ⫽ 0.003). Total
movement time was significantly shorter for both groups when
visual feedback of the target was absent compared with when
visual feedback was present (F(1,26) ⫽ 19.87, P ⬍ 0.001). In
patients, total movement time decreased to 638 ⫾ 115 ms
when visual feedback was absent compared with 656 ⫾ 116
ms when visual feedback was present. Similarly, total movement time in control subjects decreased to 539 ⫾ 119 ms in the
absence of visual feedback compared with 566 ⫾ 132 ms in the
presence of visual feedback. There was no significant difference in total movement time between patients with mild amblyopia (640 ⫾ 115 ms) and those with severe amblyopia
(672 ⫾ 114 ms; F(1,12) ⫽ 0.21, P ⫽ 0.656). No other significant
main effect or interaction was observed for total movement
time.
Acceleration Phase. Mean acceleration profiles for all control subjects and patients in all three viewing conditions are
shown in Figure 2. Patients exhibited lower mean peak acceleration (7.7 ⫾ 2.6 m/s2) compared with control subjects
(12.1 ⫾ 5.4 m/s2; F(1,26) ⫽ 8.02, P ⫽ 0.009), regardless of
viewing conditions (Figs. 2, 3). Figure 2 also shows that patients reached peak velocity later than control subjects (i.e.,
delayed zero-crossing on the acceleration trace), indicating that
the duration of the acceleration phase was increased in patients. Indeed, the mean duration of the acceleration phase was
significantly longer in patients (226 ⫾ 60 ms) than in control
subjects (177 ⫾ 53 ms; F(1,26) ⫽ 7.31, P ⫽ 0.012), irrespective
of the viewing condition (Figs. 2, 4). Peak velocity was also
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significantly reduced in patients (0.83 ⫾ 0.18 m/s) compared
to control subjects (1.06 ⫾ 0.31 m/s; F(1,26) ⫽ 5.72, P ⫽
0.024). There were no differences between patients with mild
amblyopia and those with severe amblyopia in peak acceleration ([mild] 7.7 ⫾ 2.5 m/s2 vs. [severe] 7.8 ⫾ 2.9 m/s2; F(1,12)
⫽ 0.01, P ⫽ 0.947), duration of the acceleration phase ([mild]
231 ⫾ 60 ms vs. [severe] 211 ⫾ 56 ms; F(1,12) ⫽ 0.32, P ⫽
0.585) and peak velocity ([mild] 0.83 ⫾ 0.18 m/s vs. [severe]
0.82 ⫾ 0.17 m/s; F(1,12) ⫽ 0.01, P ⫽ 0.964). No other significant main effect or interaction was observed during the acceleration phase.
Deceleration Phase. There was no significant difference
in mean peak deceleration between patients (4.2 ⫾ 1.5 m/s2)
and control subjects (5.6 ⫾ 2.5 m/s2; F(1,26) ⫽ 3.33, P ⫽
0.080). There was also no significant difference in the duration
of the deceleration phase between patients (420 ⫾ 88 ms) and
control subjects (371 ⫾ 99 ms; F(1,26) ⫽ 1.95, P ⫽ 0.175). The
duration of the deceleration phase, however, was affected by
visual feedback for both groups (F(1,26) ⫽ 20.77, P ⬍ 0.001).
Post hoc tests revealed that the duration of the deceleration
phase was shorter for both groups when visual feedback of the
target was absent compared with the condition when visual
feedback was present. In patients, the duration of the deceleration phase decreased to 411 ⫾ 89 ms when visual feedback
was absent compared with 430 ⫾ 88 ms when visual feedback
was present. Similarly, duration of the deceleration phase in
control subjects decreased to 362 ⫾ 91 ms in the absence of
visual feedback compared with 380 ⫾ 106 ms in the presence
of visual feedback. There were no differences between patients with mild amblyopia and those with severe amblyopia in
peak deceleration ([mild] 4.1 ⫾ 1.3 m/s2 vs. [severe] 4.7 ⫾ 2.2
m/s2; F(1,12) ⫽ 0.51, P ⫽ 0.488) and duration of the deceleration phase ([mild] 410 ⫾ 89 ms vs. [severe] 460 ⫾ 75 ms;
F(1,12) ⫽ 1.17, P ⫽ 0.302). No other significant main effect or
interaction was observed during the deceleration phase.

Correlation of Duration of Acceleration and
Deceleration Phases with Reaching Precision
Standardized regression coefficients (␤) of the duration of the
acceleration phase and the duration of the deceleration phase
are shown in Table 2. In control subjects, only the duration of
the deceleration phase, but not the duration of the acceleration
phase, correlated significantly with overall reaching precision
in all viewing conditions (␤ ⱖ ⫺0.79; P ⬍ 0.001). In contrast,
in addition to a significant correlation in patients between
reaching precision and duration of the deceleration phase (␤ ⱖ
⫺0.57; P ⬍ 0.010), the duration of acceleration phase correlated significantly with reaching precision in all three viewing
conditions: amblyopic eye (␤ ⫽ ⫺0.54; P ⫽ 0.003), fellow eye
(␤ ⫽ ⫺0.34; P ⫽ 0.028), and binocular viewing (␤ ⫽ ⫺0.41;
P ⫽ 0.027).

DISCUSSION
The present study examined the effects of impaired spatiotemporal vision on the dynamics of visually guided reaching movements in patients with anisometropic amblyopia. The major
findings in our patients are that reaching performance (accuracy and precision) was relatively normal during a simple
reaching task, reaching reaction time was normal, duration of
the acceleration phase was increased and peak acceleration
and peak velocity were reduced under all viewing conditions,
whereas duration of the deceleration phase and mean peak
deceleration were not significantly different. Additionally, in
both patients and control subjects, the absence of visual feedback of the target led to a small decrease in precision and to
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FIGURE 2. Mean acceleration trajectory (solid line) and the corresponding SD (dashed lines) of all control
subjects (black lines) and patients
(red lines) when they reached to the
10° target with (a–c) or without
(d–f) visual feedback of the target.
Viewing was binocular (a, d), monocular with the fellow eye (b, e), or
monocular with the amblyopic eye
(c, f). In all three viewing conditions,
patients had lower mean peak acceleration and prolonged duration of
the acceleration phase (indicated by
the delayed zero-crossing) than did
control subjects.

shorter total movement time and duration of the deceleration
phase.

Comparison with Previous Studies
In a previous study of strabismic amblyopia,29 patients were
asked to press a button as soon as they saw a centrally presented target. The reaction time of their manual responses was
found to be longer during amblyopic eye viewing. Information
on reaching accuracy and precision, however, was unavailable
because they were not relevant in this task. A more recent
study by Grant et al.21 reported longer reaction time and more
errors during a reaching and grasping task in patients with
different types of amblyopia. The discrepancy between our
normal reaction time results and those of previous studies
might have been due to several factors. First, we included
patients with anisometropic amblyopia only, whereas previous
studies included patients with strabismic amblyopia only29 or

those with different types of amblyopia.21 It has been demonstrated that different types of amblyopia exhibit distinctive
patterns of visual deficits,8 which may in turn affect visually
guided manual behaviors differentially. Second, it is known
that in strabismic amblyopia, detection of a visual stimulus is
more impaired when it is presented in the central visual field
than when it appears in the peripheral visual field.30 The
prolonged reaction time observed in a previous study29 of
patients with strabismic amblyopia might be associated with
the use of a central target. Third, we investigated a simple
reaching response by using a two-dimensional stimulus presented on a computer screen. In contrast, a previous study21
examined reaching and grasping using three-dimensional stimuli (cylinders). Their experiments involved grip scaling and
grip orientation constraints, a substantially more complicated
motor response than reaching alone. The accuracy and precision requirements associated with reaching and grasping in the
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severity of amblyopia would have a different effect during tasks
that require foveal vision and extraction of detailed features.

Reaching Kinematics and Performance

FIGURE 3. Mean peak acceleration of the reaching movement for
control subjects and patients across all three viewing conditions. Patients had significantly lower peak acceleration in all viewing conditions (P ⫽ 0.009). Error bars, ⫾1 SE.

study by Grant et al.21 were also higher in terms of the potential cost. For example, if the target was not localized accurately,
the approaching hand might collide with the target. In addition, if the grip was not scaled appropriately, there was a
potential for the target to slip and fall. In contrast, in our study,
the potential cost of missing the small target during reaching
was relatively low. Although our subjects were instructed to
reach as fast and as accurately as possible, they were not
penalized for making any error. Overall, it is perhaps not
surprising that people with amblyopia have prolonged reaction
time but still have increased errors during reaching and grasping of a 3D target because reaching and grasping require
programming of a more complex motor response that involves
different neural networks.31
Our findings of a prolonged duration of acceleration phase
in patients but a normal duration of the deceleration phase are
different from those reported by Grant et al.,21 who found a
normal duration of the initial reaching and grasping phase
followed by a prolonged low-velocity “late” phase in patients.
The discrepant findings between the present and previous
studies21 might be related to a difference in the study populations and in the complexity of the tasks, as discussed. The
discrepancy could also have arisen from how the data were
analyzed. In the present study, we defined the duration of the
acceleration phase as the interval from movement onset to
peak velocity. This variable was not reported in the previous
study21; instead, those authors reported and defined the duration of the initial phase of movement as the interval from
movement onset to peak deceleration. Similarly, the duration
of the deceleration phase in the present study was defined as
the interval after peak velocity to the end of movement,
whereas the previous study defined the duration of the lowvelocity phase as the interval from peak deceleration to object
contact.
We reported recently the effects of anisometropic amblyopia on saccadic eye movements during reaching movements in
the same group of subjects.22 Similarly to those reaching kinematics and performance, we found that patients with mild
amblyopia had saccadic deficits comparable to those in patients with severe amblyopia (i.e., longer saccade latencies,
increased variability in reaction time and saccade amplitude
compared with control subjects). The lack of statistically significant effects of severity of amblyopia on saccade and reaching performance may well be attributed to the small number of
patients in the two subgroups and the unequal sample size
between the two subgroups. In addition, because we used a
simple high-contrast target, it remains to be seen whether the

Despite degraded visual inputs, our patients exhibited relatively normal reaching performance (accuracy and precision)
in all viewing conditions compared with control subjects. This
came as a surprise to us at first; however, it is well known that
the accuracy and precision of a movement cannot be judged
independently of its timing.32,33 This is because during the
execution of any movement, there is typically a tradeoff between the speed of the movement and its accuracy, in accordance with Fitts’ law.34 –36 It is thus possible that normal
performance can be maintained in patients with amblyopia by
altering the timing of the movement, such as reaching reaction
time, and the duration of the acceleration and deceleration
phases.
We found that our patients had normal reaching reaction
time, suggesting that reaction time did not play a major role in
maintaining their normal performance of reaching movement.
Could the normal performance be related to a prolonged acceleration phase? We investigated this possibility by performing a regression analysis to assess the correlation between
duration of the acceleration phase and reaching precision.
Previous studies have reported that normal participants use
visual feedback during the deceleration phase to improve the
accuracy and precision of their hand movement.37 In agreement with previous findings,37 a longer duration of the deceleration phase was correlated with better precision in our
control subjects, whereas the duration of the acceleration
phase had no significant effect on reaching precision. In contrast, in patients, we found that the duration of both the
deceleration and the acceleration phase contributed significantly to reaching precision in all viewing conditions.

Feedforward versus Feedback Control
More than a century ago, Woodworth38 suggested that reaching movements are composed of two stages: an initial motor
program stage followed by a corrective stage. The terms used
today to describe these stages are feedforward and feedback
control.6 During feedforward control, a sophisticated approximation of the required motor plan is specified based on internal models of eye, head, and limb configuration,39 – 43 but this
plan is subject to both variable and systematic errors, such as

FIGURE 4. Mean duration of the acceleration phase of reaching
movement for control subjects and patients across all three viewing
conditions. Patients had significantly longer duration of the acceleration phase in all viewing conditions (P ⫽ 0.012). Error bars,
⫾1 SE.
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TABLE 2. Results of Multiple Regression Analysis
Control Subjects

Patients

Acceleration
Phase

Deceleration
Phase

Acceleration
Phase

Deceleration
Phase

Viewing Condition

Mode I Fit (R2)

␤

P

␤

P

Model Fit (R2)

␤

P

␤

P

Binocular
Monocular (fellow eye)
Monocular (amblyopic eye)

0.79
0.78
0.84

⫺0.16
⫺0.05
⫺0.25

0.406
0.778
0.114

⫺0.79
⫺0.91
⫺0.82

0.001
⬍0.001
⬍0.001

0.78
0.81
0.78

⫺0.41
⫺0.34
⫺0.54

0.027
0.029
0.003

⫺0.61
⫺0.75
⫺0.57

0.003
⬍0.001
0.002

Results show the relative contribution (standardized regression coefficient ␤) of the duration of the acceleration phase and the duration of the
deceleration phase to overall reaching precision for control subjects and patients in different viewing conditions.

gaze-dependent errors.44,45 To compensate for these errors
and for unpredictable motion of the reaching target, fine adjustments to the limb trajectory are made during the movement
based on visual and proprioceptive feedback about the locations of the target and the limb.6,37,46 – 49 Kinematic markers,
such as peak acceleration, peak velocity, and duration of the
acceleration phase are highly dependent on target location and
reflect the initial motor program (i.e., feedforward stage),
whereas peak deceleration and duration of the deceleration
phase can be modified based on visual and proprioceptive
feedback acquired earlier in the movement.48
In general, higher peak acceleration during a reaching
movement is associated with higher force variability and
greater end point error.50 We postulate that the lower peak
acceleration and peak velocity and the prolonged acceleration
phase may represent a strategy or adaptation of feedforward
control to optimize reaching performance in face of the degraded visual input in amblyopia. The additional processing
time during the acceleration phase could be related to stimulus
acquisition (i.e., detection and localization) or programming of
the required motor plan by using internal models of eye, head,
and limb orientation. Our data suggest that the prolonged
acceleration phase was unlikely to be related to stimulus acquisition. If it were, we would have expected a longer duration
of the acceleration phase during amblyopic eye viewing. Duration of the acceleration phase, however, did not vary significantly among different viewing conditions in the patients,
suggesting that encoding of visual stimulus was not a major
contributing factor to the prolonged processing time. Instead,
the extra processing time might be related to sensorimotor
transformation in the face of noisy signals in the amblyopic
visual system. It has been shown that patients with amblyopia
exhibit a marked loss of efficiency (threshold elevation at all
noise levels) and increased random internal noise.51–53 According to the minimum-variance theory proposed by Harris and
Wolpert,54,55 perceptual and motor performance are limited
by the noise present at various processing stages (e.g., because
of uncertainty of the sensory signals, inherent task ambiguity,
and noise in the motor neural commands). The neural control
signals are corrupted by noise whose variance increases with
the size of the control signal (i.e., signal-dependent noise).55
For example, the variability of motor errors is proportional to
movement amplitude so that a movement of larger amplitude
requires a larger control signal, which, in turn, results in
greater end point variability. The minimum-variance theory
suggests that the central nervous system optimizes the movement parameters to minimize the variance of the final limb
position. In amblyopia, it is possible that because the visual
sensory signals are degraded by increased noise, additional
processing is required by patients to adjust their motor planning during the acceleration phase. This allows them to compensate for the greater noise and to minimize the variability of
motor errors to achieve good reaching performance.

The prolonged acceleration phase might also reflect a strategy or adaptation of feedback control to optimize reaching
performance. When reaching is initiated, information related
to the motor command (i.e., the reafferent movement-related
signals) and visual information are updated and integrated
continually by the central nervous system to optimize performance.56 –58 Specifically, in visually normal people during the
earlier part of movement (i.e., before peak velocity), visual and
proprioceptive signals about hand position are updated continuously to compute and update the movement vector.59 – 64
In our patients with amblyopia, the duration of the acceleration phase might have been extended to provide more time to
process feedback information to improve performance. It is
also possible that the temporal integration of visual and proprioceptive signals about limb position/velocity or the relative
weighting given to these two signals may differ from those of
visually normal people because of increased visual noise in
amblyopia. We are conducting experiments to explore these
possibilities.

The Role of Visual Feedback
Visual feedback plays a critical role in motor control.65 When
visual feedback of the target is removed at the onset of reaching, visually normal people exhibit a significant decrease in
total movement time, primarily because of a shorter deceleration phase, whereas the duration of the acceleration phase is
unchanged.37,66 The results from our study are in agreement
with previous findings, showing that when the target was
extinguished at reaching onset, both control subjects and patients had a shorter total movement time because of the shorter
duration of the deceleration phase. We postulate that when the
target was visible during the entire movement, both control
subjects and patients had better precision, which suggests that
they were able to use visual feedback during the deceleration
phase to fine-tune the reaching trajectory. When the target was
extinguished after movement onset, however, visual feedback
of the target was no longer available. Therefore, both control
subjects and patients might have tried to reach the target as
quickly as possible while the memory of target location was
still robust, which resulted in a shorter duration of the deceleration phase. It is also possible that reaching was faster because there was less sensory information to process when the
target disappeared.
Temporal modification of movement (by changing the total
movement time and the duration of the deceleration phase) as
the movement is unfolding reflects the ability of the motor
system to adapt the kinematics of hand movement quickly to
changing and unpredictable contexts. Our results showed that
as in control subjects, patients were able to adjust the temporal
dynamics of their reaching movement quickly. Interestingly,
despite shorter total movement time when the target was
switched off at the initiation of reaching compared with when
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it remained visible, patients’ accuracy and precision were comparable to those of control subjects. These findings suggest
that patients were able to alter the initial motor program based
on information acquired early in the movement. In other
words, when the target disappeared unpredictably at the initiation of reaching, the movement plan could still be updated
based on the initial view of the target and on the current
location of the hand derived from proprioceptive and visual
input.
In conclusion, the present study demonstrates that the
programming and execution of visually guided reaching is
altered in anisometropic amblyopia. Patients with anisometropic amblyopia adopted a different but effective kinematic
strategy by modifying the timing of their reaching movement
(lower peak acceleration and peak velocity and extended acceleration phase) to achieve good reaching performance. Our
results lead to several interesting questions. For example, how
does the degraded visual input in patients with anisometropic
amblyopia impact spatiotemporal coordination between the
eye movement and manual motor systems during reaching?
How do these changes differ among different subtypes of
amblyopia? Further studies are under way to investigate these
issues.
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