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Effects of Induced Monocular Blur versus Anisometropic
Amblyopia on Saccades, Reaching, and Eye-Hand
Coordination
Ewa Niechwiej-Szwedo,1 Sean A. Kennedy,1 Linda Colpa,1 Manokaraananthan
Chandrakumar,1 Herbert C. Goltz,1,2 and Agnes M. F. Wong1,2
PURPOSE. We previously showed that anisometropic amblyopia
affects the programming and execution of saccades and
reaching movements. In our current study, we investigated
whether these amblyopia-related changes simply are due to a
reduction in visual acuity alone by inducing artificial blur in
one eye in visually-normal participants.
METHODS. Twelve visually-normal participants performed saccades and reach-to-touch movements to targets presented on a
computer screen during binocular and monocular viewing. A
contact lens was used to blur the vision of one eye to a mean
acuity level of 20/50. Saccades and reaching kinematics were
compared before blur, immediately after blur, and 5 hours after
blur was induced. The 5 hours after blur kinematic data from
visually-normal participants also were compared to those from
12 patients with anisometropic amblyopia who had comparable acuity in the amblyopic eye.
RESULTS. Primary saccades (latency, amplitude, peak velocity),
reaching movements (reaction time, movement time, peak
acceleration, duration of the acceleration phase), and eye-hand
coordination (saccade-to-reach planning interval, saccade-toreach peak velocity interval) were not affected by induced
monocular blur in visually-normal participants, either immediately or 5 hours after blur. Compared to visually-normal
participants after 5 hours of blur, patients with anisometropic
amblyopia had significantly longer and more variable saccade
latency during amblyopic eye viewing, lower peak acceleration, and a longer acceleration phase during reaching, and a
different temporal pattern of eye-hand coordination.
CONCLUSIONS. Artificially-induced monocular blur in visuallynormal participants did not affect saccades, reaching movements, and eye-hand coordination during a simple reach-totouch task even after a period of blur exposure. In contrast,
patients with anisometropic amblyopia demonstrated signifi-
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cantly different kinematics while performing the same task.
These results indicate that loss of visual acuity alone cannot
explain the kinematic changes seen in patients with mild
anisometropic amblyopia. (Invest Ophthalmol Vis Sci. 2012;
53:4354–4362) DOI:10.1167/iovs.12-9855

A

mblyopia is a developmental disorder characterized by
reduced vision in one or both eyes that cannot be
corrected immediately by optical means.1 It affects 3–5% of
the world population2 and presents a significant health care
issue. People with amblyopia (including those treated successfully and those whose treatment failed) have reduced qualityof-life and career choices due to difficulties with distance and
depth estimation, visual disorientation, and fear of losing vision
in the better seeing eye.3
Amblyopia is associated most commonly with early
childhood strabismus (eye misalignment), anisometropia (difference in refractive errors between the eyes), or both (i.e.,
mixed mechanism).4 In addition to reduced visual acuity and
contrast sensitivity, patients with amblyopia also exhibit
perceptual deficits, including abnormal global form detection,5
spatial distortions and temporal instability,6,7 spatial and
temporal crowding,8 poor stereopsis,9 abnormal global motion
detection,10,11 and deficits in extracting motion-defined form.12
These deficits are most pronounced during amblyopic eye
viewing; however, they also are evident during fellow eye
viewing, albeit to a lesser extent.13–15
A primary function of the senses (e.g., vision) is to collect
information to guide motor behaviors, including eye movements and reaching/grasping movements of the limbs.
Although the visual impairment in amblyopia has been studied
extensively, to our knowledge the effects of amblyopia on
visuomotor behavior have not been investigated until recently.16,17 In a series of detailed investigations, our group has
reported the effects of anisometropic amblyopia on saccadic
eye movements,18 reaching movements,19,20 and eye-hand
coordination21 during visually-guided reaching. Specifically, we
have shown that patients with anisometropic amblyopia had
significantly longer and more variable saccade latency during
amblyopic eye viewing,18 lower peak acceleration and a longer
acceleration phase during reaching,20 and a different temporal
pattern of eye-hand coordination.21 Importantly, the effects of
amblyopia on reaching movements were evident not only
during amblyopic eye viewing, but also during binocular and
fellow eye viewing.
A question that was raised repeatedly by previous reviewers
was whether the altered saccade and reaching behaviors seen
in patients with anisometropic amblyopia were due to a loss of
visual acuity alone, or whether it was specific to amblyopia as a
result of abnormal visual development during early childhood.
In our current study, we addressed this question by investigatInvestigative Ophthalmology & Visual Science, July 2012, Vol. 53, No. 8
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ing the effects of induced monocular blur on saccadic eye
movements, reaching movements, and the temporal pattern of
eye-hand coordination in visually-normal participants before
and after exposure to monocular blur. We also compared their
performance after blur exposure to that of a selected group of
patients with anisometropic amblyopia who had comparable
acuity levels in their amblyopic eyes. Data from this selected
group of patients have been reported previously.18,20,21

METHODS
Participants
We recruited 12 visually-normal participants (7 females, age 31.8 6 8.0
years) with corrected-to-normal visual acuity (20/20 or better) in both
eyes and stereoacuity 40 seconds of arc. They all wore contact lenses
habitually for myopia (refractive error ranged from 1.00 to 7.50
diopters [D]). All participants underwent a complete orthoptic
assessment by a certified orthoptist, which included visual acuity
(Snellen chart at 6 feet), prism cover test of eye alignment,
measurement of refractive errors, and stereoacuity using the Titmus
test. Exclusion criteria were any ocular cause for reduced visual acuity,
previous intraocular surgery, or any neurologic disease. All participants
were right-handed.
We also tested 12 patients with anisometropic amblyopia (10
females, age 24 6 7.5 years; see Table 1 for clinical characteristics).
The patient data have been reported previously as part of a larger study
that included patients with mild and severe acuity deficits.18,20,21
Anisometropic amblyopia was defined as an interocular acuity
difference ‡2 lines in the presence of a difference in refractive error
between the two eyes of ‡1 D of spherical or cylindrical power. All
patients studied had mild amblyopia, with a mean visual acuity of 20/50
(range 20/30–20/60) in the amblyopic eye, and 20/20 or better in the
fellow eye. Six patients were orthophoric and 6 had monofixation
syndrome, which is defined as a microtropia 8 prism diopters (PD, as
a result of a foveal scotoma arising from anisometropia; it was not the
cause of the amblyopia), inability to bifixate, and presence of fusional
vergence. All patients had residual stereopsis (50–3000 seconds of arc).
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
The visual target was a white square (visual angle 0.58) presented on a
black background on a CRT computer monitor (Diamond Pro 2070SB,
resolution 1600 x 1200 at 85 Hz; NEC/Mitsubishi, Itasca, IL). Eye
movements and reaching movements of the upper limb were recorded
simultaneously at 200 Hz. Details of the apparatus were described
previously.18,20

Experimental Conditions and Procedure
Using the same experimental protocol described previously,18,20
participants were seated at a table fixating on a cross presented on a
computer screen with their index finger at sagittal midline. After a
variable delay of 1.5–3 seconds, the fixation cross was extinguished,
and the target appeared randomly at four eccentricities at 658 or 6108
along the horizontal axis. Participants were instructed to look at and
point to the target as quickly and as accurately as possible using their
right index finger. In 50% of the trials, the target was switched off at the
onset of hand movement. For the other 50% of the trials, the target
remained on the screen. Trials with and without visual feedback of
target were randomized on a trial-by-trial basis.
Visually-normal participants performed the experiment in 3
separate sessions (normal viewing, immediately after blur was induced,
and 5 hours after blur was induced). In the first session (i.e., no blur),
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participants wore their own contact lenses such that their visual acuity
was 20/20 in both eyes. During this session, the orthoptist also
determined the power of a contact lens that blurred the vision of the
nondominant eye to 20/50 (blurring contact lens power ranged from
0.75–2.00 D). In the second session (i.e., immediate blur), participants
wore the required contact lens to induce blur. After the second session,
participants engaged in regular activities (e.g., reading, writing,
walking) while wearing the blur contact lens for 5 hours, and then
returned for the third session (i.e., 5-hour blur). In contrast to visuallynormal participants, patients with amblyopia performed the experiment in a single session. Visual acuity and stereopsis were tested by a
certified orthoptist before each session was conducted. Although we
used a contact lens that blurred the vision of the nondominant eye to
20/50 as determined during the first visit, visual acuity of the
nondominant eye varied from 20/30–20/80 during the second and
third sessions in 6 participants. Nevertheless, the group mean acuity
after blur was 20/50, which was comparable to the mean acuity of the
amblyopic eye of patients.
For all participants (visually-normal and patients), each experimental session was performed during 3 viewing conditions: binocular
viewing, monocular dominant (nonblurred) eye viewing (monocular
fellow eye for patients), and monocular nondominant (blurred) eye
viewing (monocular amblyopic eye for patients). Data were collected
in blocks for each viewing condition, and the order of viewing
conditions was randomized across participants. All participants
completed 10 trials in each combination of the experimental
conditions for a total of 240 trials/session. Practice trials were
completed before the experiment was begun to familiarize the
participants with the experimental procedure. In total, 731–932
saccade trials and 816–924 reaching trials were analyzed for different
experimental and viewing conditions.

Analysis
Saccadic Eye Movements. Eye position data were low-pass
filtered using a second-order dual-pass Butterworth filter with a cutoff frequency of 50 Hz. Eye velocity was obtained using a two-point
differentiation method. A custom-written script (MatLab; MathWorks,
Natick, MA) was used to identify primary saccades using a velocity
threshold of 208/s. All trials were inspected visually to ensure that
saccades were identified correctly by the computer script. Outcome
measures were primary saccade latency, amplitude, and peak velocity.
The means of each outcome measure were analyzed using separate
repeated-measures ANOVAs with 4 within-subjects factors: blur
condition (no blur, immediate blur, 5-hour blur), viewing condition
(binocular, monocular dominant/nonblurred eye, and monocular
nondominant/blurred eye), target location (658, 6108), and visual
feedback of target (on or off).
All trials were inspected for the presence of secondary saccades,
which were marked manually for each trial. Secondary saccades that
occurred within 250 ms of the primary saccades were defined as
corrective saccades. The frequency of corrective saccades in each
viewing condition was compared separately for visually-normal
participants before, immediately after blur, and 5 hours after induced
monocular blur using Pearson’s v2 statistic. The latency, amplitude, and
peak velocity of corrective saccades were analyzed using a repeated
measures mixed ANOVA with blur condition and viewing condition as
a within-subjects factors.
Preliminary analysis showed that visual feedback of the target had
no significant effect on eye movement outcome measures. Therefore,
the results for eye movements reported herein are pooled across the
two visual feedback conditions (on and off).
Reaching Movements. Hand position data were filtered using a
second-order dual-pass (bidirectional) Butterworth filter with a cut-off
frequency of 7.5 Hz. Hand velocity was obtained using a 2-point
differentiation method. Position data were differentiated twice to
obtain acceleration. A custom-written MatLab script was used to
identify the initiation of the hand movement, defined as the point at
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TABLE 1. Characteristics of Patients with Anisometropic Amblyopia
Snellen Visual Acuity (LogMAR)
ID

Age

Sex

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

36
28
35
25
20
19
33
14
25
17
18
18

F
F
F
F
F
F
M
F
F
M
F
F

Right
20/15
20/50
20/15
20/40
20/15
20/20
20/15
20/50
20/20
20/20
20/15
20/20

Refractive Error

Left

(0.10)
(0.40)
(0.10)
(0.30)
(0.10)
(0.00)
(0.10)
(0.40)
(0.00)
(0.00)
(0.10)
(0.00)

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

(0.30)
(0.10)
(0.48)
(0.10)
(0.40)
(0.30)
(0.18)
(0.10)
(0.40)
(0.30)
(0.30)
(0.48)

Right

Left

Stereoacuity (arc sec)

1.50
2.50 þ 0.75 3 50
4.25
1.00 þ 0.025 3 22
Plano
3.50 þ 1.50 3 90
0.75
3.25 þ 1.25 3 90
1.50 þ 1.50 3 80
Plano þ 0.25 3 94
Plano
1.50 þ 0.50 3 80

1.50 þ 1.00 315
0.25
0.75
Plano
1.50
3.50 þ 2.50 3 102
2.00
2.00
3.00 þ 2.50 3 80
1.00 þ 1.00 3 92
þ2.00 þ 0.025 3 130
1.00 þ 1.25 3 95

200
3000
3000
400
120
200
140
50
120
80
60
200

which the velocity of the finger along the y-axis (i.e., elevation)
exceeded 30 mm/s. The end of the reaching movement was identified
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 MatLab script.
The following outcome measures (including constant and variable
error along azimuth and elevation) were calculated to examine
reaching performance: reaction time (latency), movement time, peak
acceleration, and duration of the acceleration phase (the interval from
movement onset to peak velocity; i.e., the zero-crossing on the
acceleration trajectory). All kinematic outcome measures were
submitted to repeated-measures ANOVAs with 4 factors: blur condition,
viewing condition, target location, and visual feedback of target.
Temporal Pattern of Eye-Hand Coordination. Temporal
coordination between eye and hand movements was examined in
two stages of the reaching movement: the planning stage (i.e., from
target onset to reach initiation) and the execution stage (i.e., from
reach onset to the end of the reach movement). The saccade-to-reach
planning interval was calculated on a trial-by-trial basis by subtracting
saccade reaction time (latency) and saccade duration from the reach
reaction time (from this point this interval will be referred to as the
saccade-to-reach planning interval).21 Eye-hand coordination during
the execution stage of the reaching response was assessed by
calculating the time interval between the end of the saccade and the
hand reaching peak velocity (PV; from this point referred to as the
saccade-to-reach PV interval).21 Eye-hand coordination during the
execution stage of the reaching response also was assessed by
examining the frequency of secondary saccades. As in our previous
study,21 secondary saccades that occurred during the reach and >250

ms after the primary saccades were defined as reach-related saccades.
We reasoned that these saccades were reach-related and were not
secondary ‘‘corrective’’ saccades after the primary saccades under- or
overshot because secondary ‘‘corrective’’ saccades typically occur with
a latency of 100–250 ms.22–24 The latency (with respect to the
initiation of the reaching response), amplitude, and peak velocity of the
reach-related saccades were calculated.
All continuous dependent variables (saccade-to-reach planning
interval, saccade-to-reach PV interval, latency, amplitude, and peak
velocity of reach-related saccades) were submitted to repeatedmeasures ANOVAs with 4 factors: blur condition, viewing condition,
target location, and visual feedback of target.
The effect of blur on the frequency of reach-related saccades was
compared using Pearson’s v2 statistic.
Comparison between Visually-Normal Participants with
Induced Blur and Patients with Anisometropic Amblyopia. We
previously compared saccades and reaching movements between
patients with anisometropic amblyopia and visually-normal participants without blur using the same experimental paradigm.18,20,21 In
the current study, we also compared the performance of visuallynormal participants after 5 hours of blur exposure to that of patients
with mild anisometropic amblyopia. Data were submitted to mixed
factor ANOVAs with one between-subject factor: group (patients and
visually-normal participants 5 hours after blur) and 3 within-subject
factors: viewing condition (binocular, fellow/dominant eye, amblyopic/
blurred eye), target location, and visual feedback of target.
All statistical analyses were performed using the SAS 9.2 software
package (SAS Institute, Cary, NC). The significance level was set at P <
0.05. All significant main effects and interactions were analyzed further
using post-hoc pairwise comparison t-tests.

TABLE 2. Mean (6 SD) Outcome Measures for Primary Saccades
Visually-Normal Participants
No Blur
BE
Latency (ms)
58 target
Amplitude (8)
Velocity (8/s)
108 target
Amplitude (8)
Velocity (8/s)

FE

Immediate Blur
AE

BE

FE

5-Hour Blur
AE

BE

FE

Patients
AE

BE

FE

AE

171 6 28 192 6 31 188 6 30 173 6 29 183 6 29 189 6 31 177 6 32 193 6 34 192 6 31 189 6 52 185 6 29 221 6 67*
4.9 6 0.3 4.8 6 0.3 4.7 6 0.3 4.8 6 0.3 4.8 6 0.2 4.9 6 1.0 4.7 6 0.3 4.9 6 0.8 4.8 6 0.4 4.9 6 0.6 4.6 6 0.4 4.8 6 0.3
238 6 39 237 6 36 234 6 30 239 6 43 245 6 35 236 6 39 236 6 42 239 6 37 241 6 33 253 6 32 236 6 32 244 6 33
9.6 6 0.7 9.4 6 0.8 9.2 6 0.6 9.3 6 0.6 9.4 6 0.6 8.9 6 0.8 9.3 6 0.5 9.1 6 0.8 9.5 6 0.9 9.6 6 0.5 9.4 6 0.5 9.5 6 0.5
352 6 59 349 6 51 341 6 52 349 6 56 358 6 60 330 6 52 344 6 63 342 6 60 353 6 53 363 6 38 350 6 51 362 6 44

BE, binocular viewing; FE, dominant/fellow eye viewing; AE, nondominant/amblyopic eye viewing.
* P < 0.0001.
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FIGURE 1. Representative eye velocity tracings from individual trials during binocular viewing (left column), monocular viewing with the dominant
(nonblurred)/fellow eye (middle column), and monocular viewing with the nondominant (blurred)/amblyopic eye (right column) when the target
was shown 108 to the right. Top row: Visually-normal participant — no blur. Second row: Visually-normal participant during the first blur session —
immediate blur. Third row: Visually-normal participant during the second blur session — 5-hour blur. Last row: Patient with anisometropic
amblyopia. Saccades executed by the visually-normal participant were not affected by induced blur. In contrast, the patient had longer and more
variable saccade latencies.

RESULTS
Primary Saccades (Table 2)
Figure 1 shows representative eye velocity tracings from a
visually-normal participant and a patient with anisometropic
amblyopia. Saccades executed by the visually-normal participant were not affected by induced blur. In contrast, saccades
initiated by the patient had longer latency and were more
variable.

significant main effects or interactions were observed for
mean saccade latency.
The comparison between patients and visually-normal
participants in the 5-hour blur condition showed a significant
interaction between group and viewing condition (F[2,44] ¼
5.36, P ¼ 0.008). Post-hoc tests indicated that patients had
longer saccade latency when viewing with the amblyopic eye
(221 6 67 ms) in comparison to binocular viewing (189 6 52
ms), fellow eye viewing (185 6 29 ms), and visually-normal
participants in all viewing conditions (binocular 177 6 32 ms,
dominant eye 193 6 34 ms, blurred eye 192 6 31 ms).

Latency
For visually-normal participants, the effect of viewing condition was significant (F[2,22] ¼ 24.22, P < 0.0001); however, the
effect of blur (F[2,22] ¼ 0.86, P ¼ 0.4371) and the interaction did
not reach significance (F[4,44] ¼ 2.42, P ¼ 0.0621). Regardless of
induced blur, mean saccade latency was shorter during
binocular viewing (i.e., binocular advantage). No other

Amplitude and Peak Velocity
There was a significant main effect of target location for
saccade amplitude (F[3,33] ¼ 1457.65, P < 0.0001) and peak
velocity (F[3,33] ¼ 363.86, P < 0.0001). Saccades to the 100
target had higher amplitude and peak velocity than those to the
50 target in all experimental conditions for visually-normal
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Saccade-to-Reach Planning Interval. For visually-normal
participants, there were no significant differences for saccadeto-reach planning interval due to blur.

366 6 128
412 6 127*
361 6 101
336 6 92
325 6 84
322 6 91
322 6 79
349 6 91
328 6 78

104 6 86
151 6 84
128 6 80
134 6 82
123 6 72
122 6 76
126 6 77
132 6 68
128 6 61

315 6 93
305 6 92

137 6 77
117 6 74
134 6 86

65
113
2.0
61
6
6
6
6
359
710
6.59
260
90
149
2.1
62*
6
6
6
6
375
724
6.36
262
76
88
2.1
43*
6
6
6
6
357
673
6.93
234
73
124
2.3
61
68
365 6
119 623 6
2.9 8.30 6
65
204 6
68
355 6
113 628 6
3.1 8.28 6
68
201 6
76
340 6
121 609 6
3.8 8.55 6
68
202 6
69
357 6
115 627 6
3.2 8.72 6
79
197 6
60
355 6
102 632 6
3.9 8.04 6
71
217 6
85 340 6
78 609 6
2.1 8.82 6
58 200 6
6
6
6
6
362
622
8.47
201
75
91
2.4
58
87 351 6
70 610 6
2.5 8.64 6
48 198 6
6
6
6
6
343
578
9.55
172

1.36 6 0.4
1.36 6 0.5
1.19 6 0.4
1.20 6 0.4
1.12 6 0.4
1.16 6 0.4
1.45 6 0.5
1.55 6 0.6
1.33 6 0.4
1.39 6 0.4
1.30 6 0.4
1.42 6 0.5
1.43 6 0.4
1.48 6 0.4
1.31 6 0.6 1.14 6 0.3
1.40 6 0.4 1.41 6 0.3
1.20 6 0.5 1.31 6 0.4
1.38 6 0.3 1.39 6 0.4

1.34 6 0.4
1.51 6 0.4

0.09 6 2.08
1.61 6 4.7
0.36 6 1.8
0.74 6 4.4
0.75 6 2.5
2.02 6 4.7
0.18 6 2.0
2.30 6 3.9
0.53 6 2.4
3.09 6 4.3
1.39 6 2.6
1.19 6 3.7

AE
FE
BE
AE
FE
BE

Visually-Normal Participants

Immediate Blur
No Blur

337 6 97
* P < 0.05.

Eye-Hand Coordination

TABLE 3. Mean (6 SD) Outcome Measure for the Reaching Movement

Accuracy and Precision. For visually-normal participants,
there were no significant differences in accuracy or precision
along the azimuth or elevation before or after blur. The
interaction between blur and viewing condition also was not
significant. The comparison between patients and visuallynormal participants in the 5-hour blur condition also showed
no significant difference in accuracy and precision.
Reaction Time and Movement Time. There were no
statistically significant differences for reach reaction time or
movement time due to blur. Patients exhibited a trend toward
longer movement time (703 6 128 ms) compared to visuallynormal participants in the 5-hour blur condition (621 6 121
ms); however, the difference did not reach significance (F[1,22]
¼ 3.30, P ¼ 0.083).
Acceleration Phase. Figure 2 shows representative reach
acceleration tracings from a visually-normal participant and a
patient with amblyopia. Reaching kinematics were not affected
by induced blur in the visually-normal participant. In contrast,
the patient had reduced peak acceleration and a longer
acceleration phase.
As a group, there were no statistically significant differences
for peak acceleration or duration of acceleration phase due to
blur for visually-normal participants. Patients had lower peak
acceleration (6.62 6 2.1 m/s2) compared to visually-normal
participants in the 5-hour blur condition (8.37 6 2.9 m/s2);
however, the effect did not reach statistical significance (F[1,22]
¼ 3.30, P ¼ 0.083). There was a significant difference for the
duration of acceleration phase between patients and visuallynormal participants in the 5-hour blur condition (F[1,22] ¼ 4.74,
P ¼ 0.041). Patients had a longer acceleration phase regardless
of viewing condition (binocular 234 6 43 ms, fellow eye 262
6 62 ms, amblyopic eye 260 6 61 ms) compared to visuallynormal participants with induced blur (binocular 202 6 68
ms, dominant eye 201 6 72 ms, blurred eye 204 6 61 ms).

BE

Reaching Movement Kinematics (Table 3)

0.80 6 2.5
1.80 6 3.4

FE

5-Hour Blur

AE

BE

Patients

The frequency of secondary saccades was comparable among
viewing conditions (v2[df¼2] ¼ 0.36, P ¼ 0.834) when visuallynormal participants viewed with normal acuity (binocular
4.8%, dominant eye 4.6%, nondominant eye 4.6%). Immediately after blur, visually-normal participants initiated fewer
secondary saccades when viewing with the blurred eye
(3.4%), compared to viewing binocularly (5.3%) or with the
dominant eye (4.0%; v2[df¼2] ¼ 12.55, P ¼ 0.002). The
frequency of secondary saccades remained reduced 5 hours
after blur when visually-normal participants viewed with the
blurred eye (2.5%), compared to binocular (3.8%) and
dominant eye (3.4%) viewing (v2[df¼2] ¼ 6.02, P ¼ 0.049).
A similar pattern also was observed in patients. Patients
initiated fewer secondary saccades when viewing with the
amblyopic eye (5.3%), compared to binocular (6.2%) and
fellow eye viewing (8.3%; v2[df¼2] ¼ 16.64, P ¼ 0.0002).
There were no significant effects for latency, amplitude, or
peak velocity of secondary saccades for visually-normal
participants or patients.

FE

Secondary Corrective Saccades

0.91 6 3.1 0.63 6 2.7
0.66 6 2.3 0.72 6 2.4
2.08 6 3.0 0.94 6 2.8 0.35 6 2.7 2.45 6 4.0

AE

participants and patients. No other significant main effects or
interactions were present for primary mean saccade amplitude
or peak velocity.

0.07 6 2.3
1.86 6 5.1
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Accuracy
Azimuth (mm)
Elevation (mm)
Precision
Azimuth (mm)
Elevation (mm)
Kinematics
Reaction time (ms)
Movement time (ms)
Peak accel (mm/s2)
Duration of acceleration
phase (ms)
Saccade-reach plan
interval (ms)
Saccade-to-reach PV
interval (ms)
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FIGURE 2. Reach acceleration trajectory during binocular viewing (left column), monocular viewing with the dominant (nonblurred)/fellow eye
(middle column), and monocular viewing with the nondominant blurred/amblyopic eye (right column) when the target was shown 108 to the
right. Top row: Visually-normal participant — no blur. Second row: Immediate blur. Third row: 5-hour blur. Last row: Patient with anisometropic
amblyopia. Reaching kinematics were not affected by induced blur. In contrast, patient had reduced peak acceleration and a longer duration of
acceleration phase when reaching.

The comparison between patients and visually-normal
participants with induced 5-hour blur showed a significant
interaction between group and viewing condition (F[2,44] ¼
5.96, P ¼ 0.005). Post-hoc tests indicated that saccade-to-reach
planning interval was comparable among viewing conditions
for visually-normal participants with induced blur (binocular
122 6 76 ms, dominant eye 123 6 72 ms, blurred eye 134 6
82 ms). For patients, saccade-to-reach planning interval was
shorter during amblyopic eye viewing (104 6 86 ms),
compared to fellow eye (151 6 84 ms) and binocular viewing
(128 6 80 ms).
Saccade-to-Reach PV Interval. For visually-normal participants, there was no significant difference for the saccade-toreach PV interval due to blur.
The comparison between patients and visually-normal
participants with induced 5-hour blur showed a significant
interaction between group and viewing condition (F[2,44] ¼
3.51, P ¼ 0.038). Post-hoc tests indicated that patients took
longer to reach peak velocity after the primary saccade was
completed when viewing with the fellow eye (412 6 127 ms),
compared to binocular (361 6 101 ms) and amblyopic eye
(366 6 128 ms) viewing, and to visually-normal participants in

all viewing conditions (binocular 322 6 91 ms, dominant eye
325 6 84 ms, blurred eye 336 6 92 ms).

Frequency of Reach-Related Saccades
The frequency of reach-related saccades increased significantly
in the induced blur conditions (v2[df¼2] ¼ 11.43, P ¼ 0.003).
When viewing with normal acuity, the overall frequency of
reach-related secondary saccades was 21.2% (binocular 19.1%,
dominant eye 20.2%, nondominant eye 24.4%). It increased to
24.7% immediately after blur (binocular 24.8%, dominant eye
24.3%, blurred eye 24.4%) and remained at 24.5% 5 hours after
blur (binocular 25.1%, dominant eye 26.2%, blurred eye
22.6%).
The frequency of reach-related saccades was not significantly different between visually-normal participants with
induced blur and patients (v2[df¼1] ¼ 2.74, P ¼ 0.098). For
patients, the frequency of reach-related saccades was 28.2%
during binocular viewing, 27.7% during fellow eye viewing,
and 24.2% during amblyopic eye viewing.
There were no significant effects for latency, amplitude, or
peak velocity of reach-related secondary saccades.
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DISCUSSION
Our study examined the effects of induced monocular blur on
saccades, reaching movements, and eye-hand coordination in
visually-normal participants, and compared their performance
to that of patients with anisometropic amblyopia. We found
that saccades and reaching performance were not affected by
induced monocular blur in visually-normal participants, which
was in striking contrast to the performance of patients with
anisometropic amblyopia who had a comparable level of acuity
loss in the amblyopic eye.

Effect of Induced Blur on Eye Movements
We demonstrated previously that patients with anisometropic
amblyopia exhibited a significant increase in saccade latency
during amblyopic eye viewing and a lack of binocular
advantage (i.e., saccade latency during binocular viewing was
not reduced as compared to monocular viewing). An
unanswered question was whether the impaired performance
in these patients simply was due to a loss of visual acuity. In the
current study, we demonstrated that saccades in visuallynormal participants were unaffected by induced blur, and
binocular advantage was reduced only slightly but still evident,
even after 5 hours of blur exposure. Therefore, decreased
monocular visual acuity alone cannot explain the deficits in
saccadic performance in patients with mild anisometropic
amblyopia.
We proposed previously that the longer saccade latency
during amblyopic eye viewing represents a slower visual
processing in the afferent (sensory) pathway, rather than a
deficit in the efferent (motor) pathway of the saccadic
system.18 One factor contributing to the delay in response
initiation might be a chronic suppression of the input
presented to the amblyopic eye.25 It is possible that because
of suppression, it takes longer for the sensory signals to reach
threshold, resulting in longer saccade latency during amblyopic eye viewing. Since visually-normal individuals do not
experience interocular suppression, their saccade latency is
not affected while wearing a blurring lens.
Inducing monocular blur in visually-normal participants did
not affect the execution of primary saccades; however, the
frequency of secondary saccades was affected by induced blur.
We examined 2 types of secondary saccades based on their
latencies: corrective saccades that followed the primary
saccade within 250 ms,24 and reach-related saccades that were
initiated after the reaching movement had started. We found
that the frequency of corrective saccades was slightly but
significantly reduced in both blur sessions when participants
viewed with the blurred eye. These findings are similar to the
behavior of patients with amblyopia who also initiated fewer
corrective saccades during amblyopic eye viewing.18
Two sources of error feedback have been proposed for the
generation of secondary saccades that follow the primary
saccade.24,26,27 One is based on extraretinal information
derived from the efference copy of the oculomotor command,
suggesting that the secondary saccade might be programmed
before the end of the primary saccade.28 Another is based on
retinal feedback derived from the position of the target image
on the retina at the end of the primary saccade.29 The relative
contribution of extraretinal and retinal mechanisms to the
generation of secondary saccades depends on the availability of
visual feedback27,29 and target eccentricity.24,28 Specifically, the
frequency of secondary saccades increases when visual
feedback is available at the end of the primary saccade,
whereas extraretinal contribution becomes important when
the target is located farther in the periphery (>158). Our
findings show that visually-normal participants exposed to a
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relatively low level of blur initiated significantly fewer
secondary corrective saccades. Since we used targets located
within 108 from the fovea, our finding that fewer secondary
saccades were initiated when participants viewed with the
blurred eye provided further support that retinal feedback has
a bigger role than extraretinal feedback in the generation of
secondary saccades.
In addition to corrective saccades, we found that the
frequency of reach-related secondary saccades also was
affected by induced blur. Visually-normal participants initiated
reach-related secondary saccades slightly more frequently in
both blur sessions, similar to patients with amblyopia who also
showed increased number of reach-related secondary saccades.21 One possible explanation is that when visually-normal
participants experienced monocular blur, the reaching movements were planned and initiated based on a less reliable visual
input. Subsequently, reach-related secondary saccades were
executed with greater frequency during the reaching movement, presumably in an attempt to extract more information to
improve the accuracy and precision of the reach.

Effect of Induced Blur on Reaching
Several previous studies have investigated the effect of induced
blur in visually normal participants using variety of perceptual
and motor tasks.30–45 These studies showed that the effect of
blur was highly dependent on the complexity of the task, with
decreasing performance as complexity of the task increased.
To our knowledge, only two previous studies have examined
the effect of induced blurred vision in visually-normal
participants on reaching and grasping movements specifically.
In the first study, a convex lens of þ2.00 to þ3.75 D was used to
reduce the stereoacuity of individual subjects to 400–800 arc
sec (with visual acuity ranging from 0.72–0.96 logMAR).35
After blur, reaching errors were significantly greater when
compared to the normal acuity condition, with participants
undershooting the target in depth by approximately 3 mm and
overshooting the target along the azimuth by approximately
2.5 mm during blur. In a second study, the effect of low (þ2.00
to þ3.00 D) and high (þ3.50 to þ5.00 D) power convex lenses
on prehension skills was examined.36 It was found that when
vision was blurred, participants exhibited longer grip application times and made more errors during the grasping phase.
These results were similar to the grasping deficits exhibited by
patients with amblyopia tested using the same paradigm.17
Our study differed significantly from previous studies35,36 in
the degree of induced blur and the level of stereoacuity.
Previous studies used higher power convex lenses to induce
blur, which effectively reduced stereoacuity.35,36 In contrast,
we used a lower level of blur (range 0.75–2.00 D) such that
stereoacuity remained normal (at 40 arc sec) in 8 participants
and was reduced only slightly in the remaining 4 participants
(50–80 arc sec). We found that induced blur did not affect the
accuracy, precision, or reaching kinematics in visually-normal
participants whether they viewed binocularly or monocularly
with either their blurred or nonblurred eye. These results are
in contrast to the performance of patients with anisometropic
amblyopia who had lower peak acceleration and an extended
duration of acceleration phase when performing the same task
during binocular or monocular amblyopic and fellow eye
viewing.20 We suggested previously that the lower peak
acceleration and prolonged acceleration phase may represent
a strategy or adaptation of feedforward and feedback control in
amblyopia to optimize reaching performance in face of the
degraded visual input.
The findings that reaching performance was not affected
during dominant eye viewing in visually-normal participants
after blur, whereas it was impaired during fellow eye viewing
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in patients with amblyopia, also provide further support that
fellow eye involvement is unique to amblyopia.14,15,46,47
Specifically, the acuity of the fellow eye was 20/20 or better
in all our patients, so the expectation might be that the
reaching movements would be comparable to those made by
visually-normal participants. However, this was not the case—
patients showed the same reach control strategy while viewing
with the fellow eye as when viewing with the amblyopic eye.
One possible explanation is that due to the developmental
nature of amblyopia, patients’ internal model for motor
control48,49 did not develop optimally due to early anomalous
visual experience. Another possibility is that temporal integration of visual and proprioceptive signals about limb position/
velocity or the relative weighting given to these two signals
may differ because of deficits in visual acuity and stereopsis.
Although visual acuity during the induced blur session was
comparable between visually-normal participants and our
patients, all patients had abnormal stereoacuity whereas it
was normal in our visually-normal participants, suggesting that
stereoacuity has a crucial role in reaching movements.
Previous studies that examined motor skills using clinical tests
also demonstrated a relation between poor stereoacuity and
poor motor performance.50,51 Taken together, these results
indicate that intact stereopsis is an important visual cue for
programming and execution of reaching and grasping movements.

Effect of Blur Adaptation
Several studies have examined the effect of blur adaptation on
visual acuity, contrast sensitivity, and blur sensitivity.52–56 For
example, Mon-Williams et al. tested emmetropes on a letter
recognition task following 30 minutes of adaptation to
binocular blur induced with þ1.00 D lenses.53 All participants
exhibited slightly better acuity after 30 minutes of adaptation
(mean improvement 0.089 logMAR). In another session, the
same participants were tested on a contrast sensitivity task
after adapting to optical defocus induced with þ2.00 D lenses.
Following adaptation, participants exhibited reduced sensitivity to middle spatial frequencies (range 5–25 cpd) while visual
acuity improved slightly. Since changes in acuity and contrast
sensitivity were not associated with any changes in the
refractive status, Mon-Williams et al. suggested that blur
adaptation resulted from neural rather than optical compensation.53 In another study, Rosenfield et al. investigated whether
people with myopia exhibit similar adaptation to blur.54 They
tested 22 participants with refractive errors ranging from 1.00
to 3.50 D on a letter acuity task immediately after removing
their corrective lenses and 3 hours after exposure to blur. The
mean improvement in visual acuity after blur exposure was
0.23 logMAR, which was not accompanied by any significant
changes in refractive error.
Similar to the study by Rosenfield et al.,54 our participants
also were myopic, and blur was induced by using a contact
lens that ‘‘undercorrected’’ the myopic deficit and produced a
retinal defocus ranging from 0.75 to 2.00 D. However, unlike
Rosenfield et al.,54 we did not find any significant blur
adaptation—most of our participants showed no difference
in visual acuity immediately and 5 hours after blur. Only 4
participants had reduced (rather than improved) acuity after 5
hours of blur exposure; however, the difference never
exceeded 2 Snellen lines (i.e., 0.2 logMAR), which is within
the limits of test-retest variability.57 The discrepancy of findings
might be related to the experimental design—while we
induced monocular blur in the current study, other studies
examined the effect of binocular blur or of monocular blur
when one eye was patched.
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In conclusion, induced monocular blur had no effect on the
programming or execution of primary saccades or reaching
movements in visually-normal participants, either immediately
after blur was induced or after 5 hours of exposure to blur. Our
results suggest that the motor performance deficits seen in
patients with mild anisometropic amblyopia are not simply due
to a loss of visual acuity alone. Amblyopia is a developmental
brain disorder resulting from the imbalance of binocular inputs
to visual areas and suppression of the amblyopic eye, which
leads to impairments in visual acuity, contrast sensitivity, and
binocularity. Since visual information provides important
sensory input for the planning and execution of eye and hand
movements, early anomalous visual experience most likely
disturbs the normal development of visuomotor behavior.
Therefore, the visuomotor deficits and subsequent adaptations
of motor behavior seen in patients with amblyopia arise from
the developmental nature of the disorder and are not seen in
visually-normal adults exposed to brief periods of blurred
vision.
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