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PURPOSE. It is generally accepted that early visual deprivation from monocular enucleation
(ME; the surgical removal of one eye) results in intact spatial vision. Yet, motion perception
studies in this population yield inconsistent findings. Here, we investigated speed and
luminance contrast perception in a group of ME individuals.
METHODS. Twelve ME participants (mean age ¼ 24 years; mean age at enucleation ¼ 24
months) and 17 controls (mean age ¼ 25 years) viewing binocularly (BV) and monocularly
(MV) completed a series of speed discrimination and luminance contrast detection and
discrimination tasks. Stimuli consisted of 0.5 cpd vertical sine wave gratings varying in speed
(3.88/s–248/s) or luminance contrast (0%–78%). A second set of luminance contrast tasks with
4 cpd gratings teased apart any spatial frequency effects.
RESULTS. The ME group exhibited elevated speed discrimination thresholds compared with BV
(P ¼ 0.001) and MV (P ¼ 0.027) controls, but intact luminance contrast discrimination (P ¼
0.530). Notably, both ME and MV groups displayed elevated luminance contrast detection
thresholds compared with the BV group (Ps  0.006). However, the ME group exhibited
slightly lower thresholds compared with MV controls for all 4 cpd tasks.
CONCLUSIONS. Our data indicate a disruption in the development of speed perception, but not
luminance contrast perception with monocular enucleation. These data highlight the
importance of receiving healthy binocular vision during postnatal development for the
maturation of cortical regions associated with motion processing.
Keywords: monocular enucleation, luminance contrast perception, speed perception, visual
development, monocular deprivation

he visual system is not fully developed at birth1 and relies
on normal levels of balanced visual input during postnatal
maturation.2,3 For example, imbalanced visual input from
monocular deprivation during infancy due to congenital
cataract, anisometropia, and strabismus results in deficits in
spatial vision (e.g., contrast sensitivity, acuity) and motion
perception (e.g., direction discrimination) that persist throughout life in both the deprived and nondeprived eye.4–12
Considering that motion stimuli intrinsically possess spatial
attributes, it is difficult to determine which aspect of vision
underlies motion processing deficits in these disorders. In fact,
one study has shown that motion processing deficits in
amblyopia are related to contrast sensitivity impairments rather
than poor local motion perception.13 To determine how spatial
vision and motion perception develop following visual deprivation, it may be helpful to examine populations that are
impaired on only one of these aspects of vision, specifically a
monocularly deprived population with intact contrast sensitivity.
One such population does exist, those who have experienced early monocular enucleation (ME; surgical removal of
one eye) due to cancer of the retina (retinoblastoma), a disease
with onset generally before 2 years of age. Enucleation provides
a valuable model for examining the effects of early monocular
deprivation on visual system development since it results in a

more complete form of monocular deprivation compared with
other forms, such as strabismus or amblyopia, where disrupted
patterned visual input is received by the deprived eye.
Enucleated individuals demonstrate intact spatial vision compared with binocular viewing (BV) controls for contrast
sensitivity,14 luminance-defined (LD) contrast letter acuity,7,15,16
and LD global shape discrimination.17 Further, enucleated
individuals actually have enhanced ability for the majority of
these tasks compared with controls viewing monocularly with
a patch over one eye.7,15–17 Moreover, participants who
underwent enucleation before 4 years of age have enhanced
contrast sensitivity at 4 cpd compared with BV controls.14
These data suggest cortical reorganization, which may compensate for the early loss of one eye.18,19 It is important to note,
however, that enucleated individuals exhibit mild deficits in
face perception, suggesting that higher level spatial vision is
somewhat disrupted in this group.20
Despite the generally intact or enhanced spatial vision ability
following ME, small motion perception deficits are found for
motion-defined form21 and the perception of motion in
depth.22 This dissociation in visual ability suggests a greater
vulnerability during atypical postnatal visual development of
cortical regions associated with motion processing, likely the
middle temporal/medial superior temporal (MT/MST) complex
(MTþ).23 However, not all aspects of motion are disrupted,
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enucleated participants demonstrate intact relative velocity
detection24 and direction discrimination for coherent motion21
compared with controls. Binocular, more than monocular,
congenital cataracts (corrected during the first year of life)
disrupt global motion perception, suggesting that normal
visual input from one eye spares some vision.9 Thus, normal
visual input from the remaining eye in the enucleated
population may result in a relative sparing of motion
perception for some tasks, but not others. Nonetheless,
response asymmetries have been shown in enucleated
individuals favoring lower over upper hemifield motion for
relative velocity discrimination,24 as well as nasalward over
temporalward motion for coherent motion discrimination21
and for eye movement responses to full field motion,
specifically optokinetic nystagmus (OKN).25,26 The OKN
asymmetry indicates a disruption in the earlier developing
subcortical regions that mediate OKN (e.g., nucleus of the
optic tract [NOT]), whereas motion asymmetries point to a
higher level cortical disruption and are consistent with
evidence for an earlier maturation period for the processing
of nasalward motion.27,28
Given the inconsistent nature of previous findings, it is
worthwhile to further examine the effects of ME on motion
perception development. One aspect of motion processing not
yet studied in this population, the perception of speed, has real
world applications such as playing sports, crossing the road,
and driving. While research implicates visual areas such as
cortical area MT in the coding of speed perception,29,30 other
studies suggest extrastriate visual areas V3 and V3a are also
involved.31,32 Further, speed processing occurs in cortical
regions distinct from those for processing coherent motion.32
The development of speed perception appears to have a
number of sensitive periods with fast speeds (e.g., 68/s and 98/
s) maturing earlier than slow speeds (e.g., 1.58/s).33–37
Consistent with developmental data, individuals who experienced binocular and monocular congenital cataracts exhibit
stronger deficits in direction discrimination for slow compared
with fast speeds,11 indicating an earlier critical period for the
development of neural regions sensitive to speeds that have
not yet reached their optimal sensitivity.
We compare speed discrimination and luminance contrast
detection and discrimination performance of a group of early
ME participants to that of controls viewing binocularly and
monocularly. We predict speed discrimination deficits as well
as the presence of nasotemporal asymmetries in the enucleated
group compared with controls, similar to disruptions observed
in other tasks of motion processing with this population.21 We
also predict that these impairments will be more pronounced
for slow than high speeds, consistent with developmental33–37
and cataract11 research. However, since some aspects of

motion processing are not impaired in enucleated participants,21,24 we may find no speed perception deficits. For
luminance contrast perception, we predict intact performance
compared with controls, consistent with previous findings.14–17 Finally, we correlate speed and luminance contrast
perception performance within individuals to determine
whether spatial vision and motion perception development
are affected independently by enucleation as the previously
described dissociation in visual ability would suggest. Data
from these experiments will contribute to our understanding
of the role that binocular vision plays in visual system
development.

METHODS
Participants
Monocular Enucleation (ME) Group. Twelve adults
(nmale ¼ 8) from The Hospital for Sick Children in Toronto
who had one eye (nright ¼ 7) enucleated due to retinoblastoma
were tested. Mean age was 23.9 6 2.4 years (range, 17–43
years) and mean age at enucleation (AAE) was 24.3 6 5.0
months (range, 4–60 months). Participants had normal or
corrected to normal Snellen acuity (Precision Vision, La Salle,
IL). Enucleated participants are regularly seen by their
ophthalmologist and no known ocular abnormalities were
reported in the remaining eye. The Table lists individual patient
histories.
Binocular (BV) and Monocular (MV) Viewing Controls. Seventeen adults (nmale ¼ 6) were recruited who were
approximately age-matched to the ME group. Participants were
tested binocularly (BV) and monocularly (MV) on two separate
occasions with semitransparent medical tape over their
nondominant eye (nleft ¼ 12) to reduce the effects of binocular
rivalry. Mean age was 25.2 6 1.6 years (range, 19–40 years).
Participants had normal or corrected to normal Snellen acuity
and normal stereoacuity (Stereo Optical Co., Inc., Chicago, IL).
Acuity and the Porta test38 were used to assess eye dominance
for the MV condition.

Stimuli
Stimuli were created based on previously described methods39–41 using VPixx v.2.71 software (VPixx Technologies Inc.,
Saint-Bruno, QC, Canada). Gabor patches consisted of a 0.5 cpd
vertical sine wave grating within a 198 aperture with 18
Gaussian blur, which was applied to minimize edge effects.
Speed Discrimination. Leftward and rightward moving
stimuli retained a constant luminance contrast of 20%. Base

TABLE. Patient Histories for Monocularly Enucleated Participants Including Age, Sex, Snellen Acuity, Enucleated Eye, and Age at Enucleation (AAE)
Patient
ME01
ME02
ME03
ME04
ME05
ME06
ME07
ME08
ME09
ME10
ME11
ME12

Age, y

Sex

Acuity

Enucleated Eye

AAE, mos

27
43
20
34
21
18
18
17
18
29
24
30

Male
Female
Male
Female
Male
Female
Male
Male
Male
Female
Female
Male

20/16
20/12.5
20/20
20/12.5
20/20
20/16
20/16
20/20
20/20
20/20
20/16
20/20

Right
Right
Right
Left
Right
Left
Right
Right
Left
Left
Right
Left

4
18
39
18
23
48
13
9
60
11
35
13
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speed values, the speed levels to which an increment was
added, were 3.88/s, 6.28/s, 108/s, 16.28/s, and 248/s.
Luminance Contrast Detection and Discrimination.
Luminance contrast stimuli were static versions of the gratings
described for speed discrimination. Base luminance contrast
values were 0% for detection and 5%, 11%, 22%, 44%, and 78%
for discrimination. Since individuals who were enucleated
prior to 4 years of age have shown higher contrast sensitivity at
4 cpd compared with BV controls,14 we also administered a set
of luminance contrast detection and discrimination tasks at 4
cpd using 0%, 5%, and 11% base luminance contrasts. All other
parameters were similar to those above.

Procedure
This research was conducted according to the doctrine of the
Declaration of Helsinki and was approved by the research
ethics boards of both the Hospital for Sick Children and York
University. Informed consent was obtained from all participants prior to testing. Participants completed the tasks in a
darkened room and sat 50 cm from the computer display with
their chin resting on a chinrest. Stimuli were presented on a
17.5 inch Viewsonic G90fb CRT monitor (Viewsonic Corporation, Walnut, CA) with a refresh rate of 80 Hz. The monitor was
driven by an Apple Macintosh Pro computer (Apple, Cupertino, CA). Participants’ responses were recorded with a
keyboard.
The sets of speed and luminance contrast perception tasks
were blocked and counterbalanced. Leftward and rightward
trials were interleaved in the speed discrimination tasks. A
three-down one-up staircase procedure with a two-interval
forced choice task was used to determine thresholds for each
of the base speeds and luminance contrasts. The value of the
target stimuli decreased with three consecutive correct
answers and increased with one incorrect answer by an
increment of 30% of the difference between the base and
target on the previous trial. The staircase ended after 12
reversals so that all participants performed at 79.4% accuracy.
Thresholds were calculated by analyzing the last nine reversals.
Four practice trials were provided prior to completing each set
of tasks to ensure participants understood the procedure.
Speed and luminance contrast discrimination thresholds are
expressed as a just noticeable difference (JND) or Weber
Fraction (DX/X). Luminance contrast detection thresholds are
expressed as a percent contrast.
Participants viewed two sequentially presented gratings,
one base and one target, and were asked to indicate which of
the two intervals contained: (1) a grating moving at a faster
speed (speed discrimination), (2) a grating (luminance
contrast detection), or (3) a grating of higher contrast
(luminance contrast discrimination). The presentation sequence of the base and target was randomized and trials
began with a ‘‘ping’’ sound. Each grating was presented for
250 ms with an interstimulus interval of 200 ms. The second
grating was jittered to the right of the first by 0.78 in order to
prevent point by point comparisons between the two
stimuli. A fixation window 158 3 158 in size was presented
for 200 ms before the first and second intervals in order to
focus participants’ attention to the center of the display, but
not cause afterimages on the region where the gratings
appeared.
One ME and one MV participant did not complete the speed
discrimination tasks due to time constraints. All control
participants completed the set of 4 cpd tasks at all contrasts
in both BV and MV conditions. Nine participants from the
original ME group also completed the 4 cpd discrimination
tasks at 5% and 11% contrasts, and eight completed the 4 cpd
detection task at 0% contrast.
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RESULTS
Leftward/Rightward Speed Discrimination
An omnibus three-way ANOVA with group (BV, ME) as the
between-groups variable, and direction (left, right) and base
speed (3.88/s, 6.28/s, 108/s, 16.28/s, 248/s) as the within-groups
variables revealed no significant interactions (Ps ‡ 0.146).
Significant main effects of group (F1,26 ¼ 13.68, P ¼ 0.001),
speed (F2.1,54.1 ¼ 38.32, P < 0.001), and direction, (F1,26 ¼
12.54, P ¼ 0.002), were found. Both groups showed the typical
pattern of lower thresholds for fast compared with slow
speeds.36,37
Collapsed across direction, post hoc pairwise comparisons
(Bonferroni-adjusted alphas ¼ 0.01) revealed that the ME group
exhibited significantly elevated thresholds (i.e., lower sensitivity) compared with the BV group for 108/s (P ¼ 0.004) and 248/
s (P ¼ 0.003). The ME group also displayed tendencies for
elevated thresholds compared with the BV group that
approached significance for 3.88/s (P ¼ 0.032), 6.28/s (P ¼
0.015), and 16.28/s (P ¼ 0.037). Collapsed across speed, post
hoc pairwise comparisons (Bonferroni-adjusted alphas ¼ 0.025)
revealed that the ME group exhibited significantly elevated
thresholds compared with the BV group for both leftward (P ¼
0.003) and rightward (P ¼ 0.001) motion. Further, the ME
group exhibited significantly elevated thresholds for rightward
compared with leftward motion (P ¼ 0.005), and the BV group
exhibited only a tendency for the same pattern that
approached significance (P ¼ 0.074). No simple effects
analyses were conducted due to the lack of significant
interactions. Figure 1 depicts leftward (A) and rightward (B)
speed discrimination mean thresholds.

Nasalward/Temporalward Speed Discrimination
An omnibus three-way ANOVA with group (MV, ME) as the
between-groups variable, and direction (nasalward, temporalward) and base speed (3.88/s, 6.28/s, 108/s, 16.28/s, 248/s) as
the within-groups variables revealed a significant two-way
speed by direction interaction (F2.4,60.7 ¼ 3.10, P ¼ 0.043). No
other interactions were significant (Ps ‡ 0.418). Significant
main effects of group (F1,25 ¼ 5.56, P ¼ 0.027) and speed (F4,100
¼ 45.42, P < 0.001), but not direction (F1,25 ¼ 0.83, P ¼ 0.370)
were found. Both groups showed the typical pattern of
elevated thresholds for slow compared with fast speeds.36,37
Collapsed across direction, post hoc pairwise comparisons
(Bonferroni-adjusted alphas ¼ 0.01) revealed tendencies for the
ME group to have elevated speed discrimination thresholds
compared with the MV group that approached significance for

FIGURE 1. Speed discrimination thresholds (JND) for BV (filled gray
square) and ME (open circle) groups for leftward (A) and rightward (B)
motion. In general, the ME group exhibited elevated speed discrimination thresholds compared with the BV group. Error bars represent
95% confidence intervals (CIs).

IOVS j April 2013 j Vol. 54 j No. 4 j 3061

Vision in People With One Eye

FIGURE 2. Speed discrimination thresholds
triangle) and ME (open circle) groups
temporalward (B) motion. The ME group
discrimination thresholds compared with
speeds only. Error bars represent 95% CIs.

(JND) for MV (filled gray
for nasalward (A) and
exhibited elevated speed
ME group for nasalward

6.28/s (P ¼ 0.044) and 108/s (P ¼ 0.018). The significant speed
by direction interaction allowed a simple effects analysis
(Bonferroni-adjusted alphas ¼ 0.01), which revealed that the
ME group had significantly elevated nasalward thresholds for
108/s (P ¼ 0.001) and tendencies for elevated nasalward
thresholds that approached significance for 3.88/s (P ¼ 0.081)
and 6.28/s (P ¼ 0.018) compared with the MV group. The ME
group showed no nasotemporal asymmetries at any speed (Ps
‡ 0.221), but the MV group showed tendencies for elevated
temporalward compared with nasalward thresholds that
approached significance for 3.88/s (P ¼ 0.065) and 108/s (P ¼
0.057), but tendencies for lower temporalward compared with
nasalward thresholds that approached significance for 248/s (P
¼ 0.033). Figure 2 depicts nasalward (A) and temporalward (B)
speed discrimination mean thresholds.

Luminance Contrast Detection
Luminance contrast detection thresholds could not be
converted into JNDs and were, thus, analyzed independently
from those for contrast discrimination using separate one-way
ANOVAs for 0.5 cpd and 4 cpd spatial frequency with group
(BV, MV, ME) as the between-groups variable. Significant main
effects of group were found for 0.5 cpd (F2,43 ¼ 22.73, P <
0.001) and for 4 cpd (F2,39 ¼ 11.16, P < 0.001). All groups
showed the typical pattern of significantly elevated thresholds
for 0.5 cpd compared with 4 cpd (Ps < 0.001).
Post hoc pairwise comparisons (Bonferroni-adjusted alphas
¼ 0.017) revealed that the ME and MV groups exhibited
significantly elevated detection thresholds compared with the
BV group for 0.5 cpd and 4 cpd (Ps  0.006). However, the MV
group exhibited a tendency for an elevated detection threshold
compared with ME group that approached significance for 4
cpd (P ¼ 0.070). Figure 3 depicts 0.5 cpd (A) and 4 cpd (B)
mean luminance contrast detection thresholds.

FIGURE 3. Contrast detection thresholds (%) for BV (filled gray
square), MV (filled gray triangle), and ME (open circle) groups for 0.5
cpd (A) and 4 cpd (B) gratings. The MV and ME groups exhibited
elevated luminance contrast detection thresholds compared with the
BV group for both 0.5 and 4 cpd gratings. The MV group showed a
tendency for elevated luminance contrast detection thresholds at 4 cpd
compared with the ME group. Error bars represent 95% CIs.

Another two-way ANOVA with group (BV, MV, ME) as the
between-groups variable and base contrast (5%, 11%) as the
within-groups variable for luminance contrast discrimination at
4 cpd spatial frequency revealed no significant group by
contrast interaction (F2,40 ¼ 0.53, P ¼ 0.593). A significant main
effect of luminance contrast (F1,40 ¼ 19.82, P < 0.001), and a
marginally significant main effect of group (F2,40 ¼ 3.21, P ¼
0.051) were observed. All groups showed the typical pattern of
elevated thresholds for 5% compared with 11% contrast (Ps 
0.06).
Post hoc pairwise comparisons (Bonferroni-adjusted alphas
¼ 0.025) revealed that the MV group exhibited tendencies for
elevated thresholds compared to the ME group that approached significance for 5% (P ¼ 0.056) and 11% (P ¼
0.090) at 4 cpd spatial frequency. Figure 4 depicts 0.5 cpd (A)
and 4 cpd (B) luminance contrast discrimination mean
thresholds.

Timing of Deprivation
Partial correlations controlling for age revealed no significant
correlations between AAE in the ME group and their luminance
contrast detection and discrimination, or speed discrimination
thresholds (Ps ‡ 0.123).

Luminance Contrast Discrimination
A two-way ANOVA with group (BV, MV, ME) as the betweengroups variable and base contrast (5%, 11%, 22%, 44%, 78%) as
the within-groups variable for luminance contrast discrimination at 0.5 cpd spatial frequency revealed no significant group
by contrast interaction (F2.1,92.9 ¼ 0.48, P ¼ 0.767) and no
significant main effect of group (F2,43 ¼ 0.64, P ¼ 0.530).
However, a significant main effect of luminance contrast was
found (F2.1,92.9 ¼ 59.71, P < 0.001). All groups showed the
typical pattern of decreasing thresholds for increasing luminance contrast.
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FIGURE 4. Contrast discrimination thresholds (JND) for BV (filled gray
square), MV (filled gray triangle), and ME (open circle) groups for 0.5
cpd (A) and 4 cpd (B) gratings. No significant differences were found
between groups for 0.5 cpd, but the MV group exhibited tendencies
for elevated luminance contrast discrimination thresholds compared
with the ME group at 4 cpd. Error bars represent 95% CIs.
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Relationship Between Luminance Contrast
Detection/Discrimination and Speed
Discrimination
Since the ME group did not exhibit nasotemporal asymmetries, nasalward and temporalward thresholds were averaged.
Each speed discrimination threshold was then correlated with
each luminance contrast detection and discrimination threshold using partial correlations controlling for age to determine
if development of speed and luminance contrast processing
are affected in the same way by ME. Only correlations that
reached P < 0.05 (uncorrected alpha) subsequent to outlier
removal are reported. Only two positive correlations were
found: (1) 108/s speed and 44% luminance contrast perception (r7 ¼ 0.74, P ¼ 0.024), and (2) 248/s and 78% luminance
contrast perception (r8 ¼ 0.75, P ¼ 0.013). To compare against
the ME group, the same correlations were conducted for the
BV group with leftward and rightward thresholds averaged
and for the MV group with nasalward and temporalward
thresholds averaged. No significant correlations were found
for the BV group; however, two positive correlations were
found for the MV group: (1) 248/s and 0% luminance contrast
at 0.5 cpd (r11 ¼ 0.58, P ¼ 0.047) and (2) 248/s and 0%
luminance contrast at 4 cpd (r12 ¼ 0.69, P ¼ 0.013). These few
correlations may be due to the problem of multiple
comparisons when conducting many correlations and, thus,
must be interpreted with caution.

DISCUSSION
We demonstrate speed discrimination impairments in early
ME individuals compared with BV controls for all speeds
regardless of direction. This is consistent with previously
reported motion processing deficits in this group.21,22
Moreover, we also report the first instance of motion
perception deficits for the early ME group compared with
MV controls. While the ME group showed elevated speed
thresholds at all speeds relative to BV controls, they only
showed deficits at slower speeds when compared with MV
controls. This finding supports research indicating later
maturation for the perception of slow speeds11,33–37 and
suggests an interruption to this critical period with ME.
Further, the enucleation group’s speed processing deficits
were less pronounced when compared with monocular
rather than BV controls indicating that the control condition
of MV with an eye patch over one eye appears to interfere
with the visual processing of motion. This is likely due to
inhibitory binocular interactions from the eye patch such as
binocular inhibition or rivalry. Binocular inhibitory effects
may also contribute to the mild nasotemporal asymmetries
observed in our MV controls. Nonetheless, MV controls are
better than ME participants at speed discrimination. This
finding suggests that binocular inhibitory effects from eye
patching disrupt speed perception minimally in controls,
which is supported by the lack of asymmetry for global
motion perception with eye patching.21 Remarkably, enucleated observers displayed deficits for nasalward motion only
compared with MV controls, suggesting that at least for the
perception of speed, the earlier developing perception of
nasalward motion may be more vulnerable to early visual
deprivation when assessing local rather than global motion.
Thresholds for temporalward motion appear to be slightly
elevated (Fig. 2B), and perhaps there may exist a disruption in
the development of processing temporalward motion as well;
however, these elevations did not reach significance.
Motion perception deficits have been documented in
developmental disorders affecting visual ability such as
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Williams Syndrome and autism,42,43 suggesting that a vulnerability of the dorsal motion processing system may exist with
atypical development.27 Deficits in speed perception for our
enucleated group may also be attributed to a disruption in
dorsal regions associated with processing speed that are
beyond V1, such as V3/V3a and MTþ.23,31,32 Cells in MTþ and
V3a are also tuned to binocular disparity and there is
considerable functional overlap between stereopsis and
motion processing.44–46 Indeed, strabismic individuals with
weak stereopsis exhibit similar deficits in speed judgements as
our ME group.47 Thus, a common physiologic link between
motion perception and binocular integration may account for
the motion deficits in our enucleated group, for whom no
binocular interaction in the visual cortex is possible. Consequently, intact binocularity may be required for the normal
maturation of motion systems.
Unlike previous research,21,25,26 no nasotemporal asymmetries were observed in our ME group. Attending to speed rather
than direction has been shown to activate different neural
regions for motion32 and could account for the lack of
asymmetry in our study. It is also possible that a nasotemporal
asymmetry does not manifest during tasks where motion is
easily determined by local cues such as speed. Individuals who
have experienced early-onset strabismus show larger nasalward biases for the perceived speed of sine wave gratings,47,48
though this is a very different form of deprivation than
enucleation. A lack of nasotemporal asymmetries may also
reflect a brief period of binocular vision with normal input
through the removed eye prior to enucleation since the
majority of our participants underwent enucleation later than 6
months of age. However, central vision is usually obstructed
approximately 6 months prior to when retinoblastoma is
diagnosed and the eye is enucleated, therefore, this brief
period of normal vision is likely even shorter. It is possible that
complete deafferentation of one eye with enucleation is
fundamentally different from other forms of monocular
deprivation and results in speed discrimination deficits but
no nasotemporal asymmetries.
The ME group exhibited substantially elevated luminance
contrast detection thresholds regardless of spatial frequency
compared with the BV group, which is consistent with a
previously reported elevated threshold for luminance contrast
letter acuity at 4% contrast compared with BV controls.15 More
importantly, these deficits disappear when performance in the
ME group is compared with MV controls in our study. This
indicates a binocular advantage when viewing with two eyes
(i.e., binocular summation) compared to one. Binocular
summation effects have been implicated in the superior
resolution of vernier acuity as well as luminance contrast
detection and discrimination and its effect is strongest at lower
luminance contrasts.49–51 Therefore, the reduction in luminance contrast detection in our study for both the MV and ME
groups can be largely attributed to the lack of binocular
summation and not to a deficit in the development of
luminance contrast perception.
Despite the lack of binocular summation, the ME group
nonetheless had a tendency for superior luminance contrast
detection and discrimination of 5% and 11% luminance
contrast 4 cpd gratings compared with the MV group. This
finding is consistent with previous luminance contrast tasks in
this population.7,14–17 Several suggestions have been put forth
to account for the superior performance of ME patients
compared to MV controls at low contrast visual tasks18
including: (1) binocular interference of binocular rivalry when
wearing an eye patch for the MV controls, which of course is
absent in the ME group, (2) years of monocular practice for the
ME group, and (3) compensatory reorganization within visual
cortex of ME patients in favor of the remaining eye. For
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instance, the complete removal of one eye eliminates binocular
inhibitory interactions and binocular competition for cortical
space during postnatal visual development. Consequently,
neurons in the visual pathway that would otherwise have
been allocated to the enucleated eye may be recruited by the
remaining eye at various levels of the visual system such as the
lateral geniculate nucleus and V1.52,53 Recruitment within V1
may prevent spatial vision deficits following ME, and in some
cases may actually enhance this ability.
No timing of deprivation effects were found for luminance
contrast detection and discrimination. This finding is consistent with previous studies of spatial vision in enucleation,
which have not found an effect of age at enucleation.7,15–17,19
Apart from two individuals, all of our participants had their eye
surgically removed before 44 months of age, which may be
outside developmental critical periods or may not span a large
enough period in early development to be sensitive to
developmental critical period effects. Further, when we
removed participants who underwent eye enucleation after
24 months of age from our analyses, we found the same pattern
of results. The relative lack of relationships between luminance
contrast detection and discrimination and speed discrimination
for either group, coupled with the dissociation in visual ability,
suggests that early ME affects the development of the motion
perception and spatial vision pathways differently.

CONCLUSIONS
In conclusion, our study shows that enucleated observers have
deficits in speed but not luminance contrast processing, which
is consistent with the previously reported dissociation in visual
ability. This is the first study to measure both luminance
contrast and speed processing in the same individuals. These
findings, coupled with a relative lack of correlations between
the sets of speed and luminance contrast tasks, point to
independent effects of enucleation on these two systems. It is
possible that the visual system undergoes compensatory
reorganization in response to the loss of one eye during
infancy for spatial vision to remain intact. Yet, such reorganization may not be sufficient for the development of motion
perception. This study highlights the importance of normal
and balanced levels of binocular postnatal visual input for the
normal development of the motion processing systems.

Acknowledgments
Supported by the Natural Sciences and Engineering Research
Council of Canada and the Canadian National Institute for the
Blind.
Disclosure: K.R. Kelly, None; S.R. Zohar, None; B.L. Gallie,
None; J.K.E. Steeves, None

References
1. Daw NW. Visual Development. 2nd ed. New York: Springer;
2006.
2. Wiesel TN, Hubel DH. Effects of visual deprivation on
morphology and physiology of cells in the cats lateral
geniculate body. J Neurophysiol. 1963;26:978–993.
3. Wiesel TN, Hubel DH. Comparison of the effects of unilateral
and bilateral eye closure on cortical unit responses in kittens. J
Neurophysiol. 1965;28:1029–1040.
4. Kandel GL, Grattan PE, Bedell HE. Are the dominant eyes of
amblyopes normal? Am J Optom Physiol Opt. 1980;57:1–6.
5. Woo GC, Irving E. The non-amblyopic eye of a unilateral
amblyope: a unique entity. Clin Exp Optom. 1991;74:1–5.

Downloaded from jov.arvojournals.org on 11/15/2019

IOVS j April 2013 j Vol. 54 j No. 4 j 3063
6. Lewis TL, Maurer D, Tytla ME, Bowering ER, Brent HP. Vision
in the ‘‘good’’ eye of children treated for unilateral congenital
cataract. Ophthalmol. 1992;99:1013–1017.
7. Reed MJ, Steeves JKE, Steinbach MJ, Kraft S, Gallie B. Contrast
letter thresholds in the non-affected eye of strabismic and
unilateral eye enucleated subjects. Vision Res. 1996;36:3011–
3018.
8. Ellemberg D, Lewis TL, Maurer D, Brent HP. Influence of
monocular deprivation during infancy on the later development of spatial and temporal vision. Vision Res. 2000;40:
2383–2395.
9. Ellemberg D, Lewis TL, Maurer D, Brar S, Brent HP. Better
perception of global motion after monocular than after
binocular deprivation. Vision Res. 2002;42:169–179.
10. Simmers AJ, Ledgeway T, Hess RF, McGraw PV. Deficits to
global motion processing in human amblyopia. Vision Res.
2003;43:729–738.
11. Ellemberg D, Lewis TL, Defina N, et al. Greater losses in
sensitivity to second-order local motion than to first-order
local motion after early visual deprivation in humans. Vision
Res. 2005;45:2877–2884.
12. Ho CS, Giaschi DE, Boden C, Dougherty R, Cline R, Lyons C.
Deficient motion perception in the fellow eye of amblyopic
children. Vision Res. 2005;45:1615–1627.
13. Qiu Z, Xu P, Zhou Y, Lu ZL. Spatial vision deficit underlies poor
sine-wave motion direction discrimination in anisometropic
amblyopia. J Vis. 2007;7:1–16.
14. Nicholas JJ, Heywood CA, Cowey A. Contrast sensitivity in
one-eyed subjects. Vision Res. 1996;36:175–180.
15. Reed MJ, Steeves JKE, Steinbach MJ. A comparison of contrast
letter thresholds in unilateral eye enucleated subjects and
binocular and monocular subjects. Vision Res. 1997;37:2465–
2469.
16. Gonzalez EG, Steeves JKE, Kraft SP, Gallie BL, Steinbach MJ.
Foveal and eccentric acuity in one-eyed observers. Behav
Brain Res. 2002;128:71–80.
17. Steeves JKE, Wilinson F, Gonzalez EG, Wilson HR, Steinbach
MJ. Global shape discrimination at reduced contrast in
enucleated observers. Vision Res. 2004;44:943–949.
18. Steeves JKE, Gonzalez EG, Steinbach MJ. Vision with one eye: a
review of visual function following unilateral enucleation.
Spat Vis. 2008;21:509–529.
19. Kelly KRK, Moro SS, Steeves JKE. Living with one eye:
plasticity in visual and auditory systems. In: Jenkin, MRM
Steeves, JKE Harris LR, eds. Plasticity in Sensory Systems.
Cambridge: Cambridge University Press; 2013;225–244.
20. Kelly KR, Gallie BL, Steeves JKE. Impaired face processing in
early monocular deprivation from enucleation. Optom Vis Sci.
2012;89:137–147.
21. Steeves JKE, Gonzalez EG, Gallie BL, Steinbach MJ. Early
unilateral enucleation disrupts motion processing. Vision Res.
2002;42:143–150.
22. Steeves JKE, Gray R, Steinbach MJ, Regan D. Accuracy of
estimating time to collision using only monocular information
in unilaterally enucleated observers and monocularly viewing
normal controls. Vision Res. 2000;40:3783–3789.
23. Tootell RB, Reppas JB, Kwong KK, et al. Functional analysis of
human MT and related visual cortical areas using magnetic
resonance imaging. J Neurosci. 1995;15:3215–3230.
24. Bowns L, Kirshner L, Steinbach M. Hemifield relative motion
bias in adults monocularly enucleated at an early age. Vision
Res. 1994;34:3389–3395.
25. Reed MJ, Steinbach MJ, Anstis SM, Gallie B, Smith D, Kraft S.
The development of optokinetic nystagmus in strabismus and
monocularly enucleated subjects. Behav Brain Res. 1991;46:
31–42.

IOVS j April 2013 j Vol. 54 j No. 4 j 3064

Vision in People With One Eye
26. Day S. Vision development in the monocular individual:
implications for the mechanisms of normal binocular vision
development and the treatment of infantile esotropia. Trans
Am Ophthalmol Soc. 1995;93:523–581.
27. Braddick O, Atkinson J, Wattam-Bell J. Normal and anomalous
development of visual motion processing: motion coherence
and ‘dorsal-stream vulnerability’. Neuropsychologia. 2003;41:
1769–1784.
28. Wattam-Bell J. Motion processing asymmetries and stereopsis
in infants. Vision Res. 2003;43:1961–1968.
29. Chawla D, Phillips J, Buechel C, Edwards R, Friston KJ. Speeddependent motion-sensitive responses in V5: an fMRI study.
Neuroimage. 1998;7:86–96.
30. Huk AC, Heeger DJ. Task-related modulation of visual cortex. J
Neurophysiol. 2000;83:3525–3536.
31. McKeefry DJ, Burton MP, Vakrou C, Barrett BT, Morland AB.
Induced deficits in speed perception by transcranial magnetic
stimulation of human cortical areas V5/MTþ and V3A. J
Neurosci. 2008;28:6848–6857.
32. Kau S, Strumpf H, Merkel C, et al. Distinct neural correlates of
attending speed vs. coherence of motion. Neuroimage. 2013;
64:299–307.
33. Ellemberg D, Lewis TL, Meghji KS, Maurer D, Guillemot JP,
Lepore F. Comparison of sensitivity to first- and second-order
local motion in 5-year-olds and adults. Spat Vis. 2003;16:419–
428.
34. Aslin RN, Shea SL. Velocity thresholds in human infants:
implications for the perception of motion. Dev Psychol. 1990;
26:589–598.
35. Ellemberg D, Lewis TL, Dirks M, et al. Putting order into the
development of sensitivity to global motion. Vision Res. 2004;
44:2403–2411.
36. Ahmed IJ, Lewis TL, Ellemberg D, Maurer D. Discrimination of
speed in 5-year-olds and adults: are children up to speed?
Vision Res. 2005;45:2129–2135.
37. Manning C, Aagten-Murphy D, Pellicano E. The development
of speed discrimination abilities. Vision Res. 2012;70:27–33.
38. Durand AC, Gould GM. A method of determining ocular
dominance. JAMA. 1910;55:369–370.
39. Chen Y, Bedell HE, Frishman LJ. Temporal-contrast discrimination and its neural correlates. Perception. 1996;25:505–522.
40. Chen Y, Nakayama K, Levy DL, Mathysse S, Holzman PS.
Psychophysical isolation of a motion-processing deficit in

Downloaded from jov.arvojournals.org on 11/15/2019

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.

52.

53.

schizophrenics and their relatives and its association with
impaired smooth pursuit. Proc Natl Acad Sci U S A. 1999;96:
4724–4729.
Chen Y, Grossman EA, Bidwell L, et al. Differential activation
patterns of occipital and prefrontal cortices during motion
processing: evidence from normal and schizophrenic brains.
Cogn Affect Behav Neurosci. 2008;8:293–303.
Atkinson J, King J, Braddick O, Nokes L, Anker S, Braddick F. A
specific deficit of dorsal stream function in Williams’
syndrome. Neuroreport. 1997;8:1919–1922.
Koldewyn K, Whitney D, Rivera SM. The psychophysics of
visual motion and global form processing in autism. Brain.
2010;133:599–610.
Maunsell JHR, Van Essen DC. Functional-properties of neurons
in middle temporal visual area of the macaque monkey. 2.
Binocular interactions and sensitivity to binocular disparity. J
Neurophysiol. 1983;49:1148–1167.
Roy JP Komatsu H, Wurtz RH. Disparity sensitivity of neurons
in monkey extrastriate area MST. J Neurosci. 1992;12:2478–
2492.
Backus BT, Fleet DJ, Parker AJ, Heeger DJ. Human cortical
activity correlates with stereoscopic depth perception. J
Neurophysiol. 2001;86:2054–2068.
Tychsen L, Lisberger SG. Maldevelopment of visual motion
processing in humans who had strabismus with onset in
infancy. J Neurosci. 1986;6:2495–2508.
Brosnahan D, Norcia AM, Schor CM, Taylor DG. OKN,
perceptual and VEP direction biases in strabismus. Vision
Res. 1998;38:2833–2840.
Legge GE. Binocular contrast summation. 1. Detection and
discrimination. Vision Res. 1984;24:373–383.
Banton T, Levi DM. Binocular summation in vernier acuity. J
Opt Soc Am A Opt Image Sci Vis. 1991;8:673–680.
Cagnello R, Arditi A, Halpern DL. Binocular enhancement of
visual acuity. J Opt Soc Am A Opt Image Sci Vis. 1993;10:
1841–1848.
Horton JC, Hocking DR. Effect of early monocular enucleation
upon ocular dominance columns and cytochrome oxidase
activity in monkey and human visual cortex. Vis Neurosci.
1998;15:289–303.
Rakic P. Development of visual centers in the primate brain
depends on binocular competition before birth. Science. 1981;
214:928–931.

