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Strabismic amblyopia “blunt vision” is a developmental anomaly that affects binocular vision and results in lowered visual acuity.
Strabismus is a term for a misalignment of the visual axes and is usually characterized by impaired ability of the strabismic eye to
take up fixation. Such impaired fixation is usually a function of the temporally and spatially impaired binocular eyemovements that
normally underlie binocular shifts in visual attention. In this review, we discuss how abnormal eye movement function in children
with misaligned eyes influences the development of normal binocular visual attention and results in deficits in visual function
such as depth perception. We also discuss how eye movement function deficits in adult amblyopia patients can also lead to other
abnormalities in visual perception. Finally, we examine how the nonamblyopic eye of an amblyope is also affected in strabismic
amblyopia.

1. Introduction

Amblyopia is traditionally defined as reduced vision in one
eye due to early, nonsynchronous binocular inputs during the
“critical period” (CPs) of visual plasticity in childhood (see
[1] for extensive review).This is typically caused by misalign-
ment of visual axes (strabismus), visual deprivation, and/or
unequal refractions in the two eyes (anisometropia) and
acquired esotropia. Amblyopia resulting from strabismus
usually prevents normal binocular fixation and synergy of
binocular eye movement functions [2].

Eye movements to a particular object in space necessarily
shift attention to that place. Indeed, humans and animals can-
notmove their eyes to a particular location if their attention is
fixed on a different place or object [3]. Attention can be shifted
overtly by rapid eye movements [4], such as saccades, or
covertly without any movement of the eyes but this function
does not develop until late childhood. Research in both
humans and monkeys has shown that stable fixation helps

the visual system enhance visual attention [5]. This is impor-
tant behaviourally as visual attention plays a key role in visual
perception, behavioral guidance, learning, and short-term
memory andworkingmemory [6].Thus, eyemovement skills
and ability to fixate stably are critical factors for normal visual
attention though often seriously impaired [7] in strabismic
amblyopes.

The allocation of attention in adults is usually controlled
by the joint interaction of conscious top-down goal directed
attention and incoming visual stimuli driving involuntary
bottom-up mechanisms [4]. Usually the top-down attention
dominates behavior but if the incoming environmental infor-
mation relates to unexpected motion it will “grab attention”
as moving stimuli have the potential to be evolutionarily
dangerous and attention may be required to facilitate rapid
assessment of the direction and source of the movement and
whether a rapid responsive action is required. If not life-
threatening or salient, for example, another childwaving their
hand unthreateningly in the environment, the individual is
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likely to veto the information and return attention to the
previous object of interest. Such conservation and allocation
of attentional resources is thus essential for development
of normal visual function in childhood and normal visual
perception in adulthood. Thus, we suggest that abnormal
attention function due to eye movement dysfunction is a sig-
nificant consequence of strabismic amblyopia. This leaves us
with an important unanswered question: is the visual atten-
tion dysfunction resulting from abnormal eye movement
skills a further underlying cause of visual function deficits in
the amblyopic eye?

2. The Neural Networks of Visual Attention

The adult human cortical visual system is broadly organized
into two segregated pathways in the posterior half of the
brain, the dorsal and ventral streams [8, 9].The dorsal (where)
stream is primarily driven by the faster conducting magno-
cellular (M) pathway that projects from retina to thalamus to
visual areas V1 and/or V5 then to posterior parietal cortex
(PPC) and is primarily concerned with spatial orientation,
location of stimuli, activation of selective attention, and visu-
ally driven actions [10]. The ventral (what) stream receives
joint input from both the retinally derived M and the slower
parvocellular (P) projections to inferotemporal cortex and
object recognition.

When considering the neural networks associated with
goal directed attention, Corbetta and colleagues [11] have
used functional magnetic resonance imaging to further
divide the faster dorsal visual stream into a more dorsal net-
work, extending from the intraparietal cortex to the superior
frontal cortex and including frontal eye fields (FEF) that is
involved in preparing and applying voluntary goal directed
(top-down) eye movement driven selection of stimuli and
action. The second attention network in dorsal cortex
includes the temporoparietal cortex and inferior frontal cor-
tex, is largely lateralized to the right hemisphere, and is spe-
cialized for the involuntary detection of behaviourally rele-
vant incoming “bottom-up” stimuli, particularly when they
are salient or unexpected. Neural activation in the SPL and
FEF can also influence neural activities in the earlier visual
cortex and in the subcortical system [12, 13]. Indeed, the
timing of activities between the PPC and earlier visual areas
(the primary visual cortex and the medial temporal area)
becomes synchronized when macaques selectively attend to
a location [14].

The idea of attention as a time and space limited resource
followed much debate in the late 1980s and 1990s about
attention as a bottleneck for cognitive processing. To account
for these limitations on object recognition and attention,
Treisman proposed her Feature Integration Theory of visual
processing with the idea that there could only be one “spot-
light of attention”; that is, attention can only be given to one
object at a time [15]. Research performed by Reynolds et
al. on monkeys has supported this idea [16]. Modulation of
attention can change with both neuronal tuning and stimu-
lus contrast [17, 18]. Reynolds et al. also noted that the
neuronal firing rate in the V4 area increases with rise in

stimulus contrast in a nonattention situation [16]. Attention
also enhances the neuronal firing rate in the same stimulus
contrast but cannot enhance the highest firing rate. Other
studies have shown that attention can enhance the gain of
neural responses at the same stimulus contrast, even at the
highest contrast of stimulus [19, 20]. This kind of difference
may be due to the size relationship between stimulus and
attention window [21]. When the size of the stimulus is
smaller than the attention window, the former phenomenon
can be observed; in contrast, when the stimulus is larger than
the attentionwindow, a gain of neural response is seen. Atten-
tion also reduces interneuronal correlations [22]. Specifically,
it reduces correlated noise in the visual processing system
and improves information processing, thus making neural
processing more effective and accurate.

As described above, attention can usually be considered
the bottle neck of information processing; however, if there is
unexpectedmotion in the visual environment, the bottom-up
stimulus will “grab” attention and shift eye fixation away from
an object under top-down consideration [10] to the moving
object. Bottom-up attention is necessarily grabbed by the
motion-selective hMT+/V5 complex. Attention is also influ-
enced by nonspatial features, such as color, shape, spatial fre-
quency, motion, and orientation [23, 24], via the frontopari-
etal networks and color-selective area V4/V8. hMT+/V5 can
also be activated by attending to color or motion features,
even in the absence of related visual stimulation [24–26].
Thus, the object of attention and attention allocation is selec-
tive and unitary in time and space; in thismanner, distraction
is avoided though not as well through the amblyopic eye.

3. Visual Attention in Childhood

Early in life, the allocation of attention is involuntarily con-
trolled by the unexpected bottom-up input in the environ-
ment. However, as the allocation of attention develops with
age, the child becomes progressively more goal directed and
attention is more voluntarily controlled. Voluntary decisions
utilize previous experience of what is important and/or likely
to be evolutionarily salient for decision making for action.
Thus, stored visual experience drives behavior (action) via
the interaction of the top-down attention system that is goal
directed and facilitates the rapid eye movements required to
find the appropriate incoming image of a sought object. Fur-
thermore, adequate development of control of fixational eye
movements and hence development of attention is essential
for the development of normal visual function in childhood
and normal visual perception in adulthood.Thus, we suggest
that impaired ability to fixate binocularly due to the slower
nonattention driving eye movements of the strabismic eye is
a significant consequence of strabismic amblyopia.

As indicated above, there are several neural networks sub-
serving the different attentional functions of rapid (transient
attention driven primarily by the M-subcortical pathway)
selective attention, sustained detailed ventral stream driven
attention, and the more executive control networks of the
frontal cortex [27, 28]. The development of these three sub-
systems is not uniform; they have different onsets and rates
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of development [29, 30] with motion driven magnocellular
function coming on line first, but taking till late adolescence
to finally mature while the P pathways that subserve high
spatial frequency and high acuity vision reache maturity by
6 years of age [31, 32]. However, it is the high acuity P system
which is compromised in strabismic amblyopia in animal
models [33]. During the first month of life, infants can selec-
tively shift attention from one fixation target to another, such
as a moving object in the periphery of their visual field [34].
However, this ability is easily disrupted in one-month-old
infants because it only involves the subcortical system, that is,
the superior colliculus (SC) [35], as the synaptic development
in the visual cortical system underlying binocular vision is
usually not considered to be functional till 12–16 weeks [36].
By three months of age, synaptic development in the visual
cortical system including connections in different cortex
areas and connections between cortex areas and subcortical
structures, such as the SC, is proceeding rapidly. As a result,
infants’ fixation and shifting behaviors become more stable
and their binocular functions begin to emerge [34, 36] so that
many three-month-olds can follow objects more smoothly
and fixate on moving targets more accurately than younger
infants [37, 38]. At approximately six months of age, shifts in
attention begin to be affected by preceding stimuli [39], and
these relate to a covert process of spatial attention,which gives
rise to a subsequent saccade [40]. Even at 8 to 12 months,
infants are still distracted by former familiar stimuli [41]
though by then many are beginning to show an increasing
ability to sustain their attention goal [42]. However, sustained
attention is still immature compared to that of adults presum-
ably because prefrontal cortex function, which is related to
executive control of attention, develops slowly in the human
brain from childhood to young adulthood [43, 44].

Between 1 and 3 years of age, the prefrontal cortex gradu-
ally develops. Both sustained attention and familiar tendency
inhibition become more developed. In attention competition
tasks, toddlers can avoid fixating on distraction. Further-
more, the latency time of shifting attention becomes shorter,
and ocular motor behaviors are better controlled [27, 41]. By
3–6 years of age, children acquire the ability to fixate stably
and sustain attention on a particular object by following
with a sequential series of organized saccades. However, their
attention can vary with the demands and their interest in
those demands [45]. Nonetheless, their executive attention
ability is still less than that in older children and adults [46].
Additionally, it can be constrained by workingmemory, basic
neural processing speed, and other limitations [47–49]. From
6 years of age until adolescence, the speed of prefrontal cortex
development declines and is ultimately completed [50]. Fol-
lowing this, overall cortical functionmatures into adulthood.
Brain MRI studies show that gray matter volume generally
decreases during this period. In contrast, white matter vol-
ume linearly increases [51]. Cortex thickness in the frontal,
parietal, and occipital lobes (all associated with visual func-
tion) decreases, while it increases in brain regions associated
with language function [52]. This demonstrates that the
dramatic development of cortical connections is essential for
advanced visual functions, including attention [44].

4. How Do Eye Movement
Deficits Result in Abnormal Visual
Development in Childhood?

The specific relationship between abnormal eye movement
function deficits in children and their visual function devel-
opment is largely unknown. Normal visual system develop-
ment requires adequate visual stimulation in the CPs of visual
cortex plasticity [53]. The peak of CPs plasticity in humans
is 3-4 years after birth; this plasticity ends by 7–10 years of
age [54]. At the start of visual system development, the sub-
cortical system establishes connectionswith the visual cortex.
Once the visual cortex receives enough binocular visual input
(∼12 weeks), it begins to develop and enter the CP. Abnormal
eye movements and asynchronous fixation of the strabismic
eye would disrupt binocular visual cortex development at its
earliest stage [1]. Additionally, it would impair the ability of
the subcortical system to connect with the visual cortex and,
thus, limit its development.

Involuntary eyeball micromovements, such as tremor
(physiological nystagmus) [55], drift [56], andmicrosaccades
[57], are important for normal visual function [58]. Such
movements help prevent retinal fading and adaption [59, 60].
Research performed in primates noted that these involuntary
micromovements could enhance the sensitivity of visual
system neurons [61–63] and the level of visual attention
[64, 65]. However, accurate visual perception requires stable
fixation.Thus, there is a subtle contradictory balance between
eye micromovements and fixation. Steady central fixation is
an essential requirement for binocular visual attention.Atten-
tion can also inhibit the magnitude of eyeball saccades and
peripheral perception [5]. In strabismic amblyopia, excessive
eye drift, unsteady fixation, and saccadic intrusions can dis-
rupt the balance [1]. As a result, visual attention and percep-
tion function deficits of the deviated eye may occur.

The superior colliculus (SC) is the first control center
of eyeball micromovements. The circuits of saccade-related
burst neurons in the SC result in microsaccades [66, 67].
Tremors and drifts are likely due to neural noise and variable
neuronal firings, which influence ocular muscles [68]. In
the earliest stages after birth, the strabismic eye by virtue
of its different alignment cannot receive stable and effective
binocular visual stimulation and hence fixation is driven by
the nondeviating eye.The bottom-up stimuli system through
the strabismic eye is unlikely to be as effective in grabbing and
driving attention. Strabismus also generates more abnormal
neural circuits and noise signals in the subcortical system
and influences the function of selective attention [69]. After
several months, the development of connections between
the subcortical system and the cortical system (occipital,
parietal, and frontal cortex) is also disrupted. Therefore, the
binocular functions of the top-down control systemalso show
impairments and the development of sustained attention
function becomes progressively more limited.

Cortical functions are enhanced as the visual system
develops. As indicated above, research in both humans and
monkeys shows that the lateral intraparietal area (LIP) of the
parietal cortex and the frontal eye field (FEF) of the prefrontal
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cortex are the specific regions involved in the allocation of
attention [4, 70, 71]. These areas also guide eye movement
functions; thus, they are associated with overt attention shift
[72].Thus, unstable binocular fixation through the strabismic
eye affects binocular eye movement functions and further
exacerbates abnormal functional development of the brain
through the misaligned eye. These functional deficits also
affect the binocular driving of visual attention and associated
executive functions. All of these effects result in abnormal
development of attentional functions during the CP of devel-
opment of the visual system and eventually lead to impaired
acuity through the strabismic eye and functional amblyopia
[73]. Asynchronous abnormal visual input influences the
development of the primary visual cortex (V1) and later visual
processing streams. Asynchronous input through the two
eyes also results in poor contrast sensitivity, global shape
perception, and temporal processing of the amblyopic eye.
Since visual attention is mostly driven by the nonamblyopic
eye at all stages of development, there is suppression that often
develops between the nonamblyopic eye and the amblyopic
eye in adulthood.

5. Visual Attention in Adult Visual Perception

Most of the visual information that falls on an eye is ignored
by the visual system. For example, when driving a car or rid-
ing a bicycle one does not remember every vehicle or person
that passes on the other side of the road. Such information
is irrelevant to the primary goal directed purpose of driving
somewhere safely. Prior learning of how to drive a vehicle
safely and experience play an important role in all top-down
behaviors, such that the moment the driver sits in the driving
seat his/her brain anticipates all the potential information
that is likely to be relevant for efficient travelling and safety.
Hence, particular aspects of the visual environment are
expected, for example, traffic lights and cars turning out of
corners, and processed for action and sometimes encoded
in memory while objects on the footpath nearby are usually
filtered out and not remembered; that is, such information
is unnecessary and irrelevant and is potentially a distractor
taking up time and important neural resources [74]. Eye
movements play an essential role in visual perception and are
also the basis of visual attention. As mentioned previously,
eyeball micromovements helpmaintain the retinal image and
hence our perception of stationary and moving objects [75].
Moving unexpected stimuli in the environment are highly
likely to involuntarily “grab” our visual attention as such
moving objects are potentially dangerous and evolutionarily
important. Such bottom-up information will grab attention
and feed forward very rapidly to superior colliculus and
frontal eye fields and to parietofrontal cortical areas to
influence consciousness and executive decisions to sustain
attention and spatial shifting of the eyes under the direction of
top-down feedback signals [76, 77]. Each of these adjusts our
attention allocation by controlling eye saccade movements,
including saccade latency and saccade trajectory [78, 79].
When an object is viewed in the presence of distractors, the
stimulus-driven (bottom-up) signals lead to shorter saccade

latency [80, 81]. Next, eye movements are adjusted by both
goal-driven (top-down) and bottom-up signals. Such move-
ments can suppress irrelevant oculomotor activities or inc-
rease saccade latency, to ensure adequate processing [82].

6. How Do Eye Movement Driven Attention
Deficits Result in Abnormal Visual
Perception in Adult Strabismic Amblyopia?

Visual perception deficits in adult strabismic amblyopia can-
not be cured by current therapies, presumably because the
underlying cause is abnormal development of the visual sys-
tem in childhood and the fact that plasticity for rehabilitation
of the visual cortex declines later in development after the
end of the early CP of development of the visual cortex [83].
Deficiencies associated with amblyopia include low visual
acuity, reduced contrast sensitivity, abnormal contour inter-
action (crowding), visual stimuli space localization disability,
oculomotor function deficits, spatial and temporal infor-
mation processing deficits, and some higher level function
limitations (undercounting and missing problems) [84–89].
Abnormal attention functions due to impaired binocular eye
movement skills and poor fixation functions in adults would
also influence visual perception [90].

The abnormal development results in many visual neural
processing problems in the adult amblyope. In humans, the
functioning of the neural networks in the brain associated
with the amblyopic eye is different than that driven by the
nonamblyopic eye [91]. Functional imaging research has
shown that the ocular dominance columns in V1 of an ambly-
opic eye are dramatically decreased, and this cannot be alter-
ed by therapy in the adult [92, 93]. Asynchrony of incom-
ing monocular visual information also limits the binocular
connections in V1 but does not totally suppress the number
of neurons driven by the amblyopic eye [85]. On the other
hand visual acuity in V1 is dominated by the nondeviated
eye. Indeed, the acuity of the amblyopic eye is suppressed
in cats, monkeys, and humans [94–97]. Thus, the bottom-
up system of the amblyopic eye, which includes dorsal and
ventral stream processing, is also suppressed by object related
features but not by unexpected movement [1].

Vision through the strabismic eye disrupts spatial- and
object-based attention. The lowered acuity of the amblyopic
eye makes it difficult to rapidly make a feature discrimination
between an object and a distraction (e.g., an e or a c letter); as
a result, the strabismic eye is less able to dominate attention
and direct eye movements and hence fixation on an object
becomes progressively slower and more impaired. This idea
is supported by research in humans showing that activation
of cortical networks dramatically decreases in the amblyopic
eye [98]; effective connectivity is also lost in the amblyopes’
cortex. The more severe the amblyopia, the more severe the
loss [99]. Both dorsal and ventral stream connections are
decreased. Both feedforward and feedback connections are
equally affected. Strabimic amblyopia also reflects the ability
of neurons in different brain areas to fire synchronously [100].
This results in lack of stereopsis and impaired depth percep-
tion [1], as well as impaired top-down attention executive
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control. The prefrontal and posterior parietal areas cannot
connect and control the synchronous firing rate of neurons in
lower level visual areas.Thus, attention control and allocation
functions are limited. Weaker executive attention functions
also result in less sustained and goal-driven attention and
also influence visual perception through the strabismic eye
presumably contributing to central scotomas under binocular
viewing conditions.

The abnormal eye movement functions of the amblyopic
eye also influence the visual attention and perception func-
tion in adults [101]. Unbalanced neural input to eye move-
ment muscles results in eyeball deviations and also causes
image focus on a nonfoveal region [1]. This is likely to be
another factor contributing to eccentric fixation and the inf-
luence on visual attention functions [1, 102]. Improper retinal
fixation disrupts the normal fixation reflex and causes poor
spatial localization and visually driven motor responses. It
also influences the space-based bottom-up attention function
and normal visual perception. Poor fixational eye movement
skills also result in the crowding effect [103]. The excessive
eye drifts and saccades disrupt the normal fixation and
visual attention functions and cause low visual acuity of the
amblyopic eye. This low visual acuity leads to the contour
interaction and also is one of the reasons for the crowding
effect [1, 104].

7. The Nonamblyopic Eye of an Amblyope Is
Also Affected in Strabismic Amblyopia

Suboptimal binocular input during a developmental critical
period may also influence the development of the nonambly-
opic eye. Much research has shown that the visual function of
the nonamblyopic eye is not normal in strabismic children.
Although the nonamblyopic eye has normal acuity, contrast
sensitivity functions (CSFs) in both the amblyopic and the
nonamblyopic eyes are reduced [105]. The visual evoked pot-
ential of nonamblyopic eyes in children with amblyopia also
shows different visual information processes; thus, the non-
amblyopic eye in these children is not normal [106]. The
visual decision response times of the amblyope are delayed
in both the amblyopic and the nonamblyopic eyes [107].

The absence of binocular visual input impacts the devel-
opment of cortical connections to downstream areas of the
brain, such as the parietal and frontal cortex. Normally, bino-
cular summation can help to increase the visual system
signal-to-noise ratio [108] and is a critical factor in visual
system maturation. In the amblyopic eye, functional connec-
tions between the visual cortex and the frontal cortex may be
degraded due to nonuse in a developmentally critical period.
Additionally, in the nonamblyopic eye, these connections are
also reduced due to absence of fully binocular input and
low signal-to-noise ratio in the visual system. The decreased
connection between the striate cortex and the extrastriate
cortex during the CPwould be expected to result in abnormal
development of higher-level visual processing, such as binoc-
ular fixation and binocular visual attention [109–111].

In the adult amblyope, nonamblyopic eye visual function
is also affected, although to a lesser degree than the amblyopic

eye. Simmers et al. found that global motion processing in
adult human amblyopia is abnormal in both amblyopic and
nonamblyopic eyes [112]. The ability of global orientation
discrimination and blur-discrimination is decreased in both
the amblyopic and the fellow eye [113, 114]. The deficits in
the nonamblyopic eye are possibly due to the function of the
visual pathway at points where a majority of the neurons are
binocular (e.g., extrastriate cortex) or are impaired, for exam-
ple, in the dorsal pathway. This kind of imbalanced interac-
tion in the extrastriate cortex visual system would reduce the
signal-to-noise ratio and disrupt the spatial processing and
motion processing function in the dorsal pathway [115].

8. Conclusions

Abnormal eye movement skills in strabismus can dramati-
cally influence the development of brain-related functional
areas and connections between the subcortical and cortical
systems during the early stages of life.Thus, the developments
of both binocular and monocular visual attention functions
are disrupted. Furthermore, the strabismic eye is even more
impaired and unable to drive mature eye movements or exe-
cute skilled visual attention functions resulting in abnormal
visual perception that can be clinically identified as loss of
acuity and strabismic amblyopia in childhood and adulthood.
Importantly, the nonamblyopic eye development and visual
function are also impaired in amblyopia.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (NSFC 81130017) and National Key
Basic Research Program of China (Project 2013CB967002).

References

[1] L. Asper, D. Crewther, and S. G. Crewther, “Strabismic ambly-
opia. Part 1. Psychophysics,” Clinical and Experimental Optom-
etry, vol. 83, no. 2, pp. 49–58, 2000.

[2] E. Kanonidou, F. A. Proudlock, and I. Gottlob, “Reading strate-
gies in mild to moderate strabismic amblyopia: an eye move-
ment investigation,” Investigative Ophthalmology and Visual
Science, vol. 51, no. 7, pp. 3502–3508, 2010.

[3] J. E. Hoffman and B. Subramaniam, “The role of visual attention
in saccadic eye movements,” Perception & Psychophysics, vol. 57,
no. 6, pp. 787–795, 1995.

[4] J. W. Bisley, “The neural basis of visual attention,” Journal of
Physiology, vol. 589, part 1, pp. 49–57, 2011.

[5] B. Fischer and B. Breitmeyer, “Mechanisms of visual attention
revealed by saccadic eyemovements,”Neuropsychologia, vol. 25,
no. 1, pp. 73–83, 1987.

[6] S. G. Crewther and N. Goharpey, Goal-Driven Attention in
Recovery Post-Stroke, Oxford University Press, Oxford, UK,
2012.



6 Journal of Ophthalmology

[7] A. Thiel and R. Sireteanu, “Strabismic amblyopes show a
bilateral rightward bias in a line bisection task: evidence for a
visual attention deficit,” Vision Research, vol. 49, no. 3, pp. 287–
294, 2009.

[8] M. Mishkin and L. G. Ungerleider, “Contribution of striate
inputs to the visuospatial functions of parieto-preoccipital
cortex inmonkeys,” Behavioural Brain Research, vol. 6, no. 1, pp.
57–77, 1982.

[9] M. A. Goodale and A. D. Milner, “Separate visual pathways for
perception and action,” Trends in Neurosciences, vol. 15, no. 1,
pp. 20–25, 1992.

[10] G. L. Shulman, G. D’Avossa, A. P. Tansy, andM. Corbetta, “Two
attentional processes in the parietal lobe,” Cerebral Cortex, vol.
12, no. 11, pp. 1124–1131, 2002.

[11] M. Corbetta and G. L. Shulman, “Control of goal-directed
and stimulus-driven attention in the brain,” Nature Reviews
Neuroscience, vol. 3, no. 3, pp. 201–215, 2002.

[12] S. Kastner, M. A. Pinsk, P. De Weerd, R. Desimone, and L. G.
Ungerleider, “Increased activity in human visual cortex during
directed attention in the absence of visual stimulation,”Neuron,
vol. 22, no. 4, pp. 751–761, 1999.

[13] J. A. Brefczynski and E. A. DeYoe, “A physiological correlate of
the ‘spotlight’ of visual attention,” Nature Neuroscience, vol. 2,
no. 4, pp. 370–374, 1999.

[14] Y. B. Saalmann, I. N. Pigarev, and T. R. Vidyasagar, “Neural
mechanisms of visual attention: how top-down feedback high-
lights relevant locations,” Science, vol. 316, no. 5831, pp. 1612–
1615, 2007.

[15] A. M. Treisman and G. Gelade, “A feature-integration theory of
attention,” Cognitive Psychology, vol. 12, no. 1, pp. 97–136, 1980.

[16] J. H. Reynolds, T. Pasternak, and R. Desimone, “Attention
increases sensitivity of V4 neurons,” Neuron, vol. 26, no. 3, pp.
703–714, 2000.

[17] J. H. Reynolds and R. Desimone, “Interacting roles of attention
and visual salience in V4,” Neuron, vol. 37, no. 5, pp. 853–863,
2003.

[18] J. C. Mart́ınez-Trujillo and S. Treue, “Attentional modulation
strength in cortical area MT depends on stimulus contrast,”
Neuron, vol. 35, no. 2, pp. 365–370, 2002.

[19] C. J. McAdams and J. H. R. Maunsell, “Effects of attention on
the reliability of individual neurons in monkey visual cortex,”
Neuron, vol. 23, no. 4, pp. 765–773, 1999.

[20] C. J. McAdams and J. H. R. Maunsell, “Effects of attention
on orientation-tuning functions of single neurons in macaque
cortical area V4,” Journal of Neuroscience, vol. 19, no. 1, pp. 431–
441, 1999.

[21] J. H. Reynolds and D. J. Heeger, “The normalization model of
attention,” Neuron, vol. 61, no. 2, pp. 168–185, 2009.

[22] M. R. Cohen and J. H. R. Maunsell, “Attention improves
performance primarily by reducing interneuronal correlations,”
Nature Neuroscience, vol. 12, no. 12, pp. 1594–1600, 2009.

[23] J.H. R.Maunsell and S. Treue, “Feature-based attention in visual
cortex,”Trends inNeurosciences, vol. 29, no. 6, pp. 317–322, 2006.

[24] B. Giesbrecht, M. G. Woldorff, A. W. Song, and G. R. Mangun,
“Neural mechanisms of top-down control during spatial and
feature attention,” NeuroImage, vol. 19, no. 3, pp. 496–512, 2003.

[25] M. A. Schoenfeld, J.-M. Hopf, A. Martinez et al., “Spatio-
temporal analysis of feature-based attention,” Cerebral Cortex,
vol. 17, no. 10, pp. 2468–2477, 2007.

[26] M. Saenz, G. T. Buracas, and G. M. Boynton, “Global effects
of feature-based attention in human visual cortex,” Nature
Neuroscience, vol. 5, no. 7, pp. 631–632, 2002.

[27] J. Atkinson and O. Braddick, “Visual attention in the first years:
typical development and developmental disorders,” Develop-
mentalMedicine andChildNeurology, vol. 54, no. 7, pp. 589–595,
2012.

[28] M. I. Posner and M. K. Rothbart, “Research on attention net-
works as a model for the integration of psychological science,”
Annual Review of Psychology, vol. 58, pp. 1–23, 2007.

[29] S. G. Crewther, D. P. Crewther, A. Klistorner, and P. M.
Kiely, “Development of the magnocellular VEP in children:
implications for reading disability,” Electroencephalography and
Clinical Neurophysiology. Supplement, vol. 49, pp. 123–128, 1999.

[30] P. Klaver, V. Marcar, and E. Martin, “Neurodevelopment of the
visual system in typically developing children,” Progress in Brain
Research, vol. 189, pp. 113–136, 2011.

[31] I. H. Robertson, T. Ward, V. Ridgeway, and I. Nimmo-Smith,
“The structure of normal human attention: the Test of Every-
day Attention,” Journal of the International Neuropsychological
Society, vol. 2, no. 6, pp. 525–534, 1996.

[32] A. F. Mirsky, B. J. Anthony, C. C. Duncan, M. B. Ahearn,
and S. G. Kellam, “Analysis of the elements of attention: a
neuropsychological approach,” Neuropsychology Review, vol. 2,
no. 2, pp. 109–145, 1991.

[33] Z. Q. Yin, S. G. Crewther, B. Pirie, and D. P. Crewther, “Cat-301
immunoreactivity in the lateral geniculate nucleus and visual
cortex of the strabismic amblyopic cat,” Australian and New
Zealand Journal of Ophthalmology, vol. 25, supplement 1, pp.
S107–S109, 1997.

[34] J. Atkinson, B.Hood, J.Wattam-Bell, andO. Braddick, “Changes
in infants’ ability to switch visual attention in the first three
months of life,” Perception, vol. 21, no. 5, pp. 643–653, 1992.

[35] M. H. Johnson, “Subcortical face processing,” Nature Reviews
Neuroscience, vol. 6, no. 10, pp. 766–774, 2005.

[36] J. Atkinson, “Human visual development over the first 6months
of life. A review and a hypothesis,”Human Neurobiology, vol. 3,
no. 2, pp. 61–74, 1984.

[37] C. von Hofsten and K. Rosander, “Development of smooth
pursuit tracking in young infants,” Vision Research, vol. 37, no.
13, pp. 1799–1810, 1997.

[38] J. E. Richards and F. B. Holley, “Infant attention and the devel-
opment of smooth pursuit tracking,”Developmental Psychology,
vol. 35, no. 3, pp. 856–867, 1999.

[39] B. M. Hood, “Inhibition of return produced by covert shifts
of visual attention in 6-month-old infants,” Infant Behavior &
Development, vol. 16, no. 2, pp. 245–254, 1993.

[40] J. E. Richards, “Localizing the development of covert attention
in infants with scalp event-related potentials,” Developmental
Psychology, vol. 36, no. 1, pp. 91–108, 2000.

[41] K. Holmboe, R. M. P. Fearon, G. Csibra, L. A. Tucker, and
M. H. Johnson, “Freeze-Frame: a new infant inhibition task
and its relation to frontal cortex tasks during infancy and early
childhood,” Journal of Experimental Child Psychology, vol. 100,
no. 2, pp. 89–114, 2008.

[42] A. Diamond and P. S. Goldman-Rakic, “Comparison of human
infants and rhesus monkeys on Piaget’s AB task: evidence for
dependence on dorsolateral prefrontal cortex,” Experimental
Brain Research, vol. 74, no. 1, pp. 24–40, 1989.

[43] A. W. Toga, P. M. Thompson, and E. R. Sowell, “Mapping brain
maturation,” Trends in Neurosciences, vol. 29, no. 3, pp. 148–159,
2006.

[44] D. Madden and E. Parks, “Brain connectivity and visual atten-
tion,” Brain Connectivity, vol. 3, no. 4, pp. 317–338, 2013.



Journal of Ophthalmology 7

[45] H. A. Ruff, M. Capozzoli, and R. Weissberg, “Age, individuality,
and context as factors in sustained visual attention during the
preschool years,” Developmental Psychology, vol. 34, no. 3, pp.
454–464, 1998.

[46] H. C. Downing, A. Barutchu, and S. G. Crewther, “Develop-
mental trends in the facilitation of multisensory objects with
distractors,” Frontiers in Psychology, vol. 5, article 1559, 2015.

[47] C. L. Gerstadt, Y. J. Hong, and A. Diamond, “The relationship
between cognition and action: performance of children 3 1/2–7
years old on a Stroop-like day-night test,” Cognition, vol. 53, no.
2, pp. 129–153, 1994.

[48] L. B. Jones, M. K. Rothbart, and M. I. Posner, “Development
of executive attention in preschool children,” Developmental
Science, vol. 6, no. 5, pp. 498–504, 2003.

[49] S. Jacques and P. D. Zelazo, “The Flexible Item Selection
Task (FIST): a measure of executive function in preschoolers,”
Developmental Neuropsychology, vol. 20, no. 3, pp. 573–591,
2001.

[50] P. R. Huttenlocher, “Synaptic density in human frontal cortex:
developmental changes and effects of aging,” Brain Research,
vol. 163, no. 2, pp. 195–205, 1979.

[51] J. N. Giedd, J. Blumenthal, N. O. Jeffries et al., “Brain develop-
ment during childhood and adolescence: a longitudinal MRI
study,” Nature Neuroscience, vol. 2, no. 10, pp. 861–863, 1999.

[52] E. R. Sowell, P. M. Thompson, C. M. Leonard, S. E. Welcome,
E. Kan, and A. W. Toga, “Longitudinal mapping of cortical
thickness and brain growth in normal children,”The Journal of
Neuroscience, vol. 24, no. 38, pp. 8223–8231, 2004.

[53] N. W. Daw, Visual Development, Springer Science & Business
Media, 2013.

[54] G. K. von Noorden and M. L. J. Crawford, “The sensitive
period,” Transactions of the Ophthalmological Societies of the
United Kingdom, vol. 99, no. 3, pp. 442–446, 1979.

[55] K. Sunami, R. Tochino, T. Zushi et al., “Positional and position-
ing nystagmus in healthy subjects under videonystagmoscopy,”
ActaOto-Laryngologica, Supplement, vol. 124, no. 554, pp. 35–37,
2004.

[56] R. M. Steinman, R. J. Cunitz, G. T. Timberlake, and M. Her-
man, “Voluntary control of microsaccades during maintained
monocular fixation,” Science, vol. 155, no. 3769, pp. 1577–1579,
1967.

[57] R. Engbert and R. Kliegl, “Microsaccades keep the eyes’ balance
during fixation,”Psychological Science, vol. 15, no. 6, pp. 431–436,
2004.

[58] S.Martinez-Conde, S. L.Macknik, andD.H.Hubel, “The role of
fixational eye movements in visual perception,” Nature Reviews
Neuroscience, vol. 5, no. 3, pp. 229–240, 2004.

[59] C. R. Sharpe, “The visibility and fading of thin lines visualized
by their controlled movement across the retina,”The Journal of
Physiology, vol. 222, no. 1, pp. 113–134, 1972.

[60] A. E. Drysdale, “The visibility of retinal blood vessels,” Vision
Research, vol. 15, no. 7, pp. 813–818, 1975.

[61] S. Martinez-Conde, S. L. Macknik, and D. H. Hubel, “The
function of bursts of spikes during visual fixation in the awake
primate lateral geniculate nucleus and primary visual cortex,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 99, no. 21, pp. 13920–13925, 2002.

[62] D. A. Leopold and N. K. Logothetis, “Microsaccades differen-
tially modulate neural activity in the striate and extrastriate
visual cortex,” Experimental Brain Research, vol. 123, no. 3, pp.
341–345, 1998.

[63] S. Martinez-Conde, S. L. Macknik, andD. H. Hubel, “Microsac-
cadic eye movements and firing of single cells in the striate
cortex of macaque monkeys,” Nature Neuroscience, vol. 3, no.
3, pp. 251–258, 2000.

[64] M. Rolfs, R. Engbert, and R. Kliegl, “Microsaccade orientation
supports attentional enhancement opposite a peripheral cue:
commentary on Tse, Sheinberg, and Logothetis (2003),” Psycho-
logical Science, vol. 15, no. 10, pp. 705–707, 2004.

[65] Z. M. Hafed and J. J. Clark, “Microsaccades as an overt measure
of covert attention shifts,” Vision Research, vol. 42, no. 22, pp.
2533–2545, 2002.

[66] F. Møller, M. L. Laursen, J. Tygesen, and A. K. Sjølie, “Binocular
quantification and characterization of microsaccades,” Graefe’s
Archive for Clinical and Experimental Ophthalmology, vol. 240,
no. 9, pp. 765–770, 2002.

[67] D. L. Sparks, “The brainstem control of saccadic eye move-
ments,”Nature Reviews Neuroscience, vol. 3, no. 12, pp. 952–964,
2002.

[68] M. Eizenman, P. E. Hallett, and R. C. Frecker, “Power spectra
for ocular drift and tremor,” Vision Research, vol. 25, no. 11, pp.
1635–1640, 1985.

[69] B. Thompson, A. Richard, J. Churan, R. F. Hess, C. Aaen-
Stockdale, and C. C. Pack, “Impaired spatial and binocular
summation for motion direction discrimination in strabismic
amblyopia,” Vision Research, vol. 51, no. 6, pp. 577–584, 2011.

[70] G. B. Stanton, C. J. Bruce, and M. E. Goldberg, “Topography of
projections to posterior cortical areas from themacaque frontal
eye fields,” Journal of Comparative Neurology, vol. 353, no. 2, pp.
291–305, 1995.

[71] R. A. Andersen, C. Asanuma, G. Essick, and R. M. Siegel,
“Corticocortical connections of anatomically and physiologi-
cally defined subdivisions within the inferior parietal lobule,”
The Journal of Comparative Neurology, vol. 296, no. 1, pp. 65–
113, 1990.

[72] J. W. Bisley and M. E. Goldberg, “Attention, intention, and
priority in the parietal lobe,”Annual Review ofNeuroscience, vol.
33, pp. 1–21, 2010.

[73] Z. Q. Yin, S. G. Crewther, C. Wang, and D. P. Crewther,
“Pre- and post-critical period induced reduction of Cat-301
immunoreactivity in the lateral geniculate nucleus and visual
cortex of cats Y-blocked as adults ormade strabismic as kittens,”
Molecular Vision, vol. 12, pp. 858–866, 2006.

[74] G. M. Boynton, “Attention and visual perception,” Current
Opinion in Neurobiology, vol. 15, no. 4, pp. 465–469, 2005.

[75] R. Engbert, “Microsaccades: a microcosm for research on
oculomotor control, attention, and visual perception,” Progress
in Brain Research, vol. 154, pp. 177–192, 2006.

[76] S. van der Stigchel, A. V. Belopolsky, J. C. Peters, J. G. Wijnen,
M. Meeter, and J. Theeuwes, “The limits of top-down control of
visual attention,” Acta Psychologica, vol. 132, no. 3, pp. 201–212,
2009.

[77] W. van Zoest, M. Donk, and J.Theeuwes, “The role of stimulus-
driven and goal-driven control in saccadic visual selection,”
Journal of Experimental Psychology: Human Perception and
Performance, vol. 30, no. 4, pp. 746–759, 2004.

[78] S. van der Stigchel and J.Theeuwes, “The influence of attending
to multiple locations on eye movements,” Vision Research, vol.
45, no. 15, pp. 1921–1927, 2005.

[79] J. Theeuwes, G.-J. de Vries, and R. Godijn, “Attentional and
oculomotor capture with static singletons,” Perception and
Psychophysics, vol. 65, no. 5, pp. 735–746, 2003.



8 Journal of Ophthalmology

[80] M. Seassau, C. Loic Gérard, E. Bui-Quoc, and M. Pia Bucci,
“Binocular saccade coordination in reading and visual search:
a developmental study in typical reader and dyslexic children,”
Frontiers in Integrative Neuroscience, vol. 8, article 85, 2014.

[81] R. Kunert and C. Scheepers, “Speed and accuracy of dyslexic
versus typical word recognition: an eye-movement investiga-
tion,” Frontiers in Psychology, vol. 5, article 1129, 2014.

[82] M. Mulckhuyse, W. van Zoest, and J. Theeuwes, “Capture of
the eyes by relevant and irrelevant onsets,” Experimental Brain
Research, vol. 186, no. 2, pp. 225–235, 2008.

[83] L. C. Katz, “What’s critical for the critical period in visual
cortex?” Cell, vol. 99, no. 7, pp. 673–676, 1999.

[84] S. P. McKee, D. M. Levi, and J. A. Movshon, “The pattern of
visual deficits in amblyopia,” Journal of Vision, vol. 3, no. 5, pp.
380–405, 2003.
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