Strabismus is a disease characterizing by the eyes misalignment. It may be present constantly or intermittently, and may appear at near or distant vision. Strabismus is present in 2% to 5% of children, being an important cause of both visual and psychological problems. Strabismus may be congenital or acquired abnormality. One should remember that:

( Children do not outgrow strabismus.

( Treatment should be started immediately after detection of this abnormality as child’s age plays crucial role in the development of the normal binocular vision.

( Alignment of the eyes is possible in any age of the child and contributes to vision improvement.

( Treatment of strabismus is both non-surgical and surgical.

                ANATOMY AND PHYSIOLOGY

Anatomy of the extraocular muscles

Movement of each eye is controlled by six extraocular muscles. Four of them are rectus muscles: medial, lateral, inferior, and superior muscles. Two muscles are oblique: inferior and superior muscles. All these muscles originate at the posterior segment of the orbit, i.e. common ring tendon, except inferior oblique muscle, which originates from the nasolacrimal groove in the anterior segment of the orbital inferior wall, run divergently forward, and insert onto the eyeball, becoming tendinous. Rectus muscles insert in the front of eyeball equator, whereas oblique muscle insert behind.it (see Fig.1)

. 
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Fig 1.Top view of the eye and muscles in primary position.

.

Extraocular muscles are built from the stratial muscular fibers, similarly to skeletal muscles. However, they contain large amounts of connective tissue, are rich in blood vessels and both nervous fibers, and endings. 


Extraocular muscles are innervated by three cranial nerves:

1. Oculomotor nerve (III cranial nerve) ( innervating the medial, superior, and inferior rectus muscles, and the inferior oblique muscle.

2. Abducens nerve (VI cranial nerve) ( innervating the lateral rectus muscle.

3. Trochlear nerve (IV cranial nerve) ( innervating the superior oblique muscle.  

Ocular artery branches (anterior ciliary arteries) and lacrimal artery are supplying the blood.. Blood outflows through the superior and inferior ophthalmic veins.

Rectus muscles

Medial rectus muscle

It is the thickest and strongest extraocular muscle. Its tendon is short, about 4 mm long and 10,9 mm wide at the point of insertion onto the eyeball. Contraction of this muscle produces rotation of the eyeball medially, i.e. its adduction.

Lateral rectus muscle
It has long and thin tendon: about 8 mm long and about 9,8 mm at the point of insertion onto the eye ball. Its contraction produces lateral rotation of the eyeball, i.e. its abduction.

Superior rectus muscle

It runs above the eyeball together with the levator muscle of upper eyelid and is tightly connected with this muscle by fascia. The superior rectus muscle is about 41.8 mm long, its tendon is about 5 mm long and about 11 mm wide at the point of insertion onto the eyeball.. This muscle is the major elevator of the eye, therefore, its actions are:  supraduction  , adduction  and intortion . Maximum elevation is seen when the eyeball is adducted by 23º.(see Fig.2)

Inferior rectus muscle

Its tendon is about 5.6 mm long and about 10 mm wide at the point of insertion onto the eyeball. This muscle depresses, adducts, and excyclotorts the eyeball. Maximum depression of the globe is seen, when the eyeball is abducted by 23º.
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 Fig.2.The actions  of the superior rectus muscle.

Oblique muscles

Superior oblique muscle

It is the longest extraocular muscle. It originates on the body of sphenoid bone and runs forward, passing to the trochlea attached to the nasal side of the superior orbital rim. Next it passes under  the superior rectus muscle and inserts into the sclera behind the equator of the eyeball. It is about 60 mm long. Its insertion is of variable wideness. The major action of the superior oblique muscle is incycloduction but also depression, and abduction  of the eyeball.  Maximum action is seen, when the eyeball is adducted by 51º.

Inferior oblique muscle

It runs from the nasolacrimal groove in the inferior segment of the orbit backwards and toward the temple under the inferior rectus muscle and inserts onto the eyeball below the oblique rectus muscle. Its posterior insertion is adjacent to the macula: about 2 mm towards and 1 mm below the macula. It is 37 mm long and its insertion is 5 mm to 13 mm wide. This muscle has the longest and best developed suspensory ligament of the eyeball (Lockwood suspensory ligament). Contraction of the inferior oblique muscle excycloducts, elevates , and abducts  the eyeball.

Detailed anatomy of the extraocular muscles insertions onto the eyeball surface around the corneal limbus is shown in Figure 3. Relationship between rectus muscles, obliques muscles, vortex veins and 

macula is seen in Fig4.[image: image3.jpg]



 Fig 3.The rectus muscle insertions around the limbus.
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Fig .4 Posterior anatomy of the eye and muscles.

          Laws of the eyeballs motility

The eyeball supported by the fascia and ligaments moves around three axes, called Fick axes (see Fig.5).These are the axes passing through the eyeball rotation point:  
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 Fig.5 The axes of Fick .

( vertical axis (Z): around it abduction and adduction are realized;

( horizontal axis (X): around it sursumduction and deorsumduction are realized;

(anterior-posterior axis (Y): determining rotational movements: intorsion and extorsion.

 All position of gaze can be achieved by rotations around axes that lie on Listing’s plane: O-axis is present between z-axis and x-axis  of Fick, which allows oblique eye rotation. (Fig.6)
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 Fig.6 Listing’s plane .

   Monocular movements are called ductions.

Binocular movements are called:

( versions, when both eyes rotate in the same direction  at the same time 

( vergence, when  both eyes rotate in the opposite direction.

Each extraocular muscle has its synergistic muscle (acting in the same direction) and antagonist (acting  in the opposite direction). It concerns the muscles  of one eye (homolateral synergistic or antagonistic muscle) or both eyes (heterolateral synergistic or antagonistic muscle).

Extraocular muscles responsible for the eyeballs movements are subject of two laws.

Sherrington’s law
Contraction of one muscle produces relaxation of its antagonistic muscle.

Hering’s law

For movements of both eyes in any direction, the same and simultaneous nervous stimuli are transferred from the oculomotor centers to the corresponding muscles of both eyes participating in the rotation of the eyeballs to the said direction. Level of the impulse is the same for the right and left eye. Therefore, appropriate synergistic and antagonistic muscles of one eye (homolateral) and fellow eye (heterolateral) are cooperating. Six pairs of muscles responsible for the eyeballs movements during binocular vision are formed (see Fig.7)
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Fig.7 Movements of six pairs of  the eyes muscles. Vector indicates the direction of movement. 
Binocular rotations

Versions

Binocular versions may be divided into the primary sight position and the secondary, tertiary, and torsional rotations. During the binocular movement from the primary to the secondary position the following muscles are involved:

( dextroversion: the right lateral rectus and the left medial rectus muscles;

( levoversion: the right medial rectus and the left lateral rectus muscles;

( supraversion: the right superior rectus and the left superior rectus muscles;

( infraversion: the right inferior and the left inferior rectus muscles.

During the movement of both eyes from the primary to the tertiary position the following synergistic muscles are involved:

( dextrasupraversion: the right superior rectus and the left inferior oblique muscles;

( levosupraversion: the right inferior oblique and the left superior rectus muscles;

( dextroinfraversion: the right inferior rectus and the left superior oblique muscles;

( levoinfraversion: the right superior oblique and the left inferior rectus muscles.

Binocular torsional rotation is called: cycloversions, when both eyes rotate excyclotorsionally or incyclotorsionally in regard to Y Fick’s axis. Torsional rotation may be assessed during the cornea observation.
Vergences
Convergence is a symmetrical, horizontal convergent movement of the eyeballs, leading to the binocular fixation on the viewing subject. Convergence movement may be conditioned reflex, but in fact it is a reflex related to accommodation and pupillary stenosis.

Strength of the total convergence is measured by the determination of the proximal convergence point. Normal value of this point is about 4 cm to 6 cm in children. In this case the crucial role is played by accommodation. Normal rate between accommodation and convergence is quantitatively determined by the accommodation convergence (AC) to accommodation (A) ratio, called AC/A ration. High AC/A ratio means excessive convergence, predisposing the patient to near sight esotropy development. Low AC/A ratio produces convergence insufficiency, causing near sight exotropy. The normal AC/A ratio is between 4PD to 6PD of convergence for every diopter accommodation.

The range of the total convergence includes:

1. Tonic convergence, dependent on the rest ocular muscle tone at distant sight.

2. Accommodative convergence responsible for binocular fixation of the viewed object. 

3. Fusional convergence, i.e. optometric reflex leading to the fusion of the binocular images, due to the bitemporal disparation of the retinal images.

4. Psychological convergence determined by the cognition of  near fixation point.

5. Spontaneous convergence stimulated by the near-positioned objects.

Divergence means moving apart anterior poles of both eyes. It depends on the fusion range and is produced by the disparation of the nasal retinal images. Divergence may be caused also by the inhibition of convergence tonus or wide interpupillary distance.

Reflex eyeballs movements

Normal position and rotation of the eyes are also dependent on voluntary eyeball rotations. They are modified by the appropriate spatial position of the head assuring proper alignment. 

Optometric reflexes

They develop, when the eyes turn toward the object attracting our attention (tracing reflex). Marked difference between the visual acuity of the  macula and  peripheral retina is a mechanism, which automatically directs the eye to the fixation object (fixation reflex). Then, fusion reflex starts to act, leading to the single binocular vision. It might be said that it is a factor supervising all other ocular reflexes. Convergence reflex enables combination of both fixation and fusion reflexes, while bringing near the fixed object the eyes converge as long as the image is fixed on the foveas.

Postural eyeball reflexes

Postural eyeball reflexes are influenced by several complex factors, in which vision does not play any important role. Reflexes from the labyrinth of the ear and neck muscles have been studied in detail. Magnus divided them into static and static-kinetic reflexes. The former are gravitational body reaction at rest, while the latter are related to the body movements and caused by an acceleration or deceleration. Main role is played by both labyrinths receiving these changes and producing reflex nervous activity, leading to the changes in the whole body musculature. Tonic stimuli are transferred to the ocular muscles. This reflex mechanism aims at maintaining the eyes in the initial position despite head movements (the doll’s head maneuver).

Optokinetic nystagmus

 Nystagmus with both rapid and slow phases may be artificially produced, when fixation reflex is developed. It is physiological and reflex phenomenon. There are diseases in which such a nystagmus cannot be evoked. Nystagmus can be assessed with the aid of special cylinder covered with black-and-white vertical strips. Under normal viewing condition we may also see accommodative nystagmus (at viewing rapidly moving objects) and latent nystagmus (which may appear with covering one eye).

           BINOCULAR VISION PHYSIOLOGY

Binocular vision is the most perfect function of the vision. It is a physiological process involving an integration of retinal image from two eyes into the single  three-dimensional visual perception.

Visual development

Development of binocular vision starts at the child birth. Both photoreceptor organ of the eye and vision are changing. In children, size and shape of the eyeball differ from the adult eye. Retina and its nervous elements, especially cones in the macular area, are not fully developed. Peripheral temporal segments of the retina also develop.  Development is very rapid: inner retinal layers are shifted more peripherally and sensory cells (rods and cones) become elongated, thinner, and denser. Myelination of the optic nerve is also not completed. Crossed nervous pathways maturate earlier than non-crossed ones. These time, visual centers in the brain, such as lateral geniculate bodies and striated visual cortex (17 and 18 visual fields of the occipital lobe, according to Brodman) are also differentiating. Development of vision is very rapid during the first weeks of life. 

By 4 to 6 weeks, central foveal fixation is established along with accurate smooth pursuit. By 6 weeks of age, smooth pursuit and reproducible responses to optokinetic stimuli are seen. The first 2 – 3 months of life are the period of very intensive development of vision, when foveal fixation reflex with straight localization are completely developed. It is assumed that the most important time of vision development is the period between 6 and 10 weeks of age, when infant comes to the visual contact with the mother for the first time; responding with smile to the smile. That time, the eyes are in the primary straight position. Many investigators, using visual evoked potential, have found 6/60 visual acuity in term newborns but only 6/120, when optokinetic nystagmus has been used. Visual acuity of 6/6 may be demonstrated by 6 – 12 months of age (visual evoked potential), by 26 – 30 months (optokinetic nystagmus), and by 18 – 24 months (preferential looking).Binocular vision development occurs together with improving vision acuity .Convergence and fusion may be seen by2-3 months of life. The development of stereopsis improves gradually from 3-6 month of age. 

BINOCULAR VISION

Binocular vision is a coordinated action of both eyes, leading to the achievement of a single visual image with depth perception (stereopsis). Light rays, coming from the external objects, after passing through the cornea ,lens and vitreous, reach the retina and form the image. The retina is a complex nervous system being able to change light stimulus into the nerve signal and to transfer it by the optic nerve and visual pathways to the cerebral cortex of the occipital lobe (fields 17 and 18, according to Brodman). There, an analysis and acknowledgment of the said object features take place, i.e. proper vision.(Fig.8).
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Fig8. Demonstration of the afferent visual pathways. Nasal retinal images cross by the chiasm to the contralateral  lateral geniculate nucleus (LNG).Temporal retinal images project to the ipsilateral LNG.

 Photosensitive elements (photoreceptors: rods and cones) are not uniformly distributed in the retina. Cones controlling vision at day light and color perception are mostly localized in the macula, mainly in the fovea. Anatomically and functionally the macula significantly prevails over the rest of retina. Stereoscopic model of the visual field examined quantitatively with Goldman perimeter shows these relations (see Fig. 9). Foveal vision prevails in the form of the high peak over the rest of the visual field. Visual acuity decreases gradually toward the peripheral retina. Retinal sensitivity is presented in the form of circular isopters, connecting points of equal visual acuity, forming slanting planes.
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Fig.9 Stereoskopic models of the visual field. A-normal eye with the high peak on the region of fovea..B-amblyopic eye with the depth depression on the region of fovea.

Fixation reflex is directly connected with the fovea. Phylogenetically coded reflex in every healthy individual is the fixation of fovea on the object of the interest. It is called central fixation connected with this object position straight ahead. One or both eyes may fix simultaneously. Binocular vision is created with binocular fixation. Capability to see two different images formed on the retina of one eye is the I degree of the binocular vision, called simultaneous perception. Fusion of one stereoscopic image from the 2 images seen simultaneously by two eyes is the II degree of the binocular vision. It is the central process, dependent on the cerebral cortex.  Convergence movement produced by the binocular fixation stimulates the fusion. Its degree depends also on attention, fatigue, and age of the examined individual, accommodation tone, exercises, and fusion images size. Fusion is assessed by the measurement of fusional movements of the eyes, it is so-called fusion vergence amplitudes .

Normal fusion vergence amplitudes is:

Convergence                         Distance (6 meters)        Near (1/3 meter)

                                                     18 – 22 PD                     30 – 38 PD

Divergence                                     6  (  8 PD                     10 – 16 PD

Vertical vergence                            2  ( 3 PD                       2 (  3 PD

Fusion is possible only when the corresponding retinal points are stimulated. In 2 eyes there are pairs of the similar retinal points distant in the same direction. Stimulation of these corresponding retinal points and the higher cortical cells produces visual impression localized in the same place in the space. Normal retinal correspondence is produced, and these points are called corresponding retinal points. Retinal points of different visual directions are called noncorresponding, or disparat retinal points.

The object with the  image produced in these disparate points, is localized in two different visual directions and seen as being in two places. Images received by the corresponding retinal points are seen in one place. Geometric place of all points seen in one place is called empirical horopter. Points adjacent to the horopter are also seen in one place, despite the fact that they are received by the noncorresponding retinal points. The brain can combine and fuse images from corresponding and slightly noncorresponding retinal  points. It is possible because in the front of and behind the empirical horopter there is small  wedge-shaped area of the permissible tolerance, so-called Panum’s fusional area (see Fig. 10). If the images are outside empirical horopter but within Panum’s fusional area, stereoscopic vision is produced, ( III degree of the binocular vision). Vision becomes the most precise when the three-dimensional perception is projected to binocular cortical cells in the striate cortex. Stereopsis is related to the binocular parallax .It depends of the fact that 2 eyes are at interpupillary distance and there are subtle differences between two images. Convergence and accommodation are necessary to the depth and distance perception, especially at near vision. Streoscopy is expressed in arc seconds. Under ideal conditions, foveal stereoacuity is 10 arc seconds. Stereoscopic depth perception is associated with foveal vision.   
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Fig.10. Panum’s fusional area. The target stimulates noncorresponding retinal points that provide stereoscopic vision.

Good  binocular vision acquired:

( Normal anatomy of two eyes and their position in the orbits.

( Properly corrected  refractive errors

(Good vision in both eyes.

( Normal action of the extraocular muscles.

( Proper activity of the visual pathways responsible for the perceptive and transfer visual images         to the visual cerebral cortex.

( Normal functioning of the cerebral cortex to receive, change and interpret visual impressions.

    PATHOPHYSIOLOGY OF BINOCULAR VISION
Strabismus is an abnormality in which precise mechanism of the binocular vision, based on the normal retinal correspondence, is disturbed. Light stimuli reach noncorresponding retinal points in two eyes, mainly retinal fovea, producing diplopia. Different images are produced in the corresponding retinal points, leads to visual confusion. The body defends such a situation as it completely unable spatial orientation.

Adaptation mechanism is produced which gradually leads to the abnormal forms of the binocular vision:

1. Inhibition of the cortical activity ( cortical suppression ( amblyopia.

2. Anomalous retinal correspondence (ARC).

Initially, inhibition is present, i.e. psychic exclusion of the visual impressions in the squint eye. If it is of transient character, only during binocular vision, it is called suppression.  (see Fig.11).
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Fig.11.Suppresion test with polaroid glasses and pictures are projected to the two polarized screens oriented 90 degrees to each other.

Typically it is present in the alternating squints, in the actually squinting eye and disappears, when this eye becomes fixing eye. In the monocular squint a constant suppression is present , which persists even after cessation of the inhibiting stimuli from the fellow eye. There is a status when amblyopia developed.

Its other name is central scotoma. It develops in the deviating eye foveal area, preventing visual confusion. Central scotoma is always larger during the binocular vision than during monocular vision. This syndrome is called monofixation and is present most frequently in anisometropia, strabismus of the small angle < 4º following earlier surgery of the congenital strabismus, and congenital monocular cataract. Characteristic is peripheral fusion without central fusion. Patients with monofixation syndrome usually have stereo acuity in the range between 3000 arc sec to 70 arc sec. If the viewing foveas alternate freely in the young children, amblyopia does not occur, even in patients who are free of strabismus.

   Peripheral scotoma is present in both alternating and monocular squint fixation point, preventing diplopia. It is an area of depressed vision within the retina of the deviating eye corresponding to the fixating eye fovea. It is of suppression character and disappears under monocular viewing conditions. Scotomas are perfectly visualized on the stereoscopic models of the visual field in strabismus, produced by Wilczek on the specially designed scotometer. Significant disorders of the deviating eye visual field are seen, mostly in the most valuable central and paracentral retina.  (See fig.9).

Amblyopia

Amblyopia may refer to poor vision of any cause. It may be divided into two large groups:

( Functional amblyopia (amblyopia ex anopsia).

( Organic amblyopia.

Amblyopia may involve one or two eyes.

Organic amblyopia may be caused by the structural abnormalities in the eyeballs or the brain and should be distinguished from the functional amblyopia. Differentiation of the organic amblyopia and functional amblyopia is presented in Table I.

Table I. Causes  of  functional  and  organic  amblyopia.                                                                             

	Functional amblyopia                                            
	Organic amblyopia     

	Anisometropia     
	Corneal opacity (Peter’s opacity)

	Bilateral high hypermetropia     
	Monocular and binocular cataract

	Bilateral high myopia        
	Vitreous hemorrhage

	Strabismic amblyopia                     
	Vitreous opacity

	
	Optic nerve  atrophy

	
	Macular scar

	
	Brain damage


The term amblyopia is generally reserved for the poor vision caused by abnormal visual development, secondary to abnormal visual stimulation. It is a process of image suppression in the deviating eye at the cerebral cortex level. Strabismic amblyopia is caused by the vision suppression in the foveal area in the absence of organic disease. Visual acuity is reduced  to the different degree similarly to the contrast sensitivity. It is related to the poor fixation and abnormal localization straight ahead. 

Deviating eye uses for fixation an eccentric retinal area instead of fovea . Abnormal eye-hand coordination results from the eccentric fixation. Hand points at the object abnormally localized by the eccentric fixation point. This has been showed in the studies conducted by Starkiewicz. 

Retinal fixation is divided into (Bangerter’s, Krzystkowa) ( seeFig.12):

( central fixation,

( parafoveolar fixation,

( paramacular fixation,

( eccentric fixation.
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   Fig12.Examination of one eye fixation. The star of visuscope is seen in the different place on the fundus , depends of type of fixation.

Eccentric fixation is not stable, as the electrophysiological studies have shown. The eccentric fixation point changes during therapy, approaching the macula. Fixation reverts back to the true fovea, when one eye is covered. Aim of the treatment is to achieve the central fixation.

Anomalous retinal correspondence (ARC)

Anomalous retinal correspondence is present in both alternating and unilateral strabismus. Foveas of two eyes loose common visual direction and eccentric retinal point of the deviating eye (pseudo-fovea) corresponds with the fovea of the fellow eye. This is related also to the remaining corresponding points in the retina of two eyes. 

Retinal correspondence may be divided into following groups:

1. Normal retinal correspondence.

2. Harmonious anomalous retinal correspondence.

3. Unharmonious anomalous retinal correspondence.

4. Lack of the retinal correspondence due to the complete image suppression in the deviating eye.

Harmonious ARC is the situation, where the position of the pseudo-fovea completely compensates for the angle of strabismus. An angle of the anomaly is the amount of the pseudo-foveal off-set. This angle is similar to the strabismic deviation (objective angle).

Unharmonious ARC is the term used to describe the situation, where the angle of strabismus does not match exactly the location of pseudo-fovea. The angle of deviation is larger than that of anomaly. 

Most patients with unharmonious ARC suppress the target image and, therefore, do not experience diplopia.                                                                

Anomalous retinal correspondence is associated with good vision or small amblyopia.

In deviation greater than 30º, particularly alternating strabismus, anomalous correspondence usually is not produced as the image in the deviating eye is very weak and small suppression is sufficient. However, in the strabismus of the constant angle of 5º to 10º the image is relatively clear and its exclusion requires quite a suppression. In such cases anomalous correspondence is easier to develop, preventing diplopia, and suppression becomes weaker. Treatment of the anomalous retinal correspondence should be treated before the  surgery to avoid post-operative diplopia. 
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