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APPLIED ANATOMY AND PHYSIOLOGY OF THE EYE

Vision occurs peripherally at the eye and centrally in the brain. In the eye, the retina receives electromagnetic energy (photons) and, through a photochemical reaction, converts it into electrical signals. These nervous impulses are relayed to the occipital area of the brain where the signals are processed and interpreted as vision.
EMBRYOLOGY

The eye develops from neural and surface ectoderm and mesoderm. The neural ectoderm eventually develops into retina, ciliary epithelium, the sphincter and dilator muscles, and pigment layer of the iris. The surface ectoderm becomes the epithelial lining of the cornea, conjunctiva, lids and their glands, and also forms the lens. The mesoderm gives rise to all the permanent and transitory blood vessels, the sclera, sheath of the optic nerve, ciliary muscle stroma and endothelium of the cornea, stroma of the iris, and the extrinsic muscles of the eye.
ORBIT

The bony orbits develop so as to afford both protection and support of the globe while allowing it maximum exposure for seeing. The bony orbit is configured like a quadrilateral pyramid which allows the cornea and conjunctiva to be exposed anteriorly and tapers down to the openings located at the apex. In an adult, the medial walls of the orbit are parallel and the lateral walls make an angle of 90 degrees with each other. The posterior openings allow the cranial nerves and blood vessels from the brain to communicate with the eye, which is acting as an external sensor, gathering information and relaying it along neural paths for final processing in the central nervous system. All of the extraocular muscles except for the inferior oblique take their origin from a fibrous ring, the annulus of Zinn, located at the orbital apex and lying in close approximation to the optic nerve. Thus, inflammation of the optic nerve (retrobulbar neuritis) may at times manifest as pain on motion of the eye. Fractures of the floor of the orbit, the so-called blowout fractures, may cause double vision, especially in upward gaze. The thinnest bones are in the medial wall, and orbital cellulitis may ensue secondary to a fracture of these delicate bones, creating a communication with the ethmoid sinuses or nasal cavity. A hemorrhage into the orbit following an injury may displace the globe, causing proptosis, immobility and ensuing diplopia. The orbit also contains Tenon’s capsule, which acts as an articular socket, while the remainder is completely filled with fat pads so that an accumulation of fluid in the body (edema) shows around the eyes as puffy lids, while the opposite (dehydration and/or starvation) causes the eyes to sink deeply into the orbit.
GLOBE

The globe measures approximately 25 nun (1 in) in diameter. It has three coats. The two outer ones, the sclera and uveal coats, are concerned with support, protection, and nutrition. The inner coat, the retina, contains the light-sensitive elements. One might also consider the eye an external sensor, converting, then relaying, signals to an internally located computer. The eye is beautifully developed to concentrate electromagnetic energy, or photons, onto the light or photonsensitive retina. Here, electromagnetic energy from 400-760 nanometers (nm), a very narrow band within the electromagnetic spectrum, is absorbed by pigments in the retina whence a photochemical reaction occurs, and this chemical activity is converted into electrical energy which is transmitted through the retina and the optic nerve, onto the occipital area of the central nervous system, where we interpret these signals as vision.

The sclera is the tough outer fibrous coat composed of collagen bundles laced in an irregular fashion. The extraocular muscle tendons are continuous with the sclera and merge into it. The sclera has a radius of approximately 12 mm. The sclera has an anterior bulge, the cornea, which measures approximately 12 mm in diameter. The cornea has a shorter radius, measuring only 7.5 mm. The transition zone between the opaque sclera and clear cornea is known as the limbus. Most surgical procedures for entering the anterior segment of the eye are done at the limbus. The sclera is the thinnest (0.3 mm) under the insertion of the muscle tendons, and it is the thickest (1.0 M) at the posterior pole.
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Figure 1. Anatomy of the eye
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The cornea is composed of collagen fibers similar to those found in the sclera. The cornea is transparent to visible radiation. Absorption by the cornea becomes apparent and increases steeply in the long ultraviolet at about 370 nm. At 300 nm, only 25% of the incident radiation is transmitted through the cornea, and at 290 run, a mere 2% of the radiation is transmitted into the inner eye. Corneal transparency is enhanced by its structural composition; that is, the collagen fibers being laid down in regular layers of parallel fibers, by action of the endothelial cell pump mechanism which keeps the cornea continuously dehydrated and by the fact that there are no blood vessels or pigmented cells present in the corneal stroma. The cornea is thinnest in the center (0.6 mm) and thickens toward the edge (0.8 mm). The oxygen supply and metabolism to the cornea is derived from three sources: the aqueous humor, the perilimbal vascular supply, and the tear film bathing the epithelial cells. The oxygen supply to the epithelium is primarily derived directly from the atmosphere, as it is absorbed by the tear layer and passed directly into the epithelial cells. Placing a cap over this source of supply, such as some types of contact lens over the cornea, will reduce the oxygen tension at the corneal epithelium. The oxygen tension is reduced as an aviator goes to altitude; this is one of the reasons why contact lenses should be thoroughly evaluated when being fitted on aviation personnel.

[image: image2.png]As shown in Figure 2, the eye is approximately a 60-diopter refracting system. Because the cornea separates elements of the greatest difference in indices of refraction (air/cornea), it is the most powerful component in the ocular refracting system. Approximately 45 diopters of the total refraction is due to the cornea and 15 diopters due to the unaccommodated lens. Because small changes in the cornea’s radius can cause substantial changes in refraction, attempts are often made at altering the corneal curvature to change the refraction, such as by use of contact lenses (orthokeratology) or the newer surgical procedures (radial keratotomy).

The uvea lies inside of the scleral coat. It is the pigmented vascular portion of the eye and consists of the choroid posteriorly and the iris and ciliary body anteriorly. The uveal tract contains melanin pigment. Anteriorly, the iris color is a function of the degree of pigmentation. For instance, brown eyes are heavily pigmented, while blue or green eyes have a rather sparsely pigmented iris. The outer half of the retina is nourished by the choroid’s abundant vascular supply. Anteriorly, the choroid, along with the anterior extensions of the retina, becomes the ciliary body. The ciliary body is composed of smooth muscle running in circular, longitudinal, and radial directions. Also, over 70 ciliary processes are formed, extending centrally toward the lens. The ciliary muscle, innervated by the parasympathetic nervous system, supplies the contractile forces that are necessary for accommodation, which allows one to see clearly at near. Aqueous humor is produced by diffusion and secretion in the epithelium of the ciliary processes. This aqueous humor is derived from blood plasma. However, there is only 1/1000th as much protein in the aqueous as there is in the blood. The iris is a thin circular disc controlling the amount of light entering the eye and affecting the depth of field of the eye’s optical system. The iris divides the anterior segment into an anterior and posterior chamber. The aqueous, formed in the ciliary processes, enters the posterior chamber; bathes the lens; flows through the pupillary opening into the anterior chamber; continues through the trabecular meshwork, where it meets sufficient resistance to keep the intraocular pressure between 10 and 22 mmHg; continues into Schlemm’s canal; then flows into the aqueous veins and returns to the general circulation. The pupil is controlled by a delicate balance of the sympathetic and parasympathetic tone of the autonomic nervous system. The sympathetic innervates the dilator of the iris while the parasympathetic innervates the sphincter. This mechanism regulates the amount of light entering the eye, this being proportional to the square of the pupillary diameter. In the brightest daytime illumination, the pupil can constrict down to 1.5 mm and open in darkness to 8 mm in diameter. In the aviator’s environment at altitude, even a 1.5 mm pupil will allow excess light to enter the eye for comfort; therefore, filters in the form of sunglasses can reduce the ambient illumination to a comfortable level. In darkness, even with an 8 mm pupil there may not be sufficient light to stimulate the retinal receptors. However, waiting 30 min in darkness will allow another mechanism, adaptation, to come into play. Adaptation is a retinal mechanism that increases the light sensitivity many thousand times and will be discussed in more detail later.
Lens

The lens is approximately 9 no in diameter and 4 mm in thickness in its unaccommodated state. Its anterior radius is approximately 10 mm, while the posterior radius is shorter, 6 mm. it is held in place by zonular fibers. These are inserted into the lens capsule and into the valleys between the ciliary processes on the ciliary body. In youth, the lens is quite malleable. Its elastic capsule deforms it in order to view near objects clearly. When accommodation takes place, there is an increase in the refractive power on the lens as the lens becomes more spherical. This is accomplished by constriction of the circular muscle of the ciliary body through parasympathetic innervation. The zonular fibers slacken and the inherent elasticity of the lens capsule allows it to become more spherical and thus increase its diopteric power. In youth, this can be as much as 15 diopters over the amount of refractive power in its resting state. 
At age 40, approximately 5 diopters of accommodative power remain, and when this has dropped to 4 diopters, one is considered to be presbyopic. Actually, most reading is done at 1/3 m, where it is necessary to exert 3 diopters in order to see clearly. However, one must maintain a 20%-25% reserve of accommodation; otherwise, presbyopic symptoms would ensue. 
Finally, at age 65, only 1 diopter of accommodative power remains. The stimulus for accommodation is probably the blurred retinal image; however, chromatic aberration may play a substantial part in our’ ability to focus rapidly. Monochromatic light systems, such as red cockpit lighting, work against this aspect of accommodative adjustment and, perhaps much more important, monochromatic red light is focused 1-1.25 diopters behind the retina, in essence making one hypermetropic or more presbyopic. This extra accommodative requirement adds extra difficulty to those who are farsighted or are early presbyopes. Therefore, from the visual system standpoint, it is a good thing that red cockpit lighting has almost disappeared. Low-level white light is much more effective for seeing in the cockpit and, provided its intensity is kept low, the degradation of night vision is minimal. The reason that red light is focused behind the retina and monochromatic blue in front is because of chromatic aberration in the optical system of the eye. The eye is in focus for monochromatic yellow only, being hypermetropic for red and myopic for blue. 2
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The retina is the innermost photosensitive layer, protected and nourished by the sclera and choroid. The outer half of the retina, from the inner nuclear layer out, is nourished by the choroid. From the internuclear layer to the inner limiting membrane of the retina, it is nourished by the retinal vasculature. Nutrients leave the choriocapillaris in the choroid, pass through Bruch’s membrane, separating the choroid from the retina, and into the single layer of pigment epithelium. The tips of the receptors, the rods and cones, are nestled in between these cells, and all metabolites of the outer retina pass through the retinal pigment epithelium. There are 10 layers to the neurosensory retina. The light-sensitive elements are the rods and cones. The rods serve vision at low levels of illumination (scotopic vision), whereas the cones are effective both for medium and high levels of illumination (mesopic and photopic vision) and for color vision. The cones are mainly concentrated in the fovea centralis, where the density has been measured at 47,000 cones/mm2. Fifteen degrees temporal to the optic disc lies the center of an avascular area known as the macula, as shown in Figure 4. The macular area is 1.5 mm in diameter and subtends 5 degrees at the nodal point. The fovea centralis, where form vision is most acute, measures approximately 0.3 mm in diameter and subtends an arc of 54 min, or approximately 1 degree. In the center of this 1 degree, visual acuity can be as high as 20/10, whereas at the edge of the macula, or 2.5 degrees from the center of the fovea, the visual acuity has already dropped to 20/50. This points out why central serous retinopathy or a foveal macular burn are such devastating conditions for the aviator. The other retinal system, the rod receptors, are mainly useful in low illuminations since they are more sensitive than the cones and are better at motion detection. The rods reach a maximum density in the retina at 15-20 degrees from the fovea centralis and thus looking 15 degrees off center maximizes one’s scotopic vision. Rod receptors contain the photo pigment rodopsin which has its maximum sensitivity at 510 nm. The maximum sensitivity of a light-adapted human eye is at 555 nm. This change in luminosity function of the human eye is called the Purkinje shift. 

[image: image4.png]Figure 4 The Fundus of the eye

In order to facilitate color vision, the cones have three different photosensitive pigments, one absorbing primarily in the blue at 440 nm, one in the green at 535 nm, and one in the red at 570 nm. Absorption at these wavelengths in varying amounts gives the human eye its color vision capabilities. 3 All the retinal nerve fibers combine into the optic nerve and leave the globe at the disc. There are no receptors here; thus, this forms a functional “blind spot”. The optic disc or blind spot is located 15 degrees nasal from the fovea and covers an area of 7 degrees in height and 5 degrees in width. Because one blind spot is covered by the functioning retina of the other eye, we are unaware of its existence unless the visual field is being mapped. The optic nerves extend through the optic foramina, decussate at the chiasma, and continue as optic tracts to the lateral geniculate body. From the lateral geniculate body, the optic radiations fan out over the temporal and parietal lobes, eventually reaching the occipital lobe and concentrating in the posterior calcarine fissure of Brodmann’s area 17. Decussation of the nerve fibers allows us to have corresponding points in each retina which facilitate stereoscopic vision, the highest order of the perception of depth obtainable.

The vitreous, a clear, colorless, gel-like structure, fills the posterior four-fifths of the globe. The vitreous is firmly attached to the ciliary epithelium in the area of the ora serrata and surrounding the optic disc. The vitreous is composed of 99.6% water, with proteins and salt comprising the remainder. The proteins are important since they makeup a scaffolding. These fine fibrils are composed of collagen. The spaces between the fibrils are filled with hyaluronic acid that forms the molecular network in the vitreous. The complaint of vitreous floaters is universal and usually is innocuous. Floaters are probably due to the protein/collagen scaffolding collapsing and thereby thickening and casting a shadow on the retina. More ominous floaters, which must be investigated at once, are often referred to as a “shower” of floaters; these are probably red cells following a hemorrhage into the vitreous. The complaint of a dark floating membrane that may obscure vision should be investigated for the possibility of a retinal detachment.
ADNEXA

The adnexa of the eye are the extraocular muscles, the eyelids, and the lacrimal apparatus. Six extraocular muscles are attached to each globe, and because of the strong desire for fusion and the maintenance of single binocular vision, both foveas are maintained on the object of regard by both reflex and voluntary action. This is done by the yoke muscles of each eye, driven by Hering’s law of equal and simultaneous innervation to each yoke muscle. If there is a breakdown in either the nervous arc organization or in the actual muscles themselves, then binocularity will break down and strabismus and diplopia will ensue. The elevators of the globe are the superior recti and inferior obliques. The depressors are the inferior recti and superior obliques, and the horizontal rotators are the medial and lateral recti. The actions of the muscles are described with the eye in the primary position of gaze.
The actions of these muscles change, however, depending on the position of the globe. In the individual examination for flying, the flight surgeon should be able to discern the difference between a tropia or strabismus (manifest deviation of the eyes), and a phoria or heterophoria, which is a latent deviation and becomes manifest only when fusion is interrupted by an opaque occluder, a Maddox rod, or a prise.

The corneal epithelium is covered by a thin, three-layer, precorneal tear film. A thin, outer, oily layer is derived from the meibomian glands of the tarsal plate; a middle aqueous layer is derived from the lacrimal glands; and an inner mucoid layer arises from the goblet cells of the conjunctiva. The external oily layer helps to retard evaporation of the tears and produces a smooth and regular anterior optical surface to the cornea. Ordinarily, a large part of the tear film evaporates each minute, with only the remainder passing through the lacrimal passages. This evaporation causes the tears to become slightly hypertonic, producing an osmotic flow of water from the anterior chamber through the cornea to the tear film. The lacrimal gland is situated in a bony fossa of the frontal bone just posterior to the superior and temporal rim of the orbit. It secretes the aqueous portion of the precorneal tear film layer. Accessory lacrimal glands, located in the conjunctiva, can also secrete tears. The drainage system for the tears consists of a small punctum or opening in the innermost edge of the upper and lower lids. These openings lead into a common canaliculus, then into the lacrimal sac, and finally into the nasolacrimal canals exiting under the inferior turbinate in the nose. Obstruction in any part of this system prevents normal drainage from the conjunctival sac, and a chronic conjunctivitis and dacryocystitis can result. Excess tearing will interfere with an aviator’s visual capabilities; a dry eye due to lack of tears will also interfere with his visual efficiency.

The eyelids provide protection for the cornea and the remainder of the eye by reflexive, voluntary closing. The lids blink involuntarily 6-8 times per minute, thus evenly distributing and smoothing the precorneal tear film to enhance the optical qualities of the cornea. The eyelids are closed by action of the orbicularis oculi muscle innervated by the seventh cranial nerve and are opened by the levator palpebrae superioris muscles, innervated by the oculomotor nerve (III) assisted by Muller’s muscle, which is innervated by the sympathetic nervous system. Thus, pilots on long and exhausting missions may begin to have a droopy, sleepy look because of a lack or reduction in sympathetic flow to Muller’s muscle. The lids are composed of four layers: the thin outer skin, which is the thinnest on the body and contains no subcutaneous fat; the muscle layer, formed by the orbicularis oculi; the tarsal plate, which is a fibrous plate lending shape to the lids and inside of which lie the meibomian glands that secrete the oily portion of the precorneal tear film; and finally, inside the lid, proximal to the cornea, the conjunctiva. The oily secretion of the tarsal glands is also spread over the lid edges and, when the lids are tightly closed, a water-tight seal is formed. The lids have a very abundant vascular supply such that they heal quite rapidly even when severely injured. The ducts of the meibomian gland are located at the inner edge of the ducts from the glands of Moll, and the hair follicles are on the outer or skin edge of the lid. When the duct of the meibomian gland becomes occluded, the oily secretion remains in the tarsal plate, forming a small granuloma or chalazion. This “lump” in the lid will usually have to be removed surgically. It should also be differentiated from the hordeolum or stye, which is an infection of the hair follicle and can usually be differentiated from the chalazion as the stye is red and painful and responds to heat and antibiotics. These are relatively minor afflictions, but in the aviator, one should consider whether the chalazion is applying pressure to the cornea, thus causing astigmatism and distortion of his vision, or whether the sty is interfering with his optical appliances and headgear.
BLOOD SUPPLY

The blood supply to the eye and adnexa is most generous, with many anostomosis

OPHTHALMIC ARTERY - First intracranial branch of the internal carotid.

BRANCHES - Central retinal artery, medial and lateral posterior ciliary arteries, lacrimal artery, muscular branches to extraocular muscles.

EXTERNAL CAROTID ARTERY - Supplies blood to the eye and eyelids through branches of the facial artery, superficial temporal artery and the internal maxillary.

VEINS - Venous drainage of the orbit is mainly through the superior and inferior orbital veins that empty into the cavernous sinus. 
NERVES TO THE EYE

CRANIAL NERVES

II - Optic nerve - sight

III - Oculomoter

Superior divergent - superior rectus, levator palpebrae superioris muscles

Inferior divergent - medial and inferior rectus, and inferior oblique muscles - short route to ciliary ganglion

IV - Trochlear - superior oblique muscle

V - Abducens - lateral rectus muscle

VI - Trigeminal - sensory from face, lids and eye

VII - Facial - motor to lids, secretory to lacrimal glands.
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