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VISUAL SYSTEM
AND
PATHWAYS
Objectives
Define the basic structure of the eyeball (layers,
chambers, smooth muscles, lens, retina, optic nerve).
Understand the role of the autonomic nervous
system in changing the thickness of the lens and
the size of the pupil.
Explain the circuits and the lesions of the
pupillary light reflex.
Describe the visual pathways from the retina
through the optic nerve, chiasm, tract, lateral
geniculate body, and to the visual cortex of
the occipital lobe.
Understand and describe the types of visual
field defects.
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Introduction

The visual system is an essential component of our special sensory systems and provides
more sensory information to the brain than any other system. The visual pathway is highly
complex and utilizes 40-50% of the neural circuits in the central nervous system. Visual
circuits connect the retina to the thalamus and to the visual cortex of the occipital lobe.
The clinical aspects of this system are very important because with such length, the
circuit is exposed to lesions at multiple positions by disease events including trauma to
the head, vascular lesions, demyelinating diseases, and tumors.

Structure of the Eyeball
Light passing through the cornea, pupil, lens, and the vitreous humor is received by the
photoreceptors (rods and cones) of the retina. The important structures of the eyeball
are shown in Figure 9.1..
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FIGURE 9.1 Structures of The Eyeball
The wall of the eyeball is composed of a three concentric layers.
1.

The sclera is the thick, external protective layer that provides shape, structure,
and strength for the eyeball. It is formed by fibrous connective tissue composed
of Type 1 collagen. The outer surface of the sclera provides for attachments of the
extraocular muscles involved in movement of the eye. At the optic disk the sclera
continues as the dura mater covering the optic nerve.

2. The choroid is the middle, pigmented vascular layer that contains capillaries that
provide blood supply to the photoreceptors and other parts of the retina.
3. The retina is the innermost of the three layers of the eyeball. It is composed of
multiple, transparent layers described later in the chapter. The outer layer of
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the retina (pigmented epithelial cells) is adjacent to the choroid layer, and the
innermost layer of the retina (ganglion cells) is adjacent to the vitreous humor.

Note: There are two important landmarks on the retina:
a. The optic disk (blind spot of the retina) is formed by the convergence of the ganglionic
cell nerve fibers of the innermost retina where they leave at the posterior pole of the
eyeball to form the optic nerve. The optic nerve contains approximately 100 million
fibers that are heavily myelinated by oligodendrocytes. The optic nerve courses
through and exits the orbit at the superior orbital fissure where it forms the optic
chiasm. The optic nerve is covered along its entire length by the three layers of
meninges. The space between the arachnoid and pial layers (subarachnoid space)
is filled with cerebrospinal fluid (CSF). Any increase of intracranial CSF pressures that
spreads along the optic nerve results in bulging of the nerve at the disk (papilledema).
Note that the retina and the optic nerve are extensions of the diencephalon
(CNS) and are derived from the central nervous system. Thus, they are formed by
neuroectoderm of the neural tube.
b. The macula lutea is the yellow, pigmented area of the retina that is located lateral to
the optic disk. In its center is a thinned-out depression of the retina called the fovea
centralis. The fovea is composed of cones only and is the area of the retina with the
highest visual acuity. The visual axis passes through the center of the lens to the fovea.

Clinical Application :
Age-related macular degeneration is one of the most common causes of loss of vision
in the elderly. The loss of photoreceptors at the macula results in decreased visual acuity,
loss of color vision, and, in advanced stages, near blindness. Macular degeneration results
in loss of central vision.
4. The anterior continuation of the sclera forms the cornea. The cornea is transparent
and with the lens forms the two refractive mechanisms Involved in bending of the
light entering the eyeball. The cornea forms the principal, fixed refractive mechanism
of the eye. The sensory innervation of the cornea is provided by the ophthalmic nerve
which comprises the sensory side of the blink or corneal reflex.
5. The anterior continuation of the choroid layer forms the ciliary body and the iris. The
ciliary body secretes the aqueous humor of the anterior and posterior chambers
and contains the ciliary muscle. The pupil is the opening of the iris that connects the
anterior and posterior chambers. The size of the pupil is regulated by two smooth
muscles (dilator pupillae and constrictor pupillae muscles).
Note that the three muscles of the ciliary body and iris are innervated by the
autonomic nervous system.
a. Dilator pupillae muscle is innervated by sympathetic pathways and is
responsible for increasing the size of pupil. Interruption of this neural pathway
results in one of the signs of Horner syndrome (miotic pupil).
b. Constrictor pupillae muscle is innervated by parasympathetic fibers of the
oculomotor nerve and is responsible for reducing the size of the pupil. A lesion
of this circuit results in a dilated pupil (mydriasis) usually resulting from an
intracranial compression of the oculomotor nerve (uncal herniation).
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c. Ciliary muscle is innervated by parasympathetic fibers of the oculomotor nerve.
The ciliary muscle controls the tension on the lens resulting in the change of the
diameter of the lens. These actions are discussed below.
6. The anterior and posterior chambers are found anterior and posterior to the iris,
respectively. They contain and circulate aqueous humor that is secreted by the ciliary
body into the posterior chamber. The aqueous humor circulates under pressure
through the pupil into the anterior chamber where it is drained by the canal of
Schlemm. Any increased pressure within the chambers (blockage of the canal of
Schlemm) results usually in open-angle glaucoma leading to the loss of peripheral
vision.
7. The elastic, biconvex lens is a very important part of visual functions, It along with the
cornea is involved in the refraction of light. Its shape is adjustable due to its elasticity
and by the attachments of the suspensory ligaments to the ciliary body and muscle.
The change in thickness of the lens and the change in the focal length is due to the
actions of the ciliary muscle. Contraction of the ciliary muscle results in a reduction of
tension on the ligaments and allows the lens to thicken and become bioconvex (near
vision or accommodation). Relaxation of the ciliary muscle increases tension on the
ligaments resulting in the lens flattening (far vision).
8. The vitreous humor is a thick, gelatinous material located posterior to the lens and
between the lens and the retina. It contains phagocytic cells that remove debris from
the gelatinous material.
9. The primary blood flow to the intraocular structures is provided by the ophthalmic
artery, a branch of the internal carotid artery just before its bifurcation into the middle
and anterior cerebral arteries. The ophthalmic artery is quickly affected by temporal
arteritis which requires acute steroid treatment to prevent blindness.
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Structure of the Retina

The circuity and the primary cell types of the retina are illustrated in the following figure.
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FIGURE 9.2 Histology of The Retina
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Although the retina is multi-layered, there are four principal cell types in the retina:
pigmented epithelial cells, photoreceptor neurons, bipolar cells, and ganglion cells. All
the layers of the retina are transparent.
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Light is transmitted through the transparent layers of the retina to first reach the most
external retinal layer, the pigmented epithelial layer.

1.

The pigmented epithelial layer is the most external layer containing melanin
and is responsible for absorbing some of the light before it reflects back to the
photoreceptor cells. It also serves as a route for diffusion of nutrients (vitamin A and
glucose) from the choroid vascular layer.

2. The photoreceptor neurons are the rods and cones. Both rods and cones have inner
and outer segments. The outer segments contain visual pigments that respond
to light and are involved in the transduction of the light image reflected from the
pigmented epithelial layer into action potentials. The inner segments contain the
mitochondria and the nucleus. It is interesting to note that the photoreceptors are
the cells distal to the light source in the retina. They are hyperpolarized by light.
Action potentials are produced at the rods and cones and project to the bipolar cells
(primary neurons).
a. Rods comprise about 90% of the photoreceptors in the retina (95-100 million) and
function in dim light conditions and night vision. They contain the visual pigment
rhodopsin. Vitamin A deficiency leads to loss of rod function and results in night
blindness.
b. Cones comprise the remainder of the photoreceptors of the retina (5 million).
They specialize in bright-light day vision, color vision, and are involved in high
visual acuity. Cones are mostly concentrated in the fovea: They contain the visual
pigment iodopsin. Color blindness involves deficits of cone functions.There are
three different types of cones that respond to red, green, and blue wavelengths.
3. Bipolar cells form the internal nuclear layer and are the first (primary afferent) of the
three neurons in the visual pathway. They synapse on the ganglionic cells.
4. The ganglionic cells form the innermost layer of the retina and are the second neuron
in the visual pathway. The axons of the ganglionic cells concentrate at the optic disk
to form the optic nerve. There are about one million nerve fibers in the optic nerve.
These axons acquire a myelin sheath formed by oligodendricytes as they exit the
optic disk to form the optic nerve.
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Visual Pathways and Visual Field Defects
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FIGURE 9.3 Visual Circuits and Visual Field Defects

Clinical Application and Strategies for Visual Pathways
1.

At the lens the image is inverted vertically and horizontally.

2. There is partial decussation (60%) of the nerve fibers at the optic chiasm:

a. The fibers from the nasal retina will decussate to the contralateral thalamus
b. The fibers from the temporal retina do not decussate and course to the ipsilateral
thalamus

3. Rule of L (L=Superior quadrant visual fields): From the thalamus to the visual cortex,
superior quadrant visual fields course laterally from the thalamus through Meyer’s
Loop in the temporal lobe to the lingual gyrus of the visual cortex.

4. All lesions between the chiasm to the cortex are contralateral, homonymous visual
field defects.
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A thorough understanding of the visual pathways allows one to localize lesions at
different parts of the system.
1.

The optic nerve (ganglionic cell axons) projects from the retina and courses through
the orbit and the superior orbital fissure to reach the optic chiasm.

2. At the optic chiasm there is partial decussation. As discussed above, the temporal
retinal fibers pass through the chiasm without decussating and course through the
ipsilateral optic tract (supplied by the middle cerebral aetwry) to the ipsilateral
lateral geniculate body or nucleus (supplied by the posterior cerebral artery) of
the thalamus. The nasal retinal fibers decussate at the chiasm and course via the
contralateral optic tract to the contralateral lateral geniculate body. This partial
decussation results in all circuits past the chiasm containing crossed and uncrossed
fibers (contralateral, homonymous visual fields).
3. Most of the optic nerve fibers project to the lateral geniculate nucleus of the
thalamus. Less than 10% of the fibers peel off from the optic tract before reaching the
thalamus and project to different areas:
a. Pretectal region for pupillary light circuit (discussed later).
b. Superior colliculus for reflex eye movements.
c. Suprachiasmatic nucleus of the hypothalamus for circadium rhythms.
4. The lateral geniculate nucleus of the thalamus houses the third-order neurons of the
visual circuit. These neurons project through the internal capsule to the primary visual
cortex of the occipital lobe via the optic radiation (geniculocalcarine tract). The optic
radiation is a common location for tumors and vascular accidents in the posterior
part of the hemisphere. The optic radiation courses through the parietal lobe on their
way to the occipital and visual cortex (Area 17).
5. Superior and inferior quadrant fibers exit different routes from the thalamus. Superior
quadrant projections exit laterally from the thalamus through Meyer’s loop in the
temporal lobe and turn posteriorly to join the fibers of the optic radiation. Thus, Meyer’s
loop carries contralateral superior visual field projections. These superior quadrant
fibers terminate into the lingual gyrus of the visual cortex. The inferior quadrant fibers
exit medially from the thalamus directly into the optic radiation and terminate into the
cuneus gyrus of the visual cortex. The lingual and cuneus gyri are separated by the
calcarine fissure.
6. The visual cortex occupies the posterior pole of the occipital lobe. It is divided into an
upper gyrus (cuneus) and a lower gyrus (lingual) by the calcarine fissure. The visual
association cortex is located mostly in the parietal lobe.
7. The macula region of the cortex corresponds to the macula region of the retina. In
the cortex, the macula represents a central area of the visual cortex that overlaps
the cuneus and the lingual gyri on both the right and left visual cortical regions. The
occipital lobe as a whole receives its blood supply from the posterior cerebral artery
(PCA). However, the macula region receives an additional collateral blood supply from
a branch of the middle cerebral artery (MCA). This double blood supply is the basis of
macular sparring seen with loss of blood supply to the occipital lobe and visual cortex.
7

9

Neuroanatomy

Summary of Visual Field Defects
A. Lesions proximal to the Optic Chiasm (Monocular and Ipsilateral)
1.

Optic nerve. Lesions (optic neuritis, vascular occlusion, trauma) result in blindness
(anopia) of the ipsilateral eye and loss of the sensory side of the pupillary light reflex.

2. Lateral compression of the optic chiasm. Lesions (internal carotid artery aneurysm)
compress the outer non-decussating of the chiasm and result in ipsilateral nasal
hemianopia.
B. Midline lesions of the optic chiasm (binocular, bitemporal, heteronymous)
1.

Complete midline compression of chiasm (craniopharyngiomas, aneurysms, pituitary
tumors) damages the decussating fibers resulting in bitemporal heteronymous
hemianopia.

C. Lesions between the chiasm and the cortex (binocular, contralateral, homonymous)
1.

Optic tract and optic radiation. Lesions (usually vascular) result in contralateral
homonymous hemianopia. Note an optic tract lesion will also demonstrate abnormal
pupillary light testing. A lesion at the optic radiation will have normal pupillary light
testing.

2. Meyer loop fibers in temporal lobe. Lesions (tumor, loss of middle cerebral artery)
result in contralateral homonymous superior quadrantanopia (pie in the sky).
3. Medial fibers from thalamus. Lesions (vascular) result in contralateral homonymous
inferior quadrantanopia.
D. Visual (calcarine) cortex (contralateral, homonymous, macular sparring)
1.
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Visual cortex lesions (vascular) result in contralateral homonymous hemianopia
with macular sparring.

Visual System And Pathways

Visual Reflexes
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1. Pupillary Light Reflex
The pupillary light reflex or swinging light test is one of the most commonly tested of
the cranial nerve reflexes in neurology. Shinning a light in either eye results in ipsilateral
(direct) and contralateral (consensual) constriction of the pupils. Light shown in one
eye will course bilaterally at the optic chiasm to the right and left pretectal areas. The
pretectal areas then project bilaterally to the Edinger-Westphal nucleus (preganglionic
parasympathetics) of the midbrain which then projects to the ciliary ganglion
(postganglionic parasympathetics) and to the constrictor pupillae muscle of the iris. As
with other reflexes, there are sensory and motor limbs of the reflex.
Sensory Limb:
a. Light stimulation of the ganglionic cell of axons of the optic nerve.
b. Approximately 5% of the fibers of the optic nerve project bilaterally to the pretectal
areas on the dorsal midbrain. Most of the remaining optic nerve fibers project to
the thalamus.
c. Bilateral fibers project from the pretectal nuclei to the Edinger-Westphal nuclei of
the midbrain.
Motor Limb:
a. Fibers from each Edinger-Westphal nuclei (preganglionic parasympathetics)
project to the ciliary ganglion (postganglionic parasympathetic) in the orbit.
b. Postganglionic fibers from the ciliary ganglion project to the sphincter pupillae
muscles resulting in contraction of both pupils.
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The circuits for the pupillary light reflex are shown in the following diagram.
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FIGURE 9.4 Pupillary Light Circuit
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The accommodation reflex includes a series of changes in the refractive power that
occurs when the eyes are directed from a distant object to focusing on a near object.
These changes are mediated by the optic nerve (sensory limb) and the oculomotor
nerve (motor limb).
This circuit is outlined below :
Sensory Limb : Optic nerve.
Motor Limb : Involves three functions of the oculomotor nerve.
1.

Convergence occurs with the contractions of the two medial recti muscles that
adduct both eyes towards the nose to help focus the image onto the retina.

2. Thickening of the lens occurs with contraction of the ciliary muscle (autonomic
innervation). The suspensory ligaments relax allowing the elasticity of the lens to
thicken and change the refractive index.
3. Pupillary constriction occurs with contraction of the constrictor pupillae
(autonomic innervation) muscle that decreases the pupil size.

Clinical Application
Listed below are some of the more common clinical abnormalities of the visual system.

1.

Horner’s Syndrome: Results from a CNS or PNS lesion of the sympathetic pathway
to the head. Clinical signs are ptosis, miosis, and anhydrosis.

2. Internuclear opthalmoplegia: Results from a medial longitudinal fasciculus (MLF)
lesion affecting adduction of the eye during volitional horizonal gaze. The side of
MLF lesion is on the same side as the non-adducting eye with convergence being
intact.
3. Marcus Gunn pupil (afferent pupillary defect): Results from a lesion of the sensory
side (CN II) of the pupillary light reflex. Shining light in the normal eye results in normal
pupil constriction in both eyes, while shinning light in the affected eye results in
paradoxical dilation of pupils in both eyes.
4. Argyll Robertson pupil (light-near dissociation defect): Results from a lesion of
the pretectal region. The pupils will respond during accommodation but will not
respond to light. It often presents with tabes dorsalis, diabetes mellitus, and syphilis.
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