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Surgical
Anatomy

of Vitreous
and the
Vitreoretinal
Interface

J. SEBAG

HISTORICAL PERSPECTIVE

Duke-Elder! claimed that the first descriptions of
vitreous structure proposed that vitreous was
composed of ‘‘loose and delicate filaments sur-
rounded by fluid.”” During the 18th and 19th centu-
ries there prevailed no fewer than four major theo-
ries of vitreous structure: the ‘‘alveolar theory,"?
the “‘lamellar theory,””? the ‘‘radial sector the-
ory,”* and the ‘‘fibrillar theory."”*® The elegant
studies of Szent-Gyorgi’ supported the *‘fibrillar™
descriptions of Retzius and introduced the con-
cept that vitreous structure changes with age. The
work of Baurmann,® Stroemberg,” and Redslob'
showed that many of the early studies were flawed
by artifacts resulting from the use of tissue fixa-
tives. Thus, it was anticipated that the use of slit
lamp biomicroscopy to study vitreous structure
would eliminate this problem since investigations
could be performed without introducing artifacts.
Yet, the use of in vivo slit lamp biomicroscopy
spawned an equally varied set of descriptions:
Gullstrand'' saw membranes, Koeppe'* described
vertical and horizontal fibers, and Baurmann'? saw

Portions originally published in Sebag J: The Vitreous—
Structure, Function and Pathobiology. New York, Springer-
Verlag, 1989. Reproduced with permission.

Co-94

a grill-like pattern of darker and lighter bands re-
sembling several layers of chain-linked fences.
Even the postmortem use of darkfield microscopy
resulted in various interpretations ranging from
Goedbloed’s' description of fibrillar structures to
Friedenwald and Stiehler’s'” description of con-
centric sheets and Eisner's'® observation of
“membranelles.”” In Eisner’s meticulous studies,
dissections of human vitreous were observed to
contain membranous structures that coursed from
the region about the lens in a circumferential pat-
tern, parallel with the vitreous cortex, to insert at
the posterior pole. Eisner has described these
“membranelles’ as funnels that are packed into
one another and diverge outward and anteriorly
from the prepapillary vitreous. He named these
membranelles ‘‘tractae’ according to their loca-
tion. Worst'” has also studied preparations of dis-
sected human vitreous and has described that the
“tracts’” of Eisner constitute the walls of “‘cis-
terns”’ within the vitreous. In Worst’s studies
these cisterns are visualized by filling with white
India ink. He has studied the premacular vitreous
in great detail and has proposed the existence of a
“bursa premacularis,”” which he described as a
pear-shaped space that is connected to the cister-
nal system in front of the ciliary body. In a more
recent study a different aqueous dye (fluorescein)
was used to demonstrate this same premacular re-
gion of liquefied vitreous.'

Duke-Elder' and Ida Mann' popularized the
concept of a primary, secondary, and tertiary vit-
reous during embryogenesis. The primary vitreous
is heavily vascularized by the vasa hyaloidea pro-
pria that arises from the hyaloid artery, whose ori-
gin is at the optic disc, with anastomoses to the
tunica vasculosa lentis about the lens. The second-
ary vitreous develops during the 13- to 70-mm
stages (weeks 6 to 12), results from regression of
the vascular system of the primary vitreous, possi-
bly induced by glycosaminoglycans synthesis. The
“tertiary vitreous'’ is actually the zonule system
that forms after the secondary vitreous i1s promi-
nent.

VITREOUS EXAMINATION
TECHNIQUES

Beginning with the invention of the ophthalmo-
scope by Helmholz, examiners of the eye have
long benefited from advancing technology and the
development of ever more powerful examination
tools. Indeed. today one can evaluate not only
morphologic but also functional and physiologic
aspects of the eye with the aid of lasers.*® How-
ever, of all the different parts of the eye, evalua-
tion of vitreous has advanced least in terms of the
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development of accurate, reproducible clinical ex-
amination techniques. This is evident in the mul-
titude of descriptions of vitreous structure that
resulted after the introduction of slit lamp
biomicroscopy and the various different interpre-
tations that exist to this day.

This controversy stems from the fact that vitre-
ous examination essentially consists of visualizing
a structure intended to be virtually invisible. The
Tyndall phenomenon forms the basis of vitreous
examination. This can be defined as the scattering
of incident light by opaque structures or particles
in an otherwise transparent medium. Essential to
the success of achieving an adequate Tyndall ef-
fect clinically is maximizing pupil dilation 1n the
patient and dark adaptation in the examiner.?!
Since the Tyndall effect increases with an increas-
ingly large subtended angle between the axis of
illumination and the line of observation (up to a
maximum of 90°), a widely dilated pupil enhances
this effect. Some observers®® propose that green
light further enhances the Tyndall effect. This con-
cept has been incorporated in a biomicroscope
that utilizes a green laser to enhance visualization
of the vitreoretinal interface.”

Before examining the individual parts of vitre-
ous, it is useful to consider the overall shape of the
entire vitreous as a clue to characterizing vit-
reoretinal pathology. Charles® has described a
**problem-oriented’” approach to preoperative vit-
reous examination in which an appreciation of the
configuration and mobility of the entire vitreous
can guide the operative approach. For example,
the identification of a *‘cone’’ in a partial posterior
vitreous detachment (PVD) and the characteriza-
tion of the locations and number of apices in this
cone can help in the accurate diagnosis of vit-
reoretinal pathology and determine the correct
surgical approach.

ANTERIOR VITREOUS

It is probably easiest to examine the anterior vitre-
ous first, since this can be done at the slit lamp
immediately after examination of the anterior seg-
ment and does not require gel solutions or a con-
tact or preset Hruby type lens, which are used in
examination of the posterior vitreous. In the ab-
sence of a crystalline or implanted intraocular
lens, vitreous prolapse into the anterior chamber
could be an important finding in terms of vit-
reocorneal touch and the risks of corneal endothe-
lial cell dysfunction.® Vitreous adhesions to a cat-
aract wound or to the iris may be important in the
pathogenesis of postoperative cystoid macular
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edema. Particulate opacities in the anterior vitre-
ous can be seen at the slit lamp and can give 1m-
portant clues as to the possible presence of poste-
rior pathology. For example, particulate upamtma
in vitreous can be the earliest pathologic change in
retinitis pigmentosa, and as such would provide an
important aid to diagnosis.?! Nonpigmented cells
can be indicative of inflammation at the vitreous
base or infections in the retina. Pigmented cells
should raise the examiner’s index of suspicion for
peripheral retinal tean and/or detachment. Lac-
qua and Machemer,2 as well as Scott,”” have de-
scribed that an increase in the number and size of
pigmented cells in vitreous of patients with retinal
detachment (preoperatively or postoperatively)
heralds the development of proliferative vitreo-
retinopathy (PVR). Bleeding can be associated
with red blood cells in the anterior vitreous. Vari-
ous neoplastic diseases, such as endophytic ret-
inoblastoma, choroidal melanoma, and reticulum
cell sarcoma, can result in anterior vitreous cells.

Anterior vitreous structures such as Mitten-
dorf’s dot, a remnant of embryonic hyaloid vessel
regression, can be seen at the slit lamp and should
alert the examiner to the possibility of other devel-
opmental disorders, such as penﬁlatcnt hyperpla-«:-
tic primary vitreous in the fellow eye.™

CENTRAL AND POSTERIOR YITREOUS

Examination of the central and posterior vitreous
can rarely be achieved without the use of either a
preset or a contact lens. Preset lens biomicros-
copy can be performed either with a plano con-
cave lens (e.g., —55- to —58.6-D lenses of Hruby)
or various convex lenses (e.g., +32 D, +58.6 D,
or +60 D). The plano concave lenses produce a
highly magnified, narrow-field, erect image with
visualization of the posterior pole, although it 1s
difficult to achieve an adequate illumination-ob-
servation angle. Peripheral examination can only
be performed by varying the position of the fixa-
tion point of the eye, and the quality of the image
is reduced by optical distortions.

El-Bayadi® first proposed the use of a +355-D
preset lens and advised maintaining at least a 10°
illumination- observation angle. The resultant im-
age is inverted and can be photographed.” The
advantage offered by this form of posterior vitre-
ous biomicroscopy is that the avoidance of a con-
tact lens facilitates the ‘“‘ascension/descension’
gaze technique whereby eve movements are used
to displace the corpus vitreous.*' This can be help-
ful in visualizing structures such as an operculum
or the prepapillary ring in the posterior vitreous



ANATOMY OF VITREOUS AND VITREORETINAL INTERFACE

cortex that may have descended inferiorly in the
presence of a PVD with vitreous syneresis (col-
lapse). It is principally this feature that makes the
preset approach superior to contact lens systems
for examination of the posterior vitreous.’* Indeed
it is now common practice to use a +60- or +90-D
biconcave hand-held lens that at the slit lamp pro-
vides a stereoscopic, inverted image of high qual-
ity that also enables the performance of the ascen-
sion/descension examination technique.

PERIPHERAL VITREOUS

The major difficulty in examining the peripheral
vitreous arises from a loss of stereopsis.?! This is
because when examining the periphery the circu-
lar pupil becomes an elliptic aperture, making it
difficult to obtain an adequate view with both of
the observer’s eyes. This 1s more of a problem in
the horizontal than vertical meridians, since the
examiner’s two eyes are positioned horizontally.
Schepens’! suggests reducing the illumination-ob-
servation angle, rotating the slit beam to the axis
of the meridian being observed, positioning both
arms of the biomicroscope opposite the meridian
under observation, and reducing the interpupillary
distance of the slit lamp eyepicces as ways of mini-
mizing the loss of stereopsis.

A contact lens 15 often required for adequate
visualization of the periphery. Traditionally, the
Goldmann 3-mirror lens has been most popular as
a tool for peripheral vitreous and retinal examina-
tion.*? Jaffe* has described a plan for vitreous ex-
amination with a contact lens beginning with the
central region, followed by establishing the pres-
ence or absence of a PVD and identifying the ex-
tent of detachment by following the posterior vit-
reous cortex peripherally. He recommends using a
widened slit lamp beam and ‘“‘rocking’’ the joy-
stick to enhance visualization of the posterior cor-
tex. Schepens®' described this maneuver as the
“oscillation technique™ in which the position of
the slit lamp beam is moved side to side (for a
vertical slit) or up and down (for a horizontal slit).
The two positions of the beam are altered so as to
alternate between direct and retro illumination of a
structure or point of interest. Retro illumination is
especially useful for identification of particulate or
cellular opacities in the posterior vitreous. Sche-
pens®! further describes the use of a tilted slit lamp
column to enhance visualization of the peripheral
vitreous. Eisner' has devised a cone-shaped ap-
paratus that fits onto a Goldmann 3-mirror lens
and enables peripheral scleral indentation during
slit lamp biomicroscopy with a contact lens. This
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can facilitate visualization of the peripheral retina,
ora serrata, and posterior pars plana.

The recent development of inverted-image con-
tact lenses with various-sized fields has greatly en-
hanced stereoscopic examination of the fundus
and vitreous and are now routinely used for laser
photocoagulation therapy of the fundus. The
Mainster Retina Laser Lens is a +61-D convex
aspheric contact lens that produces a real inverted
image of about 45° degrees of the posterior fundus
with excellent stereopsis.” The *‘panfundu-
scopic’’ lens is a +85-D convex spheric lens that
provides less magnification and image clarity but
has a wider angle view and can be useful for pe-
ripheral examination to 60° or 70° with a 15° tilt.

OPACIFIED VITREOUS

When examination of vitreous is made difficult by
opacification of the ocular media, there can never-
theless be worthwhile information garnered from
careful study. As pointed out by Charles,”* much
can be learned from studying the geometric config-
uration of a partly opaque or opacified vitreous.
When opacification is advanced, however, real-
time ultrasonography can be helpful in defining the
consistency of the opacification, the three-dimen-
sional configuration of the opaque vitreous, mobil-
ity, and the presence or absence of structural pa-
thology bchind the corpus vitreous. Fischer and
colleagues*® demonstrated that there was excellent
agreement between kinetic ultrasonography and
conventional clinical examination techniques in
subjects with clear ocular media. Arzabe and asso-
ciates® had similar findings in patients with prolif-
erative diabetic retinopathy.

MOLECULAR STRUCTURE

Although vitreous 1s 98% water, this tissue is gel-
like and has viscoelasticity. These properties
result from collagen and hyaluronan, which are
the major structural components of vitreous.

COLLAGEN

Before the turn of the 20th century it was already
suspected that vitreous is, to some extent, collage-
nous. Morner® found a protein residue that was
retained by a filter after passage of fresh vitreous
and termed it ““residual protein.”” Both he and
Young™ considered the residue, also named *‘vi-
trosin,”” to be collagenous since it dissolved when
boiled and gelled on cooling. Much later, Pirie and
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co-workers* documented the presence of collagen
by chemical analysis. Using phase-contrast mi-
croscopy, Bembridge and colleagues? demon-
strated the existence of fibrils in vitreous of sev-
eral species including humans. Matoltsky and
associates?? and later Schwarz* described the ul-
trastructure of vitreous as a random network of
thin, uniform filaments and confirmed the collage-
nous nature of these filaments using electron mi-
croscopy and x-ray diffraction studies. Young and
Williams* determined that “*vitrosin’ contained
18% glycine, 8.4% proline, 15.4% hydroxyproline,
and small amounts of cysteine. Swann,* among
others, later ascertained the more specific chemi-
cal characteristics of vitreous collagen, work that
must be considered in progress, as the various
subtypes of collagen and associated extracellular
matrix components are still being defined.*

In humans, vitreous collagen is orgamzed as
thin fibrils 10 to 25 nm in diameter with cross-
striations. Snowden and Swann*’ identified a ma-
jor period in the cross-striations of 62 nm (unfixed.
dried bovine vitreous), while others*-" describe a
banding pattern with a periodicity of 12 to 25 nm.
Vitreous collagen fibrils are unbranched®'-* and in
the normal state are not cross-linked.>® This is sup-
ported by studies of the mechanical properties of
vitreous™* demonstrating a softening of the spring
constant with increased elongation, suggesting
that vitreous collagen is organized in a network
where fibrils can slip alongside each other. This
would, however, require some breakdown of the
proteoglycans in the interfibrillar space.

There is heterogeneity in the arrangement of
collagen distribution throughout the corpus vitre-
ous. Chemical®"% and light-scattering studies™
have shown that the highest density of collagen
fibrils is present in the vitreous base, followed by
the posterior vitreous cortex anterior to the retina
and then the anterior vitreous cortex behind the
posterior chamber and lens. The lowest density is
found in the central vitreous and adjacent 1o the
anterior vitreous cortex.

Vitreous collagen fibrils appear to be continuous
and unbroken from the anterior peripheral vitre-
ous to the posterior vitreous. If retinal Miiller cells
are primarily responsible for vitreous collagen
synthesis, assembly of procollagen molecules into
newly synthesized collagen can be achieved by
adding to existing fibrils at their most posterior
end, nearest the Miiller cell. Alternatively, if fibro-
blasts are responsible for vitreous collagen synthe-
sis and assembly into fibrils, the orientation of vit-
reous collagen fibrils could be the consequence of
relatively large numbers of fibroblasts in the pn-
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mary vitreous that migrate during secondary vitre-
ous formation to the vitreous base and posterior
vitreous. While migrating to their final destina-
tions in the anterior and posterior vitreous, fibro-
blasts assemble collagen fibrils in their wake.”’
Thus, the continuity of these fibrils and their
course through the corpus vitreous could result
from the path of fibroblast migration during em-
bryogenesis.

HYALURONAN

Although hyaluronan (HA) is found throughout
the body, it was from the bovine vitreous that
Meyer and Palmer™ first isolated this macromole-
cule. Consequently, HA’s more common name,
“hyaluronic acid,”” is derived from the fact that it
was first discovered in the clear, colorless vitreous
(hvalos, meaning *‘glass’™’) and that it contains
uronic acid. Subsequent studies by Meyer, %
Comper and Laurent,®" and others characterized
this macromolecule and its configuration within
vitreous.

The volume of the unhydrated HA molecule is
about 0.66 cc/g, whereas the hydrated specific vol-
ume is 2 to 3000 cc/g.%? Thus, the degree of hydra-
tion (and any pathologic condition that alters hy-
dration) can have a significant influence on the size
and configuration of the HA molecular network in
vitreous. Because the solution domains are so
large, the long unbranched HA chains form widely
open coils that at concentrations greater than |
mg/cc become highly entangled.®’ The large do-
main of HA spreads the anionic charge of the mol-
ecule over a wide space. Because of its entangle-
ment and relative immobilization in vitreous, HA
acts much like an ion-exchange resin in that an
electrostatic interaction occurs between the small
charges of mobile ions in vitreous and the electro-
static envelope of this stationary polyelectrolyte.
This electrostatic interaction forms the basis for
various properties of HA, including its influence
on osmotic pressure, ion transport and distribu-
tion, and electric potentials within vitreous.®

Based on x-ray diffractograms, Atkins and
Sheehan® described HA as a linear helix. Further
studies™ demonstrated a left-handed, threefold he-
lix with a rise per disaccharide on the helix axis
of 0.98 nm. As described in a detailed review by
Chakrabarti and Park,® this periodicity can vary
depending on whether the helix is in a “‘com-
pressed’” or “‘extended’ configuration. The ex-
istence of the molecule in either of these two
states can greatly influence an HA molecule’s in-
teractions with neighboring molecules. A com-
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pressed HA chain has extensive ‘‘interdigita-
tions™ since it interacts with nearest antiparallel as
well as parallel neighbors (totaling eight mole-
cules), whereas extended forms only interact with
three antiparallel neighbors. It is known that
changes in the microenvironment and in the types
of surrounding counter-ions can cause changes in
the conformation of the HA polyanion.®' For ex-
ample, a decrease in ionic strength can cause the
anionic charges on the polysaccharide backbone
to repel one another and result in an extended con-
figuration of the macromolecule. Thus, changes in
the ionic milieu surrounding vitreous HA may be
converted to mechanical energy on extension or
contraction of the HA macromolecule and. in
turn, swelling or shrinkage of vitreous. This can be
important in certain pathologic conditions, such as
diabetes. Early studies by Christiansson® showed
that alloxan-induced experimental diabetes in rab-
bits resulted in increased glucosamine content and
viscosity of vitreous and a decrease in vitreous
volume. In another study® a slight increase was
shown in the tonicity of diabetic human vitreous
(324 = 23 mOsm vs 316 = 21 mOsm in controls).
In diabetes there can be significant fluctuations in
the systemic concentrations of a variety of mole-
cules that can alter the ionic milieu of vitreous.
Such shifts could induce structural and volumetric
changes on a molecular level. Furthermore. shifts
in systemic metabolism and in turn osmolarity and
hydration of vitreous could result in periodic
swelling and contraction of the entire vitreous
with resultant traction on structures attached to
the vitreous cortex such as new blood vessels.
These events could influence the course of dia-
betic retinopathy by contributing to the prolifera-
tion of neovascular fronds®™ and perhaps even by
inducing rupture of the new vessels, causing vitre-
ous hemorrhage. Indeed, Tasman® has found that
in 53 cases of vitreous hemorrhage due to prolifer-
ative diabetic retinopathy, 62.3% of bleeding epi-
sodes occurred between midnight and 6 am while
the remaining parts of the day had only an 11% to
13% incidence. Although Tasman speculated that
this could be due to nocturnal hypoglycemia,
other metabolic or hormonal fluctuations could in-
fluence vitreous in the ways described previously
and lead to vitreous hemorrhage.

HA molecules have a different concentration
gradient in the corpus vitreous than collagen fi-
brils. HA is most abundant in the posterior cortical
gel with a gradient of decreasing concentration
more centrally and anteriorly.’'"™" Balazs™ has
hypothesized that this is due to the inability of HA
synthesized by hyalocytes in the posterior vitre-
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ous cortex to traverse the internal limiting lamina
of the retina. HA leaves vitreous to enter the pos-
terior chamber by way of the annulus of anterior
vitreous cortex about the lens that is not adjacent
to a basal lamina. Bound water (which is non-
freezable) has a similar distribution within vitreous
to that of HA,™ presumably due to binding by HA.

COLLAGEN-HYALURONAN INTERACTION

Schwarz™ observed that after staining with ruthe-
nium red, aggregates of precipitated HA mole-
cules can be seen on electron microscopy as 8-nm
granules situated in the interfibrillar space.
Streeten” has claimed that large polymeric aggre-
gates of HA **coat’ the collagen fibrils supporting
this postulate. Indeed, using ruthenium red. Asa-
kura™ found HA aggregates on collagen fibrils.
These appearances, however, could be the result
of artifact related to ruthenium red staining.

Balazs™ described that HA molecules fill the
spaces between the collagen fibrils and provide a
“stabilizing effect” on the collagen network. In
this regard there are two important functions pro-
vided by this molecular arrangement. First. the
large domains of the HA molecules spread apart
the collagen fibrils and minimize light-scattering
by these structures, thereby contributing to the
transparency of vitreous. Second, the viscoelastic
properties and mechanical functions™ of vitreous
are the result of the presence of both HA and col-
lagen and are very likely related to their associa-
tion on a molecular level. Adjacent collagen fibrils
would tend to cross link and alter these properties.
Consequently, the presence of HA molecules to
spread apart the collagen fibrils not only achieves
transparency but also ‘‘stabilizes’ the viscoelas-
ticity of vitreous.

[t is likely that other proteoglycans also interact
with vitreous collagen. Either chondroitin sulfate,
as suggested by Asakura,”™ or Keratan sulfate. or
both, as has been described in the cornea by
Scott,™ bind to collagen fibrils by means of the
protein cores of these proteoglycans. Organized in
a manner that Keeps vitreous collagen fibrils at a
critical distance apart,® this “*network™ of differ-
ent extracellular matrix molecules allows light to
pass with little or no scattering, vet has a gel-like
structure and viscoelasticity. Alterations in the in-
teraction between these structural components
with, for example, aging® or diabetes.® could in-
fluence these important physical properties of vit-
reous. Indeed. a breakdown in the association of
these macromolecules is very likely at the root of
the phenomenon of vitreous liquefaction in both
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aging and disease. An alternative hypothesis™
states that vitreous liquefaction and syneresis are
related only to decreased HA concentrations.
The topographic heterogeneity in the distribu-
tion and density of both collagen and proteogly-
cans (especially HA) molecules creates a hetero-
geneous molecular network. This inhomogeneity
renders an optical anisotropy to vitreous that has
been measured using laser light-scattering tech-
niques.” The phenomenon of quasi-elastic light-
scattering in human vitreous has also been mea-
sured in vitro (Sebag and Libondi, unpublished
data) and may provide a noninvasive means to
measure the viscoelastic properties of vitreous.

CORPUS VITREOUS

The corpus vitreous (vitreous body) is the fully
developed form of the “‘secondary vitreous.”” In
an emmetropic adult human eve it is approxi-
mately 16.5 mm in axial length with a depression
anteriorly just behind the lens (patellar fossa).
Various structures and regions within the corpus
vitreous are named after the anatomists and histol-
ogists who first described them (Fig. 1). The hy-
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aloideocapsular ligament (of Weiger) is the annu-
lar region 1 to 2 mm in width and 8 to 9 mm in
diameter where the corpus vitreous is attached to
the posterior aspect of the lens. ““Erggelet’s’™ or
“Berger’s’” space is at the center of the hy-
aloideocapsular ligament. Arising from this space
and coursing posteriorly through the central vitre-
ous is the canal of Cloquet (see Figs. 1, 4H, and
8B), which is the former site of the hyaloid artery
in the primary vitreous. The former lumen of the
artery is an arca devoid of vitreous collagen fibrils,
surrounded by multifenestrated sheaths that were
previously the basal laminae of the hyaloid artery
wall.® % Posteriorly, Cloquet’s canal opens into a
funnel-shaped region anterior to the optic disc
known as the area Martegiani.

Investigations of vitreous structure have long
been hampered by transparency within the corpus
vitreous and the absence of easily recognized
landmarks. Without landmarks, removal of the
corpus vitreous from the eye results in a loss of
orientation. The transparency of vitreous renders
observation in conventional diffuse light unre-
warding. Attempts to study vitreous structure
with opaque dyes do visualize the areas filled by
dye but obscure the appearance of adjacent struc-
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Fig. 1. Schematic diagram of corpus vitreous. (Schepens CL, Neetens AE [eds]: The Vitreous and
Vitreoretinal Interface, p 20. New York, Springer-Verlag, 1987)
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tures. The use of the contrast-enhancing tech-
niques of histology usually involves tissue fixa-
tion, which includes dehydration. Since vitreous is
98% water, dehydration induces profound altera-
tion of internal morphology. Consequently, any
investigation of vitreous structure must overcome
these difficulties.

Dissection of the outer layers of the eye (sclera,
choroid, and retina) can be performed and the
“naked”” vitreous body can be maintained intact
and attached to the anterior segment of the eye
(Fig. 2). This enables study of internal vitreous
morphology without a loss of intraocular orienta-
tion. However, depending on the age of the sub-
Ject and consequently the degree of vitreous lique-
faction,* the dissected vitreous will remain solid
and intact (young individuals, see Fig. 2) or will be
flaccid and collapse. The latter is most often the
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case in specimens from older adults, and conse-
quently vitreous turgescence must be maintained
so as to avoid distortion of intravitreal morphol-
ogy. Immersion of a dissected vitreous specimen
that 1s still attached to the anterior segment into a
physiologic solution maintains vitreous turges-
cence and avoids structural distortion.

The limitations induced by vitreous transpar-
ency were first overcome by Goedbloed™ and then
by Friedenwald and Stiehler'” and by Eisner,'
who employed darkfield slit illumination of the
corpus vitreous to achieve visualization of intravi-
treal morphology. Illumination with a slit lamp
beam directed into the corpus vitreous from the
side and visualization of the illuminated portion
from above produces an optical horizontal section
(Fig. 3). The thickness of this cross section can be
varied, as can the vertical position (level) of the

Fig. 2. Human vitreous dissection. A. Vitreous obtained at autopsy from a 9-month-old child., The
sclera, choroid, and retina were dissected off the vitreous, which remains attached to the anterior
segment. A band of gray tissue can be seen posterior to the ora serrata. This is neural retina that was
firmly adherent to the vitreous base and could not be dissected. Because of the voung age of the donor,
the corpus vitreous is almost entirely gel. Thus, it is solid and maintains its shape, although situated on
a surgical towel exposed to room air. (Sebag J: The Vitreous—Structure, Function and Pathobiology.
New York, Springer-Verlag, 1989) B. Human vitreous with the sclera, choroid, and retina dissected
away, the corpus vitreous is still attached to the anterior segment. The specimen is mounted on a
Lucite frame using sutures through the limbus and then immersed in a Lucite chamber containing an
isotonic, physiologic solution. This maintains vitreous turgescence and avoids collapse and artifactual
distortion of vitreous structure, (Sebag J, Balazs EA: Pathogenesis of cystoid macular edema: An
anatomic consideration of vitreoretinal adhesions. Survey Ophthalmol 28[suppl]:493, 1984)

C0-94
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CAMERA
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HORIZONTAL OPTICAL

SECTION OF VITREOUS
Fig. 3. Schematic diagram of darkfield illumination system tor
the study of vitreous structure. The dissected specimen is
mounted and immersed in a Lucite chamber containing a physi-
ologic solution (see Fig. 2B). A slit lamp beam is shown from
the side through the intact vitreous. The beam enters and exits
laterally, avoiding any scattering of light by the structures of
the anterior segment. The position of the beam can be raised or
lowered, and the thickness of the illuminated portion can be
regulated, Observation is performed from above, perpendicular
to the plane of illumination. This achieves a 90° illumination/
observation angle and thus maximizes the Tyndall effect. (Se-
bag J: The Vitreous—Structure, Function and Pathobiology.
New York, Springer-Verlag, 1989)

cross section. This enables visualization of any
portion of the corpus vitreous that is of interest.
The illumination-observation angle of 90° that 1s
achieved using this technique maximizes the Tyn-
dall effect and thus overcomes the limitations in-
duced by vitreous transparency. Furthermore, the
avoidance of any tissue fixation, contrast solu-
tions, or dyes eliminates the introduction of many
of the artifacts that flawed earlier investigations.
Researchers®™*have used these techniques to
study human vitreous structure. Within the adult
human vitreous there arc fine, parallel fibers
coursing in an anteroposterior direction, as shown
in Figs. 4B and C, 5, and 6. The fibers attach into
the vitreous base (see Figs. 4H and 5) where they
splay out anterior and posterior to the ora serrata.
As the peripheral fibers course posteriorly they
are circumferential with the vitreous cortex, while
central fibers ‘‘undulate’” in a configuration paral-
lel with Cloquet’s canal.® The fibers are continu-
ous and do not branch. Posteriorly, these fibers
attach into the vitreous cortex (see Fig. 4E and F),
but not the internal limiting lamina of the retina.

CLINICAL OPHTHALMOLOGY

Ultrastructural studies™ have demonstrated that
collagen organized in bundles of packed, parallel
fibrils (Fig. 7) is the only microscopic structure
that could correspond to these fibers. It has been
hypothesized that the visible vitreous fibers form
when HA molecules no longer separate the micro-
scopic collagen fibrils, resulting in the aggregation
of collagen fibrils into bundles from which HA
molecules are excluded.®* Eventually the aggre-
gates of collagen fibrils attain sufficiently large
proportions that can be visualized in vitro (see
Figs. 4 through 6) and clinically. The areas adja-
cent to these large fibers have a low density of
collagen fibrils in association with HA molecules
and therefore do not scatter light as intensely as
the larger bundles of aggregated collagen fibrils.
Furthermore, these adjacent areas offer relatively
little resistance to bulk flow through vitreous,
since they are largely occupied by hydrated HA.

AGE-RELATED CHANGES

There are changes that occur in vitreous structure
throughout life.#% Figure 8 demonstrates typical
vitreous structure during late prenatal stages.
Within the corpus vitreous there are no structures
other than the remnants of the hyaloid artery ori-
ented toward the prepapillary region. The corpus
vitreous is relatively small and has an overall
dense appearance with marked density at the out-
ermost “‘shell’” corresponding to the vitreous cor-
tex. The generalized density of the corpus vitreous
likely relates to the fact that at this stage of devel-
opment, collagen and proteoglycan(s) other than
HA are the principal structural components.5"
HA synthesis begins after birth, increasing trans-
parency by the aforementioned mechanisms.
During childhood only the vitreous cortex scat-
ters incident light and thus appears dense (Fig. 9).
There are no visible fibers within the corpus vitre-
ous until middle age (see Figs. 4 through 6). Dur-
ing old age these fibers become thickened and tor-
tuous, associated with many pockets of liquid
vitreous and a collapsed (syneretic) appearance
(Fig. 10). These changes are the result of age-re-
lated biochemical alterations in the composition
and organization of the molecular components
that simultaneously result in vitreous liquefaction
and fiber formation. Pockets of liquid vitreous
have classically been called *‘lacunae.” In addi-
tion to having a low density of collagen during
youth, the central vitreous is the first region to
undergo liquefaction during middle age.'® A report
by Kishi and Shimizu' described the presence of a
“‘posterior vitreous pocket™” that the authors inter-
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Fig. 4. Human vitreous structure is visualized by darkfield slit microscopy. All photographs are
oriented with the anterior segment below and the posterior pole above. Photographs are sequential,
beginning in the upper left hand corner and moving left to right. A. Posterior vitreous in the left eye of
a 52-year-old man. The corpus vitreous is enclosed by the vitreous cortex. There is a hole in the
prepapillary (small, to the left) vitreous cortex. B. Posterior vitreous in a 57-year-old man. A large
bundle of prominent fibers is seen coursing anteroposteriorly and entering the retrohyaloid space
through the premacular vitreous cortex. C. Same view as B at higher magnification. . Posterior
vitreous in the right eyve of a 53-vear-old woman. There is posterior extrusion of vitreous out the
prepapillary hole (to the right) and premacular (large extrusion to the left) vitreous cortex. Fibers
course anteroposteriorly in the central vitreous and out into the retrocortical (formerly preretinal,
before dissection) space. E. Horizontal optical section of the same specimen as D at a different level.
A large fiber courses posteriorly from the central vitreous and inserts into the premacular vitreous
cortex. F. Same view as E at higher magnification. The large fiber has a curvilinear appearance
because of traction by vitreous extruding into the retrocortical space. However, because of its attach-
ment to the posterior vitreous cortex the fiber arcs back to its point of insertion. G. Anterior and
central vitreous in a 33-year-old woman. Cloquet’s canal is seen forming the retrolental space of
Berger. H. Anterior and peripheral vitreous in a 57-year-old man. The specimen is tilted forward to
enable visualization of the posterior aspect of the lens and the peripheral anterior vitreous. Behind and
to the right of the lens there are fibers coursing anteroposteriorly that insert into the vitreous base.
These fibers “*splay out’™ to insert anterior and posterior to the ora serrata. (A, E, and F: Sebag 1,
Balazs EA: Pathogenesis of cystoid macular edema: An anatomic consideration of vitreoretinal adhe-
sions. Surv Ophthalmol 28[suppl]:493, 1984; B and C: Sebag J, Balazs EA: Morphology and ultrastruc-
ture of human vitreous fibers. Invest Ophthalmol Vis Sci 30: 187, 1989)
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Fig. 5. Posterior and central vitre-
ous of a 59-year-old man. Fibers
course anteroposteriorly in the
center of the corpus vitreous and
enter the retrocortical space
through the premacular region of
the vitreous cortex (fe the top at
the center). Within the cortex are
many small “‘dots™ that scatter
light intensely (white arrows). The
larger, irregular dots are debris.
The smaller dots are hyalocytes.
(Sebag J: The Vitreous—Struc-
ture. Function and Pathobiology.
New York, Springer-Verlag, 1989)

preted to represent an anatomic entity. However,
over 95% of the eyes examined in that study were
from persons aged 65 years or older. Thus, these
findings represent the result of age-related vitre-
ous liquefaction in the central precortical posterior
vitreous.” Such changes could also explain the
preferential pooling of aqueous dyes such as India
ink!” placed onto the anterior vitreous and allowed
to collect anterior to the macula in what appears as
a “‘bursa.’’179%% The use of fluorescein by Kishi
and Shimizu' represents but another way of dem-

Fig. 6. Vitreous structure in a 58-year-old woman. Fibers
course anteroposteriorly in the central and peripheral vitreous.
Posteriorly, fibers orient to the premacular region (fop). Ante-
riorly, the fibers “splay out™ to insert into the vitreous base
(bottom right). (Sebag J: The Vitreous—Structure, Function
and Pathobiology. New York, Springer-Verlag, 1989)

CLINICAL OPHTHALMOLOGY

onstrating the phenomenon of vitreous liquefac-
tion in this region.

In a large autopsy study of formalin-fixed hu-
man eyes, O'Malley” provided quantitative con-
firmation of these observations. He found that
more than half of the corpus vitreous was liquefied
in 25% of persons aged 40 to 49 and that this in-
creased to 62% of individuals aged 80 to 89.
Oksala?” used ultrasonography in vivo to detect
echoes from gel-liquid interfaces in 444 normal
human eves and observed echoes in 5% of young
persons, in more than half of those aged 51 to 60,
and in more than 80% of persons older than 60.
Vitreous liquefaction actually begins much earlier
than the ages at which clinical examination or ul-
trasonography detect changes. Balazs and Flood"
found evidence of liquid vitreous after the age of 4
and observed that by the time the human eve
reaches its adult size (ages 14 to 18) approximately
20% of the total vitreous volume consists of liquid
vitreous. In these postmortem studies of fresh, un-
fixed human eyes it was observed that after the
age of 40 there is a steady increase in liquid vitre-
ous that occurs concomitantly with a decrease in
gel volume. By the ages of 80 to 90 years more
than half the corpus vitreous is liquid. The finding
that the central vitreous is where fibers are first
observed is consistent with the observation that
the central vitreous is the first area to undergo
liquefaction, supporting the concept that dissolu-
tion of the HA—collagen complex results in the
simultaneous formation of liquid vitreous and ag-
gregation of collagen fibrils into bundles of parallel
fibrils. A large pocket of liquid vitreous could be
clinically mistaken as a PVD. At surgery one
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could mistake entry into a large pocket of liquid
vitreous as entry into the retrocortical space cre-
ated after PVD. If there is a split in the posterior
vitreous cortex (“‘vitreoschisis'’), entry into the
schisis cavity could likewise be misinterpreted as
entry behind the posterior vitreous cortex. When

Fig. 8. Vitreous morphology in human embryo. The posterior
aspect of the lens is seen below. The corpus vitreous is en-
closed by the dense. highly lLight-scattering vitreous cortex.
Within the corpus vitreous, Cloguet’s canal arcs from the pre-
papillary vitreous cortex toward the lens. Because its course
undulates through the central vitreous, not all of Cloguet’s
canal can be visuahzed in a single honzontal section. (Sebag J:
Age-related changes in human vitreous structure. Graefes Arch
Clin Exp Ophthalmol 225:89, 1987)
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e T ; tion and Pathobiology. New York,
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the entire posterior vitreous cortex detaches from
the retina there is an overall reduction in the size
of the corpus vitreous owing to the collapse (syn-
eresis) of the corpus vitreous that occurs when
liquid vitreous enters the space behind the poste-
rior vitreous coriex, anterior to the retina. This
displacement of liquid vitreous occurs through the
prepapillary “*hole’” and possibly the premacular
or other portion of the posterior vitreous cortex
and 1s an important event in the pathogenesis of
PVD.

Fig. 9. This view of the posterior and central vitreous from a 4-
vear-old child demonstrates a dense vitreous cortex {arrows)
with hyalocytes (small retractile "spots’™ in cortex) and no
intravitreal fibrous structures. The lens (L) 15 seen below.
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Fig. 10. Human vitreous morphology in old age. The central
vitreous has thickened, tortuous fibers, The peripheral vitreous
has pockets that do not scatter light. These areas contain liquid
vitreous and correspond to lacunae as seen clinically on biomi-
croscopy. (Sebag J. Balazs EA: Human vitreous fibres and
vitreoretinal disease. Trans Ophthalmol Soc UK 104:123, 1984)

VITREOUS BASE

The vitreous base 1s a three-dimensional zone. It
extends 1.5 to 2 mm anterior to the ora serrata, |
to 3 mm posterior to the ora serrata,™ and several
millimeters into the corpus vitreous itself.”™ The
vitreous base 1s virtually inseparable from the pe-
ripheral retina. Thus, dissection of retina off the
vitreous cortex in autopsy eves always results in a
band of retina that remains attached to the periph-
eral vitreous at the vitreous base (see Fig. 2). Simi-
larly, clean dissection of the vitreous base and pe-
ripheral vitreous cortex from the retina during
vitrectomy surgery 1s  extremely difficult to
achieve. The ultrastructural correlate of this surgi-
cal observation may relate to vitreous fiber inser-
tions at the vitreous base where they *‘splay out™
(see Fig. 6) to insert anterior and posterior to the
ora serrata (see Fig. 4H). The anteriormost fibers
form the ““anterior loop™ of the vitreous base (Fig.
11}, a structure that 1s important in the pathogene-
sis and surgery of anterior PVR. In the posterior
portion of the vitreous base, vitreous fibers are
closer together than elsewhere. Gartner® has
found that in humans the diameters of collagen
fibrils in the vitreous base range from 10.8 to 12.4
nm. with a major period of cross striations of 50 to
54 nm. Hogan* demonstrated that just posterior to
the ora serrata, heavy bundles of vitreous fibrils
attach to the basal laminac of retinal glial cells.
Studies by Gloor and Daicker' showed that cords

CLINICAL OPHTHALMOLOGY

Fig. 11. Morphology of anterior loop in human vitreous base.
Central and peripheral vitreous structure in a 76-year-old man.
The posterior aspect of the lens (L) is seen below. Fibers
course anteroposteriorly in the central vitreous and insert at
the vitreous base. The “‘anterior loop™ configuration at the
vitreous base is seen on the right side of the specimen (arrow).
(Sebag J: The Vitreous—Structure, Function and Patho-
biology. New York, Springer-Verlag, 1989)

of vitreous collagen insert into gaps between the
ncuroglia of the peripheral retina. They likened
this structure to Velcro and proposed that this
would explain the strong vitreoretinal adhesion at
this site. In the anterior vitreous base, fibrils inter-
digitate with a reticular complex of fibrillar base-
ment membrane material between the crevices of
the nonpigmented ciliary epithelium.'" The vitre-
ous base also contains intact cells that are fibro-
blast-like anterior to the ora serrata and macro-
phage-like posteriorly.'" Damaged cells in
different stages of involution and fragments of ba-
sal laminae, presumed to be remnants of the em-
bryonic hyaloid vascular system (vasa hyaloidea
propria) that filled the primary vitreous, are also
present in the vitreous base.'"

Teng and Chi'” found that the vitreous base
poslerior to the ora serrata varies in width depend-
ing on the age of the individual. More than half of
eyes from persons older than 70 had a posterior
vitreous base wider than 1.0 mm. The width in-
creased with increasing age to nearly 3.0 mm,
bringing the posterior border of the vitreous base
closer to the equator. This widening of the vitre-
ous base is believed to be most prominent in the
temporal portion of the globe.'™ The posterior mi-
gration of the vitreous base may play a role in the
pathogenesis of peripheral retinal breaks and
rhegmatogenous retinal detachment since this is
the area of strongest vitreoretinal adhesion.
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Gartner*” found no differences in the thickness of
collagen fibrils in the vitreous base when compar-
ing five eyes from humans aged 9 months and 29,
39, 61, and 71 vears. He did, however, note that
there was *‘lateral aggregation™ of the collagen fi-
brils in the eyes from older persons. Such aggrega-
tion at the vitreous base is similar to aging changes
within the corpus vitreous where collagen fibril
aggregation results in bundles of parallel collagen
fibrils. These aging changes at the vitreous base
could also contribute to increased traction on the
peripheral retina and play a role in the develop-
ment of retinal tears and detachments.

SURGICAL ANATOMY OF RETINAL TEARS AND
DETACHMENTS

Retinal Tears

The aforementioned age-related posterior migra-
tion of the posterior border of the vitreous base
does not extend posteriorly in a continuous line,
which is the configuration of the posterior border
of the vitreous base in a young person, but in a
curvilinear, undulating pattern. Traction on the
retina along this line can create the exact *"horse-
shoe’ configuration often seen in peripheral reti-
nal tears. It is known that in the vitreous base
there are collagen fibrils oriented perpendicular to
the wall of the eye!"1%.195 with insertions anterior
and posterior to the ora serrata.® '™ The continu-
ity of these fibrils with those of the corpus vitreous
Is an important predisposing factor for retinal tears
and detachments.

At the turn of the 20th century, Best' empha-
sized that every movement of the eye results in
movement of the corpus vitreous and that this
causes traction at any point of strong vitreoretinal
adhesion. Leber and associates'™ were perhaps
the first to find that rupture of the retina can occur
at sites where there is adhesion between vitreous
and retina. Unusually strong vitreoretinal adhe-
sion is found at the posterior border of the vitreous
base in cases of giant tears.’' Strong vitreoretinal
adhesion is also present in anomalous or patho-
logic situations such as meridional folds, periph-
eral pigment clumps, retinal rosettes, granular
patches, and progressive lattice-like degenera-
tion, 31-109.110

In lattice degeneration there are discrete oval
areas of retinal thinning associated with localized
vitreous liquefaction, separation of the overlying
vitreous, and increased vitreoretinal adhesion at
the margins of the degenerated areas.'"' Retinal
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breaks are found at these margins and posterior to
the areas of lattice degeneration. In this disorder,
however, retinal tears are relatively infrequent as
compared with atrophic retinal holes. Clinical
studies!' 2 found retinal tears in only 19 of eyes
with lattice degeneration, while 16.3% to 18.2% of
lattice lesions had atrophic retinal holes. The risk
of retinal tears is greater when the area of lattice
degeneration 1s located juxtabasal or extrabasal,
relative to the vitreous base. """ The retinal tears
are believed to result from aggregated vitreous fi-
brils inducing traction on the retina.''® Obliterative
fibrosis of the blood vessels in areas of lattice de-
generation is present in only 11.9% of lesions'"?
and is seen as a “‘lattice-wicker’’ of white lines, for
which the condition is named. The presence of this
vascular anomaly has led to the hypothesis that
retinal circulatory abnormalities are the primary
cause of this condition.'" According to this the-
ory, vitreous changes are secondary and only im-
portant in the subsequent development of retinal
tears as a local phenomenon. Overall vitreous lig-
uefaction'™ and PYD'"" may not be important con-
tributing factors in this local traction but may be
important in the subsequent development of reti-
nal detachment.'*"

Schepens!!! first described the clinical appear-
ance of “‘white-without-pressure” when a geo-
graphic area of whiteness i1s present in the periph-
eral retina. When this appearance is present only
during scleral indentation it 1s termed “*white with
pressure.’” Schepens attributed this appearance to
peripheral vitreoretinal traction, and in a subse-
quent report'?' it was considered that these find-
ings predisposed to peripheral retinal tears.
Daicker'?? proposed that this appearance results
from “‘collagenic’’ formations in the peripheral
retina, while Gartner'™ suggested that they were
due to irregularities of the internal limiting lamina
of the retina. Watzke'” performed clinicopatho-
logic correlation of a case with this finding and
described that the lesion was due to portions of the
vitreous cortex that remained attached to the ret-
ina after PVD. This would therefore represent a
variant of vitreoschisis (splitting of the vitreous
cortex), in this instance at the peripheral fundus.
Green'* described that the appearance of these
lesions results from incident light (from the oph-
thalmoscope) that is tangential to more dense bun-
dles of vitreous base collagen fibrils. All of these
interpretations would seem to be consistent with
the concept that these areas are at greater risk of
developing retinal tears as a result of unusual vit-
reous structure at the vitreoretinal interface in
these locations. However, Byer' does not be-
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lieve that this ophthalmoscopic appearance has
any diagnostic or prognostic significance.

Since the vitreous base is the site of strongest
vitreoretinal adhesion, it 1s here, usually at the
posterior border, that vitreoretinal traction causes
peripheral retinal tears. Green'* has reviewed all
clinical and postmortem studies on the prevalence
of peripheral retinal tears. Clinical findings ranged
from a prevalence of 0.59% to 7.2%, while autopsy
studies showed a prevalence from 3.3% to 8.8%.
Other studies have focused on the relationship be-
tween PVD and peripheral retinal tears. Autopsy
studies'” found that PVD is associated with retinal
breaks in 14.3% of all cases. Clinical stud-
ies3126-128 found retinal tears in 8% to 15% of eves
with acute PVD. In the presence of high myopia
(greater than —6 D), PVD is associated with pe-
ripheral retinal breaks in 11.1%."* This could be in
part related to the significant increase of liquid
vitreous observed in experimentally induced my-
opia.”™ In patients with high myopia who under-
went uncomplicated cataract extraction (presum-
ably by intracapsular technigues), the prevalence
of retinal breaks after PVD was as high as
16.2%."" It is surprising that the prevalence of
retinal tears in high myopia is not greater than
reported, particularly in those cases that under-
went cataract extraction. Further studies may be
needed to confirm these observations. However, if
this finding is correct, it may point out that
changes within the corpus vitreous that induce pe-
ripheral retinal traction only result in retinal tears
in the presence of pre-existing irregularities at the
vitreoretinal interface. Thus, although there may
be a higher incidence of liquefaction and PVD in
myopia, the vitreoretinal interface may not be sim-
ilarly abnormal; and. consequently, peripheral ret-
inal traction does not result in a significantly
higher incidence of retinal tears in these patients.
However, once a retinal tear develops in a myopic
eye it may be more likely to produce a retinal de-
tachment because of the biochemical and rheo-
logic abnormalities in the liquefied myopic vitre-
ous.

Retinal Detachments

In a study of 100 patients with bilateral surgical
aphakia (presumably intracapsular) and rhegma-
togenous retinal detachment in one eye, Hov-
land'* found that 26% eventually developed pe-
ripheral tears and retinal detachments in the fellow
eye. In this study the absence of PVD in the fellow
eye at the time of retinal detachment in the first
eye was the poorest prognostic sign for the fellow
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eve. Bradford and associates'* found that in those
rhegmatogenous retinal detachments that devel-
oped within 6 months after cataract surgery, equa-
torial tears were significantly more common than
in detachments that occurred 2 or more vears after
cataract extraction. Since this is not the typical
profile of an **aphakic™ retinal detachment, Brad-
ford and associates hypothesized that these retinal
tears occurred at the time of PVD and were due to
the presence of anomalous vitreoretinal adhe-
sions. Furthermore, since this appearance is no
different from phakic rhegmatogenous retinal de-
tachments, cataract surgery was probably not an
important factor in these cases, although it may
have precipitated the PVD as a result of biochem-
ical changes within the corpus vitreous. These au-
thors concluded that the small anterior tears that
cause retinal detachments long after cataract ex-
traction result from chronic vitreoretinal traction
at the vitreous base, rather than acute PVD.

The relationship of a retinal tear to the vitreous
base is an important prognostic feature that deter-
mines the risk of a peripheral retinal tear resulting
in a retinal detachment.'" Juxtabasal tears are the
most dangerous due to the degree of peripheral
vitreous traction associated with these retinal
tears. Thus, there are certain types of peripheral
retinal tears and clinical circumstances that are
predisposed to develop retinal detachments. For
example, eyes with retinal breaks that occur at the
time of symptomatic PVD are at high nisk and thus
should undergo prophylactic treatment.'* Some
authors'* consider that prophylactic treatment of
retinal tears with continuing vitreous traction sig-
nificantly reduces the risk of retinal detachment.
How to best evaluate the presence or absence of
vitreous traction and how to quantitate the degree
of vitreous traction is presently not known.

Lindner'* was among the first to point out the
importance of eye movements in the pathogenesis
of retinal tears and detachment, while Rosengren
and Osterlin'*” provided experimental evidence in
support of this concept. Vitreous synchysis (lique-
faction) and syneresis (collapse) are important
components in the development of PVD. Using
ultrasonography, Oksala'*® has found that ad-
vanced vitreous syneresis was present in 28 of 32
(87.5%) eyes with rhegmatogenous retinal detach-
ment. Syneresis was also present in 27 of 32
(84.4%) fellow eyes. After PVD, the space behind
the posterior vitreous cortex is occupied by liquid
vitreous. During eye movements this liquid vitre-
ous, which is lighter than gel, is set in motion be-
fore gel vitreous. Because all eye movements are
rotational, the liquid acts as a wedge in the retro-
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cortical space, further separating detached vitre-
ous from retina. Where the vitreous is firmly at-
tached to the peripheral retina (at the vitreous
base as well as at pathologic sites) traction will be
exerted by the force of the liquid vitreous moving
in the retrocortical space, pressing against the vit-
reous cortex. Furthermore, when an ocular sac-
cade stops it is usually sudden. The heavier gel
vitreous continues to move due to inertia. It is
believed that substantial traction is thus placed on
sites of firm vitreoretinal adhesion, resulting in pe-
ripheral tears of the retina.? Relieving this trac-
tion surgically is believed to be the therapeutic
mechanism of action of scleral buckle indentation
and/or vitrectomy.

Detachment of the entire vitreous base can oc-
cur after blunt trauma, resulting in detachment of
both the ciliary epithelium anterior to the ora ser-
rata and the retina posterior to the ora serrata.'™
So-called spontaneous detachment of the vitreous
base can occur in high myopia, Marfan's syn-
drome, and Ehlers-Danlos syndrome. 0

SURGICAL ANATOMY OF PROLIFERATIVE
VITREORETINOPATHY

PVR is most often encountered after rhematoge-
nous retinal detachment as the major cause of
failed retinal detachment surgery. The finding of
type Il collagen in almost one third of cases'
results from the fact that PVR membranes can be
intimately associated with the vitreous cortex.
This is especially true in so-called anterior PVR.
The anterior loop of vitreous collagen fibers in the
vitreous base (see Fig. 11) is an important struc-
ture in the pathogenesis of this condition, for it is
upon the “‘scaffold™ of these collagen fiber bun-
dles that fibronectin and other extracellular matrix
components are deposited, facilitating cell migra-
tion and proliferation. During the development of
anterior PVR, contraction by myofibroblast-like
cells 1s transmitted through these fibers that strad-
dle the ora serrata to the anterior retina. In this
manner the anterior retina “‘rolls’ forward—a fea-
ture characteristic of anterior PVR. Because of
fibril insertion anterior to the ora serrata. severe
traction can also pull on the pars plana and detach
the ciliary body. The continuity of these vitreous
base fibers and the membranes that form upon
their scaffold must be cut during anterior PVR sur-
gery. In the early stages this can consist of cut-
ting the tissue in a line circumferential with the ora
serrata to relieve the anterior loop traction across
the ora serrata. When more advanced, membranes
can form a ring all about the peripheral vitreous.
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essentially encompassing the entire vitreous base.
Radial cuts into this tissue can sometimes relieve
the “*napkin ring"" effect of contraction and inward
displacement of the retina and ciliary body adja-
cent to the vitreous base. When membrane forma-
tion is very advanced, dissection may not be pos-
sible and en bloc excision may be necessary
consisting of removal of the entire section of vitre-
ous base with adjacent tissues, including posterior
pars plana and anterior peripheral retina.

The cells of PVR membranes are fibroblast-like
but have several progenitors, particularly astro-
cytes® 2143 and retinal pigment epithelial (RPE)
cells. 193195 The prominence of RPE cells in PVR
probably relates to the access of RPE cells to the
corpus vitreous afforded by the retinal break and
the dispersion of viable RPE cells into vitreous
during cryopexy treatment of retinal tears. Since
one of the functions of vitreous™ is to inhibit cell
invasion of the corpus vitreous, it is not clear how
vitreous is altered to permit cell migration and pro-
liferation in PVR. Campochiaro and associates'#
studied the influence of human vitreous aspirates
on the migration of RPE cells in vivo. Vitreous
from cases of PVR had much greater stimulatory
activity than vitreous from patients with epiretinal
membranes and uncomplicated retinal detach-
ment. There are probably extrinsic as well as in-
trinsic factors involved in this process. Extrinsic
factors derive from migratory and proliferative
stimuli not normally present in vitreous. Intrinsic
factors relate to alterations within vitreous that
increase inherent stimulatory activity and/or de-
crease inherent inhibitory activity. PVR is dis-
cussed in greater detail elsewhere in this volume.
but it should be mentioned here that the role of the
resident hyalocytes requires further investigation.
These cells are the first to be exposed to the vari-
ous noxious stimuli that are present in PVR. In
addition to being the first cells to potentially re-
spond to mitogenic factors, hyalocytes could
themselves elaborate growth factors that contrib-
ute early in the cascade of events that result in
PVR. These cells have the capacity to synthesize
various growth factors,'*” and in one study'® hy-
alocytes were the only cell type found to be im-
munoreactive for all four forms of transforming
growth factor-3.

Insofar as PVR may result from a decrease in
the properties of vitreous that normally inhibit cell
migration and proliferation, vitrectomy should be
reserved for cases of established PVR. In the
absence of appropriate indications, vitrectomy
should probably not be performed as prophylaxis
against PVR.
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VITREOUS CORTEX

The vitreous cortex is defined as the peripheral
“shell”™ of the corpus vitreous that courses for-
ward and inward from the anterior vitreous base to
form the anterior vitreous cortex and posteriorly
from the posterior border of the vitreous base to
form the posterior vitreous cortex.

The anterior vitreous cortex, at times called the
“anterior hyaloid face™ by clinicians, begins about
1.5 mm anterior to the ora serrata. Fine and
Tousimis'* described that in this region the colla-
gen fibrils are parallel to the surface of the cortex.
Studies by Faulborn and Bowald' described
dense packing of collagen fibrils in the anterior
cortex with looser collagen fibril packing in the
subjacent vitreous, giving the impression of lamel-
lae.

Rhodes™' studied mouse vitreous and found
that the anterior vitreous cortex varied in thick-
ness from 800 to 2000 nm. He also found that there
are connections between the loose fibrils in the
anterior vitreous and the anterior vitreous cortex.
Rhodes also claimed that there are multiple inter-
connections between the anterior vitreous cortex
and a branching fibrillar network in the posterior
chamber.

The posterior vitreous cortex is 100-110 um
thick™* and, as shown in Figure 12. consists of
densely packed collagen fibrils.?"%152 There is no

Fig. 12. Ultrastructure of poste-
rior vitreous cortex in humans.
scanning  electron  microscopy
demonstrates the dense packing
of collagen fibrils in the vitreous
cortex. To some extent this ar-
rangement 15 exaggerated by the
dehydration that occurs during
specimen preparation for scan-
ning electron microscopy (bar =
10 pem). (Sebag J: The Vitrcous—
Structure, Function and Patho-
biology. New York., Springer-
Verlag, 1989)

o 3N
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vitreous cortex over the optic disc (see Figs. 4A
and 13), and the cortex is thin over the macula due
to rarefaction of the collagen fibrils.’® The prepap-
illary hole in the vitreous cortex can sometimes be
visualized clinically when the posterior vitreous is
detached from the retina (Fig. 14). If peripapillary
glial tissue is torn away during PVD and remains
attached to the vitreous cortex about the prepapil-
lary hole it is referred to as Vogt's or Weiss’s ring.
Vitreous can extrude through the prepapillary hole
in the vitreous cortex (see Fig. 4A) but does so to a
much lesser extent than through the premacular
vitreous cortex (see Figs. 4B and D and 13).
Jaffe' has described how vitreous can extrude
Into the retrocortical space created after PVD and
has proposed that persistent attachment to the
macula (Fig. 15) can produce traction and certain
forms of maculopathy.'3*15% Although there are no
direct connections between the posterior vitreous
and the retina, the posterior vitreous cortex is ad-
herent to the internal limiting lamina of the retina.
which is actually the basal lamina of retinal Miiller
cells. The exact nature of the adhesion between
the posterior vitreous cortex and the internal limit-
ing lamina is not known but probably results from
the presence of various extracellular matrix mole-
cules.” This concept is supported by studies!-157
in which vitreous cortex separation from the retina
was induced using agents that acted on extracellu-
lar matrix components that could bind the poste-
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Fig. 13. Posterior vitreous in the left eye of a 59-year-old man. The vitreous cortex (white arrows)
envelopes the corpus vitreous and contains multiple. small, highly refractile points that scatter light
intensely. which are cells known as hyalocytes. There s a “hole'” (black arrows) in the prepapillary
posterior vitreous corlex through which vitreous extrudes into the retrocortical space. Larger amounts
of vitreous extrude through the premacular vitreous cortex, and fibers course from the central vitreous
into the retrocortical space. (Sebag J, Balazs EA: Human vitreous fibres and vitreoretinal disease.

Trans Ophthalmol Soc UK [04:123, 1983)

rior vitreous cortex to the internal limiting lamina
of the retina.

VITREOUS CELLS

Hyalocytes

Reeser and Aaberg” considered the vitreous cor-
tex to be the ‘‘metabolic center’” of vitreous be-

Fig. 14. The posterior vitreous is detached, and the prepapil-
lary hole in the posterior vitreous corlex (arrows) can be seen
anterior to the optic disc (slightly below and 1o the left of the
optic disc) (Sebag J: The Vitreous—Structure, Function and
Pathobiology. New York, Springer-Verlag, 1989)

C0-94

cause of the presence of hyalocytes (see Figs. J,
13, and 16). These cells were first described in
1845 by Hannover. Schwalbe'*® placed these cells
into the group of ‘*Wanderzellen” (wandering
cells, i.e., leukocytes or macrophages) on the ba-
sis of their morphology, distribution, and behav-
ior. He later named them ‘‘Subhyaloidale zel-
len.””'% Balazs™ modified this term and named the
cells “*hyalocytes.™

These mononuclear cells are embedded in the
vitreous cortex (see Figs. 5, 13, and 16), widely
spread apart in a single layer situated 20 to 50 pum
from the internal limiting lamina of the retina pos-
teriorly and the basal lamina of the ciliary epithe-
lium at the pars plana and vitreous base. Quantita-
tive studies of cell density in the bovine'® and
rabbit'®! vitreous found the highest density of hy-
alocytes in the region of the vitreous base, fol-
lowed next by the posterior pole, with the lowest
density at the equator. As shown in Figure 17,
hyalocytes are oval or spindle shaped, 10to 15 um
in diameter, and contain a lobulated nucleus, a
well-developed Golgi complex, smooth and rough
endoplasmic reticula, and many large periodic
acid—Schiff-positive lysosomal granules and pha-
gosomes.” 2 Hogan and colleagues'™ described
that the posterior hyalocytes are flattened and
spindle shaped, whereas anterior hyalocytes are
larger, rounder, and at times star shaped. Saga and
associates'™ have described that different ultra-
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Fig. 15. Anomalous posterior vitre-
ous detachment. Vitreous can remain
attached 1o the macula even in the
presence of posterior vitreous detach-
ment. In such cases, vitreous can ex-
trude through the premacular vitreous
cortex and fibers can insert into the
macula. B, C, and D are an artist’s
rendition of this phenomenon. A dem-
onstrates actual vitreous extrusion
into the retrocortical space in a post-
mortem human specimen (see Fig.
4D) (B and C adapted from Jaffe NS;
The Vitreous in Clinical Ophthalmol-
ogy. St. Louis, CV Mosby, 1969: D
adapted from Jaffe NS: Vitreous trac-
tion at the posterior pole of the fundus
due to alterations in the posterior vit-
reous. Trans Am Acad Ophthalmol
Otolaryngol 71:642, 1967)

Fig. 16. Phase contrast microscopy of in situ prep-
aration of hyalocytes in the vitreous cortex from
the eye of an 11-vear-old girl obtained at autopsy.
No stains or dyes were used in this preparation.
(Sebag J: The Vitreous—Structure, Function and

CLINICAL OPHTHALMOLOGY

Pathobiology. New York, Springer-Verlag, 1989) S : TRy
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Fig. 17. Ultrastructure of human hyalocytes. A mononuclear
cell is seen embedded within the dense collagen fibril (black C)
network of the vitreous cortex. There is a lobulated nucleus
(N) with dense marginal chromatin (white C). In the cytoplasm
there are mitochondria (M), dense granules (arrows), vacuoles
(V), and microvilli (Mi) (x%1670). (Courtesy of JL. Craft and
DM Albert, Harvard Medical School, Boston: Sebag J: The
Vitreous—Structure, Function and Pathobiology. New York,
Springer-Verlag, 1989)

structural features can be present in different indi-
vidual cells of the hyalocyte population in an eye.
Whether this relates to different origins for the
different cells or different states of cell metabolism
or activity is not clear.

Balazs™ % pointed out that hyalocytes are lo-
cated in the region of highest HA concentration
and suggested that these cells are responsible for
vitreous HA synthesis. In support of this hypothe-
sis is the finding that the enzymes needed for HA
synthesis are present within hyalocytes.!® Os-
terlin'®” demonstrated that labeled intermediates

C0-94
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destined to become incorporated into HA are
taken up and internalized by hyalocytes. Several
in vivo'®:16? and in vitro'®!" studies have shown
that hyalocytes synthesize large amounts of HA.
Bleckmann'”! found that in contrast to in vivo me-
tabolism, HA synthesis by hyalocytes grown in
vitro is reduced in favor of sulfated polysaccharide
synthesis. He suggested that when these cultured
cells are reimplanted into vitreous there must be a
retransformation of hyalocyte glycosaminoglycan
synthesis to the normal state since vitreous clarity
is maintained in these experimental conditions.'”

Swann® claims that there is, as yet, no evidence
that hyalocytes are responsible for the synthesis of
vitreous HA. There is, however, evidence to sug-
gest that hyalocytes maintain ongoing synthesis
and metabolism of glycoproteins within vitreous.
Rhodes and co-workers'™ have used autoradiogra-
phy to demonstrate the active incorporation of fu-
cose into rabbit vitreous glycoproteins. In another
study,'™ sialyl and galactosyl transferase activity
was demonstrated in calf vitreous hyalocytes, sug-
gesting that these cells are responsible for vitreous
glycoprotein synthesis. An alternate hypothesis,
however, states that vitreous glycoproteins origi-
nate as secretory products of the inner layer of the
ciliary epithelium, 7317

Hyalocyte capacity to synthesize collagen was
first demonstrated by Newsome and colleagues.'”
Studies by Avad and Weiss'™ showed the pres-
ence of CPS-1 and CPS-2 collagens adjacent to
hyalocytes. These investigators concluded that in
similar fashion to chondrocyte metabolism, hyalo-
cytes synthesize these collagens. Hoffman and co-
workers!” also proposed that the distribution of
high molecular weight substances in vitreous, in-
cluding enzymes, suggests synthesis by hyalo-
cytes.

The phagocytic capacity of hyalocytes has been
described in vivo'™ and demonstrated in vi-
tro.'50-172 This activity is consistent with the pres-
ence of pinocytic vesicles and phagosomes'®!!
and the presence of surface receptors that bind
IgG and complement.'® Interestingly, HA may
have a regulatory effect on hyalocyte phagocytic
activity.'$134 Balazs™ has proposed that in their
resting state, hyalocytes synthesize matrix glyco-
saminoglycans and glycoproteins and that the cells
internalize and reuse these macromolecules by
way of pinocytosis. They become phagocytic cells
in response to inducting stimuli and inflammation.
This type of transformation may underlie the ob-
servations of Saga and associates,'™ who identi-
fied different appearances in the various cells of a
hyalocyte population in a given eye. It is also im-
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portant to consider that hyalocytes as well as resi-
dent fibroblasts are the first cells to be exposed to
any migratory or mitogenic stimuli. Thus, the re-
sponse of these cells must be considered in defin-
ing the pathophysiology of all proliferative disor-
ders at the vitreoretinal interface, especially PVR
and premacular (‘‘epiretinal’’) membrane forma-
tion.

Fibroblasts

There is a second population of cells in the vitre-
ous cortex that in some cases may be mistaken for
hyalocytes. Several investigations™: 14918 have de-
termined that fibroblasts are present in the vitre-
ous cortex. These cells constitute less than 10% of
the total vitreous cell population and are localized
within the vitreous base, adjacent to the ciliary
processes and the optic disc. It may be that these
cells are involved in vitreous collagen synthesis,
especially in pathologic situations. The argument
for a role in normal vitreous collagen synthesis is
mostly by analogy to studies of fibrillogenesis in
tendon where investigators®’’ have found that se-
creted collagen molecules are assembled into fi-
brils within invaginations of secreting fibroblasts.
The locations of fibroblasts in the anterior periph-
eral vitreous (vitreous base and near the cilary
processes) and posterior vitreous may explain
how vitreous fibers become continuous structures
spanning the distance between these locations.

Balazs and co-workers'® have found that near
the pars plana, vitreous fibroblasts decrease in
number with age. Gartner'™ has suggested that
changes in these cells are responsible for aging
changes in the collagen network of the vitreous
base.

VITREORETINAL INTERFACE

The basal laminae about the corpus vitreous are
composed of type IV collagen closely associated
with glycoproteins.'®® Laminin has been found in
the internal limiting lamina of the monkey retina
but not the rabbit.'® At the ciliary body the basal
lamina of the pars plicata is a meshwork of lamina
densa that is 0.05 to 0.1 wm thick and is organized
in a reticular, multilayered structure that is 2 to 6
pm thick and fills the spaces between the crevices
of the ciliary epithelium. At the pars plana the
basal lamina has a true lamina densa. The basal
lamina posterior to the ora serrata is actually the
basement membrane of retinal Miieller cells,
known as the internal limiting lamina (ILL) of the
retina. Immediately adjacent to the Miiller cell 1s a
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lamina rara 0.03 to 0.06 pwm thick that demon-
strates no species variations nor changes with to-
pography or age. The lamina densa is thinnest at
the fovea (0.01-0.02 wm) and disc (0.07-0.1 um).
It is thicker elsewhere in the posterior pole
(0.5-3.2 wm) than at the equator or vitreous
base.105.188-190 The anterior surface of the ILL (vit-
reous side) is normally smooth, while the posterior
aspect is irregular, filling the spaces created by the
irregular surface of the subjacent retinal glial cells.
This feature is most marked at the posterior pole,
while in the periphery both the anterior and poste-
rior aspects of the ILL are smooth. The signifi-
cance, if any, of this topographic variation is not
known.

At the rim of the optic disc the retinal ILL
ceases although the basement membrane con-
tinues as the ‘‘inner limiting membrane of Elsch-
nig.”’!! This membrane is 50 nm thick and is be-
lieved to be the basal lamina of the astroglia in the
optic nerve head.'' At the centralmost portion of
the optic disc the membrane thins to 20 nm, fol-
lows the irregularities of the underlying cells of the
optic nerve head, and is composed only of glyco-
saminoglycans and no collagen.™! This structure is
known as the ‘‘central meniscus of Kuhnt.”" Ba-
lazs™ has stated that the Miiller cell basal lamina
prevents the passage of cells as well as molecules
larger than 15 to 20 nm and proposed that the com-
plex of the posterior vitreous cortex and ILL
could act as a ““‘molecular sieve.”” Consequently,
the thinness and chemical composition of the cen-
tral meniscus of Kuhnt and the membrane of
Elschnig may account for, among other phenom-
ena, the frequency with which abnormal cell pro-
liferation arises from or near the optic nerve head
in proliferative diabetic retinopathy and premacu-
lar membrane formation.

The vitreous is known to be most firmly at-
tached at the vitreous base, at the disc and mac-
ula, and over retinal blood vessels. The posterior
aspect (retinal side) of the ILL demonstrates irreg-
ular thickening the farther posteriorly one goes
from the ora serrata.'” So-called attachment
plaques between the Miiller cells and the ILL have
been described in the basal and equatorial regions
of the fundus but not in the posterior pole, except
for the fovea.!® It has been hypothesized that
these plaques develop in response to vitreous trac-
tion on the retina. The thick ILL in the posterior
pole dampens the effects of this traction except at
the fovea where the ILL is thin.'® The thinness of
the ILL and the purported presence of attachment
plaques at the central macula could explain the
predisposition of this region to changes induced by
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traction.™ 15192 Zimmerman and Straatsma'®’
proposed the existence of fine, fibrillar attach-
ments between the posterior vitreous cortex and
the ILL and claimed that this results in an ex-
tremely intimate union between normal vitreous
and retina. The composition of these fibrillar
structures is not known, and no such structures
have been described 1n recent studies.

There is an unusual vitreoretinal interface over-
lying retinal blood vessels. Kuwabara and Co-
gan' described ‘‘spider-like bodies™ in the pe-
ripheral retina that coiled about blood vessels and
connected with the ILL. Pedler'™ found that the
ILL was thin over blood vessels and hypothesized
that this was due to the absence of Miiller cell
inner processes. Wolter'™ noted the existence of
pores in the ILL along blood vessels and found
vitreous strands inserted where the pores were
located. Mutlu and Leopold™ described that
these strands extend through the ILL to branch
and surround vessels in what they termed “‘vi-
treoretinovascular bands.™ Such structures would
explain the strong adhesion between vitreous and
retinal blood vessels. This may provide a shock-
absorbing function damping arterial pulsations
during the cardiac cycle. However, pathologi-
cally, this structural arrangement could also ac-
count for the proliferative and hemorrhagic events
associated with vitreous traction on retinal blood
vessels.

The basal laminae surrounding the vitreous
thicken with age,'"™ a phenomenon that occurs in
basal laminae throughout the body."2" Hogan
and associates'® claimed that the thickening of the
ILL of the retina occurs after it 1s imtially laid
down, probably as a result of synthesis by the sub-
jacent Miiller cells. This phenomenon may play a
role in weakening vitreoretinal adhesion, thus con-
tributing to the development of PVD.

SURGICAL ANATOMY OF PROLIFERATIVE
DIABETIC RETINOPATHY

Proliferative Diabetic Retinopathy (PDR) results
from migration and proliferation of vasoformative
cells from the retina and optic disc in response
to angiogenic stimuli.*"'=*"* As the disease pro-
gresses, these vessels continue to grow out of the
retinal plane, along and/or into the posterior vitre-
ous cortex (Fig. 18). Fibrovascular membranes ex-
cised from patients with PDR contain type II vitre-
ous collagen in nearly all cases studied histopatho-
logically.'*! Thus, the position of the posterior vit-
reous cortex relative to the retina can influence the
course of PDR in a number of ways. Jalkh and co-
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Fig. 18. A-C. Neovascularization into the posterior vitreous
cortex of a patient with proliferative diabetic retinopathy.,
Neovascularization from the disc and retina involves vascular
endothehial cell migration and proliferation onto and into the
posterior vitreous cortex. These photomicrographs demon-
strate the formation of neovascular complexes arising from the
retina (bottom of figures A-C) into the posterior vitreous cor-
tex of a human eye and the insertion of vitreous collagen fibrils
onto the new vessels (bar = 10 pm). (Faulborn J, Bowald S:
Microproliferations in proliferative diabetic retinopathy and
their relation to the vitreous: Corresponding light and electron
microscopic studies. Graefes Arch Clin Exp Ophthalmol
223:130, 1985)

workers®™ have noted that diabetic patients with a
totally detached posterior vitreous have the lowest
risk of a progression in the severity of their reti-
nopathy. Those with a partially detached vitreous
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have the highest risk of progressing to more severe
PDR. Since new vessels grow nto the vitreous
cortex, any displacement of the corpus vitreous
due either to trauma, vitreous detachment, or os-
motic fluxes would transmit traction to the new
blood vessels.

Vitreous liquefaction?” and PVD*™ are known
to be more common in diabetic patients than age-
matched controls. This is likely to result, at least
in part, from abnormal collagen biochemistry,* al-
though other factors, such as serum leakage into
vitreous, could also play a role. Morphologic stud-
ies?” have detected ‘‘precocious’ senescence of
the corpus vitreous (Fig. 19), consistent with the
clinical and biochemical observations. These phe-
nomena explain®™ the presence of increased
amounts of liquefied vitreous in the posterior cor-
pus vitreous.”™ Since vitreous HA behaves as a
polyelectrolyte that is very sensitive to changes in
the surrounding ionic environment, diabetes ef-
fects on HA could further contribute to traction on
new vessels. Changes in 1onic concentrations
result in changes in polysaccharide conformation.
This is converted into mechanical energy and ex-
tension or contraction of the HA polyelectrolyvte.®
The substantial fluctuations in systemic and ocular
ionic environments that occur with diabetes, espe-
cially when poorly controlled, could thus readily
induce marked swelling or shrinkage of the entire
vitreous. This in turn could easily produce the
kinds of tractional forces that would induce active
growth of new blood vessels® and bleeding from
the fragile new vessels.

CLINICAL OPHTHALMOLOGY

Vitreoschisis in PDR

Splitting of the vitreous cortex was initially de-
scribed as ‘“‘vitreoschisis’™™ by Balazs.” What he
described, however, was more likely advanced
liquefaction of the posterior vitreous related to ag-
ing and certain disorders (e.g., myopia, connec-
tive tissue disorders). True vitreoschisis can be
defined as a split in the posterior vitreous cortex
such that the outermost 50 um or so of densely
packed type II vitreous collagen remains attached
to the ILL, while the anterior portion of the vitre-
ous cortex moves forward with the remainder of
the corpus vitreous. This can create a schisis cav-
ity, which in PDR can be filled with blood (Fig.
20). Indeed, Chu and colleagues®'” have reported
that of 140 patients with PDR and vitreous hemor-
rhage, 209% had ultrasonographic features charac-
teristic of vitreoschisis, at times with blood in the
vitreoschisis cavity. The presence of blood in the
schisis cavity could be the result of traction on
new blood vessels in the vitreous cortex during
splitting of the cortex. Alternatively, it 1s possible
that rupture of these fragile new blood vessels re-
leases blood into the vitreous cortex, dissecting a
plane that forms a blood-filled vitreoschisis cavity.
Indeed, certain forms of “‘loculated” hemorrhage
anterior to the retina could be manifestations of
this phenomenon. It is important to be aware of
this process when dissecting fibrovascular wvit-
reoretinal membranes in PDR, so that both the
anterior and posterior walls of the vitreoschisis
cavity can be excised.

T

Fig. 19. Vitreous structure in diabetes compared with darkfield slit microscopy of human vitreous
morphology at different stages of life. The anterior segment is below and the posterior pole is above in
these optical horizontal sections. A. Whole vitreous in a é6-year-old boy, who died from trauma caused
by a motor vehicle accident, demonstrates a dense vitreous cortex (arrows) and no fibers within the
corpus vitreous (L, lens). B. Whole vitreous in an 11-year-old boy who died as a result of a head injury.
Same findings are noted in A, even though vitreous extrudes out of the posterior vitreous cortex
{arrows), placing sagittal traction on the central vitreous. C. Whole vitreous of a 56-year-old woman
who died of cardiac arrest. Fibers with an anteroposterior orientation are present in the central
vitreous. Adjacent to these fibers are areas devoid of structure, filled with liquid vitreous. D. Whole
vitreous of an 82-year-old white woman. The corpus vitreous is collapsed (syneresis) and contains
aggregated fibers extruding through the posterior vitreous cortex into the retrohyaloid space (whire
arrow). The central vitreous has lacunae (epen Black arrow) adjacent to the fibers. The closed black
arrows indicate the posterior aspect of the lens. E. Right eye shows extrusion of whole vitreous
through the posterior vitreous cortex (fop) in a 9-year-old girl with type I diabetes. The subcortical
vitreous appears very dense and scatters light intensely. Centrally, there are vitreous fibers (arrows)
with an anteroposterior orientation and adjacent areas of liquefaction. F. Central vitreous in the left
eve of same patient as in E shows prominent fibers that resemble those seen in nondiabetic adults
(compare with C). G. Peripheral vitreous in the left eye of same patient in E and F shows fibers
inserting into the vitreous cortex with adjacent pockets of liquid vitreous. H. Anterior vitreous in the
left eye of same 9-yvear-old girl shows fiber insertion into the vitreous base about the lens (L). (Sebag J:
Abnormalities of human vitreous structure in diabetes. Graefes Arch Clin Exp Ophthalmol 231:257,

1993)
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Fig. 20. A-C, Ultrasonography of vitreoschisis. Splitting of
the vitreous cortex (arrow) can occur and mimic posterior vit-
reous detachment. In diabetic patients, blood can be present in
the vitreoschisis cavity and can be detected by B-scan ultra-
sonography. (1, inner wall; P, posterior vitreous cortex) (Cour-
tesy of Dr. Ronald Green; Green RL, Byrne SF: Diagnostic
ophthalmic ultrasound. In Ryan SJ [ed]: St. Louis, CV Mosby,
1989)

LZONULES

Although it 1s arguable whether zonules are actu-
ally a part of vitreous, these structures have in the
past been referred to as the ‘“‘tertiary vitreous.”

CLINICAL OPHTHALMOLOGY

Zonule fibers resemble vitreous collagen fibrils in
that they have a diameter of 8 to 12 nm,'##2!! g|-
though Streeten’s studies’ found glossy, straight
fibers of 5 to 30 pwm. Zonules differ from vitreous
collagen fibrils in that they are tightly packed. re-
sist collagenase,”" and are solubilized by a-chy-
motrypsin.*'*2% Furthermore, zonules have an
amino acid composition that more closely resem-
bles elastin than collagen.-'*-*"¥ Streeten and asso-
ciates’” have used immunohistochemical tech-
niques to show that zonules have structural
similarity, and perhaps identity, with microfibrils
of elastic tissue.

Zonules course through the posterior chamber
from the crevices between the ciliary processes to
insert onto the equatorial lens capsule in two bun-
dles: the orbiculoanterocapsular and orbiculopos-
terocapsular fibers. Between them is the canal of
Hannover, and between the orbiculoposterocap-
sular bundle and the anterior vitreous cortex is the
space (or canal) of Petit (see Fig. 1). Kac-
zurowski®'* has described ‘‘vitreo-zonules,”
which he claims arise from the region of the ciliary
body and enter the anterior vitreous cortex where
they terminate in nonbranched fibrils. Whether
these are actually the orbiculoposterocapsular
zonule fibers or whether these correspond to the
Rhodes™™! description of fibrillar complexes is not
clear.

The two canals of the posterior chamber have
gained some importance as anatomic structures to
be recognized clinically. This is due to an increase
in the number of cases of rhegmatogenous retinal
detachment treated by pneumatic retinopexy.*'721%
This procedure involves the injection of either an
expanding, long-acting gas or air’" into the corpus
vitreous by passing a needle through the pars
plana. On occasion this gas is inadvertently in-
jected into the posterior chamber or somehow
gains access to the posterior chamber and assumes
the appearance of a *‘sausage’ or “‘doughnut.”
This appearance probably results from the bubble
being situated in one of the two perilenticular cir-
cumferential canals in the posterior chamber as a
result of the needle entry being too far anterior or
escape of the bubble anteriorly into the posterior
chamber through a rent in the anterior vitreous
cortex. In this location the bubble will move in a
rotational direction with tilting of the head. How-
ever, gas injected into the vitreous base, which
can also occur, will be loculated and there will be
no movement of the bubble with head tilting, even
though the bubble may have a ‘‘sausage’ appear-
ance.
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SURGICAL ANATOMY OF
ANOMALOUS POSTERIOR
VITREOUS DETACHMENT

PVD is the most common age-related event in hu-
man vitreous. True PVD can be defined as a sepa-
ration between the type II collagen of the posteror
vitreous cortex and the type IV collagen of the
ILL of the retina. PVD can be localized, partial, or
total (up to the posterior border of the vitreous
base). Although there are various methods for ex-
amining vitreous (see earlier), it is difficult to accu-
rately determine the presence or absence of true
PVD in a clinical setting.

EPIDEMIOLOGY OF PVD

In clinical studies the incidence of purported PVD
has been reported to be 53% in persons older than
50 and 65% in those older than 65.'2%220 Autopsy
studies revealed an incidence of 27% to 51% in the
seventh decade and 63% in the eighth decade.'' It
is not certain, however, that these are not overes-
timates owing to the “*suspension in air’” methods
employed in these postmortem studies. PVD is
more common in myopic patients, occurring 10
years earlier than in emmetropia and hyper-
opia.**2¢ This likely results from effects of myopia
on the structure of vitreous. Cataract extraction in
myopic patients introduces additional effects. 262!
In one study,!™ PVD was present in all but 1 of 103
myopic eyes with myopia greater than —6 D that
had undergone cataract extraction {presumably in-
tracapsular).

Several studies''®:1® have found a higher inci-
dence of PVD in women than men, a finding that
may be due to hormonal changes after menopause.
This hypothesis 1s supported by findings that gly-
cosaminoglycan synthesis can be influenced by a
variety of hormones.***-*** There is also evidence
that sex hormones, can affect glycosaminoglycan
metabolism.??*2%% In the rabbit vitreous, Larsen®®
found variations in the concentration of HA after
hormonal treatment. It is interesting to note that
Larsson and Osterlin®’ found that vitreous HA
concentrations in men (120.89 = 75.44 ug/ml) were
significantly greater than women (79.53 = 48.17
wg/ml; p < 0.01). This may be related to low estro-
gen levels in postmenopausal women and may ex-
plain why PVD is more common in women than
men. Furthermore, all these lines of evidence sup-
port the concept that insufficient or abnormal HA
destabilizes the gel state of vitreous contributing
to higuefaction and PVD.

CO-94
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PATHOGENESIS OF PVD

True PVD results from rheologic changes within
vitreous that lead to synchysis (liquefaction), in
conjunction with weakening of the vitreous cor-
tex—ILL adhesion. Spencer?® has stated that ag-
ing as well as numerous pathologic processes
cause a depolymerization of HA and dissolution of
the collagen network. The combination of these
two molecular phenomena results in synchysis.
Once “‘liquid™ vitreous forms and the collagen
network is destabilized, owing to a loss of the sta-
bilizing effect of HA molecules on the collagen
network, collapse (syneresis) of the corpus vitre-
ous can occur. Kuhn and co-workers®” first sug-
gested that shortening and condensation of vitre-
ous fibrils could contract the corpus vitreous and
pull the posterior vitreous forward. More likely,
however, is the hypothesis that dissolution of the
posterior vitreous cortex—ILL adhesion at the
posterior pole allows liquid vitreous to enter the
retrocortical space through the prepapillary hole
and possibly the premacular vitreous cor-
tex. 582136 With rotational eye movements, the lig-
uid vitreous can dissect a plane between the vitre-
ous cortex and the ILL leading to true PVD. This
volume displacement from the central vitreous to
the retrocortical space causes the observed col-
lapse (see Fig. 10) of the corpus vitreous. In patho-
logic conditions, however, it is possible that the
introduction of various serum components could
induce vitreous gel contraction.>’

Observations by Foos,'” Foos and Gloor,*! and
Foos and Wheeler''® indicate that PVD begins at
the posterior pole. Vitreoretinal dehiscence at the
macula may result from a predisposition or an
increased stimulus for vitreous degeneration in
the premacular region. In addition, Foos and
Wheeler''"® proposed that posterior vitreous lique-
faction results from light toxicity to the premacu-
lar vitreous, since this is where the eye focuses
incident light. There can also be a contribution of
toxicity caused by metabolic waste products re-
sulting from the high density of metabolically ac-
tive neurons in the macula. Both light irradiation
and metabolic processes can generate free radicals
that could alter HA and/or collagen structure and
disrupt the collagen—-HA association, causing lig-
uefaction.”* These phenomena are likely to be the
explanation for the observed collections of liquid
vitreous in a premacular “‘bursa’'" or “‘pocket.”®

O’Malley”™ suggested that PVD was strongly
correlated with synchysis since both are corre-
lated with age, although PVD had a later onset
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than synchysis. Foos and Wheeler''® studied 4492
autopsy eyes and found a statistically significant
correlation between the degree of synchysis and
the incidence of PVD. Larsson and Osterlin®’
studied 61 human eyes post mortem and corre-
lated the degree of vitreous liquefaction with the
extent of PVD. In eves with no PVD, about 10% of
the corpus vitreous was liquid: with partial PVD
23% was liquid. These studies also showed that
the concentration of HA in eyes with no PVD
(131.88 + 70.72 pg/ml) was significantly higher
than those with total PVD (82 + 66.5 pg/ml; p <
0.04). It is not clear whether this was an effect of
PVD or part of the cause. Balazs® has induced
synchysis experimentally by precipitating HA,
binding HA molecules with metallic ions, or depo-
lymerizing HA with free radicals and hyaluroni-
dase. The same effects occur with almost all forms
of high-energy radiation.”* Other studies™** have
demonstrated that lacunae (pockets of liquid vitre-
ous) contain no collagen. Morphologic studies®™
have documented that in old age there is aggrega-
tion of collagen fibrils into bundles and fibers (see
Fig. 7) and segregation of HA into lacunae (see
Fig. 10), which ultimately form large pockets of
liquid vitreous.!™'

The concept that arises from all these observa-
tions and findings is that PVD results from concur-
rent changes within the corpus vitreous and at the
vitreoretinal interface. Whether due to age-related
changes in collagen structure, HA conformation
and/or concentration, light-induced or metaboli-
cally derived free radicals, hormonal effects, or
combinations of all these factors, there is a disrup-
tion of the normal collagen-HA association trans-
forming the gel vitreous to liquid. Dissolution of
the ILL—vitreous cortex adhesion at the posterior
pole allows this liquid vitreous to dissect a retro-
cortical plane, resulting in collapse of the vitreous
body. Further studies on the nature of HA-colla-
gen interactions and the forces underlying poste-
rior vitreous cortex—ILL adhesion should help to
further identify the changes that result in PVD.
Elucidating these mechanisms may enable the de-
velopment of techniques by which liquefaction
and PVD could be induced or prevented, depend-
ing on the clinical circumstances.

SEQUELAE OF TRUE PVD

In youth the corpus vitreous is normally quite
clear and has little or no effect on glare sensitiv-
ity.2® In old age, the aggregation of vitreous colla-
gen fibrils into thick, irregular, visible fibers (see
Fig. 10) can induce glare sensitivity, which may be
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subjectively bothersome. Furthermore, the high
incidence of PVD in old age may also induce glare
owing to scattering of light by the dense collagen
fibril network in the posterior vitreous cortex (see
Fig. 12). One group of individuals in whom glare
discomfort is a common complaint are patients
who have undergone scleral buckling surgery for
rhegmatogenous retinal detachment. The com-
plaint of glare appears to be due to postoperative
vitreous turbidity and not a change in the thresh-
old sensitivity of retinal receptors.”® Since vitre-
ous biochemical and structural changes likely pre-
dispose these patients to rhegmatogenous retinal
detachment, prominent vitreous fibers are proba-
bly already present preoperatively. Scleral buckle
surgery adds to the pre-existing vitreous inhomo-
geneity by breaking down the normal vitreous bar-
riers and mechanisms that maintain vitreous clar-
ity.” This includes the induction of temporary
dysfunction of the blood ocular barriers, causing
an influx of serum proteins and other macromole-
cules. as well as creating an inflammatory re-
sponse and resultant influx of cellular elements.
“Floaters’® are probably the most common
complaint of patients with PVD. These usually

Fig. 21. Darkfield microscopy of one form of anomalous PVD.
Retinal elements may remain attached to the posterior vitreous
cortex following PVD. Dissection of the retina off the vitreous
cortex in this l4-year-old child resulted in the appearance
shown in this photograph. A ““cap’’ of tissue is adherent 1o the
posterior vitreous cortex. A “hole™ is present corresponding
to the prepapillary region (arrow) and an “imprint’’ can be seen
in the prefoveal region (f). There are linear, branching struc-
tures arising from the prepapillary region that likely correspond
to ““imprints” of the retinal blood vessels. (Sebag J: Age-re-
lated differences in the human vitreoretinal interface. Arch
Ophthalmol 109:966, 1991. Copyright © 1991, American Medi-
cal Association)



ANATOMY OF VITREOUS AND VITREORETINAL INTERFACE

result from entoptic phenomena caused by con-
densed vitreous fibers, glial tissue of epipapillary
origin that adheres to the posterior vitreous cor-
tex, and/or intravitreal blood.*" Floaters move
with vitreous displacement during eyve movement
and scatter incident light, casting a shadow on the
retina that is perceived as a gray. ““hairlike’ or
“flylike™ structure. In an autopsy series of 320
cases with complete PVD, 57% had glial tissue on
the posterior vitreous cortex.?® Murakami and co-
workers*” studied 148 cases of floaters and de-
tected glial tissue on the posterior vitreous cortex
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in 83%. They claimed that patients complaining of
multiple small floaters usually have minimal vitre-
ous hemorrhage, frequently associated with reti-
nal tears. Lindner'® found that minimal vitreous
hemorrhage occurred in 13% to 19% of cases with
PVD.

In 1935, Moore®® described that “‘light flashes™
are sometimes a complaint resulting from PVD.
Wise?! has noted that light flashes occurred in
50% of cases at the time of PVD and were gener-
ally vertical and located temporally. These are
generally thought to result from vitreoretinal trac-

Fig. 22. Ultrastructure of one
form of anomalous PVD. A.
Scanning electron microscopy of
specimen in Figure 21 demon-
strates the appearance of the pos-
terior surface of the tissue that
was adherent to the posterior vit-
reous cortex. There are multiple,
round protuberances. B. A higher
magnification view demonstrates
the appearance of one of the pro-
tuberances on the posterior as-
pect of the cap of tissue on the
posterior vitreous. (Sebag I. Age-
related differences in the human
vitreoretinal interface. Arch Oph-
thalmol 109:966, 1991. Copyright
© 1991, American Medical Asso-
ciation)
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Fig. 22 (continued). C. Transmission electron microscopy of
specimen in A identified the tissue adherent to the posterior
vitreous cortex as the ILL of the retina (white arrows). The
round protuberances are the inner portions of Miller cells
{MC) that broke away and remained adherent to the posterior
aspect of the ILL. Separation of the vitreous fibrils in the vitre-
ous cortex (black arrows) from the ILL is artifact (x21,200).
(Sebag J: Age-related differences in the human vitreoretinal
interface. Arch Ophthalmol 109:966, 1991. Copyright © 1991,
American Medical Association)

tion and are considered by most to signify a higher
risk of retinal tears. However, Voerhoeff*? sug-
gested that the light flashes are actually due to the
detached vitreous cortex impacting on the retina
during eye movement. During PVD, traction on
retinal blood vessels can cause retinal and/or vitre-
ous hemorrhage. Retinal hemorrhages resulting
from PVD are most often located along the vitre-
ous base,'®27although peripapillary®’” and macu-
lar’** hemorrhages have also been reported. These
locations correspond to those areas known to have
strong vitreoretinal adhesion. The anatomic
causes of increased vitreoretinal adhesion over
retinal blood vessels was investigated by histo-
pathologic studies in humans that showed the
presence of paravascular retinal rarefaction.**
This was hypothesized to be associated with ab-
normal vitreous attachments. Foos*® noted thin-
ning of the ILL of the retina over blood vessels
and hypothesized that this results in breaks
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through which vitreous fibers attach and/or glial
cells migrate to form small epiretinal membranes
resulting in abnormal vitreoretinal adhesions. Fur-
thermore, the absence of the stabilizing influence
of Miiller cell processes in these regions may make
the retinal blood vessels more susceptible to the
effects of vitreous traction.

ANOMALOUS PVD

True PVD should be distinguished from other
forms of vitreoretinal separation that clinically
may be mistaken for PVD. One of these forms
involves separation of the ILL and some of the
inner retina along with the detached posterior vit-
reous cortex (Figs. 21 and 22). Separation of the
ILL from the neural retina can follow severe trac-
tional events in the young, where the posterior
vitreous cortex-ILL adhesion is strong.*** Juve-
nile X-linked retinoschisis is a bilateral condition
that features splitting of the retina in the macula
and sometimes the inferotemporal quadrant. In
50% of cases there is no peripheral schisis cavity.
The macular retinal schisis cavity is progressive in
areas of persistent vitreous attachment but does
not progress if the overlying vitreous is detached.
This suggests that vitreous traction may contrib-
ute to the pathogenesis of this disorder. Sche-
pens®! has described the presence of a membrane
between the retina and posterior vitreous in cases
of juvenile retinoschisis. Whether this is com-
posed of the vitreous cortex, the ILL of the retina,
or parts of both is not known.

Another form of vitreoretinal separation that
can mimic true PVD features forward displace-
ment of the anterior portion of the posterior vitre-
ous cortex leaving part of the posterior layer of the
vitreous cortex still attached to the retina. Kishi
and associates™® have reported that PVD was as-
sociated with vitreous cortex remnants at the fo-
vea in 26 of 59 (44%) human eyes studied at au-
topsy with scanning electron microscopy. When
these ‘‘remnants’’ are a layer or sheet of vitreous
cortex, ‘‘surface wrinkling retinopathy’ or a “*hy-
pocellular’® premacular membrane could induce
macular pucker. When a split in the vitreous cor-
tex forms a cavity within the cortex, the term vit-
reoschisis i1s appropriate. The inner wall of the
vitreoschisis cavity may be clinically and echo-
graphically confused with a PVD if the posterior
layer of the split vitreous cortex remains attached
to the ILL.

The presence of sheets of cortical vitreous rem-
nants at the macula could be important in the
pathogenesis of the vitreomacular traction syn-
drome, premacular membranes particularly if
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there are hyalocytes in the vitreous cortex rem-
nants, and macular holes.

Vitreomacular Traction Syndrome

Lindner'?® and Jaffe’* have described that in some
cases of PVD there is herniation of vitreous
through the vitreous cortex of the posterior pole
with persistent attachment to the macula and trac-
tion (see Fig. 15). Gartner*’ has drawn an analogy
between this phenomenon and the herniation of
the nucleus pulposus in the intervertebral disks of
the spine. Persistent attachment at the posterior
pole can be due to unusually strong adherence be-
tween the posterior vitreous cortex, macula, and
the peripapillary retina.”’ The clinical manifesta-
tions, natural history, and surgical management of
the vitreomacular traction syndrome have been
previously described®*#?* and are discussed in
greater detail elsewhere in this volume.

Premacular Membranes

Premacular membrane causing macular pucker,
also known as premacular fibrosis or epiretinal
membrane formation, is a well-known disease en-
tity. Most idiopathic premacular membranes are
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minimal and nonprogressive, thus not requiring
surgery. In some patients, however, membranes
can cause significant visual impairment and meta-
morphopsia, necessitating intervention. Studies of
excised tissue have demonstrated the presence of
astrocytes and RPE cells,'#:23%:31 but there are
likely to be other cells that can have similar ap-
pearances, such as macrophages and hyalocytes.
Indeed, the subcategory of so-called hypocellular
premacular membranes'* is very likely to result
from anomalous PVD with a split in the vitreous
cortex leaving the outermost layer of vitreous cor-
tex with hyalocytes attached to the macula. These
cells are no longer in their normal surrounding mi-
lieu since the previously overlying vitreous has
detached forward and no longer exerts any modu-
lating effect(s) on these hyalocytes.” Conse-
quently, the cells migrate or proliferate to form
more extensive membranes. The cells can con-
tract the vitreous cortex attached to the ILL and
induce macular pucker. Dissection of such mem-
branes off the ILL is relatively easy since there
are no cellular attachments to the retina, in con-
trast to membranes with a prominent astroglial
component where dissection is more difficult and
often involves inadvertent excision of the ILL of
the retina.

Macular Holes

Mechanism/Contents

Intravitreal fibers with traction on central macula cause
operculated hole, without PVD.,

Premacular membrane or attached vitreous cortex with tan-
gential traction forces directed inward toward the fovea
(**centripetal’”) tears a hole around the fovea.

During true PVD abnormal vitreomacular adhesion about the
fovea tears a hole with an operculum attached to the pre-
macular vitreous corlex.

Two possible mechanisms: (1) Same as type with PVD but
PMM grew after PVD and is unrelated. (2) PVD occurred
innocuously but PMM grew after PVYD and tore a hole in
perifoveal macula due to centripetal (toward the fovea)
forces inducing inward contraction of the PMM.

Two possible mechanisms: (1) PYD not true but splits vitre-
ous cortex leaving posterior layer attached to macula
(vitreoschisis). Qutward (away from the fovea) traction
induces centrifugal forces, opening a hole in the central
macula, which widens with domelike elevation of central
macula. (Surgery is effective.) (2) PV not complete but
remains attached to macula and exerts anteropostenor
traction, elevating a dome in the central macula and open-
ing hole centrally. (Surgery is effective;)

PMM grows in absence of PVD causing centrifugal (outward,
away from the fovea) traction opening & hole in the central
macula. (Surgery is effective.)

TABLE 1.
Posterior
Vitreous Premacular
Detachment  Membrane
Type Operculated (PVD) (PMM)
Operculated hole + - —
Operculated hole - - e
with PMM
Operculated hole + + -
with PVD
Operculated hole + + +
with PVD and
PMM
Nonoperculated - + -
hole with PVD
Nonoperculated - - +
hole with PMM
+, Present; —, absent.

C0-94
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Macular Holes

The precise pathogenesis of macular holes is a
matter of controversy, and several hypotheses
have been presented over the years. This subject
has been reviewed? and is addressed in consider-
able detail elsewhere in this volume. It is likely
that macular holes represent the end-stage mani-
festation of more than one pathophysiologic se-
quence (Table 1). According to this hypothesis,
macular holes can be divided into two broad cate-
gories. The first category represents operculated
macular holes, where anteroposterior traction by
vitreous fibers could cause an operculated hole
without PVD or where centripetal (inward toward
the fovea) tangential vitreous traction is exerted
by the posterior vitreous cortex in the absence of
PVD, during PVD, or by a premacular membrane.
The centripetal contraction could also be due to a
combination of forces exerted by the posterior vit-
reous cortex and by a premacular membrane.

The second category consists of nonoperculated
macular holes formed by centrifugal (outward,
i.e., away from the fovea) vitreous traction. In this
instance there can be a split in the posterior vitre-
ous cortex during PVD. A residual layer of vitre-
ous cortex exerts tangential centrifugal traction on
the macula, creating a macular hole. If vitreous is
still partially attached and a split cortex has
formed a vitreoschisis cavity, some of the centri-
fugal forces may be caused by fluid currents within
the schisis cavity. In other instances, a premacular
membrane develops in the absence of PVD and
creates centrifugal tangential traction. Finally, a
partial PVD could occur with residual anteropos-
terior vitreous traction over the macula creating a
hole without an operculum.

In both operculated and nonoperculated catego-
ries, elevation by vitreous traction and/or liquid
vitreous fluid dynamics enlarge the hole and,
therefore, theoretically, surgical manipulation
with release of this traction could reduce the size
of the hole and potentially improve vision. In the
case of nonoperculated macular holes, surgical
results could potentially be superior to cases
where an operculum is present, because there is
less permanent loss of tissue. Initial studies using
vitrectomy techniques suggest that this can be
achieved.** However, the fact that vision only im-
proves in about half of these cases suggests that
surgery 1s not appropriate in all patients and that
improved case selection is necessary before wide-
spread promulgation of this surgical approach. An
alternative approach involves the injection of
transforming growth factor-g** or autologous se-
rum** into the macular hole.
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