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 Notwithstanding its position at the center of the eye, vitreous has historically been mostly 
ignored by the world. Although vitreous integrity is required for a clear optical pathway and 
intraocular pressure maintenance, these are passive qualities, and this, the largest structure of 
the eye, was never regarded as possessing critical active functions. The ever-expanding body 
of basic and clinical science knowledge, however, has led to a growing appreciation of the 
importance of vitreous in health as well as disease. Additionally, a recent surge of novel thera-
peutics for vitreoretinal disorders prompts a thorough reexamination of the vitreous body. 
Given that there is even promise of newer, more effective, and less invasive avenues of therapy 
(both curative and preventive), it is imperative that we understand vitreous, beginning with the 
recognition of its status as an organ and not just a space.

   Vitreous is more than a vestigial space fi ller within the eye . Charles Luc Schepens, 1989 

   In 1930, Sir Stewart Duke-Elder authored a monograph published in the British Journal of 
Ophthalmology entitled  The Nature of the Vitreous Body.  It was 72 pages long and contained 
very little clinical information. A monograph written by Sebag in 1989 entitled  The Vitreous – 
Structure, Function, and Pathobiology  was 173 pages long and provided considerable insights 
into the relevance of basic science information on vitreous to our understanding of vitreoreti-
nal disease. By 2002, a single-author treatise on vitreous was no longer possible, as evidenced 
by the Rapport de la Société Française d’Ophtalmologie entitled  Pathologie du Vitré,  edited by 
Gerard Brasseur. Six section editors and 31 authors produced a comprehensive treatise that 
was 493 pages in length. In 2014, we fi nd ourselves the benefi ciaries of a suffi cient extension 
in our understanding of vitreous that it has taken fi ve section editors and 90 authors to produce 
a tome of nearly 1,000 pages, inspired, compiled, and edited by Jerry Sebag. This present vol-
ume appears on the 25th anniversary of the editor’s fi rst book on vitreous. That landmark 
achievement by a single author has been widely regarded as the defi nitive text for more than 
two decades but can now be supplanted. Fortunately, Dr. Sebag himself has undertaken the 
Herculean task of assembling the current knowledge of the vitreous body by internationally 
respected experts and integrating the chapters with extensive cross-referencing, thereby greatly 
enriching the tome. 

 In this book, vitreous comes into its own in terms of its importance in the eye and, therefore, 
its contribution to the most amazing sense—vision. Vitreous has long been respected, and even 
feared, when disrupted by trauma or with surgical invasion (a surgeon’s “bête noire” as termed 
by Machemer) but has not been the subject of as much investigation as the retina or cornea. 
Indeed, vitreous has been considered simply an optical pathway by optical specialists, a space 
fi ller that maintains pressure to keep the eye infl ated by glaucoma specialists, an environment 
for infl ammation/infection by cataract surgeons, and a possible impediment before the retina 
by retinal surgeons. To mitigate these shortfalls, this book discusses in depth the role of vitre-
ous in ocular physiology ( health ) and pathology ( disease ). 

   Foreword   
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 Of note, this book is written for both clinicians and scientists—to update the former 
on where we are and the latter on where we need to go. Thus, there are many fundamental 
perspectives presented herein, as evidenced by dedicating four sections to basic sciences: 
Biochemistry (section editor Paul Bishop of Manchester, England); Anatomy, Development, 
and Aging; Pathology and Pathobiology; as well as Physiology and Pharmacotherapy (sec-
tion editor Einar Stefánsson of Reykjavik, Iceland). However, throughout the book, this 
material is presented with a view to clinical relevance. Further, in contrast to the fi rst install-
ment in 1989, this book has assembled considerable information on therapy as performed 
today by surgery (section editors Susanne Binder of Vienna, Austria, and Larry Chong of 
Los Angeles, California) and as will be performed tomorrow by pharmacologic vitreolysis 
and gene therapy. 

 One of the basic premises of this book is that while it is important to review and examine 
what is known, it is just as important to consider what is not known and frame questions for 
future exploration in our never-ending quest to preserve and restore vision. Before you can 
seek the answers, you must understand and appreciate the questions. This book strives to do 
much of the former and even more of the latter.

   Learn from yesterday, live for today, hope for tomorrow. 

The important thing is not to stop questioning.  Albert Einstein, 1916 

      New York, New York     D.     Jackson     Coleman  ,   MD, FACS, FARVO              

  New York, New York     Harvey     A. Lincoff  ,   MD               

Foreword
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 This project began a few years ago at the suggestion of many colleagues who proposed that it 
was time for a new book on vitreous. In 2014, we celebrate the 25th anniversary of the fi rst 
vitreous book published by Springer (as well as Springer’s 50th anniversary of publishing in 
America), and this new book refl ects how much more has been learned about vitreous since 
1989. As was true of the fi rst book, however, this work still aims to bridge the gap between 
basic and clinical sciences, providing clinicians with a better understanding of the scientifi c 
basis of health and disease and scientists with an appreciation of where their expertise is 
needed to solve clinical problems. Though I initially conceived of this project as a monograph 
like the fi rst book, it rapidly became apparent that at this time in our advancement, the topic of 
vitreous is too vast and complex to be adequately addressed by a single author. Thus, a multi-
author platform was chosen to garner a richness of experience and diversity of opinion. The 
authors come from various backgrounds with different skills and styles. Yet, they have allowed 
their immense and varied experiences to be blended into a compendium of today’s knowledge 
that will hopefully serve readers for years to come. The team that was assembled consists of 
individuals from around the world who were familiar with each other and, in many cases, were 
already close friends. We labored long and hard, with the process bringing us all even closer. 
Indeed, this book has formed a connection that will link us forever. For that, I thank each and 
every author, for I will cherish this bond for the rest of my life. 

 There are many others to thank for their notable and important contributions. 
 My Jewish heritage instilled in me the spirit of the quest for knowledge and learning. With 

their support, encouragement, and love, my parents showed me how this quest could be plea-
surable and personally rewarding. They further made it possible for me to pursue studies at the 
fi nest institutions, surrounded by brilliant and stimulating people. In 1978, I met Endre Balazs, 
who introduced me to vitreous from the critical perspective of basic science and encouraged 
me to seek a better understanding of its composition, organization, and role in health and dis-
ease. Charles Schepens supported the continued development of this research at the Eye 
Research Institute of Retina Foundation in Boston where he taught me the relevance of a sci-
entifi c basis to our understanding of disease. Always eager to help patients, Dr. Schepens 
emphasized the essential role science plays in the development of better ways to manage their 
illnesses. One day, however, the teaching stopped. Yet, learning is lifelong. In 1986, my vener-
able professors at Columbia and Harvard were replaced by a new group of teachers—my 
patients. To them I am indebted for allowing me the privilege of participating in their experi-
ences and learning from the momentous events in their lives that we shared. They, as is life, 
were the best teachers of all. 

  Pref ace    
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 Of special note is the important role played by Alfredo Sadun, my longtime friend and col-
league. We met more than three decades ago at Harvard, where he allowed me the use of his 
camera to photograph human vitreous structure. Many of those images appear in this book. As 
the consummate renaissance man of science and philosophy, Alfredo has continued to support 
my quest and graciously has not only facilitated my work but also amplifi ed my scientifi c 
research and development as a collaborator and valuable colleague. 

 Of course, the most critical role of all was played by my closest friend and mate for life, my 
wonderful wife Jacqui. Resilient, patient, tender, loving, and fi lled with a very deep 
 understanding of life and me, my Mukai has been extraordinary. It is, indeed, her time that 
went into the writing of this book.

   

 
     Look at vitreous, not just through it   

  CALIFORNIA, USA     J.     Sebag, 2014    

Preface 
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    I. Introduction 

 Some 25 years ago, I published a paper entitled rather fl ippantly  Is Your Vitreous Really 
Necessary?  [1] ,  in which I attempted to identify features of the vitreous body that might have 
an important role in the eye. I came to the conclusion that although the rather complex struc-
ture of the vitreous body had a number of identifi able and important roles, vitreous was present 
mainly as an insurance, not really being needed except in exceptional circumstances. On 
refl ection, this was too simplistic a conclusion. On the other hand, one might be excused for 
thinking that the vitreous serves no useful purpose, for its removal by vitrectomy is now com-
monplace and the eye seems to get along well without it. Indeed, following vitrectomy, the 
vitreous chamber is fi lled with an aqueous fl uid, albeit with a proportion of hyaluronan previ-
ously believed to be secreted by the hyalocytes in the peripheral cortical vitreous [2], although 
the ciliary body may well be the source. Indeed, one might ask why the vitreous chamber 
should not be fi lled with aqueous fl uid in the fi rst place rather than with vitreous with its well-
known intricately organized structure of highly polymerized hyaluronan-stabilizing fi ne col-
lagen fi brils [3, 4]. Even animals with a largely liquid vitreous such as the owl monkey have a 
layer of vitreous gel in the peripheral vitreous cavity that is in contact with the retina, indica-
tive of a need for at least some vitreous gel rather than aqueous fl uid fi lling the posterior eye. 

 An obvious mechanical role for the vitreous, which in spite of its high content of water has 
a prominent gel-like nature, is the prevention of the complete collapse of the globe following 
a penetrating injury, something that would certainly result if the vitreous chamber were fi lled 
with aqueous. Indeed, the injection of a viscoelastic gel into the vitreous chamber has been 
used in the surgical management of severe penetrating eye injuries [5]. However, in general, 
the vitreous can be regarded as not only maintaining the homeostasis within the posterior seg-
ment of the eye and providing support to the structures with which it is in contact but playing 
a role in the molecular exchanges with these structures that may be necessary for their metabo-
lism and their integrity. This homeostasis can be regarded in two categories: mechanical and 
molecular.  
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    II. Mechanical Homeostasis 

 Vitreous is not only a gel but is viscoelastic, a characteristic recognized by Sir Stewart Duke- 
Elder as long ago as 1929 [6–8] and investigated by him using an intravitreal nickel particle 
subjected to electromagnetic pulses. While the gel-like characteristics of the vitreous are 
largely the result of its constituent hyaluronan [9], its elastic characteristics result from the 
combined contributions of vitreous collagen and hyaluronan [10, 11]. As is well known, the 
vitreous body contains a network of long fi ne collagen fi bers running from the vitreous base 
anteriorly to the cortical vitreous posteriorly, where they fuse with the inner limiting mem-
brane of the retina [3, 4]. These anteroposterior fi bers are accompanied by other fi bers run-
ning nasotemporally, crisscrossing with the former fi bers with which they form attachments 
to establish a network. Within the spaces between these collagen fi bers are highly hydrated 
polymerized molecules of hyaluronan. These hyaluronan molecules attract water and swell to 
establish a Donnan equilibrium [10]. The swelling hyaluronan forces the collagen fi bers 
apart, preventing their adherence to each other that otherwise would degrade the optical clar-
ity of the vitreous body. It is suggested that the swollen hyaluronan molecules also stretch the 
load-bearing collagen fi bers longitudinally and thus contribute to the elastic properties of the 
vitreous body [10]. 

 If the vitreous body is removed from the eye, there is a rapid initial loss of its volume, with 
water (and contained solutes) and hyaluronan being ejected from the isolated vitreous as a 
result of the contraction of the stretched collagen fi bers that have been relieved of their normal 
constraints. The previously stretched and taught fi bers become relaxed and tortuous as the 
effect of the hydrated hyaluronan is lost. This is followed by a slower loss of vitreous volume 
in which gravity and diffusion are involved [10]. Liquefaction of the aging vitreous [12–14] is 
also accompanied by a loss of hyaluronan and a relaxation of collagen fi brils that not only 
become tortuous but tend to adhere together, so reducing the clarity of the vitreous [13] [see 
chapter   II.C    . Vitreous aging and posterior vitreous detachment]. 

 The viscoelastic properties of the vitreous body allow it to absorb energy rapidly and release 
it slowly, the former associated with vitreous collagen and the latter with interacting hyaluro-
nan and collagen [11]. This characteristic not only protects the retina in head injuries but also 
prevents sudden changes in vitreous volume that might result from pressure on the globe dur-
ing eye closure or from tension in the extraocular muscles during eye movements that other-
wise would have obvious adverse effects on the optics of the eye. The evaluation of these and 
other attributes has long been rendered diffi cult by the fact that  in vivo  investigation of an 
optically clear vitreous is diffi cult [15], although many ingenious techniques have been suc-
cessfully developed [15–20] [see chapter   II.F    . Imaging vitreous].  

    III. Molecular Homeostasis 

 The stabilized hydrated molecules of hyaluronan within the vitreous collagen network slow or 
prevent the movement of molecules or cells within the vitreous body and control the entry into 
the vitreous of molecules from surrounding tissues and the clearance of molecules from the 
vitreous body into surrounding tissues [see chapter   IV.A    . Vitreous physiology]. These effects 
lead to molecular homeostasis within vitreous that can be benefi cial, usefully prolonging the 
therapeutic effects of intravitreally injected therapeutic agents [see chapter   IV.E    . Principles 
and practice of intravitreal application of drugs], but equally disadvantageous when, for exam-
ple, there is a breakdown in the blood-ocular barrier and release into the vitreous body of 
molecules not usually present such as infl ammatory cytokines or angiogenic factors, the per-
sistence of which may be detrimental. The diffusion of water molecules within and from the 
vitreous body plays an important role in retinal attachment and detachment [see chapter   III.I    . 
Role of vitreous in the pathogenesis of retinal detachment]. 
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    A. Oxygen Physiology 

 Oxygen levels within the normal vitreous body are low [21], probably related to the high levels 
of ascorbic acid within vitreous [22]. It has been shown that normal vitreous absorbs and 
metabolizes oxygen to keep oxygen levels low (around 1 %) [23]. Following vitrectomy, ascor-
bate levels within the vitreous chamber fall, and oxygen levels increase. The resulting expo-
sure of surrounding structures (retina and lens) to molecular oxygen may result in oxidative 
 damage. Thus, it has been suggested that the high prevalence of nuclear cataract following 
vitrectomy among those of 50+ years of age (95 % within 2 years) may be the effect of oxida-
tive damage to the lens coupled with an age-related predilection [24] [see chapter   IV.B    . Oxygen 
in vitreo-retinal physiology and pathology]. 

 Even more surprising is the suggestion that increased oxygen levels after vitrectomy may cause 
late-onset open-angle glaucoma [25]. In one study, 67.6 % of those developing postvitrectomy 
late-onset open-angle glaucoma only did so in the vitrectomized eye [26]. Following vitrectomy, 
oxygen levels increase not only within the vitreous chamber but also in the posterior chamber in 
front of the lens and behind the iris [23], perhaps accounting for this phenomenon, for the posterior 
chamber is in molecular continuity with the anterior chamber and the trabecular tissues in the 
anterior chamber angle. There are, however, other studies that dispute a relationship between vit-
rectomy and the subsequent development of glaucoma [see chapter   IV.A    . Vitreous physiology].  

    B. Angiogenic and Pro-Infl ammatory Factors 

 Vitreous itself may be antiangiogenic (and antineoplastic), possibly related to its thrombos-
pondin content, a property that may be reduced in conditions such as diabetes [27]. In all 
conditions of retinal hypoxia including diabetes, there is a breakdown in the inner blood- 
retinal barrier [28] that allows the diffusion of angiogenic and pro-infl ammatory molecules 
into the vitreous body. It has been shown, for example, that vascular endothelial growth factor 
(VEGF) is present in the vitreous body at increased levels in diabetic eyes [29] and in eyes with 
retinal vein occlusion [30]. The gel structure of vitreous promotes the persistence of angio-
genic factors such as VEGF and aids its eventual dispersion throughout the vitreous body. 
Thus, angiogenic factors originating in the hypoxic peripheral retina may cause neovascular-
ization in the posterior retina or optic nerve head from the presence within the contiguous 
vitreous of retained angiogenic factors. Similarly, angiogenic factors that arise from the poste-
rior retina can induce iris neovascularization, especially in ischemic retinal vein occlusions. 
Vitrectomy in these circumstances may be benefi cial in reducing the amount of VEGF in the 
vitreous chamber not only as a result of its initial removal but also subsequently by its increased 
clearance from the now liquefi ed vitreous, although increased clearance to the anterior cham-
ber following vitrectomy may increase the risk of anterior segment neovascularization. An 
additional advantage of vitrectomy in conditions of retinal hypoxia would be the increased 
oxygen levels that follow vitrectomy with a consequent increase in the availability of oxygen 
to the hypoxic retina that, however, would have to be balanced against the risks of oxidative 
damage [see chapter   IV.A    . Vitreous physiology].   

    IV. Intravitreal Pharmacotherapy 

 The injection of therapeutic agents into the vitreous body has become common practice, espe-
cially in the treatment of wet age-related macular degeneration (AMD). Persistence of the 
injected drug is obviously desirable to avoid the need for frequent intravitreal injections. The gel 
structure of vitreous with its resistance to molecular diffusion does help to prolong the  availability 
of intravitreal drugs, but their persistence is greatly affected by molecular size. The half-life in 
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vitreous of bevacizumab (unifi ed atomic mass 148kD) (~8.5 days) is signifi cantly longer than 
that of ranibizumab (unifi ed atomic mass 48kD) (~4.5 days). However, the relatively short half-
life in vitreous of intravitreal drugs has prompted the development of slow-release agents to 
prolong their persistence in the vitreous [see chapter   IV.E    . Principles and practice of intravitreal 
application of drugs]. 

 Although VEGF is an important angiogenic molecule involved in AMD and diabetic reti-
nopathy, many other molecules are involved in what is a very complex process [31]. These 
include transcriptional factors such as hypoxia-inducible factor-1 (HIF-1α) and a number of 
nitric oxide synthases such as iNOS (inducible), nNOS (neuronal), and eNOS (endothelial) 
nitric oxide synthases [32]. Increased retinal glutamate activates microglia with release of 
infl ammatory cytokines and the production of reactive oxygen species [33]. All of these mol-
ecules will penetrate the vitreous body via a defective inner blood-retinal barrier so that the 
vitreous body will contain a mélange of angiogenic and infl ammatory molecules rather than 
one solitary factor such as VEGF with obvious implications for therapy.  

    V. Ocular and Refractive Development 

 Although vitreous undoubtedly plays an active role in ocular and refractive development, the 
details of how this is achieved are sparse. It has been suggested that factors promoting ocular 
growth and refractive development may be elaborated in peripherally situated retinal amacrine 
cells [34]. Experimentally induced myopia (e.g., by form deprivation) is accompanied by a reduc-
tion in dopamine levels and an increase in vasoactive intestinal peptide (VIP) [34] in the vitreous. 
As ocular growth involves scleral growth that is excessive in eyes developing myopia, one must 
ask how factors of amacrine origin might reach the sclera. An obvious route is via the vitreous 
chamber and subsequent diffusion across the retina to the retinal pigment epithelium (RPE) and 
stimulation of scleral fi broblast proliferation directly or indirectly by growth factors secondarily 
generated in the RPE [35]. Undoubtedly, vitreous is further involved in the development of the eye 
and its refractive state, but at present, understanding of the factors involved is limited. 

 The vitreous body can also provide a physical restraint to ocular enlargement since destruc-
tion of cortical vitreous or the inner limiting membrane, for example, promotes eye enlargement 
[36]. An interesting molecule shown to be present in high concentration in the vitreous chamber 
of the developing eye is the amino acid taurine that has antioxidative and neuroprotective prop-
erties vasculature for the normal development of many tissues including the retina [37]. 

 Within the fetal vitreous, the nonvascularized retina is oxygenated from the hyaloid vascular 
system that remains functional until shortly before birth, by which time vascularization of the 
retina renders the hyaloid system unnecessary [see chapter   I.D    . Vitreous cytokines and regres-
sion of the fetal hyaloid vasculature]. Persistence of the hyaloid in the vitreous body is common 
in the eyes of premature babies [see chapter   III.A    . Congenital vascular vitreo-retinopathies].  

    VI. Vitreous Evolution 

 Fossils of soft-bodied animals and their organs such as the eye are rarely found. Much can be 
deduced, however, from the study of currently extant animal forms both invertebrate and ver-
tebrate that can provide insight into the likely features of the evolving forebearers of higher 
vertebrates including humans. Evolutionary developments that fail to have survival benefi t 
will, however, have died out and will not be represented among currently extant species. Much 
is known about the evolution of the eye but much less about the vitreous during evolution. Only 
a simplifi ed account of the evolution of the eye would therefore be appropriate. 

 Although Charles Darwin (1809–1882) is rightly credited with the identifi cation of the 
mechanisms by which evolution can alter species and create new life-forms by natural selection, 
the idea of evolution has a long history extending back in time to the ancient Greeks some 
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2,500 years ago [38]. Emedocles of Agrigentum (495–435BC) suggested that animals were 
derived from plants, and according to Aristotle (384–322 BC), Emedocles also suggested that 
the fi ttest forms of life could have arisen by chance rather than by body design [38]. Aristotle 
considered evolution to be a gradual chain of events leading from simple sea creatures to fi sh 
and then land animals in a progression in which nature aimed at perfection. 

 A very long time would be required for chance variation to allow the survival of those ani-
mal forms best suited to a changing environment that is the basis for Darwinian evolution, and 
it was Avicenna (980–1037) who noted the presence of fossils of sea creatures and of land 
animals high in the mountains and was the fi rst to suggest that the formation and erosion of 
mountains would take an extremely long time [38]. Currently, the age of the Earth is believed 
to be 4.54 ± 0.05 billion years [39]. 

 In Victorian times, it was generally accepted that developing fetuses passed through the 
evolutionary stages that preceded the extant form and that in humans, congenital abnormali-
ties could be related to particular stages of evolutionary development, it being held that a 
developmental abnormality in a higher animal was equivalent to normal development in a 
lower animal [40]. The simplest form of life, i.e., an anaerobic cell capable of growth and 
replication, is thought to have developed some 3.6 billion years ago (BYA) [41]. Organisms 
capable of photosynthesis (blue-green algae, cyanophytes) are thought to have developed 
some 2.3 BYA and continued to exist for at least 1.7 billion years [41]. The forerunners of 
protozoa developed around 1.2 BYA, and by 570 million years ago (MYA), organs including 
light-sensitive organs had developed. Flagellate protozoa are thought to have been light sensi-
tive, possibly as a result of symbiosis with ingested cyanophytes [42]. It has been suggested 
that genes from ingested cyanophytes may have been the precursors of those for visual pig-
ments in currently extant eyes [42]. 

 Although it has body been suggested that eyes have been repeatedly developed and subse-
quently lost at different times during evolution [43], more recent genetic studies indicate that the 
eyes of all extant species evolved from one type of primitive light-sensitive cell in company with 
a pigment-bearing cell [44, 45]. Light-sensitive cells are found in or beneath the skin of many 
primitive life-forms (e.g., hagfi sh [46]) but lack focus and provide only low-defi nition sensitiv-
ity to light rather than vision. Such cells can be considered as having a nonvisual function being 
responsible for the control of the circadian rhythm. In conjunction with this, in marine organ-
isms, light-sensitive cells can act as depth gauges based on the decreasing intensity of light with 
increasing depth of water [47]. This had the evolutionary advantage of ensuring that night-
feeding or day-feeding organisms were at an appropriate depth to locate their specifi c food [47]. 

 The phylogenetic development of eyes started with the aggregation of light-sensitive cells 
to form a light-sensitive patch or eye spot [48]. Such aggregated cells in early marine animals 
had no focus, would be bathed in seawater, and had no equivalent to a vitreous or any real 
resemblance to an eye. A further development was the so-called cup eye (ocellus), where a 
group of light-sensitive cells lined a cup-like depression in the skin or other surface membrane 
in conjunction with pigment cells that could control the intensity of ambient light (and espe-
cially potentially damaging UV light). Simple cup eyes provided some directional information 
but did not provide true vision and lacked any of the features of a formed eye including the 
vitreous body. Starfi sh have such cup eyes at the tip of each of their arms. In starfi sh, the 
 light- sensitive cells have nervous connections to a primitive nervous system that allows a rapid 
response to a change in light intensity such as a shadow [48]. Improved directional light sensi-
tivity would result from a deepening of cup eyes with some survival benefi t. As a result, a 
progressive deepening of cup eyes during evolution led to the development of eyes with a more 
spherical shape and a decreasing size of anterior opening until in some species (e.g., Nautilus), 
only a very small anterior opening remained. This opening functioned like a pinhole camera 
with the advantage of a formed (but low-intensity) image. 

 An expanding spherical shape of the primitive eye was accompanied by an increase in pho-
toreceptor numbers, thereby increasing light sensitivity [46]. The interior of the almost closed 
spherical cup eye, however, continued to be fi lled with seawater rather than vitreous. 
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 The next step in evolution was the development of a lens, the most primitive lens being modi-
fi ed vitreous as seen in pelagic carnivorous polychaete worms that have large spherical eyes with, 
in their simplest form, a covering of epidermis over a shallow anterior chamber and a spherical 
“vitreous” fi lling the eye (so-called ventral lens) in contact with a primitive retina capable of 
image formation [48]. More advanced polychaete worms have a crystalline lens just under the 
covering epidermis. This lens, derived from surface ectoderm, is cellular, spherical in shape, and 
surrounded by a dense anterior (“distal”) vitreous separated from a less dense posterior (“proxi-
mal”) vitreous that is in contact with a well-developed retina. The nature of this vitreous is not 
clear, but it is to be noted that as a general rule, connective tissues have a network of insoluble 
fi bers interspersed with proteoglycans and glycosaminoglycans, and it has been suggested that 
radiation played an important role in the evolution of such structural characteristics [49]. The eye 
would be a prime candidate for radiation to have played a role in the evolution of transparent 
ocular media including the cornea, lens, and vitreous. Eventually, an eye with the characteristics 
of the human eye became widespread among vertebrates including humans and a not dissimilar 
complex eye developed among cephalopods (squid, cuttlefi sh, and octopus) that, however, had 
the retinal nerve fi ber layer beneath rather than in front of the photoreceptors [48]. 

 According to Schwab [50], the fi rst mention of a vitreous body was in comb jellies (cteno-
phores) and jellyfi sh (cnidarians) during the Ediacaran Period (650–543 MYA). These eyes were 
simple cup eyes (ocelli) overlain by condensed tissue that formed a primitive cuticular lens and 
the forerunner of vitreous. He concluded that such organisms demonstrated both positive and 
negative phototaxis. In jellyfi sh, the ocelli have a direct neural connection to muscles responsible 
for locomotion and have been regarded as having a role in the maintenance of jellyfi sh posture    in 
conjunction with a statocyst (a primitive vestibular system) that also has a direct neural connec-
tion to locomotor muscles [48]. The development of a closed eye with a need for nutrition of 
intraocular structures and disposal of the waste products of intraocular cellular metabolism 
demanded the continuous ingress and egress of an aqueous fl uid and the formation of a vitreous 
body with its known multifactorial properties. As evolving eyes became more complex, an 
increasing complexity in the structure and function of vitreous would have been required. 

 Although in general the posterior segments of all vertebrate eyes are fi lled with vitreous, 
there is considerable variation in the composition of the vitreous body among species. As early 
as 1834 [40], it was noted that  the vitreous humor in lower “vertebrated” animals has the 
consistence and chemical properties of cerebral fl uid.  In fi sh, the posterior and peripheral vit-
reous is in a gel state, while the central and anterior vitreous is liquid, extending around the 
lens into the anterior chamber that has no aqueous. The polysaccharides in fi sh vitreous (tuna) 
have been shown to contain icthyosan in addition to hyaluronan [51], the latter showing vary-
ing degrees of polymerization [52] and thus varying degrees of viscosity in differing locations 
within the vitreous body. The fi sh lens is spherical, and accommodation is achieved by move-
ments of the lens along its anteroposterior axis [see chapter   IV.D    . Physiology of accommoda-
tion and role of vitreous]. The fl uid vitreous around the lens allows unhindered movement of 
the lens during accommodation that would be hindered by a formed viscoelastic vitreous. The 
owl monkey also has a fl uid vitreous but retains a narrow layer of viscoelastic vitreous in con-
tact with the retina. The vitreous body in cattle, dogs, and rabbits is much denser than in 
humans, while in the dog, the anterior vitreous is fi rmly adherent to the posterior lens 
capsule. 

 It is usually held that the development of vertebrate eyes during early gestation is a response 
to the outgrowth of the optic vesicles from the developing forebrain. It    has been suggested, 
however, that the brain’s evolutionary development was a response to the progressive develop-
ment of sensory organs, with each evolutionary advance in such organs permitting new sensory 
tasks with survival benefi t [47]. The increasing acquisition of external information from sen-
sory organs including the developing eye is thought to have necessitated a centralized process-
ing ability in the developing nervous system. The complexity of information provided by 
complex sensory organs such as the eye, therefore, necessitated the development of an increas-
ingly complex brain [47].  
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    VII. Summary 

 In summary, one might consider vitreous as being “conditionally essential.” In differing situa-
tions, vitrectomy may be benefi cial or disadvantageous. Undoubtedly, a risk/benefi t assess-
ment should be made before removing the vitreous body with its complex and at present 
incompletely understood involvement in the health of the eye. From an evolutionary stand-
point, early primitive eyes in marine creatures did not provide vision, were bathed in seawater, 
and did not require a vitreous body. Only with the development of a closed spherical complex 
eye was there the need for the mechanical and molecular homeostasis that is provided by the 
vitreous body, with the characteristics seen in vertebrate eyes.     
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   I. Introduction 

 The overall protein concentration in human vitreous is 
between 0.5 and 1 mg/ml. Proteomic analyses have identi-
fi ed a large number of proteins in vitreous. For example, a 
2013 study by Aretz et al. [ 1 ] identifi ed over a 1,000 proteins 
in vitrectomy samples from three human subjects, and 261 of 
these proteins were consistently identifi ed in all three sam-
ples. The embryonic human vitreous proteome has also been 
studied with the aim of identifying changes (up as well as 
down regulation) that could be related to the regression the 
hyaloid vasculature during the second trimester. This study 
identifi ed 896 unique proteins, with signifi cant changes dur-
ing the second trimester, both up- and downregulation. [see 
chapter   I.D    . Vitreous cytokines and regression of the fetal 
hyaloid vasculature]. 

 A high proportion of the protein content of vitreous is 
derived from the plasma, so albumin and immunoglobulins 
represent over 80 % of the protein in human vitreous [ 2 ]. 
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These plasma proteins are probably derived from fenestrated 
capillaries in the ciliary body stroma, although there may be 
low-level leakage across the blood-retinal barrier, which 
when compromised becomes markedly increased. Many 
intracellular proteins have been identifi ed either because of 
the presence of a small number of resident cells (i.e. hyalo-
cytes) and/or they are released from degraded cells in the 
vitreous or surrounding ocular tissues and then sequestered 
in the vitreous. 

 This chapter will focus on two groups of proteins. Firstly, 
an overview of the extracellular matrix proteins of vitreous 
will be provided. These are structural molecules that are 
known to or may contribute to the physical properties of vit-
reous, such as collagens. Many of these proteins are modi-
fi ed with carbohydrates and they will be referred to as 
glycoproteins if they have short oligosaccharide side chains 
and proteoglycans if they have one or more glycosaminogly-
can chain attached. The second group that will be reviewed 
are endogenous proteins/glycoproteins that may have a role 
in regulating pathological angiogenesis in vitreous. Growth 
factors/cytokines that regulate angiogenesis will be dis-
cussed elsewhere in this book [see chapter   IV.C    . Vitreous 
and iris neovascularization].  

   II.  Extracellular Matrix Proteins 
of the Vitreous 

   A. Vitreous Collagens 

 The overall concentration of collagen in vitreous is low and 
in the human vitreous is approximately 300 μg/ml [ 3 ], i.e. 
only 0.5 % of the total protein content. Nonetheless, it is the 
dilute network of collagen fi brils that imparts gel-like prop-
erties to the vitreous. So, if the collagen fi brils are removed, 
vitreous is converted into a viscous liquid. Furthermore, in 
various vitreous pathologies it is this network of collagen 
fi brils that transmits tractional forces. The collagen is not 
uniformly distributed in vitreous, the highest concentration 
being present at the vitreous base, refl ecting the main site of 
synthesis. The collagen concentration decreases towards the 
central and posterior parts of vitreous, but then increases in 
the posterior vitreous cortex adjacent to the retina. In the 
adult eye virtually all of this collagen is cross-linked into 
fi brils. The collagen fi brils of vitreous contain a co-assembly 
of collagen types II, V/XI and IX, i.e. they are heterotypic 
fi brils. Mutations in collagen types II and V/XI cause Stickler 
syndrome [see chapter   I.C    . Hereditary vitreo-retinopathies]. 

   1. Collagen Structure 
 The collagens are a group of extracellular matrix proteins 
that constitute about 30 % of the body’s total protein. More 
than 28 different types of collagen molecule have been 

 identifi ed. Each collagen molecule is composed of three 
polypeptide chains, called α-chains. Some collagen mole-
cules contain three identical α-chains, but others contain 
mixtures of α-chains that are derived from different collagen 
genes. The individual collagen molecules typically assemble 
into elongated fi brils or sheet-like structures which possess 
high tensile strength. 

 The three collagen α-chains wind around each other as the 
collagen molecule is assembled in the cellular endoplasmic 
reticulum. They assemble in this way because the α-chains 
have a characteristic amino acid sequence with glycine (the 
smallest amino acid) at every third amino acid, whilst the 
other two amino acids in the repeating triplets starting with 
glycine are often proline or hydroxyproline. Hydroxyproline 
is unique to collagens, so measurement of the amount of 
hydroxyproline in a tissue is a way of determining its colla-
gen concentration. This repetitive amino acid sequence 
allows the three α-chains to assemble into a collagenous 
triple- helix which has a stiff, rod-like structure. Collagen 
molecules are not entirely composed of triple-helical regions; 
some have short non-triple-helical domains at the end of the 
molecules called telopeptides, whereas others, such as type 
IX collagen, have non-collagenous regions interspersed 
between the collagenous regions. 

 The individual triple-helical collagen molecules are 
secreted and then assemble outside cells to form fi brous 
assemblies. For example, the major collagens of vitreous 
assemble into very long, thin fi brils, whereas the type IV col-
lagen of basement membranes, such as the inner limiting 
membrane (ILM), forms sheet-like structures. Some colla-
gen molecules, such as the fi bril-forming collagens of vitre-
ous, are initially synthesized as longer procollagens. Once 
secreted from the cells, proteolytic removal of the ends of the 
procollagen molecules by specifi c enzymes results in the 
production of “mature” collagen molecules, and this facili-
tates their assembly into fi brils. The collagen molecules 
within fi brils are highly organised, so in fi brils they are in 
staggered arrays. 

 Collagen molecules undergo various post-translational 
modifi cations prior to secretion by the cells that syn-
thesize them. Short carbohydrate chains are added to 
hydroxylysine residues, composed of just galactose or 
glucosyl1α1,2galactose. Non-collagenous regions within 
collagen molecules may have N- or O-linked oligosaccha-
rides attached. Some collagens, such as type IX collagen, 
have a glycosaminoglycan chain added to a non-collagenous 
region, so they are proteoglycans. 

 As they assemble into fi brils, collagen molecules rap-
idly become cross-linked together, thereby adding tensile 
strength and mechanical stability to the fi brils. Cross-links 
form between lysyl and hydroxylysyl residues. Cross-link 
 formation is catalysed by the copper-dependent enzyme lysyl 
oxidase resulting in the formation of lysine/ hydroxylysine 
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aldehydes. These then spontaneously undergo a series of 
chemical reactions to form di- or tri-functional intra- and 
intermolecular cross-links. 

   a. Type II Collagen 
 Type II collagen is the predominant collagen in vitreous, 
accounting for approximately 75 % of the total collagen 
[ 4 ]. It is a member of the fi bril-forming group of collagens 
along with collagen types I, III, V, XI, V/XI, XXIV and 
XXVII. The type II collagen molecule is composed of 
three identical α-chains [α1(II)] 3  (Table  I.A-1 ). When type 
II collagen molecules are secreted, they are procollagens, 
which have terminal extensions called the amino-propep-
tide and the carboxy-propeptide, alternatively referred to 
as the N- and C-propeptides (Figure  I.A-1 ). Once in the 
extracellular environment, these extensions are removed or 
“processed” by specifi c enzymes leaving short non-collag-
enous telopeptides at each end of the main triple-helical 
region. Processing reduces the solubility of the type II col-
lagen molecules and allows them to participate in fi bril 
formation.

    The N-propeptide of type II procollagen contains a region 
that undergoes alternative splicing at the mRNA level where 
exon 2 is present (IIA procollagen) or absent (IIB procolla-
gen). The IIA procollagen contains an additional 69 amino 
acid cysteine-rich domain in the N-propeptide. In mature 
cartilage type IIB procollagen is expressed, but in prechon-
drogenic tissue and a number of other embryonic tissues, the 
IIA form is expressed [ 5 ]. In foetal and adult bovine vitreous, 
both forms are present, but the IIA form predominates [ 6 ]. 
The N-propeptides of type IIA procollagen once cleaved can 
remain non-covalently bound to the surface of adult bovine 
vitreous collagen fi brils [ 7 ]. One consequence of this alterna-
tive splicing is that there is an ocular-only form of Stickler 
syndrome in which there are mutations in this alternatively 
spliced exon 2 [ 8 ] [see chapter   I.C    . Hereditary vitreoretinop-
athies]. As cartilage only has the IIB form, it is not affected 
by this condition, but as the type II procollagen of vitreous is 
predominantly in the IIA form, there is a vitreous phenotype 
in this condition.  

   b. Type V/XI Collagen 
 Type V and type XI collagens were initially identifi ed as dis-
tinct collagen types with type V collagen being found in skin 
and other tissues with various chain compositions (e.g. 
[α1(V) 2 α2(V)], [α1(V) 3 ], [α1(V)α2(V)α3(V)]) and type XI 
collagen [α1(XI)α2(XI]α3(XI)] in cartilage. However, it 
later became apparent that hybrid molecules exist in various 
tissues including vitreous, which contain chains from both 
collagen types, so the term type V/XI collagen has been 
adopted. Type V/XI collagen represents approximately 10 % 
of the collagen in vitreous [ 4 ]. In bovine vitreous, this colla-
gen was shown to contain α1(XI) and α2(V) chains [ 9 ]. The 
stoichiometry of the chains in the molecules is uncertain, but 
is most probably [α1(XI) 2 α2(V)], that is to say that each mol-
ecule contains two α1(XI) chains and one α2(V) chain 
(Table  I.A-1 ). 

 TypeV/XI collagen is secreted from cells as a procollagen 
with N- and C-propeptides (Figure  I.A-1 ). However, whilst 
the C-propeptide is removed by processing, the N-propeptide 
is only partially processed and a large globular region is 
retained on the type V/XI collagen molecule [ 10 ]. The type 
V/XI collagen assembles into heterotypic (mixed composi-
tion) fi brils in the vitreous along with type II and type IX 
collagen. Studies of other tissues demonstrate that type V/XI 
collagen has roles in nucleating collagen fi bril formation and 
regulating collagen fi bril diameter [ 10 ].  

   c. Type IX Collagen 
 Type IX collagen is not a fi bril-forming collagen although it 
is found in the surface of collagen fi brils. Instead it belongs to 
the FACIT (fi bril-associated collagens with interrupted triple 
helices) group of collagens which also includes collagens 
XII, XIV, XVI and XIX. Type IX collagen is composed of 
three different α-chains, i.e. α1(IX), α2(IX) and α3(IX) 
(Table  I.A-1 ). It has a rather more complex structure than that 
of the fi bril-forming collagens described above as it possesses 
three collagenous regions (COL1, COL2 and COL3) inter-
spersed between four non-collagenous regions (NC1, NC2, 
NC3 and NC4) (Figures  I.A-1  and  I.A-2 ). Type IX collagen is 
secreted as a mature collagen so it does not undergo processing 

 Collagen type  Genes encoding α-chains  Vitreous collagen α-chains  Cartilage collagen α-chains 

 II  COL2A1  α1(II) 3  a   α1(II) 3  
 V/XI  COL11A1  α1(XI) 2   α1(XI) 

 COL11A2  α2(XI) 
 COL11A3  α3(XI) 
 COL5A2  α2(V) 

 IX  COL9A1  α1(IX) b   α1(IX) 
 COL9A2  α2(IX)  α2(IX) 
 COL9A3  α3(IX)  α3(IX) 

   a Alternative mRNA splicing results in long and short forms of type II procollagen in vitreous 
  b Alternative mRNA splicing results in a shortened α1(IX) chain in vitreous  

    Table I.A-1    Summary of 
α-chain composition of the 
collagen molecules that assemble 
into heterotypic fi brils in vitreous 
and cartilage  
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prior to incorporation onto the surface of heterotypic collagen 
fi brils. Type IX collagen in vitreous is a proteoglycan with a 
15–60 kDa chondroitin sulphate glycosaminoglycan chain 
attached to the α2(IX) chain of the NC3 domain [ 4 ].

      d. Type VI Collagen 
 Type VI collagen forms distinct beaded microfi brils and 
small amounts of these microfi brils have been identifi ed in 
vitreous isolates (Figure  I.A-3 ) [ 11 ]. Subsequent studies 
indicate that the type VI collagen is present specifi cally in 
the ILM, vitreous cortex or both [ 12 ]. Given the location of 
the type VI collagen microfi brils and that they are known to 
bind collagen types II and IV, it is conceivable that they con-
tribute to vitreoretinal adhesion.

       2.  Heterotypic Collagen Fibrils 
of Vitreous 

 The heterotypic collagen fi brils of vitreous are composed of 
collagen types II, V/XI and IX. The fi brils are very long, 
unbranched and thin; they have a uniform diameter of 
between 10 and 20 nm depending upon species [ 13 ] 
(Figure  I.A-4 ). Cartilage has collagen fi brils with a very 

N-proteinase

N-proteinase

NC4

NC3 NC2 NC1

COL3

COL2 COL1

C-proteinase

C-proteinase

C-propetide

II

V/XI

IX

N-propetide Triple helical region of mature protein

Triple helical region Non-collagenous domain
Additional 69 amino acid domain
in type IIA procollagen (see text)

  Figure I.A-1    Diagrammatic representation of the three collagens that 
co-assemble to form vitreous collagen fi brils, i.e. collagen types II, V/XI 
and IX. In the case of collagen types II and V/XI, these are  synthesized 
as procollagens that then undergo processing (cleavage with  N - and 
 C -proteinases) prior to incorporation into fi brils. The  dotted line  repre-
sents the mature collagen molecule that remains after processing. The 
mature type II collagen has short telopeptides remaining after processing 

represented by the  double line  (=); this is also the case for the C-terminus 
of the type V/XI collagen, but a large part of the N-propeptide is retained. 
The N-propeptide of type II procollagen has a 69 amino acid sequence 
that results from alternative splicing of mRNA, so long and short forms 
exist. The IX collagen has a complex structure with three collagenous 
( COL ) domains and four non-collagenous ( NC ) domains. Type IX colla-
gen does not undergo processing (Reproduced from Bishop [ 42 ])       

Chondroitin sulphate
glycosaminoglycan chain
of type IX collagen

Type V/XI collagen

Type II collagen

Type IX collagen

  Figure I.A-2    Schematic diagram showing how molecules of collagen 
types II, V/XI and IX may co-assemble into heterotypic collagen fi brils. 
The triple-helical region of type V/XI is probably largely buried in the 
fi bril but its retained N-propeptide extends to the surface. Type II col-
lagen is the predominant collagen type in the fi brils and is arranged in 
staggered arrays. Type IX collagen is on the surface of the fi brils and 
has a chondroitin sulphate chain attached to its NC3 domain 
(Reproduced from Bishop [ 43 ])       
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 similar composition, containing collagen types II, IX and XI 
(i.e. a form of type V/XI). Cartilage contains a mixture of 
thick and thin collagen fi brils, and the thin cartilage fi brils 
structurally resemble those found in vitreous.

   The core of vitreous collagen fi brils is a copolymer of colla-
gen II and collagen V/XI. In other tissues there is evidence that 
forms of collagen V/XI are deposited initially as rudimentary 
fi brils and they provide a nucleation site for the subsequent 
deposition of other fi brillar collagens, which in the case of vitre-
ous would be type II collagen. The collagen molecules within 
the fi brils are assembled in a highly ordered manner, resulting in 
the fi brils having a repetitive banding pattern when examined 
under electron microscopy using particular staining techniques. 
In the case of the vitreous fi brils, because they are very thin, the 
banding pattern is diffi cult to visualise clearly; however, it is 
detectible with careful examination and this has allowed a 
detailed analysis of the organisation of the collagen molecules 
within the fi brils to be performed [ 14 ]. Collagen types II and V/
XI are aligned in staggered arrays and are cross-linked together 
to form the long thin fi brils. Studies in other tissues suggest that 
the triple- helical portions of collagen V/XI are not exposed on 
the fi bril surfaces and are buried within the fi brils, possibly 
because the V/XI collagen forms a nucleation site for the subse-
quent deposition of type II collagen (Figure  I.A-2 ). However, 
the V/XI collagen has a retained N-propeptide that is located on 
fi brillar surfaces (its globular structure preventing it from being 
buried within the fi brils), and there is evidence that the 
N-propeptide is important in controlling fi bril diameter.

   Type IX collagen is regularly distributed along, and cross- 
linked to, the fi bril surfaces. COL1 and COL2 are thought to 
be aligned antiparallel to the surface of the collagen fi bril 
and COL2 provides sites for cross-linking to type II collagen 
molecules [ 15 ]. The NC3 region acts as a hinge allowing 
COL3 to extend in a strut-like manner away from the surface 
of the fi bril with the NC4 domain attached to the end of this 
strut. In cartilage, a globular NC4 domain can be seen at the 
end of this strut by rotary shadowing electron microscopy, 
but in vitreous the NC4 domain is not visible [ 16 ,  17 ]. The 
large globular NC4 domain of cartilage type IX collagen is 
almost entirely composed of an extended α1(IX) chain, but 
in vitreous the α1(IX) chain is shorter as a result of the use of 
alternative splicing and transcription start sites. As type IX 
collagen in vitreous is a chondroitin sulphate proteoglycan, 
chondroitin sulphate chains are regularly distributed along 
the surface of the fi brils (Figure  I.A-5 ), and as discussed 
below these are thought to be important in spacing the col-
lagen fi brils apart.  

   3.  Synthesis and Turnover of Vitreous 
Collagen 

 The synthesis of secondary (adult-type) vitreous begins at 
the end of the 6th week of human embryonic life [see chap-
ter   II.A    . Development and Developmental Disorders of 
Vitreous]. Vitreous collagens are mainly derived from the 
ciliary body region, but there is also evidence for synthesis 
of vitreous collagen by the developing retina. A possible 
explanation for the distribution and orientation of the vitre-
ous collagen fi brils in the developed eye is that the cortical 
vitreous collagen is derived mainly from retina, whereas 
the basal and central vitreous collagen is secreted by the 
ciliary body into the vitreous body. The optimal way to 
determine where vitreous collagen is synthesized is to use 
in situ hybridisation to detect the collagen mRNA in histo-
logical sections. This has not been done in embryonic 
human eyes, so we have to draw conclusions from research 
on animal eyes. Studies on embryonic chick eyes demon-
strated type II collagen expression throughout the inner 
layer of the optic cup in early embryonic development 

  Figure I.A-3    Rotary shadowing electron microscopy of a type VI col-
lagen microfi bril isolated from vitreous. These have a characteristic 
double-beaded appearance (bar 100 nm)       

  Figure I.A-4    Electron micrograph showing a section of a negatively 
stained bovine vitreous collagen fi bril. The diameter of the fi bril 
is approximately 15 nm and the banding pattern has a 64 nm period-
icity due to the ordered, staggered arrays of collagen molecules (bar 
100 nm)       

  Figure I.A-5    Electron micrograph showing vitreous collagen fi brils 
stained with uranyl acetate and Alcian blue using the critical electrolyte 
concentration method. The faint horizontal strands are vitreous colla-
gen fi brils and the more intensely stained components projecting away 
from the collagen fi brils are the chondroitin sulphate chains of type IX 
collagen. The chondroitin sulphate chains appear to both space apart 
and interlink the collagen fi brils as they run in small bundles (bar 
200 nm)       
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(embryonic days 3.5–5); then by embryonic day 7 type II 
collagen expression was localised to the presumptive cili-
ary body [ 18 ]. By embryonic days 13–15 the ciliary body 
has formed and type II and type IX collagen mRNA expres-
sion was then just localised to the ciliary body. Another 
study of the developing chick eye confi rmed that type IX 
collagen expression at embryonic day 10 was confi ned to 
the developing ciliary body [ 19 ]. We observed a similar 
pattern in the embryonic mouse eye (embryonic day 17.5) 
and the adult mouse eye, with type IX collagen chains 
mainly being expressed by the ciliary body, although some 
weak expression was observed in the retina and lens 
(Figure  I.A-6 ) [ 20 ]. However, type II collagen is widely 
expressed in the developing and adult mouse eye.

   The soluble collagens in vitreous were analysed by 
Western blotting in embryonic and postnatal human eyes 
[ 19 ]. A rapid postnatal decline in the amount of soluble 
collagen in vitreous was observed with very little being 
detected by 6 months of age, and the soluble collagen was 
undetectable in the adult eye. Collagen was still present in 
the postnatal and adult vitreous, but it was virtually all cross-
linked into fi brils and therefore not soluble and detectable 
by Western blotting. However, evidence has been found by 
other groups for some synthesis of vitreous collagen in adult 
human eyes including the detection of small amounts of solu-
ble type II procollagen, immature collagen cross-links in the 
fi brils and type II collagen mRNA in retinectomy samples 
[ 21 ]. In addition, there is morphological evidence for the 
synthesis of vitreous collagen by the peripheral retina [ 22 , 
 23 ]. The overall concentration of collagen in human vitre-
ous remains fairly constant throughout life at  approximately 
300 μg/ml [ 11 ], and the vitreous gel does not reform to any 

signifi cant degree after vitrectomy. Therefore, this new syn-
thesis of collagen in the adult eye is likely to be at a low 
level unless there is also signifi cant degradation of collagen 
so that these constant levels are maintained. Ponsioen et al. 
[ 21 ] suggest that there is a considerable degradation of col-
lagen and active turnover of collagen in the adult vitreous 
through the actions of trypsin and metalloproteinases [ 24 ]. 
This is possible, but the complete destruction of the heavily 
cross-linked collagen fi brils by these enzymes is diffi cult to 
achieve. Another possibility is that these enzymes act on the 
surface of collagen fi brils leading to some surface remod-
elling without complete destruction of the fi brils. In this 
context we have observed an age-dependent loss of type IX 
collagen from the fi bril surfaces leading to surface exposure 
of type II collagen [ 25 ].  

   4.  Spacing Between Vitreous Collagen 
Fibrils and Ageing Changes 

 As discussed above, vitreous collagen fi brils run in small 
bundles through the vitreous body and within these bundles 
the collagen fi brils are spaced apart by the chondroitin sul-
phate chains of type IX collagen. The bundles of collagen 
fi brils are then interlinked by collagen fi brils running from 
one bundle to another thereby forming an extended network 
that maintains the gel state of vitreous [ 26 ]. Hyaluronan 
forms a network by entanglement and is expansile due to the 
ability of hyaluronan to attract water and counter ions, 
thereby pushing the bundles of collagen fi brils apart and 
infl ating the collagen network. 

 During ageing the collagen within and between the bun-
dles aggregates together due to a loss of the type IX 
 collagen, and hence chondroitin sulphate chains, from the 

  Figure I.A-6     In situ  hybridization showing the expression of the 
COL9A1 gene (encoding the α1(IX) chain of type IX collagen) in the 
embryonic day 17.5 mouse eye.  Left , bright fi eld image;  right  dark fi eld 

image showing COL9A1 expression. There is a strong signal in the cili-
ary body and a weak signal in the retina and cornea (Reproduced from 
Takanosu et al. [ 44 ])       
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surface of the fi brils [ 25 ]. The aggregation of the collagen 
fi brils results in areas within the vitreous body becoming 
devoid of collagen fi brils, and this then leads to vitreous 
liquefaction.   

   B.  Non-collagenous Extracellular Matrix 
Components of Vitreous 

   1. Fibrillins 
 Vitreous contains fi brillin-1 and fi brillin-2. Fibrillins 
assemble into distinct microfi brils, i.e. fi brillin-containing 
microfi brils [ 15 ]. These are much less abundant than the 
heterotypic collagen fi brils in vitreous. Whilst it is unknown 
as to whether these microfi brils make a signifi cant contri-
bution to the structure of vitreous, bundles of fi brillin-con-
taining microfi brils, containing fi brillin-1 and fi brillin-2, 
are the main components of the ocular zonules [ 27 ]. In 
many tissues fi brillin-containing microfi brils are associated 
with elastin, but this does not appear to be the case in vitre-
ous or in ocular zonules. Fibrillin-containing microfi brils 
are 10–12 nm in diameter and have a characteristic beaded 
appearance by rotary shadowing electron microscopy 
(Figure  I.A-7 ).

   Mutations in the gene encoding fi brillin-1cause Marfan 
syndrome. This syndrome is characterised by ocular, cardio-
vascular and skeletal malformations. The ocular phenotype 
includes ectopia lentis, myopia and a propensity towards 
developing rhegmatogenous retinal detachments. The 
increased risk of retinal detachment could be due to struc-
tural abnormalities of the vitreous gel as a result of abnormal 
fi brillin-containing microfi brils within vitreous, or it could 
be secondary to lens instability and myopia. Defects in the 
fi brillin-2 gene cause contractural arachnodactyly; an ocular 
phenotype is uncommon in this condition, but there is a pos-
sible association with ectopia lentis [see chapter      I.C    . Hereditary 
Vitreo-Retinopathies].  

   2. Fibulins 
 Fibulins are a family of extracellular matrix glycoproteins 
that are defi ned by the presence of tandem epidermal growth 
factor-like repeats and a unique C-terminal fi bulin-type mod-
ule [ 28 ]. There are seven members of this family of extracel-
lular matrix molecules and of these fi bulin-1 and fi bulin-3 
(also called EFEMP1) have been identifi ed in vitreous [ 1 ]. 
These molecules are thought to have bridging roles in extra-
cellular matrix assemblies. For example, fi bulin-1 is known 
to interact with versican and fi bronectin, both of which are 
known to be present in vitreous. However, it is not known 
whether fi bulins 1 and 3 contribute signifi cantly to the struc-
tural stability of the vitreous gel.  

   3. Versican and Link Proteins 
 Our group fi rst identifi ed the large chondroitin sulphate pro-
teoglycan versican in vitreous [ 29 ]. It consists of an 
N-terminal hyaluronan binding domain, a central chondroi-
tin sulphate substituted domain and a C-terminal globular 
domain. There are four isoforms of versican of different 
sizes and with different numbers of chondroitin sulphate 
attachment sites. The N-terminal domain binds to hyaluro-
nan and this binding is stabilised by link proteins. We identi-
fi ed link proteins in vitreous in a 1:1 molar ratio with versican 
suggesting that the versican in vitreous is bound to hyaluro-
nan and this binding is stabilised by the link proteins [ 29 ]. 
Wagner syndrome/erosive vitreoretinopathy is a hereditary 
condition with vitreous abnormalities that is caused by splice 
site mutations in the versican gene which are likely to result 
in an imbalance in the amounts of the four isoforms [see 
chapter   I.C    . Hereditary vitreo-retinopathies].  

   4. Agrin and Type XVIII Collagen 
 These are both heparan sulphate proteoglycans that are pres-
ent in basement membranes including the ILM. In addition 
they have been identifi ed in the vitreous, but it is unclear 
whether they play a role in maintaining the structural stabil-
ity of the vitreous gel or whether their presence in vitreous 
represents a by-product of ILM synthesis or degradation.    

   III.  Vitreous Macromolecules That Regulate 
Angiogenesis 

   A. Opticin 

 Analysis of molecules associated with vitreous collagen 
fi brils by SDS-PAGE revealed a major band that migrated at 
approximately 45 kDa (Figure  I.A-8 ). This gel band was 
subjected to proteomic analysis and found to be a novel gly-
coprotein that was subsequently cloned and sequenced and 
called opticin [ 30 ]. Opticin is a member of a family of extra-
cellular matrix molecules called the small leucine-rich repeat 

  Figure I.A-7    Rotary shadowing electron microscopy of a fi brillin- 
containing microfi bril isolated from vitreous. These fi brils have a char-
acteristic beaded structure (bar 50 nm)       
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proteoglycan (SLRP) family and is the only member of this 
family of molecules that has been identifi ed conclusively in 
vitreous. Opticin is a homodimeric glycoprotein of approxi-
mately 90 kDa that dimerises through its leucine-rich repeat 
domains [ 31 ]. Each monomer in the homodimer consists of 
a region containing seven leucine-rich repeats that are 
fl anked by cysteine clusters and an N-terminal region that 
contains a domain that is heavily substituted with sialylated 
O-linked oligosaccharides. Opticin is expressed by the non- 
pigmented ciliary epithelium, and unlike other extracellular 
matrix molecules of vitreous, high level expression is main-
tained throughout life [ 20 ]. Immunohistochemistry demon-
strates that opticin is present throughout the vitreous body 
and there is strong labelling of the ILM, but only relatively 
small amounts cross the ILM into the retina (Figure  I.A-9 ) 
[ 32 ] [see chapter   II.E    . Vitreo-retinal interface & inner limit-
ing membrane].

    Experiments were undertaken to determine whether opti-
cin infl uenced pathological angiogenesis in vitreous, i.e. pre-
retinal neovascularization. The well-established murine 
oxygen-induced retinopathy model was used, and it was 
shown that there is increased preretinal neovascularization in 
opticin knockout mice compared to wild-type mice [ 33 ]. 
A second set of experiments demonstrated that the injection 
of recombinant opticin into the wild-type mouse vitreous 
inhibited preretinal neovascularization in this model. From 
these experiments it was concluded that opticin is anti-angio-
genic and that it inhibits preretinal neovascularization in a 
dose- dependent manner. Other anti-angiogenic molecules 
have been described in vitreous, but opticin is the only one in 
which the genetic knockout of the molecule leads to increased 
neovascularization in the oxygen-induced retinopathy model. 
This suggests that whilst several molecules are likely to con-
tribute to the anti-angiogenic properties of vitreous, opticin 
may be the most important. 

 In a series of experiments the mechanism underpinning 
the anti-angiogenic actions of opticin was elucidated [ 34 ]. 
Vitreous collagen fi brils are required for preretinal neovascu-
larization to occur. The collagen fi brils provide mechanical 
support for the growth of new blood vessels. In addition, sig-
nals that are critical for angiogenesis to occur are transmitted 
from the collagen via the collagen binding integrins (includ-
ing α1β and α2β1 integrins) into the endothelial cells. Opticin 
coats the collagen fi brils, weakens integrin-mediated 
 endothelial cell adhesion to the collagen and inhibits the 
outside-to- inside integrin-mediated signalling that is required 
for angiogenesis.  

Opticin

  Figure I.A-8    Coomassie Blue stained SDS-PAGE gel of a 4 M guani-
dine hydrochloride extract from vitreous collagen fi brils. This tech-
nique identifi ed proteins and glycoproteins that are strongly bound to 
the surface of the collagen fi brils. The major band, which runs at 
approximately 45 kDa, is monomeric opticin       

  Figure I.A-9    Immunolocalization of opticin in the adult human eye. 
The bright magenta stain demonstrates the Immunolocalization of opti-
cin in the eye. The opticin coats the collagen fi brils and there is strong 
labelling near the vitreoretinal interface. However, very little opticin 
crosses into the neurosensory retina, which is counterstained with  
hematoxylin ( blue )       
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   B. Pigment Epithelium-Derived Factor 

 Pigment epithelium-derived factor (PEDF) is a 50 kDa 
secreted protein. It has multiple biological activities and is 
neuroprotective and neurotrophic; it can regulate cell sur-
vival, differentiation and migration and has anti-angiogenic 
properties [ 35 ]. It has several ligands and cell surface recep-
tors. Its N-terminal domain was identifi ed as being anti- 
angiogenic. Whilst the overall levels of PEDF are not altered 
in diabetic vitreous, there is a shift to a higher molecular 
weight isoform and it was suggested that this may contribute 
to a pro-angiogenic shift [ 36 ]. However, whilst PEDF knock-
out mice have an enhanced rate of retinal vascular expansion 
during development and show heightened retinal obliteration 
in the oxygen-induced retinopathy model, they do not show 
increased preretinal neovascularization [ 37 ]. Vitreous PEDF 
levels underwent three-fold upregulation during the second 
trimester of human embryogenesis, consistent with its role as 
an inhibitor of angiogenesis [see chapter   I.D    . Vitreous cyto-
kines and regression of the fetal hyaloid vasculature].  

   C.  Leucine-Rich Alpha-2 Glycoprotein 
(LRG1) 

 LRG1 is a secreted 35 kDa leucine-rich repeat containing 
glycoprotein that is present in vitreous [ 1 ]. It has been shown 
to be pro-angiogenic by causing a switch in transforming 
growth factor beta signalling in endothelial cells via binding 
to endoglin and promoting signalling via the smad1/5/8 
pathway [ 38 ]. When the LFG1 knockout mice were analysed 
using the oxygen-induced retinopathy model, there was sig-
nifi cantly less neovascularization as compared to controls. 
Therefore, endogenous LRG1 stimulates angiogenesis in vit-
reous, at least in this mouse model.  

   D. Thombospondins 

 Thombospondin-1 is a large (360 k kDa) homotrimeric gly-
coprotein that has anti-angiogenic properties. It inhibits the 
proliferation and migration of endothelial cells through its 
interaction with receptors including CD36, CD47 and integ-
rins. Thrombospondin-1 is present in vitreous and levels 
have been found to be decreased in diabetic vitreous, which 
could predispose to proliferative diabetic retinopathy [ 36 ]. 
Thrombospondin-1 knockout mice were less sensitive to 
retinal vaso-obliteration in the oxygen-induced retinopathy 
model, but there was a similar level of neovascularization 
comparing knockout mice with controls [ 39 ]. 

 Thrombospondin-2 has a similar structure to thrombos-
pondin- 1 and is anti-angiogenic, acting through similar 
mechanisms [ 40 ]. It was found to be in higher concentration 

in diabetic vitreous than controls and at higher levels in 
active vascularised preretinal membranes compared to quies-
cent membranes [ 41 ]. It was suggested that upregulation of 
thrombospondin-2 is a protective mechanism in proliferative 
diabetic retinopathy. 
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           I. Introduction 

 Why vitreus? Why any connective tissue? In the eye, vitreus 
is responsible for the stability and general good health of 
the adjacent structures retina, lens, ciliary body, and zon-
ules. Unlike other connective tissues, vitreus fulfi lls its 
function of transparency with solidity in order to serve as 
a stabilizer and shock absorber for movement or mechani-
cal impact that could harm these delicate tissues. In addi-
tion, its high permeability permits free diffusion of most 
molecules reaching its border [see chapter   IV.A       . Vitreous 
physiology]. The authors have spent several decades study-
ing vitreus, despite the fact that many years ago someone 
once noted that there is nothing more to know about the 
vitreus; everything is known. This chapter explains how the 
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 Key Concepts 

     1.    Adult vitreus may consist totally of gel (cattle, rab-
bit) or may be a combination of gel and liquid 
(humans, monkeys). The gel is composed of a net-
work of a very thin, fi brous collagen network, and 
the liquid is viscoelastic hyaluronan.   

   2.    Vitreus viscoelasticity is produced by a combina-
tion of the concentration and the molecular size of 
the hyaluronan molecules.   

   3.    After birth no new collagen fi brils, but only hyaluro-
nan (liquid vitreus), is produced to keep pace with 
and fi ll the globe as it develops. With aging, gel vit-
reus liquefi es in nearly all animals and in humans.     
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hyaluronan ( formerly hyaluronic acid, hyaluronate) content 
and  function in human vitreus contribute to development 
and aging in this most interesting tissue. Most of the work 
on this subject has been done before the mid-1980s and was 
reviewed and summarized by us [ 1 ] and updated in 1992 
and 1998 by Sebag [ 2 ,  3 ] and in 1994 by Balazs [ 4 ]. In the 
last three decades, there has been additional work on human 
and animal vitreus, noting the similarities and differences 
between them. Unfortunately, since 1998 until today fewer 
than ten nonclinical papers were published with the words 
“hyaluronan” and “vitreous” in the title. In this paper we 
will review only a select group of those papers that represent 
important research fi ndings on this subject. 

 As early as 1852, the German pathologist Rudolf Virchow 
observed that there were two parts to vitreus: a viscous liquid 
that could pass through a fi lter and a white, fi brous residue 
that was retained on the fi lter [ 5 ]. It was not, however, until 
the work of Meyer and Palmer [ 6 ] in 1934 that this substance 
was isolated, characterized, and given the name hyaluronic 
acid (from hyaloid (glassy, vitreus)) and uronic acid (for a 
review on the history of vitreous research from 1852, see 
[ 7 ]). In 1986, the name  hyaluronan  was adopted to replace 
the inaccurate name  hyaluronic acid  [ 8 ].  

   II. Vitreus Structure 

 The adult human vitreus has three distinct parts: liquid vit-
reus, gel vitreus, and posterior vitreous cortex, 100–300 μm 
thick, which contains in its posterior and lateral portions the 
only cells in the vitreus (hyalocytes) and is attached to the 
basal lamina of the retina and ciliary body [ 9 ,  10 ]. Its anterior 
portion, known as the  annular gap  [ 11 ], represents a “diffu-
sion barrier” for liquid vitreus so that it cannot directly fl ow, 
but can only diffuse, out of the vitreous space into the ante-
rior chamber. This anterior portion of the cortical gel vitreus 
does not contain cells. In a few primates such as the owl 
monkey ( Aotus trivirgatus ) and bush baby ( Galago galago ) 
in whom the entire vitreous space is fi lled with viscous liquid 
vitreus, the cortical gel still exists as a thin shell completely 
surrounding the liquid [ 12 ]. 

 The human gel is made of collagen fi bers, and in 
between the fi bers is a large amount of hyaluronan. The gel 
vitreus fi lls the vitreous space in embryos and for a short 
period postnatally. After birth liquid vitreus is produced to 
keep pace with and fi ll the eyeball as it develops [ 13 ]. From 
development until adulthood, the vitreus doubles in vol-
ume. The concentration of hyaluronan in the normal human 
eye during this same period more than doubles increas-
ing from approximately 0.07–1.8 mg/mL. The number of 

collagen fi brils responsible for the gel state of the vitreus 
(10–20 μm in size), forming a completely non-cross-linked, 
random network, remains constant. These fi bers are very 
similar to type II collagen and crisscross the vitreous space, 
from basal lamina to basal lamina without detectable ends 
[ 2 ,  14 ]. Collagen fi bers that are part of the gel vitreus are 
formed during prenatal development, and their number 
remains constant thereafter. There is no evidence that this 
collagen fi brillar network metabolizes in the normal adult 
vitreus. Following vitrectomy, the gel-forming collagen 
fi brils do not regenerate, provided that surgical trauma that 
could lead to wound-related connective tissue formation 
is minimal. The formation of liquid vitreus during normal 
growth and development of the eye is a result of the fact that 
the number of collagen fi brils does not increase, and hyal-
uronan (liquid vitreus) fi lls the space between the fi brils. 
The molecular size of hyaluronan is the same in young and 
old eyes, as well as in the liquid and gel vitreus [ 13 ,  15 ]. 

 Also of note are differences in the topographical distribu-
tion of the insoluble (fi brillar) and soluble macromolecules 
in the human vitreus. The collagen fi brillar network is dens-
est in the cortical vitreus gel next to the ciliary epithelium 
and near the ora serrata of the retina. In other areas of the 
cortical gel, it is less dense. Liquid vitreus, whether visual-
ized during development or aging, is always located in the 
center and anterior part of the vitreus where the collagen 
fi brillar network is the least dense. Collapse of the sparse 
collagen network in this area (syneresis) can result in pools 
of liquid vitreus.  

   III. Hyaluronan 

 Hyaluronan is a unique, pure polysaccharide in the human 
and animal body – present in all intercellular matrices 
(also intercellular spaces) of the body. It is a polydisperse 
molecular system above the molecular size of 30,000; 
therefore, the molecular weight must always be expressed 
as an “average.” Consequently the term “Dalton” cannot 
be used for characterizing hyaluronan because it is not 
monodisperse. The average molecular weight of hyal-
uronan varies in the human and animal body according 
to the intercellular space of the tissue where it is pres-
ent. In vitreus the average molecular weight is very high; 
consequently the solution of the molecules represents a 
viscoelastic fl uid system. The viscoelasticity of the hyal-
uronan solution depends not only on the average molecu-
lar weight but also on the concentration of the molecules. 
Hyaluronan is also unevenly distributed, being the highest 
in the posterior cortical gel in which the hyalocytes are 
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embedded. A concentration gradient toward the retrolental 
space exists and is maintained by a continuous production 
of hyaluronan by the hyalocytes. It must be pointed out, 
however, that the evidence for hyalocyte synthesis of hyal-
uronan is circumstantial and not direct. 

 The fi ltering effect of the basal laminae prevents the 
hyaluronan from diffusing into the intercellular spaces of 
the adjacent structures. Hyaluronan can slowly diffuse (it 
does not “fl ow”) through the anterior cortical gel of vit-
reus into the posterior chamber [ 11 ]. From the posterior 
chamber, it is washed by the aqueous to the anterior cham-
ber and leaves the eye through the trabecular meshwork 
to Schlemm’s canal. The turnover time (half-life) of hyal-
uronan in the eyes of two monkey species was found to 
be several months, indicating a very slow diffusion (not 
fl ow) of these molecules out of the eye [ 1 ,  16 ]. This type 
of organization is typical of connective tissue matrices 
that separate tissues and protect them against friction and 
vibration caused by natural dislocation and stress (eye 
movements, heart beats, rubbing the eye). Examples of 
such matrices, in addition to vitreus, are synovial tissue 
and fasciae. These matrices are also more viscoelastic, as 
they protect against weak mechanical stress of higher fre-
quency. Borzacchiello et al. [ 17 ] studied the rheological 
properties of vitreus in pigs, sheep, and rabbits in the fre-
quency range of 0.05–10 Hz. The dynamic elastic modu-
lus (G’) was always higher than the viscous modulus (G”) 
within this frequency range. It was possible to reproduce 
the rheological behavior of the animal vitreus qualitatively 
by increasing the molecular weight or the concentration 
of pure hyaluronan. This demonstrated that the molecu-
lar network of high average molecular weight hyaluronan 
can “mimic” the rheological properties of vitreus. Soluble 
protein concentration follows approximately the same dis-
tribution pattern as for hyaluronan, being highest in the 
posterior cortical gel vitreus and lowest in the central and 
anterior part [ 9 ,  18 ]. 

 The hyaluronan molecule in vitreus has approximately 
the same average molecular weight in humans and animals, 
except in the case of hyaluronan in vitreus of macaques 
(ages 6–21 years), which was found to be signifi cantly lower 
than that found in adult human liquid vitreus (2.9 × 10 6  ver-
sus 4.6 × 10 6 ) [ 19 ]. The hyaluronan molecular network con-
sists of a spheroidal system with a molecular weight range 
of two to ten million and a diameter about ten times larger 
(200–300 nm) than that of the individual collagen fi brils. 
The domain of the hyaluronan molecular network consists 
of polysaccharide chains of 1–2 nm long random coils in 
which the space between the coils is fi lled with water. This 
special structure, with random distribution of thin molecular 

 networks with relatively low concentration, is responsible 
for vitreus transparency. Reports of hyaluronan with lower-
than- normal molecular size are thought to be due to artifacts 
resulting from damage to the molecule during the purifi ca-
tion process or, as is the case in bovine vitreus, exposure to 
atmospheric oxygen during dissection. This rapid oxygen- 
sensitive degradation system does not manifest itself in vit-
reus of other species [ 10 ,  20 ]. 

 There are considerable variations in the concentration of 
hyaluronan among species, with the highest concentrations 
found in the vitreus of the owl monkey, cattle, human, and 
rhesus monkey and the lowest in guinea pig, rabbit, cat, dog, 
and chicken [ 1 ]. In searching for an appropriate animal 
model for human vitreus, the rhesus monkey (Macaca 
mulatta) eye was found to have the most similarities to the 
human eye with regard to physical state, collagen, hyaluro-
nan content, and aging [ 19 ]. The hyaluronan concentration is 
about ten times higher in the vitreus than in the aqueous in 
both macaque and human eyes. In both species, the hyaluro-
nan concentration is similar and changes with age in the 
same manner [ 19 ,  21 ]. 

 There are only a few connective tissue compartments that 
contain mainly one major structural polysaccharide – hyal-
uronan – and these are the vitreus, the umbilical cord, the 
rooster comb, and the synovial tissue around the joint space. 
In all of these tissues, one of the functions of hyaluronan is 
to stabilize a collagen fi brillar network. This interaction 
between the collagen fi brils and hyaluronan molecules is 
predominantly frictional, meaning that these two elements of 
the vitreus can be separated by mechanical forces such as 
fi ltration and centrifugation without denaturing or destroying 
them. Either of these two mechanical processes, however, 
will destroy the gel itself, as the collagen fi brils accumulate 
at the bottom of the centrifuge tube or on the fi lter. In animals 
that have a predominantly gel vitreus (rabbit, dog, cat, 
rodent, chicken), the concentration of hyaluronan is low and 
the collagen fi bril concentration is higher than in species 
which have more hyaluronan in their vitreus. Thus, one can 
surmise that the role of hyaluronan as a stabilizer of collagen 
fi brils becomes more and more important as the human eye 
grows during development and the distance between the col-
lagen fi brils increases. 

 Hyaluronan plays an important role in the physical prop-
erties of the vitreus. It was suggested by several authors that 
this provides an important “linkage” between the collagen- 
gel network of the vitreus and hyaluronan. One must realize 
that an interaction between the collagen network and the 
hyaluronan fi lling the space in between does not create a per-
manent contact (covalent binding) between the collagen and 
hyaluronan [ 22 ].  
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   IV. Proteoglycans of the Vitreus 

 While the major molecular components of the human (as 
well as most animals) vitreus are the collagen and hyaluro-
nan, there are also proteoglycans present in smaller quanti-
ties. The name proteoglycan indicates that the molecules are 
made up of a molecular complex of proteins and carbohy-
drates of various types. These are present in the liquid vit-
reus, but are not attached to the collagen fi bers or to 
hyaluronan. One such proteoglycan is called  versican  [ 23 –
 25 ]. This large molecule has a mass of 37 kDa (kDa) and 
contains a large amount of sulfated disaccharides. The pres-
ence of versican-like proteoglycans in different species 
 represents a common structural component of the mamma-
lian vitreus. A second important proteoglycan is  type IX col-
lagen . Like versican, it also contains both uronic acid and 
chondroitin sulfate [ 23 ,  26 ,  27 ]. 

 The most important question from the point of view of 
stability of the vitreus is whether or not these proteoglycan 
interact with collagen fi bers or with hyaluronan [ 28 ]. If an 
interaction exists, then the hyaluronan could not be removed 
from the gel part of the vitreus by washing with water. The 
proteoglycans could also be removed from the gel. In gen-
eral, recent opinion is that if a direct interaction between 
hyaluronan and collagen fi bers exists at all, it is very weak. 
Recent (1990–2008) studies were carried out using animal 
vitreus (cattle, pig, rabbit, sheep, and goat). The fi rst bio-
chemical evidence that hyaluronan-binding macromolecules 
are present in the vitreous was published in 1998 [ 24 ]. 
Noulas et al. [ 22 ] published investigations on pig vitreus gel. 
The aim was to study the “macromolecular composition of 
the vitreus,” with particular interest in hyaluronan-binding 
proteoglycans. Their study confi rmed the presence of hyal-
uronan and that the pig vitreus contained lower levels than 
human vitreus. This was the fi rst time the existence of a pop-
ulation of hyaluronan-binding proteoglycans in the pig vit-
reus gel was shown. These molecules show structural and 
immunological characteristics similar to versican. Their 
fi ndings are in agreement with the data obtained in human 
vitreus, as well as from bovine vitreus gel [ 24 ]. The molar 
ratio of versican and link proteins is approximately 1:1, sug-
gesting that they form aggregates with hyaluronan in cattle 
vitreus. The functional signifi cance of versican and link pro-
teins remains uncertain.  

   V. Aging of the Vitreus 

 The human vitreus continues to develop after birth, nearly 
doubling its volume (Figure  I.B-1 ). This volume increase 
occurs in parallel with the production of hyaluronan that fi lls 

the enlarging vitreous body and provide support and stabili-
zation for the collagen fi brillar network (Figure  I.B-2 ). This 
stabilizing effect is especially important because the produc-
tion of collagen fi bers does not continue after birth and the 
space between the fi brils increases as the gel becomes less 
and less dense.

    No liquid vitreus is found in human eyes below the age 
of 4 years [ 13 ]. As the eye develops, up to the age of 20 
years, the liquid volume slowly increases and fi lls about 
20 % of the total vitreous volume. This may increase in 
some cases to 50 % in old adult eyes. In animals that have a 
predominantly gel vitreus (cattle, dogs, sheep, cats, horses, 
rabbits, and most monkeys), liquid vitreus does not form 
[ 30 ], but in humans and rhesus monkeys, aging results in 
important and parallel changes in the vitreus. From the age 
of 45–50 years in humans, the volume of the liquid vitreus 
increases as the volume of the gel vitreus steadily decreases 
(Figure  I.B-1 ). 

 From early adulthood to old age, the hyaluronan con-
centration in the vitreus does not change in either the gel 
or liquid vitreus (Figure  I.B-2  [ 31 – 35 ]). After 70 years, an 
increase in hyaluronan concentration was found in most 
individuals studied, with a greater increase in the liquid than 
the gel vitreus with no change in molecular size of the hyal-
uronan [ 1 ,  13 ,  30 ]. Eisner [ 36 ] has described this process as 
beginning with the occurrence of narrow channels and then 
pockets and pools of liquid vitreus that begin to coalesce 
after 40–45 years of age, resulting in a central liquid pocket 
that in later years occupies slightly more than half the vol-
ume of the vitreus. A parallel result is the increase in colla-
gen concentration in the gel vitreus during the aging process 
due to the collapse or contraction of the collagen fi brillar 
network during the formation of these channels and pools of 
liquid vitreus (see [ 1 ] for review). 

 Another aging change that occurs in the vitreus and has 
only been documented in the human eye is called posterior 
vitreous detachment [ 37 ,  38 ] [see chapter   II.C    . Vitreous 
Aging and PVD]. Since this change occurs in a large num-
ber of the aging population and usually does not lead to any 
serious pathological change or impairment of vision, it is 
assumed to be part of the normal aging process. The fun-
damental structural changes that infl uence the vitreus dur-
ing aging are a thickening of the basal lamina of the retina 
accompanied by an increase in the volume of the liquid 
vitreus with simultaneous collapse of the gel and aggrega-
tion/coalescence of the collagen fi brils. The rhesus monkey 
( Macaca mulatta ) vitreus is the only one described thus 
far that shows developmental and aging changed similar to 
those that occur in humans. Posterior vitreous detachment, 
however, was not observed in rhesus monkeys as old as 21 
years to 30 years. Posterior vitreous detachment can also 

J.L. Denlinger and E.A. Balazs

http://dx.doi.org/10.1007/978-1-4939-1086-1_9


17

occur at any age as a result of chronic intraocular infl am-
mation, severe trauma to the eye, and in aphakic or highly 
myopic young individuals [ 19 ]. Molecular weight determi-
nations of hyaluronan from human diabetic and nondiabetic 
vitreus showed no signifi cant difference [ 39 ], although there 
are known changes in vitreous collagen [see chapter   I.E    . 
Diabetic vitreopathy]. Itakura et al. [ 40 ], using eyes from 
patients with diabetic retinopathy or macular holes, found 
that there was a signifi cant decrease in the “level” (concen-
tration) of hyaluronan in the vitreus with aging under these 
pathological conditions. In our opinion their reported data 
does not prove their assumption. 

 The age-related partial liquefaction of human vitreous 
was studied by electron microscopy, and a breakdown of col-
lagen fi bers into smaller fragments was found [ 41 ]. The 
mechanism of the process – especially from the point of view 
of its cellular or extracellular origin – could not be deter-
mined. However, they “tentatively concluded that an extra-
cellular process is involved.” However, in biomicroscopic 
studies of macaque eyes, it was found that the coalescence of 

the liquid pockets results from dislocation and collapse of 
the tractus vitrealis rather than a breakdown of the collagen 
into smaller fragments [ 19 ].  

   VI. Miscellaneous Considerations 

   A. Species Variations 

 In fi sh eyes, Balazs, for the fi rst time in 1956 [ 42 ], found 
that gel vitreus is attached to the entire retina and that in 
front of it is a viscoelastic liquid vitreus that completely sur-
rounds the rigid, spherical lens. Balazs gave the name ich-
thyosan A to this very viscoelastic liquid that surrounds the 
lens and ichthyosan V to the gel in front of the retina. These 
two molecular complexes are non-covalent aggregates com-
posed of hyaluronan, a sulfate-free chondroitin proteogly-
can, and a keratin-like molecule [ 43 ,  44 ]. Ichthyosan V is 
in between the collagen fi brils in the vitreus and stabilizes 
the structure of the vitreous gel. The anterior chamber is 
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  Figure I.B-1    Rheology of human vitreous [ 29 ]. Fresh unfi xed 
human eyes were studied postmortem and the volumes of gel vitre-
ous ( open circles ) as well as liquid vitreous ( closed circles ) were 
measured. The  y -axis displays the volume in ml and the  x -axis the 
age groups of the donors. Each point represents the mean value 

obtained from various numbers of donor eyes (shown at  top of 
graph ). It can be appreciated that after growth of the eye ceases (age 
10–20), the gel volume is stable until age 40 when it begins to 
steadily decline throughout the remainder of life. The volume of liq-
uid vitreous increases throughout life       
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fi lled with the same liquid as the vitreus. Because the lens 
cannot be deformed in fi sh eyes, it accommodates (focuses) 
by moving the lens back, forward, and sideways in this very 
elastoviscous liquid. The average molecular weight of ich-
thyosan varies from 5.2 to 13.0 million in various species of 
fi sh [ 43 ,  44 ].  

   B. Hyaluronidase and the Vitreus 

 Hyaluronidase has been found in the human and animal vit-
reus, but at physiological pH in the range of 6.5–8.0, it has 
no activity [ 45 ]. Consequently, hyaluronan is not affected by 
degrading enzymes in the vitreus in vivo [ 31 – 35 ]. Highly 
purifi ed ovine hyaluronidase (Vitrase® [ 46 ]) has been pre-
pared for the treatment of vitreous hemorrhage in human 
eyes. No serious safety issues were reported after a single 
intravitreal injection of this enzyme. Iritis, manifesting as an 
acute, self-limited infl ammation, was the most common 
adverse event [ 47 ,  48 ]. This agent failed FDA testing and is 
thus not indicated for intraocular use.  

   C.  Hyaluronan and its Derivatives 
as Viscoelastics in Medicine 

 After more than 15 years of research and development to pro-
duce hyaluronan that could be used therapeutically in humans 
and animals, Balazs [ 49 ] published the fi rst comprehensive 
report on this subject. Two conclusions could be drawn from 
this work: fi rst hyaluronan could be purifi ed in such a way 
that the fraction of the molecule that was responsible for the 
production of acute infl ammation in animals and humans was 
removed and second the medical utility of hyaluronan is 
based on its mechanical properties of viscosity and elasticity, 
and thus its ability to be a physical barrier, rather than having 
a chemical effect. The fi rst such non-infl ammatory fraction of 
sodium hyaluronate (known by the acronym NIF-NaHA) was 
tested during the late 1960s for two medical applications: use 
in humans and animals (mainly horses) to treat traumatic and 
idiopathic osteoarthritis and for ophthalmic surgery in the 
anterior chamber and in the vitreus [ 49 – 52 ]. 

 The concept of using hyaluronan for viscosurgery [ 53 – 55 ] 
in the eye was based on its rheological properties. Solutions 
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of hyaluronan and its derivatives have a very high viscosity 
at low shear (e.g., during the insertion of a plastic lens) where 
they can be used to make and maintain space, and they 
exhibit low viscosity and high elasticity at high shear, mak-
ing it possible to deliver the solutions through narrow chan-
nels such as a small gauge needle with ease. In such cases the 
elastoviscous solution serves as a shock-absorbing body and 
serves to protect delicate tissues and cell layers, such as the 
corneal endothelium, the iris, and the retina [ 56 ]. In 1982, 
the fi rst clinical symposium was organized [ 57 ] to review the 
clinical benefi ts of viscosurgery with Healon®, the name 
given by Balazs to the fi rst viscosurgical tool made available 
for ophthalmic viscosurgery.     
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   I.  Introduction 

 Inherited vitreoretinopathies mostly result from genetic 
abnormalities of types II, IX, or V/XI collagen [see chapter 
  I.A    . Vitreous proteins] and proteoglycans, [see chapter   I.F    . 
Vitreous biochemistry and artifi cial vitreous] expressed prin-
cipally and collectively in the eye but also in articular and 
hyaline cartilage. The phenotypes can be variable but affected 
patients classically exhibit high degrees of congenital myo-
pia and visual loss from retinal detachment with varying 
degrees of associated hearing loss, arthropathy, and orofacial 
abnormalities. 

 The Stickler syndromes form by far the largest subgroup 
and are the most common cause of inherited retinal detach-
ment. Originally considered a single-gene disorder, at least 8 
subgroups of Stickler syndrome have now been characterized 
and recent laboratory research has shed much new light on the 
basis for the clinical and phenotypic variability between 
patients that now extends to encompass familial retinal detach-
ment in the general population. This chapter provides a clinical 
overview of these important disorders of vitreous embryogen-
esis together with a review of the recent advances in their 
molecular genetic analysis, including minigene splicing 
reporter analysis. Such functional studies are likely to become 
increasingly relevant as diagnostic molecular genetic analysis 
moves away from exon sequencing to whole-gene analysis by 
next-generation sequencing. The emergence and availability of 
rapid, accurate molecular genetic diagnosis and subtyping pro-
vide much more precise stratifi cation of risk, and as a result 
protocols for effective prophylaxis against retinal detachment 
can, for the fi rst time, be deployed in high-risk subgroups. 

   A.  Vitreous Embryology 

 For a detailed description of vitreous embryogenesis, see 
chapter   II.A.     Development and developmental disorders of 
vitreous. The largest of ocular components, vitreous’s major 
structural components are collagen types II, IX, and V/XI [ 47 ] 
together with hyaluronan as the quantitatively major glycos-
aminoglycan associated with the binding molecules versican 
and proteoglycan link protein in lower concentrations [ 9 ,  14 , 
 15 ,  27 ,  43 ,  55 ]. The collagen fi brils are co-expressed with a 
number of other proteins including opticin, vitrin, fi bulin-1, 
and nidogen-1 [ 13 ,  32 ,  63 ]. 

 Due to the early embryogenesis of vitreous and negligible 
postnatal turnover, mutations in the genes encoding this 
unique extracellular matrix result in an array of anatomical 
and architectural variations in vitreous development evident 
on slit-lamp biomicroscopy and fundus examination. 
Expression of some of these genes in other connective tis-
sues frequently, but not invariably, results in associated 
extraocular systemic manifestations, and recent laboratory 
research has shed signifi cant new light on the role of tissue- 
specifi c or idiosyncratic alternative splicing as the underly-
ing basis for some of the phenotypic variation seen within 
and between individual families and siblings.   

   II.    Classifi cation of Inherited 
Vitreo-Retinopathies 

 Inherited vitreoretinopathies may be classifi ed according to 
either their genetic basis or phenotype. For the vitreoretinal 
surgeon faced with making a differential diagnosis upon 
which to direct any subsequent ancillary investigations, the 
phenotypic approach provides a useful starting point and a 
modifi ed classifi cation from Meredith and Snead [ 50 ] on 
which to base such a clinical approach is given below:
    1.     Vitreo-retinopathies with skeletal abnormalities    
   2.     Vitreo-retinopathies with progressive retinal dysfunction    
   3.     Vitreo-retinopathies with abnormal retinal vasculature    
   4.     Vitreo-retinopathies with corneal changes    
   5.     Vitreo-retinopathies with dominant and / or bilateral rheg-

matogenous retinal detachment  ( DRRD / BRRD )  ocular - 
only   phenotypes     

    A.  Diagnosis and Clinical Features 

   1.  Vitreo-Retinopathies with Skeletal 
Abnormalities 

 The vitreoretinopathies associated with skeletal abnormali-
ties contribute the bulk of inherited vitreoretinopathies, com-
prising at least a dozen recognized subgroups, which are 
summarized in Table I.C-1   .  

 Key Concepts 

     1.    The ophthalmologist has a key role to identify the 
emerging array of ocular-only vitreo-retinopathies at 
risk of retinal detachment but which would be over-
looked or excluded using historic criteria constrained 
by the requirement for systemic involvement. Genetic 
analysis for inherited (non-syndromic) rhegmatoge-
nous retinal detachment is now a realistic possibility.   

   2.    Functional studies are likely to become increasingly 
relevant as diagnostic molecular genetic analysis 
moves away from exon sequencing to whole-gene 
analysis by next- generation sequencing.   

   3.    Molecular genetic diagnosis and subtyping now 
provide a much more precise stratifi cation of risk 
for retinal detachment so that effective prophylaxis 
can, for the fi rst time, be deployed in high-risk 
subgroups.     
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  Table I.C-1       Vitreoretinopathies associated with skeletal abnormalities   

 Syndrome  Gene  Distinguishing features  MIM no. 

 Stickler syndrome 
  Type 1   COL2A1  Membranous congenital vitreous anomaly, 

congenital megalophthalmos, deafness, 
arthropathy, cleft palate 

 108300 

  Ocular only   COL2A1  Membranous congenital vitreous anomaly 
(usually), congenital megalophthalmos. No 
systemic features 

 609508 

  Type 2   COL11A1  Beaded congenital vitreous anomaly, congenital 
megalophthalmos, deafness, arthropathy, cleft 
palate 

 604841 

  Type 2 recessive   COL11A1  Autosomal recessive, beaded congenital 
vitreous anomaly, congenital megalophthalmos, 
cleft palate, profound severe congenital 
deafness 

  TBC  

  Type 3   COL11A2  Normal vitreous and ocular phenotype, 
deafness, arthropathy, cleft palate 

 184840 

  Type 4   COL9A1  Recessive inheritance, sensorineural deafness, 
myopia, vitreoretinopathy, epiphyseal dysplasia 

 614134 

  Type 5   COL9A2  Recessive inheritance, sensorineural deafness, 
myopia, vitreoretinopathy, epiphyseal dysplasia 

 614284 

  Type 6   COL9A3  Recessive inheritance, sensorineural deafness, 
myopia, vitreoretinopathy, epiphyseal dysplasia 

 TBC 

  Other   Unknown  Hypoplastic vitreous, deafness, arthropathy, 
cleft palate 

  Not assigned  

 Kneist dysplasia  COL2A1  Severe arthropathy, short stature, phalangeal 
dysplasia 

 156550 

 Spondyloepiphyseal 
dysplasia congenital (SEDC) 

 COL2A1  Severe short stature, rhizomelic limb 
shortening, barrel chest 

 183900 

 V-PED  COL2A1  Vitreoretinopathy associated with severe 
phalangeal dysplasia 

 Not assigned 

 Marshall syndrome  COL11A1  Sparse hair, reduced sweating, congenital/
juvenile cataract 

 154780 

 Knobloch syndrome  COL18A1  Occipital encephalocoele, renal abnormalities, 
abnormal palmar creases 

 267750 

 Marfan syndrome  FBN1  Cornea plana, ectopia lentis, arachnodactyly, 
aortic root dilatation 

 154700 

   a.  Stickler Syndrome 
 The Stickler syndromes are a range of inherited disorders of 
type II, IX, and V/XI collagen associated with congenital 
megalophthalmos, retinal detachment and giant retinal tear, 
deafness, cleft palate, Pierre-Robin sequence, joint hypermo-
bility, and premature arthritis. Initially considered a single- 
gene disorder, possibly allelic with Wagner vitreoretinopathy 
(see below), at least nine clinical subgroups have been 
characterized. 

   i.  Epidemiology 
 No reliable studies to determine the prevalence of Stickler 
syndrome have been undertaken. It has been reported previ-
ously to be approximately one case in 10,000 newborns 
[ 18 ], but given the past diffi culties with diagnosis prior to 
reliable molecular genetic analysis and the varied and subtle 
clinical presentation, this fi gure is likely to be a consider-
able underestimate. Prevalence estimates by the UK Genetic 

Testing Network and those based on extrapolation of data 
regarding the incidence of Pierre Robin sequence (PRS) in 
newborns suggest a higher fi gure at between 1:7,500 and 
1:9,000 [ 60 ].  

   ii.  Diagnosis and Differential 
Diagnosis 

 The classical clinical features of Stickler syndrome are a 
variable combination of congenital high myopia, retinal 
detachment, deafness, joint hypermobility, premature 
arthropathy, and cleft palate. There is much inter- and intra-
familial variability and patients may present with a combina-
tion of any or all of the classical clinical features or remain 
undiagnosed until retinal detachment in adulthood. Such 
clinical variability means that patients may present to an 
array of different clinical subspecialties, and such subtle 
clinical phenotypic variations can make the diagnosis diffi -
cult. It is not uncommon for patients within or between 

I.C. Hereditary Vitreo-Retinopathies



24

 families to receive different clinical diagnoses. In the major-
ity of cases the diagnosis can now be confi rmed relatively 
easily and quickly using a combination of clinical assess-
ment and molecular genetic analysis according to the algo-
rithm depicted in (Figure  I.C-1 ) [ 70 ,  73 ].

      iii. Clinical Features 
   1.  Ophthalmologic Features 

 Of all the various clinical features, statistical analysis by 
Hoornaert et al. [ 37 ] concluded that an eye examination 
was the key and most important evaluation for patients. 
The pathognomonic hallmark of Stickler syndrome is a 
congenital arrest in vitreous embryological development, 
manifest postnatally as an abnormal vitreous architecture 
visible on slit-lamp biomicroscopy. This feature is present 
at birth and in the absence of surgical intervention remains 
evident throughout life. The four common vitreous pheno-
types are depicted in Figure  I.C-2 . Vitreous examination is 
especially important for the clinical diagnosis of the ocu-
lar-only  subgroups (see Table I.C-1 and below) which 
without systemic involvement are likely to pass undiag-
nosed until sudden visual loss from retinal detachment 
occurs [ 85 ].

   The majority of patients are signifi cantly myopic, but 
unlike the more common developmental myopia in the popu-
lation at large (which develops typically during school age), 
the refractive error in Stickler syndrome is characteristically 
congenital, of high degree, and largely nonprogressive. 
Interestingly, unlike developmental myopia, the optic disc in 
Stickler syndrome is frequently normal and does not show 
the peripapillary changes usually associated with the devel-
opmentally progressive myopia in the general population. 
There is often an associated signifi cant astigmatic error, but 
it is important to be aware that in some series up to a quarter 

of patients exhibit only a mild or moderate level of myopia 
[ 57 ]. Radial, perivascular lattice retinopathy is a frequent 
fi nding in older patients but this is a later-onset feature, and 
the fundus appearance in children may be unremarkable 
despite the fact that the risk of retinal detachment and blind-
ness is high in both the major subgroups of Stickler syn-
drome [ 7 ,  57 ,  59 ]. The high risk of giant retinal tear and 
detachment (Video  I.C-1 ), particularly in children, has 
formed one of the principal drives to provide quick and reli-
able molecular genetic analysis so that patients can be identi-
fi ed and, where appropriate, offered prophylactic treatment 
(see below).  

   2.  Orofacial Features 
 Apart from the congenital megalophthalmos, patients with 
Stickler syndrome may also exhibit certain other characteris-
tic facial features that include retrognathia, midfacial fl atten-
ing, and a shortened nose with anteverted nares and associated 
long philtrum. These features are often most striking in 
childhood and become progressively less obvious with age 
[ 84 ]. The similarity between some of these facial features 
and those of an allied disorder Marshall syndrome (Table 
I.C-1) has led to some controversy in the literature as to 
whether these two disorders are one and the same or distinct 
separate clinical entities (see below). What is clear from the 
published literature to date is that mutations in the gene for 
the α1 chain of type XI collagen (COL11A1) can result in 
both the Stickler and Marshall phenotypes and that geneti-
cally confi rmed type 1 Stickler syndrome can exhibit the 
same facial features. For these reasons, analysis of facial 
phenotype alone should not be considered reliable for dif-
ferential diagnosis nor to reliably differentiate between the 
subgroups of Stickler syndrome. 

 Patients with systemic involvement may also exhibit 
clefting abnormalities of the hard or soft palate. This may be 
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asymptomatic and unrecognized by the patient and is distinct 
from other causes of midline clefting associated with cleft 
lip, the latter feature being only rarely associated with 
Stickler syndrome. In patients without an obvious history of 
palate repair, direct examination and palpation will help 
identify those with subclinical clefts – a helpful diagnostic 
sign for the clinician but easily overlooked.  

   3.  Hearing Loss 
 In common with all midline clefting disorders, impairment 
of eustachian tube function may lead to a secondary conduc-
tive hearing loss and serous otitis media is a common asso-
ciation, often compounded by associated tympanic 
membrane or middle ear ossicle abnormalities. Furthermore, 
the associated collagen abnormalities in the cochlea can 
cause a combined sensorineural hearing defect that is 
 typically high tone and may be mild or asymptomatic. An 
audiogram is a simple and useful fi rst-line investigation to 
identify and differentiate conductive from sensorineural 

components. In addition to the raised hearing thresholds, 
abnormal tympanic membrane mobility (measured using 
tympanometry) has been observed in individuals identifi ed 
with Stickler syndrome, although interestingly this is not 
always linked to a conductive hearing loss [ 1 ,  85 ,  90 ].  

   4. Musculoskeletal Features 
 Many younger patients with Stickler syndrome have joint 
hypermobility and the diagnosis should certainly be consid-
ered in hypermobile patients who are myopic with hearing 
loss or midline clefting. Joint mobility can be assessed objec-
tively using the Beighton scoring system to allow compari-
son with an age, sex, and race matched population. With 
increasing age the hypermobility reduces or is lost com-
pletely and a degenerative arthropathy of variable severity 
typically affecting the knees, hips, and spine is common by 
the third or fourth decade (Figure  I.C-3 ) [ 21 ,  61 ,  78 ]. 
Radiological features can include enlargement of the epiphy-
ses, overtubulation of long bones, rhizomelic limb  shortening, 

a b

c d

  Figure I.C-2    Schematic illustration of the 4 most common vitreous 
phenotypes found in Stickler syndrome. ( a :  top left ): Membranous type 
1 vitreous anomaly (premature termination or frame-shift mutations 
COL2A1). ( b :  top right ): Hypoplastic vitreous phenotype (usually 

splice site mutations COL2A1). ( c :  bottom left ): Type 2 beaded vitreous 
anomaly (COL11A1 mutations). ( d :  bottom right ): Healthy compact 
gel architecture. Unaffected or non-ocular Stickler syndrome 
(COL11A2 mutations)       
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fl attening and irregularity of the femoral epiphyses, and fl ar-
ing of the metaphyses. Spinal changes are characterized by 
irregularity, platyspondyly, and anterior wedging of the ver-
tebral bodies, but in a signifi cant proportion of patients with 
genetically confi rmed Stickler syndrome, the radiology is 
unremarkable and cannot therefore be relied upon in  isolation 
for exclusion of the diagnosis. This is especially true for the 
ocular-only subgroups (see below), where the diagnosis will 
be dismissed using algorithms overly reliant on radiological 
criteria. Stickler patients are occasionally given an erroneous 
diagnosis of Perthes disease as the appearances in some 
patients are similar radiologically. Osgood-Schlatter’s dis-
ease is also a common association [ 3 ], but since this is a 
clinical rather than a radiological diagnosis and is common 
in adolescence generally, the true nature of this association is 
uncertain [ 85 ].

       iv.  Molecular Genetic Analysis 
of Stickler Syndrome 

 Stickler syndrome may be caused by mutations in the genes 
for type II, type IX, and type V/XI collagen, and 9 distinct 
subgroups are currently recognized and classifi ed on the 
basis of genetic analysis. 

   a.  Type 1 Stickler Syndrome 
 The majority of patients (75–80 %) will have type 1 Stickler 
syndrome resulting from mutations in the gene for type II 
collagen (COL2A1) usually via haploinsuffi ciency either 
from point mutations resulting in a direct premature termina-
tion codon or a deletion/insertion frameshift resulting in pre-
mature termination further downstream. These premature 
termination codons are recognized by the cell as abnormal 

and the mutant mRNA is targeted for degradation via the 
nonsense-mediated decay pathway [ 67 ]. Although there are 
a small number of recurrent mutations, most families have 
unique mutations private to themselves. In addition to pre-
mature termination codons, there are many splice site 
 mutations and it has been presumed that these result in the 
use of cryptic splice sites (see below) that cause shifts in the 
reading frame and haploinsuffi ciency, although this has only 
been demonstrated in a few cases [ 37 ,  70 ,  101 ].  

   b.  Type 2 Stickler Syndrome 
 Patients with type 2 Stickler syndrome exhibit a differ-
ent vitreous phenotype [ 59 ,  64 ,  66 ,  83 ,  84 ] (Table I.C-1, 
Figure  I.C-2c ) and result from dominant-negative mutations 
in the gene encoding the α1 chain of type XI collagen 
(COL11A1). As yet there are no clear genotype/phenotype 
correlations within this subgroup. Although there are some 
reports of the type 1 vitreous phenotype being associated 
with mutations in COL11A1 [ 45 ,  48 ], the weight of accu-
mulated published data strongly suggests that these are more 
likely to be due to posterior vitreous detachment leading to 
an erroneous identifi cation of the detached posterior vitreous 
cortex as the type 1 vitreous anomaly [ 70 ,  85 ]. The difference 
between the two membranes is illustrated in (Figure  I.C-4 ).

  Figure I.C-4    Posterior vitreous detachment in type 1 Stickler syn-
drome. Posterior vitreous cortex (PVC) ( arrow head ) visible as second 
membrane behind type 1 congenital membranous vitreous anomaly 
( arrow ). In type 2 Stickler syndrome, the ophthalmologist should be 
wary of mistakenly confusing the PVC with the type 1 anomaly – 
examination of fellow eye may help (Reproduced with permission from 
Snead et al. [ 85 ])       

  Figure I.C-3    Joint hypermobility and dysplasia in adolescence typi-
cally gives way to premature arthritis later in life. Arthropathy and hip 
dysplasia in a 60 year old lady with type 1 Stickler syndrome       
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      c.  Type 3, “Non-ocular” Stickler 
Syndrome 

 The gene encoding the α2 chain of type XI collagen 
(COL11A2) is not expressed in the eye and is replaced by an 
additional α1(XI) chain or the α2 chain of type V collagen 
(COL5A2 gene) thereby forming a type V/XI collagen [ 47 ]. 
So patients with mutations affecting COL11A2 present with 
arthropathy and deafness, but without ophthalmic involve-
ment [ 82 ]. Both dominant and recessive mutations in the 
same gene have also been found in patients with otospondy-
lomegaepiphyseal dysplasia.  

   d.  Types 4, 5, and 6 Stickler 
Syndrome 

 Rarely, an autosomal recessive form of Stickler syndrome 
due to biallelic null mutations in the genes encoding either 
the α1, α2, or α3 chains of type IX collagen is reported 
[ 10 ,  25 ,  96 ]. These genes are more commonly associated 
with multiple epiphyseal dysplasia (MED2 and MED3; MIM 
600204, 600696).  

   e.  “Ocular-Only” Stickler 
Syndrome 

 As part of natural, tissue-dependent mRNA splicing varia-
tion, exon 2 of the gene for type II collagen (COL2A1) is 
not expressed in mature cartilage but is expressed in the eye. 
Mutations falling by chance within this exon will be natu-
rally removed from the mature type II collagen transcript in 
cartilage tissue, and such patients therefore typically present 
to the clinician with minimal (if any) of the skeletal abnor-
malities more usually associated with the disorder. Since 
exon 2 of COL2A1 is normally expressed in the eye, how-
ever, patients harboring such specifi c mutations have an 
identical vitreoretinal and ocular phenotype to type 1 
Stickler syndrome and a similarly high risk of retinal detach-
ment [ 57 ,  65 ].  

   f.  Stickler Syndrome 
with Profound Deafness 

 Reviews of published information on hearing loss in Stickler 
syndrome suggest that although hearing loss is common, it 
is usually mild to moderate in nature [ 1 ,  85 ]. Combinations 
of null alleles and missense mutations or biallelic null 
alleles in COL11A1 have been shown to result in the severe 
recessive disorder fi brochodrogenesis which is usually 
lethal. Carriers show only mild clinical features such as 
myopia or hearing loss and are not considered to have 
Stickler syndrome [ 2 ,  93 ]. 

 COL11A1, COL11A2, and COL2A1 are all subject to 
alternative splicing [ 79 ,  102 ] where inclusion or exclusion of 
exons encoding the N-propeptide region of the molecules 
results in isoforms that can vary in their interaction with 
other components of the extracellular matrix [ 98 ] and growth 
factors such as TGFβ1 and BMP-2. A novel form of Stickler 
syndrome associated with severe, profound deafness has 
been identifi ed in which mutations affecting the alternatively 

spliced exon 9 (also referred to as exon 8 or V2) of COL11A1 
and modifi ed by the natural alternative splicing result in a 
recessive variant of the disorder with total deafness and 
severe myopia but mild arthropathy [ 75 ]. 

 The expression of the alternatively spliced exon 9 of 
COL11A1 is similar to that of exon 2 of COL2A1 (see above 
and [ 51 ]). Both are present in immature chondrocytes but 
disappear as these cartilage precursors differentiate and 
mature. This explains why the resulting phenotype in these 
individuals manifests as a vitreoretinopathy rather than 
(severe) fi brochondrogenesis. Just as mutations in exon 2 of 
COL2A1 result in a nonsystemic form of Stickler syndrome 
(see above), so the natural alternative splicing of COL11A1 
exon 9 modifi es and reduces the severity of abnormal skele-
tal development. Exon 9 of the COL11A1 gene is however 
expressed in Meckel’s cartilage [ 22 ] – the origin of the mal-
leus and incus of the inner ear, and anterior ligament of the 
malleus tympanic plate [ 20 ] accounting for the profound 
deafness associated with this recessive form of Stickler syn-
drome [ 75 ].  

   g.  Unresolved 
 There are several reports of pedigrees with the full Stickler 
syndrome phenotype including vitreous abnormality, in 
which linkage to all the known loci has been excluded indi-
cating that there is further genetic heterogeneity still to be 
resolved [ 46 ,  99 ].    

   b. COL2A1-Related Disorders 
   i.  Kniest Dysplasia 

 Kniest dysplasia is an autosomal dominant disorder that 
shares many similarities with Stickler syndrome and the 
same genetic locus. Mutations are found in the same gene as 
for type 1 Stickler syndrome (COL2A1, Table I.C-1) but 
result in dominant-negative effects rather than haploinsuffi -
ciency resulting in a more severe arthropathy (Figure  I.C-5 ) 
and short stature combined with variable degrees of cleft pal-
ate, Pierre Robin sequence, and deafness. Clinical features 
present at birth include shortened trunk and limbs, congeni-
tal megalophthalmos, and a fl attened nasal bridge. The joints 
are often large at birth and with pronounced phalangeal 
epiphyseal dysplasia. Both conductive and sensorineural 
hearing loss may be present as with Stickler syndrome and 
all the type II collagenopathies [ 86 ].

      ii.  Spondyloepiphyseal Dysplasia 
Congenita (SEDC) 

 SEDC presents at birth with shortening of the trunk and to a 
lesser extent the extremities (rhizomelic limb shortening) 
with or without midline cleft and Pierre Robin sequence 
(Figure  I.C-6 ). It is inherited as an autosomal dominant dis-
order and characteristically results from dominant-negative 
mutations in the gene for type II collagen (COL2A1). In 
common with other type II collagenopathies, they exhibit 
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congenital abnormalities of vitreous development, hearing 
loss (both conductive and sensorineural). Patients classically 
develop a barrel-shaped chest associated with an exagger-
ated lumbar lordosis, which may compromise respiratory 
function. Odontoid hypoplasia may be present, predisposing 
to cervicomedullary instability. In parallel with the other 
type II/XI collagenopathies, patients with SEDC are at sig-
nifi cant risk of giant retinal tear (GRT) and rhegmatogenous 
retinal detachment.

      iii.    Vitreoretinopathy with Phalangeal 
Epiphyseal Dysplasia (V-PED) 

 Richards et al. [ 68 ] described a novel form of dominantly 
inherited rhegmatogenous retinal detachment in which 
affected individuals also displayed an unusual but character-
istic and severe phalangeal epiphyseal dysplasia resulting in 
brachydactyly. Analysis identifi ed a novel mutation in the 
C-propeptide region of COL2A1 in a region that is highly 
conserved in all fi brillar collagen molecules. The phenotype 

a
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  Figure I.C-5    ( a ,  b ) Kniest dysplasia. Note megalophthalmos and severe arthropathy particularly spine, knees, elbows, and phalangeal dysplasia       
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appears to represent a distinct separate entity from other the 
type II collagenopathies (SEDC, Kniest, Strudwick, and 
Stickler) (Figure  I.C-7 ).

      iv.  Marshall Syndrome 
 There is some uncertainty as to whether or not the type 2 
Stickler and Marshall syndromes are clinically separate enti-
ties. Many features are shared such as midfacial hypoplasia, 
spondyloepiphyseal abnormalities, cleft palate, and sensori-
neural hearing loss, but patients with Marshall  syndrome 
were originally reported to also have ectodermal dysplasia 
with hypertrichosis and hypohydrosis, calvarial thickening, 
and ocular hypertelorism. Some authors link certain  mutations 

in COL11A1 with the Marshall facial phenotype,  others tak-
ing an opposing view [ 8 ,  31 ,  81 ]. Regardless of nomencla-
ture, what is clear from the published literature to date is that 
not all mutations in COL11A1 result in the Marshall pheno-
type [ 8 ,  45 ,  59 ] and also that genetically confi rmed COL2A1 
Stickler syndrome can exhibit the same facial features. The 
term Marshall-Stickler syndrome has been used but is poten-
tially even more confusing and is best avoided until the origi-
nal entity reported by Marshall is better characterized on 
clinical and molecular genetic grounds. 

 Recessive mutations have been described in both Marshall 
syndrome and a more severe and usually lethal disorder 
fi brochondrogenesis [ 2 ,  93 ]. These include substitutions of a 

  Figure I.C-6    Spondyloepiphyseal dysplasia congenita. Note short stature, barrel chest and rhizomelic (proximal) limb shortening. Patients typi-
cally exhibit the membranous congenital vitreous anomaly and congenital megalophthalmos       
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glycine residue within the α1(XI) collagen tripe helical 
domain. This type of mutation usually has a dominant- 
negative effect but these recessive mutations highlight the 
need for caution in assuming the mode of inheritance. 
Clinical and molecular analysis of both parents is recom-
mended when assessing apparently sporadic cases of 
Stickler/Marshall syndrome (see below).  

   v.  Knobloch Syndrome 
 Knobloch syndrome is an autosomal recessive vitreoretinop-
athy which features high myopia, nystagmus, featureless iris, 
cataract, ectopia lentis, retinal detachment, and severe RPE 
atrophy resulting in prominent choroidal vasculature 
(Figure  I.C-8 ). Systemic associations are congenital occipi-
tal encephalocele, unusual palmar creases, nail hypoplasia, 
and dental caries. In instances where the occipital encephalo-
cele is subclinical, CT or MRI imaging may be required to 
support the clinical diagnosis. Molecular genetic analysis 
most commonly implicates homozygous splice site changes 
in the gene encoding the α1 chain of type XVIII collagen 
(COL18A1), although compound heterozygotes have also 

been identifi ed. The gene is expressed in two distinct iso-
forms, the longer isoform in retina (with a putative role in 
retinal structure) as well as in the closure of the neural tube, 
and associations with spina bifi da have been reported. Mice 
that are COL18a1 knockouts show abnormalities in the uveal 
tract.

      vi.  Marfan Syndrome 
 Marfan syndrome is an autosomal dominant vitreoretinop-
athy associated with an abnormal vitreous architecture, 
myopic astigmatism, cornea plana, ectopia lentis, and 
characteristic skeletal and cardiovascular features. 
Although there is a signifi cant association with myopia, 
this is characteristically developmental in contrast to the 
congenital nonprogressive myopia found in type 1 Stickler 
syndrome (see above). Increased height with dispropor-
tionately long limbs and digits; scoliosis; lumbar lordosis; 
joint laxity; a crowded, high-arched (but not cleft) palate; 
and anterior chest deformities characterize the classical 
phenotype. Mitral valve  prolapse, mitral regurgitation, 
dilatation of the aortic root, aortic regurgitation, aneurysm 
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  Figure I.C-7    Brachydactyly in vitreoretinopathy with phalangeal epiphyseal dysplasia (V-PED) (Reproduced with permission from Richards 
et al. [ 68 ])       
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of the aorta, and aortic dissection are the major life- 
threatening cardiovascular complications. Other atypical 
fi ndings include striae distensae, pulmonary blebs (predis-
posing to spontaneous pneumothorax), and spinal arach-
noid cysts or diverticula. All “true” cases of Marfan 
syndrome appear to be due to heterozygous mutations in 
the fi brillin-1 gene (FBN1) on chromosome 15q21.1 that 
encodes fi brillin – a high-molecular-weight extracellular 
glycoprotein. Mutations in the fi brillin gene cause both 
Marfan syndrome and dominant ectopia lentis. Loeys-
Dietz syndrome (LDS), an autosomal dominant disorder 
characterized by the triad of arterial tortuosity and aneu-
rysms, hypertelorism, and bifi d uvula or cleft palate, forms 
part of the clinical differential diagnosis but without asso-
ciated vitreous abnormality.    

   2.  Vitreoretinopathies with Progressive 
Retinal Dysfunction 
   a.  Wagner Vitreoretinopathy/Erosive 

Vitreoretinopathy 
 Wagner syndrome is a rare autosomal dominant vitreoreti-
nopathy associated with myopia, glaucoma, chronic uveitis, 
liquid vitreous, premature cataract, night blindness, and reti-
nal detachment. Clear lenses in childhood typically develop 
anterior and posterior cortical opacities in puberty with rapid 
progression during the third or fourth decades. The anterior 
lens capsule is unusually tough and highly elastic making the 
capsulorrhexis challenging and secondary capsular opacity 
and phimosis common. 

 The cardinal vitreous features are the absence of the nor-
mal vitreous architecture and a very pronounced thickening 

  Figure I.C-8    Knobloch syndrome. a type XVIII collagenopathy associated with vitreoretinopathy and retinal detachment. Left inferior macula off 
retinal detachment associated with high myopia and occipital encephalocele (Reproduced with permission from Snead et al. [ 85 ])       
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and incomplete separation of the posterior vitreous cortex 
[ 16 ,  49 ] that tends to occur in a circumferential band. Ectopia 
of the macula with an associated “W-shaped” nasal displace-
ment of retinal vessels is associated with pseudoexotropia 
[ 49 ,  52 ]. Many patients show elevated rod and cone thresh-
olds on dark adaptation, and the majority will have subnor-
mal b-wave amplitudes on ERG. Visual fi eld analysis may 
demonstrate ring scotomas with eventual loss of central 
visual acuity. Even in the absence of retinal detachment, the 
progressive nature of the chorioretinal pathology results in 
progressive nyctalopia and visual fi eld loss, the clinical phe-
notype at the end-stage being referred to as erosive vitreo-
retinopathy – the two disorders being allelic. 

 A heterozygous mutation in the gene encoding versican 
(CSPG2) was fi rst identifi ed in Wagner syndrome by 
Miyamato et al. [ 52 ]. Versican is a chondroitin sulfate pro-
teoglycan expressed in many tissues including the vitreous 
gel, where it represents 2.5 % of the total protein content 
[ 62 ]. The amino-terminal of versican binds to hyaluronan, 
resulting in the formation of very large complexes. Natural 
alternative splicing results in 4 isoforms, and mutations iden-
tifi ed in Wagner vitreoretinopathy usually result in a signifi -
cant imbalance and increase of the V2 and V3 isoforms as a 
result of exon 8 skipping which is required for the V0 and V1 
transcripts [ 16 ,  40 ,  49 ,  53 ,  77 ].  

   b.  Goldmann-Favre Syndrome/
Enhanced S-Cone Dystrophy 

 Goldmann-Favre syndrome is a recessive vitreoretinopathy 
characterized by night blindness, liquefaction and fi brillar 
changes of the vitreous, equatorial chorioretinal atrophy and 
pigment clumping, peripheral and macular schisis, and dif-
fuse vascular leakage on fl uorescein angiography. This syn-
drome is now known to be caused by mutations in the same 
gene that causes enhanced S-cone syndrome (ESCS the 
NR2E3 gene). The ERG fi ndings show severely reduced rod- 
isolated responses and reduced combined rod-cone responses.   

   3.  Vitreoretinopathies with Abnormal 
Retinal Vasculature 

 During embryogenesis vitreous undergoes a remarkable trans-
formation from a vascularized structure during the fi rst tri-
mester to an avascular and largely acellular clear structure at 
birth [see chapter   I.D    . Vitreous cytokines and regression of the 
hyaloid vasculature]. There are a variety of abnormalities that 
can occur during this process resulting in different phenotypic 
expressions [see chapter   III.A    . Congenital vascular vitreo- 
retinopathies]. As the following describes, these phenotypes 
are beginning to be reclassifi ed in terms of genotype. 

   a.  Familial Exudative 
Vitreoretinopathy 

 Familial exudative vitreoretinopathy (FEVR) is an inherited 
vitreoretinopathy characterized by premature arrest of retinal 

angiogenesis and vascular differentiation resulting in incom-
plete vascularization of the peripheral retina. The clinical 
phenotype shows wide inter- and intrafamilial variation 
ranging from bilateral total retinal detachment and blindness 
in infancy to a subclinical, asymptomatic vascular change 
only identifi able on fundus fl uorescein angiography. Other 
features include retinal vascular exudates, peripheral snow-
fl ake vitreous changes, and tractional or combined tractional 
and rhegmatogenous retinal detachment. The frequent occur-
rence of an associated premacular membrane can cause 
severe retinal distortion and macular ectopia. 

 The condition is genetically heterogenous. Familial exu-
dative vitreoretinopathy-1 (EVR1) is caused by heterozy-
gous mutations in the frizzled-4 gene (FZD4) on chromosome 
11q14, and an X-linked form of familial exudative vitreoreti-
nopathy (EVR2) is caused by mutations in the NDP gene. 
EVR3 maps to chromosome 11p13-p12, EVR4 can be 
caused by heterozygous or homozygous mutations in the 
LRP5 gene on 11q13.4, and EVR5 is caused by heterozy-
gous mutations in the TSPAN12 gene on 7q31.  

   b.  Autosomal Dominant 
Vitreoretinochoroidopathy (ADVIRC) 

    Autosomal Dominant Vitreoretinochoroidopathy (ADVIRC) 
is an inherited vitreoretinopathy characterized by peripheral 
pigmentary changes at the equatorial region with a pathog-
nomonic discrete posterior boundary [ 39 ]. There is marked 
intrafamilial variability but the characteristic band of retinal 
hyperpigmentation is a constant feature irrespective of age. 
Other associated developmental ocular abnormalities include 
microcornea, presenile cataracts, angle closure glaucoma, 
iris dysgenesis (absence of crypts and abnormal pupillary 
ruff), retinal detachment, and optic nerve dysplasia [ 97 ]. 
BEST1 is proposed to have a role in normal ocular develop-
ment. Ex vivo studies reveal that all BEST1 mutations known 
to cause ADVIRC result in aberrant mRNA splicing [ 17 ].   

   4.  Vitreoretinopathy Associated 
with Corneal Changes 

 Snowfl ake vitreoretinal degeneration (SVD) [ 24 ,  35 ] is char-
acterized by the association of corneal endothelial guttata, 
premature cataract, atypical “fi brillar” vitreous gel architec-
ture, retinal detachment, and peripheral retinal abnormalities 
including minute crystalline “snowfl ake-like” deposits. 
Minor vascular abnormalities of small retinal vessels have 
also been noted. Visual acuity is generally normal and retinal 
function tests show minimal or no abnormality. The disorder 
appears to result in a superfi cial retinal degeneration in con-
trast to the rather deeper retinal and choroidal disturbances 
characteristic of Wagner vitreoretinopathy 

 Molecular genetic analysis has identifi ed a heterozygous 
missense mutation in the potassium channel gene KCNJ13 in 
Hirose’s original pedigree [ 34 ], although analysis in other 
SVD families indicates that there is still further clinical and 
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genetic heterogeneity to be resolved [ 19 ,  30 ,  41 ,  58 ,  76 ]. 
Interestingly, homozygous mutations in KCNJ13 have been 
identifi ed in patients with Leber congenital amaurosis in 
whom heterozygous carriers have a normal fundal appear-
ance [ 80 ].  

   5.  Vireoretinopathies Associated 
with Dominant and/or Bilateral 
Rhegmatogenous Retinal 
Detachment (DRRD/BRRD) 

 Mutations affecting the genes encoding all three of the 
principle fi brillar collagens found in human vitreous (II, 
IX and V/XI) are known to cause Stickler syndrome (see 
above), the majority being due to defects in the major 
structural constituent, type II collagen. In addition to the 
natural, tissue- dependent splicing variations of the gene 
for type II collagen resulting in “ocular-only” Stickler syn-
drome, investigations using Stickler syndrome as a model 
of high-risk retinal detachment have unveiled the wider 
involvement of these loci in other more common forms of 
retinal detachment, particularly dominant rhegmatogenous 
retinal detachment (DRRD) and bilateral rhegmatogenous 
retinal detachment (BRRD). Alternatively spliced exons, 
splice site mutations resulting in alternatively spliced tran-
scripts and differential effects of various amino acid sub-
stitutions have all been shown to result in either DRRD or 
BRRD but without the systemic features associated with 
generalized Stickler  syndrome [ 66 ,  67 ,  69 ,  85 ]. Research 
into the extent of the involvement of these loci in the wider 
issue of retinal detachment in the general population 
continues.    

   III.  Screening and Ancillary Investigations 

 Pedigree drawing and a thorough family history are help-
ful in assessing inheritance pattern, and assessment of 
affected family members or siblings can prove invaluable 
information in instances where it is diffi cult to assess vit-
reous phenotype in a young infant or where gel examina-
tion is not possible because of previous vitrectomy surgery. 
The fundus assessment and screening algorithm of vitre-
ous phenotypes depicted in Figure  I.C-2  will form an 
essential cornerstone evaluation for patients, the majority 
of whom are likely to present with one or other variant of 
the Stickler syndromes. Ancillary ophthalmic investiga-
tions may include keratometry (cornea plana in Marfan 
syndrome), lens changes (ectopia in Marfan or Knobloch 
syndrome, quadrantic lamellar opacities and zonule defects 
in Stickler syndrome), orthoptic assessment, visual fi elds, 
electrodiagnostic evaluation, as well as OCT, and fundus 
fl uorescein angiography. Audiology and tympanometry 
can provide invaluable information with regard to identifi -
cation of hearing loss that is frequently  subclinical and 

asymptomatic as well as differentiating between conduc-
tive and sensorineural elements. Associated  connective tis-
sue abnormalities of tympanic membrane mobility can be 
identifi ed on tympanometry. 

 The association between midline palate abnormalities and 
retinal detachment was recognized even before the original 
report of hereditary arthro-ophthalmopathy by Stickler and 
colleagues in 1965. Stickler syndrome, Kniest dysplasia, 
Knobloch syndrome, SEDC, Marshall syndrome, and 
Marfan syndrome may all exhibit variable abnormalities in 
palate development from full-blown cleft to an asymptom-
atic submucous cleft or bifi d uvula. Even in the absence of a 
history of cleft repair, examination of the palate can be a 
helpful and should be included as part of the clinical 
assessment. 

 Systemic assessment should pay particular attention to 
arthropathy affecting the limbs and joints. Hypermobility 
in adolescence is common but typically superseded by 
restricted movements and a degenerative arthropathy in 
the third and fourth decades. Joint hypermobility can be 
assessed using the Beighton scoring system, allowing 
comparison with age and sex matched controls. 
Radiological investigations are important to identify asso-
ciated features of skeletal dysplasia (enlarged epiphyses, 
fl attened and irregular femoral epiphyses, fl ared metaphy-
ses, platyspondyly, anterior wedging of vertebral bodies) 
as well as subclinical encephalocele, or occult spina bifi da 
in Knobloch syndrome. 

 The criteria for diagnosis of mitral valve prolapse have 
been modifi ed over the years and are a recognized fi nding in 
the population at large but a formal cardiology assessment 
including echo studies will be needed in cases of suspected 
Marfan syndrome.  

   IV.  From Laboratory To Bedside: Current 
Research on Mechanisms for Variability 
in Clinical Phenotype 

 Vitreoretinopathies associated with skeletal abnormalities 
form by far the largest subgroup of inherited vitreoretinopa-
thies, and of these the Stickler syndromes in their various 
forms are the most likely to be encountered in clinical prac-
tice. Originally considered a single-gene disorder, recent 
research has identifi ed at least fi ve different molecular mech-
anisms for the clinical and phenotypic variability between 
patients and families and now extends to encompass familial 
retinal detachment in the general population. This latter 
group is perhaps the most important but most diffi cult to 
identify since lacking any systemic involvement to suggest 
the diagnosis; they are frequently undiagnosed until sudden 
loss of vision from retinal detachment presents. 

 For the most common variant of Stickler syndrome (type 
1 – see above), the fi nding that most unique private  mutations 
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result in a common theme of haploinsuffi ciency of type II 
collagen raises the conundrum as to why the phenotype is so 
variable both between and within these families. One emerg-
ing explanation for this lies in the differential effects that 
such mutations can have on pre-mRNA processing. 

   A.  Phenotypic Differences 
Due to Splicing Variations 

 Correct pre-mRNA processing requires the accurate recogni-
tion of donor, branch, and acceptor splice sites by the spli-
ceosome – the macromolecular assembly that removes 
intronic sequences from messenger RNA. Many genes 
exhibit tissue-specifi c or temporal variations in this process 
and are alternatively spliced, that is to say certain exons are 
either included or excluded during production of the mature 
mRNA transcript. By this mechanism, similar but subtly dif-
ferent protein isoforms can be synthesized from the same 
gene by different tissues and the diversity of proteins encoded 
by the genome is greatly enhanced according to the varying 
needs of individual tissue expression. In humans, approxi-
mately 95 % of genes are alternatively spliced [ 56 ] in a 
tissue- dependent manner and both COL2A1 and COL11A1 
are no exception [ 79 ,  102 ]. 

 Because of the nature of collagen molecules and the exon 
structure of the genes, which almost always contain com-
plete codons, mutations that result in exon skipping have a 
dominant-negative effect. That is to say, the mutant protein 
co-assembles with the normal protein synthesized from the 
wild-type allele and disrupts its normal function [ 11 ]. 
Complete exon skipping in COL2A1 therefore usually 
results in severe chondrodysplasias [ 87 ]. However, many 
COL2A1 “Stickler” mutations disrupt splice sites, and 
because most COL2A1 exons contain complete codons, it is 
presumed that rather than causing exon skipping, these 
mutations result in the use of alternative cryptic splice sites, 
leading to shifts in the reading frame and ultimately non-
sense-mediated decay. However, this has only been demon-
strated in a few cases [ 37 ,  70 ,  101 ]. 

 Nonsense-associated exon skipping is a mechanism 
whereby some premature termination codons actually cause 
exon skipping by disrupting exon defi nition and has been 
well documented [ 23 ,  42 ]. It is not known if this contributes 
to phenotypic variability in Stickler syndrome, but if even a 
small proportion of exon-skipped transcripts result from 
nonsense mutations in COL2A1, this would be enough to 
infl uence the resulting phenotype, by switching mRNAs 
away from the nonsense-mediated decay pathway towards a 
product that would exert a dominant-negative effect [ 72 ]. 
Ocular and cartilage tissue are not readily available for direct 
examination and so to investigate this problem, research 
using an elegant minigene model to study mutations is often 

utilized [ 28 ]. As the name suggests only part of a gene is 
examined. The DNA variant under test is amplifi ed either 
within neighboring exons and cloned into a vector that can 
express the minigene in cultured human cells. Alternatively 
if the gene structure does not allow this, then a test exon can 
be amplifi ed and inserted into a cassette of unrelated exons 
(Figure  I.C-9 ). This technique has been used to elucidate the 
effect of a number of mutations that alter pre-mRNA pro-
cessing in COL2A1 associated vitreoretinopathies [ 71 ,  74 ]. 
Recently it has been demonstrated that apparently straight-
forward single-point mutations can produce a variety of tran-
scripts. Some mutations result in nonsense-mediated decay 
leading to haploinsuffi ciency but also produce a proportion 
of exon-skipped transcripts that exert a dominant-negative 
effect. Other mutations have been shown to produce a mix-
ture of normal and missplicing. The resulting phenotype 
from these mutations will potentially vary from tissue to tis-
sue and person to person depending upon the ratio of the 
normal/haploinsuffi cient/dominant-negative transcripts pro-
duced [ 72 ].

     1.  Phenotypic Differences 
Due to Missense Mutations 

 Other variations in phenotype can be caused by alterations 
in the amino-acid sequence. Fibrillar collagens are charac-
terized by a highly conserved repeating Gly-Xaa-Yaa 
amino acid sequence, whereby glycine, the smallest amino 
acid, occupies every third position. This repeating motif is 
believed to be essential for correct trimerization of the 
polypeptide chains during assembly of the triple helical 
domain and construction of the mature collagen molecule. 
Substitution of any of the glycine residues is generally 
considered to be pathogenic, but in type II collagen, these 
can result in phenotypes ranging from the lethal achondro-
genesis type II to dominantly inherited retinal detachment, 
depending upon the effect that the missense change has 
upon the structure and function of the collagen molecule. 
Studies of similar mutations in type I collagen have shown 
factors that infl uence phenotype to include the nature of 
the substituting amino acid, disruption to cell-matrix inter-
action, and intracellular quality control mechanisms [ 11 , 
 12 ,  44 ]. The substitution of a cysteine amino acid into the 
collagen helix is also pathogenic. Although these are usu-
ally milder phenotypically than the glycine substitutions, 
phenotypes can range from Czech dysplasia through 
Stickler syndrome to dominantly inherited osteoarthritis 
[ 36 ,  66 ,  100 ]. 

 In comparison with type 1 Stickler syndrome, far fewer 
mutations have been characterized for type 2 Stickler syn-
drome (COL11A1). The majority have altered donor and 
acceptor splice sites and where analyzed have resulted in 
exon skipping, leaving the message in-frame thereby exert-
ing a dominant-negative effect. Only a few substitutions of 
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  Figure I.C-9    Minigenes as splicing 
reporters. Exons/introns with variants 
under examination can be amplifi ed either 
within a product that includes neighbor-
ing exons (i.e., within the natural genetic 
environment) or as a single exon includ-
ing some surrounding intronic sequence. 
Multi-exon products are cloned into the 
expression vector pcDNA3.1, and single 
exons are cloned into the splicing reporter 
USR13 which already contains COL2A1 
exon 43–46 and includes a cloning site in 
intron 44 for insertion of the single exon 
under test. Recombinant molecules are 
inserted into E. coli, and clones for each 
allele are identifi ed by PCR and sequenc-
ing. DNA prepared from each of the nor-
mal and variant constructs is prepared and 
transfected separately into cultured 
human cells. These cells express the 
minigene and process the mRNA tran-
scribed from it. Differences between the 
normal and variant alleles can then be 
examined by RT-PCR and sequencing. 
 P  promoter,  green circle  start signal,  red 
circle  stop signal       
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glycine have been reported [ 8 ,  64 ,  73 ]. The recent identifi ca-
tion of COL11A1 as the gene locus for the recessive disorder 
fi brochondrogenesis [ 93 ] demonstrated that the carrier 
 parents with a nonsense mutation had a relatively normal 
 phenotype with myopia or mild hearing loss as the only clin-
ical signs. A similar fi nding was reported for the carrier par-
ents with a glycine substitution, and so in parallel with type 
II collagen, it seems likely there will be a range of pheno-
types resulting from glycine substitutions in α1(XI) collagen 
(COL11A1), some of which may result in few, if any, clinical 
symptoms. A recent report of recessive “Marshall syndrome” 
due to homozygous glycine substitutions in α1(XI) collagen 
supports this hypothesis [ 38 ].  

   2.  Phenotypic Differences 
Due to Mosaicism 

 In addition to alternative splicing of exons, alternatively 
spliced transcripts, and missense mutations, phenotypic vari-
ation has also been reported as a result of somatic mosaicism 
[ 4 ,  54 ,  88 ]. Although rare, such cases emphasize the impor-
tance of detailed clinical and molecular genetic analysis even 
in clinically normal parents of affected individuals.   

   B.  Future Developments 

 As new DNA sequencing technologies are introduced into 
hospital diagnostic services, it will become possible to 
 analyze complete genes, rather than current techniques 
that examine merely the exons and their short surrounding 
sequences. At present whole genome sequencing and 
exome sequencing (sequencing of the coding regions of 
the genome) are more suited to research projects than rou-
tine diagnostic analysis. It is this approach that can be uti-
lized to identify as yet unknown loci for uncharacterized 
inherited vitreoretinopathies. For some genetic eye disor-
ders (not discussed under this section) with many possible 
pathogenic loci (such as retinitis pigmentosa), it is also 
possible to use a strategy that screens a panel of exonic 
regions of all candidate genes. This approach is suitable 
for routine diagnostic testing but may not result in 100 % 
coverage of all exons. 

 Advances in sequencing technology also means it is now 
possible to economically sequence a complete gene (i.e., all 
of the introns and exons of COL2A1) in diagnostic labora-
tories. Although an attractive and exciting prospect, the ben-
efi ts of such comprehensive DNA analysis will be mitigated 
by many more sequence variants being identifi ed of uncer-
tain infl uence or pathogenicity. For example, using current 
techniques for type 1 Stickler syndrome, approximately 5 % 
of cases have no detectable mutation within the regions cur-
rently analyzed. Recent research [ 74 ] suggests that many of 
these 5 % will harbor deep intronic mutations and more are 

likely to be detected when complete gene analysis replaces 
exon only sequencing. Although identifi cation of these rarer 
mutations is technically possible, confi rming their pathoge-
nicity will remain problematic and a combination of 
approaches will be necessary which might include absence 
or very low frequency of such a change in the DNA sequence 
variation databases, co-segregation of the variant with dis-
ease, in silico prediction software, and functional studies 
(Figure  I.C-9 ). The minigene analysis approach developed 
for Stickler syndrome is a model for the latter category and 
has also been used to study mutations in many other genetic 
disorders such as breast cancer, muscular dystrophy, and 
cystic fi brosis [ 29 ,  33 ,  94 ]. As an alternative to minigene 
analysis, when cells from a patient are available, it is also 
possible to culture these cells so that nonsense-mediated 
decay can be inhibited. This enables cDNA from the mutant 
allele to be synthesized and sequenced following RT-PCR 
[ 37 ,  67 ,  70 ,  101 ]. The algorithm depicted in Figure  I.C-1  
illustrates an assessment and diagnostic pathway for Stickler 
syndrome.   

   V.  Prophylaxis 

 Successful primary repair of retinal detachment [see chapter 
  V.B.4    . Prophylaxis and cure of retinal detachment] is now 
possible with a single operation in over 90 % of cases [ 5 ,  6 , 
 91 ,  92 ,  95 , ], but even with successful surgery, macular and 
binocular function may still be compromised, especially in 
pediatric vitreoretinopathy patients who often present late or 
who are diagnosed only on second eye involvement [see 
chapter   III.A    . Congenital vascular vitreo-retinopathies]. In 
contrast to many other retinal blinding disorders, blindness 
through retinal detachment in such cases is potentially avoid-
able if a rationale for the prediction and prevention of retinal 
tears could be developed. This has, until recently, been frus-
trated by a lack of availability of the genetic analysis defi n-
ing subgroups at highest risk. This void is rapidly being 
fi lled, and surveys of unselected cohorts of patients with a 
clinical diagnosis of Stickler syndrome in both the UK and 
US report that over 50 % of patients had already suffered a 
retinal detachment [ 7 ,  57 ,  89 ]. 

 Patients with type 1 Stickler syndrome are the subgroup at 
highest risk of developing retinal detachment, typically as a 
result of a giant retinal tear (GRT), that is to say a circumfer-
ential break at the pars plana junction caused by a separation 
of the vitreous and posterior vitreous cortex much more ante-
riorly than would normally be the case. Prophylactic retino-
pexy designed and specifi cally positioned to prevent GRT 
progression appears to substantially reduce the risk of retinal 
detachment and blindness from this type of break in type 1 
Stickler syndrome. Detachment due to retinal breaks at other 
more posterior locations can occur but are impossible to 

M.P. Snead and A.J. Richards

http://dx.doi.org/10.1007/978-1-4939-1086-1_13
http://dx.doi.org/10.1007/978-1-4939-1086-1_41


37

 predict in terms of position, making effective prophylaxis in 
a 100 % of cases impractical. In one large cohort of over 200 
patients with genetically confi rmed type 1 Stickler syn-
drome, 73 % of 111 patients who had not had prophylactic 
retinopexy (preventative retinal adhesion treatment) had suf-
fered retinal detachment and 48 % of these had both eyes 
affected. Of the cohort of patients who had had preventative 
treatment, only 8 % had suffered retinal detachment and 
there were no cases of bilateral detachment [ 7 ]. 

 A more recent study of the long-term effi cacy of a stan-
dardized prophylaxis protocol (the Cambridge Prophylactic 
Cryotherapy Protocol) in a cohort analysis of 487 type 1 
Stickler syndrome patients confi rmed that untreated 
patients ( n  = 194) had a greater than seven-fold increased 
risk of detachment compared to the prophylaxis group 
( n  = 229) (hazard ratio [HR], 7.40; 95 % confi dence inter-
val [CI], 4.5–12.1;  p  < 0.001) [ 26 ]. The risk in type 2 
Stickler syndrome appears to be slightly less but remains 
to be quantifi ed;  surveys suggest that between 40 and 50 % 
of patients had suffered retinal detachment ([ 59 ] and 
unpublished data in preparation). In the non-ocular sub-
group (type 3), the risk appears to be no greater than the 
population at large.  

   VI.  Summary 

 Inherited vitreoretinopathies for the most part result from 
genetic abnormalities of type II, IX, or V/XI collagen and 
proteoglycans expressed in the vitreous [see chapters   I.A    . 
Vitreous proteins;   I.F    . Vitreous  biochemistry & artifi cial 
vitreous]. The Stickler syndromes form by far the largest 
subgroup and are the most common cause of inherited reti-
nal detachment. Originally considered a single-gene disor-
der, at least 9 subgroups of Stickler syndrome have now 
been characterized and recent laboratory research has shed 
much new light on the basis for the clinical and phenotypic 
variability within and between inherited vitreoretinopa-
thies that now extends to encompass familial retinal 
detachment in the general population. This chapter pro-
vides an update and clinical overview of these important 
disorders of vitreous embryogenesis together with the 
recent advances in their molecular genetic analysis, includ-
ing minigene splicing reporter analysis. Such functional 
studies are likely to become increasingly relevant as diag-
nostic molecular genetic analysis moves away from exon 
sequencing to whole-gene analysis by next-generation 
sequencing. 

 The emergence and availability of rapid, accurate molec-
ular genetic diagnosis and subtyping provides much more 
precise stratifi cation of risk, and as a result protocols for 
effective prophylaxis against retinal detachment can, for the 
fi rst time, be deployed in high-risk subgroups.    
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   I.  Introduction 

 The fetal hyaloid vasculature plays a critical role in many 
aspects of proper ocular development. The hyaloid artery 
(HA) is a large vessel that extends from the optic disc through 
the vitreous body where it branches and extends to the poste-
rior surface of the lens to anastamose with the tunica vascu-
losa lentis (TVL) which supplies nutrients to the developing 
lens in the fetus (Figure  I.D-1 ). In humans, the entire embry-
onic vascular system regresses by birth, which is necessary 
for media clarity and normal vision. Regression of the hya-
loid vasculature is a very complex process likely requiring 
the participation of many events. The mechanisms of hyaloid 
vessel regression are not known, but insight could be obtained 
by understanding how this fetal vasculature forms. One study 
of human embryonic vitreous revealed the presence of blood 
islands composed of aggregates of primitive erythroblasts 
and hemangioblasts, as early as the seventh week of gestation 
(WG) [ 1 ]. These cell aggregates express hematopoietic stem 
cell markers, and the ligands for these markers are expressed 
in high concentrations in the lens and retina, probably func-
tioning to guide the cells into the vitreous body assembling 
the fetal vitreous vasculature by hemo- vasculogenesis [ 2 ].

   A better understanding of the mechanisms of fetal hyaloid 
vasculature formation and regression would help in 
 understanding conditions that impair vision due to hyaloid 
vessel persistence in youth, since it is necessary that fetal 
vitreous vessels regress to establish a clear medium through 
which light can traverse to reach the retina. The mechanisms 
of this process may also provide insight into how nature 
induces blood vessel regression. Unraveling these secrets 
could enable new avenues of research to develop ever more- 
effective therapies for pathological neovascularization in 
 diseases such as exudative age-related macular degeneration, 
ischemic proliferative (diabetic and other) retinopathies, and 
metastatic carcinomas.  

   II.  Structure of the Hyaloid Vasculature 

 The anatomy of the hyaloid vasculature was fi rst described by 
Ida Mann in 1928 [ 2 ]. During this time, studying the hyaloid 
vasculature was diffi cult because fi xation methods would 
destroyed hyaloid structures and because freshly excised eyes 
were diffi cult to dissect while preserving fetal vitreous struc-
tures. Slit-lamp biomicroscopy made it possible to observe 
Cloquet’s canal, a clear central space through the central vitre-
ous that was once occupied by the hyaloid artery  in utero . More 
thorough examination of the hyaloid  vasculature has been made 
possible by advances of  in vivo  and fi xed tissue imaging. 

 The hyaloid vasculature is fi rst seen in humans at approxi-
mately the fourth week of fetal development [see chapter 
  II.A    . Development and developmental disorders of vitreous]. 
It is comprised of the main trunk of the  hyaloid artery  (HA) 
which divides into the  vasa hyaloidea propria  (VHP), a vas-
cular network which divides further to form a dense capillary 
network called the  tunica vasculosa lentis  (TVL) that 
approaches and attaches to the posterior lens [ 2 ]. The  pupil-
lary membrane  (PM) is an extension of the TVL that covers 
the anterior lens (Figure  I.D-1 ). The well-developed primate 
hyaloid artery has the ultrastructural characteristics of an 
arteriole with a non-fenestrated intima, a multilayered 
smooth muscular media, a connective tissue adventitia, and a 
perivascular sheath. The branching networks of the HA 
which include the VHP, the TVL, and the pupillary mem-
brane appear to be type A-1 alpha capillaries with non- 
fenestrated endothelium, incomplete pericyte layer, and a 
basement membrane surrounding each layer [ 3 ]. 

 The hyaloid vasculature contains junctional complexes 
including zonulae and macula adherens and possible zonu-
lae occludens between adjacent endothelial cells [ 4 ]. The 
hyaloid artery and its branch systems do not exhibit leakage 
of fl uorescein dye, consistent with the presence of endothe-
lial tight junctions [ 3 ]. A heterogeneous population of 
leukocyte- derived hyalocytes associated with the human 
hyaloid vasculature has also been demonstrated [ 4 ]. The 
hyaloid vasculature is further characterized by the absence 
of veins. All vessels of the hyaloid system are arteries, and 
venous drainage is accomplished through the choroidal 
vessels [ 5 ].  

   III.  Timeline of Fetal Hyaloid Vasculature 
Regression 

   A.  Lower Mammals 

 The pattern of normal hyaloid vasculature development is 
basically the same in mice as in rats and rabbits. In contrast 
to humans, the hyaloid system in these species regresses 
after birth. In mice the hyaloid vascular system forms at 

  Figure I.D-1    The tunica vasculosa lentis (TVL) surrounds and feeds 
the developing lens ( 1 ). The vasa hyaloidea propria ( 2 ) arises from the 
hyaloid artery ( 3 ) and forms anastomoses with the TVL       
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embryonic day (ED) 10.5 and is fully developed by ED 
13.5. Apoptosis of the endothelial cells that constitute the 
TVL occurs as early as ED 17.5, but the TVL persists until 
post- gestational day (PGD) 16 and undergoes gradual 
regression from PGD 14–30 [ 6 ,  7 ]. The VHP and PM dis-
appear between PGD 12 and 16 in rodents and between 
PGD 10 and 12 in rabbits [ 8 ]. During vascular regression in 
rats, apoptosis occurs in pericytes as well as in endothelial 
cells. Capillary apoptosis occurs mostly from day 10 to 20 
after birth [ 9 ]. The earliest detectable regression-related 
changes are apparent around day 3 and initially involve the 
capillaries  surrounding the posterior lens, then proceed 
posteriorly [ 10 ].  

   B.  Humans 

 At about the 48 mm stage of embryologic development 
(ninth week of gestation, WG), the fetal intraocular blood 
system has reached maximal development, and thereafter 
every subsequent stage reveals signs of vessel regression 
[ 2 ,  4 ]. Regression of the hyaloid vasculature begins at 12–13 
WG, and complete involution is achieved by 35–36 WG 
[ 1 ,  6 ,  11 ,  12 ]. Variability in the timeline of regression may 
exist, as another human study showed that regression is not 
evident until 18 WG and is complete by 29 WG [ 13 ].  In vivo  
ultrasonography has suggested that the hyaloid vessels are 
detectable at 20 WG and that regression begins in the early 
third trimester. By 30 WG, the hyaloid artery is normally not 
detectable [ 14 ]. What is likely, however, is that all cytokine 
stimuli for hyaloid vessel regression predate the aforemen-
tioned cellular events. 

 After the 65 mm stage, atrophy of the fetal vascular sys-
tem becomes apparent beginning with the elongation and 
thinning of the vessels of the VHP then the TVL, followed by 
the PM. Complete involution of the VHP, TVL, and PM 
occurs by about 8.5 months. During the eighth month of ges-
tation, the main trunk of the hyaloid artery gradually atro-
phies and eventually disappears. Cellular debris and 
macrophages fi ll the lumen forming a plug that occludes 
blood fl ow and promotes necrosis and phagocytosis of the 
vessel [ 15 ]. Remnants of the atrophied vessels can some-
times form corkscrew confi gurations after they lose connec-
tion with the main trunk due to the elastic properties of 
endothelial cells and/or their basal laminae [ 2 ]. 

 Before birth and up to the fourth week after birth, the ves-
sel walls appear atrophic as well as acellular and the lumen 
is occluded by a thrombus [ 3 ]. Although the timeline for hya-
loid development and regression is well defi ned, the exact 
molecular mechanisms are not well understood, especially in 
humans. Insight into this aspect of hyaloid regression may be 
gained by study of cytokine expression and the key signals 
and mechanisms underlying the fetal vessel regression.   

   IV.  Vitreous Cytokine Expression 

 Recent proteomic studies of embryonic human vitreous, aged 
14 to 20 WG (during the early period of hyaloid regression), 
identifi ed the presence of 896 unique protein  peptides [ 16 ]. 
Studies are ongoing to ascertain how the human fetal vitreous 
proteome compares to the young adult and to  determine 
whether any changes in the levels of protein expression can 
be identifi ed that may have relevance to the phenomenon of 
fetal hyaloid vasculature regression. 

 Bioinformatic evaluation of some of this data with 
Ingenuity Pathway Analysis (IPA) determined that there was 
generalized decrease in protein synthesis pathways [ 16 ], con-
sistent with a decrease in cell metabolism during apoptosis 
and cell death as the vessels regress. Figure  I.D-2a  demon-
strates that many of the detected proteins with a signifi cant 
decrease in expression in vitreous during the period of 
regressing hyaloid vessels are involved with protein synthesis 
pathways and most of these are known to be cytoplasmic.

   Since the cellular  primary  vitreous is replaced by an acellu-
lar collagenous  secondary  vitreous, an increase in proteins 
involved in connective tissue pathways is to be expected. 
Figure  I.D-2b  demonstrates that many of the proteins with  sig-
nifi cantly increased expression during the period of hyaloid 
vascular regression are involved in collagen synthesis and con-
nective tissue formation [ 16 ]. The connective tissue pathway 
proteins that increased in expression were mostly extracellular. 

 During this period, there was also a marked decrease in 
the free radical scavenging pathway [ 16 ]. Reactive oxygen 
species (ROS) have been shown to induce apoptosis in many 
tissue types. Free radicals can start chain reactions of oxida-
tion, which cause cell damage or death. Antioxidant binding 
of free radical intermediates halts these processes. Thus, a 
reduction in free radical scavenging during hyaloid regres-
sion would promote the induction of apoptosis via ROS dur-
ing this period. Consistent with this, IPA bioinformatic 
analysis revealed that many of the proteins with decreased 
expression during hyaloid regression are involved in free 
radical scavenging. 

 Proteins involved in small molecule biochemistry were 
also markedly decreased in vitreous from 14 to 20 WG [ 16 ]. 
Small molecules (<900 Da) typically regulate biological pro-
cesses and can rapidly diffuse across membranes, a charac-
teristic necessary for bioavailability, allowing these 
regulatory molecules to reach and interact with intracellular 
action sites [ 19 ,  20 ]. As the cellular primary vitreous is 
replaced by an acellular secondary vitreous during develop-
ment, the biological requirement for small molecule-depen-
dent regulation of cellular processes likely diminishes, 
consistent with the observed decreased expression. 

 According to the Science Signaling Journal (  http://stke.
sciencemag.org/about/help/cm.dtl    ), canonical pathways are 
“idealized or generalized pathways that represent common 
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properties of a particular (specifi c to tissues, cell lines, etc.) 
signaling module or pathway.” In human embryonic vitre-
ous, the two most relevant canonical pathways determined 
by IPA bioinformatic analysis were EIF2 signaling and pro-
tein ubiquitination [ 16 ]. Molecules involved in these canoni-
cal pathways decreased in detection from 14 to 20 WG. EIF2 
activity regulates mRNA translation and regulates protein 
synthesis in response to various stimuli. Decreased EIF2 
activity concurrent with hyaloid vasculature regression may 
be explained by a reduced need for cellular protein synthesis 
as a mostly acellular vitreous is formed. The protein ubiqui-
tination pathway plays a major role in the degradation of 
short-lived regulatory proteins involved in many cellular pro-
cesses including apoptosis, cell proliferation, and transcrip-
tion regulation [ 21 ]. Decreased detection of molecules 
involved in protein ubiquitination pathways may be due to 
reduced need for signals involved in endothelial cell prolif-
eration, pro-apoptotic factors, or complex proteins in gen-
eral, as the acellular secondary vitreous is formed.

     A.  Comparative Analysis to a Murine 
Model of Vitreous Embryogenesis 

 A previous histologic and proteomic study was performed on 
vitreous of developing postnatal mice [ 22 ]. In this model, the 
hyaloid network is still prominent at post-gestation day 1 
(PGD 1) but is mostly regressed and nonfunctional by PGD 
16. Two-dimensional electrophoresis was utilized to investi-
gate the protein profi le of the mouse vitreous spanning the 
period of hyaloid regression (PGD 1–16) and found 770 pro-
tein spots [ 21 ]. Both the number of detected protein spots 
and the volume of the spots decreased from PGD 1–16. 
These fi ndings are similar to the human embryonic vitreous 
study where three times as many proteins decreased as 
increased during hyaloid vessel regression [ 16 ]. In the mouse 
vitreous, the number of proteins that had an increased spot 
volume compared to PGD 1 decreased at PGD 16. The active 
protein expression and existence in the earlier post-gestation 
days may indicate that these particular proteins are involved 
in the actual process of vessel degradation. This study also 
found that proteins with decreased spot volume relative to 
PGD 1 increased in number at PGD 16 [ 21 ]. 

 A decrease in the number of different proteins and the 
levels of protein expression during hyaloid vessel regression 
is consistent with the replacement of a highly vascularized 
primary vitreous with a largely acellular secondary vitreous 
during this period. Although the overall changes in protein 
profi les are similar in human and mice, there were no pro-
teins identifi ed that changed expression signifi cantly in both 
humans and mice, perhaps limiting the applicability of 
 animal studies to humans. In mice, proteins that were found 
to be upregulated in PGD 1 were involved in energy metabo-

lism as well as cell  proliferation and development. Proteins 
upregulated in PGD 16 were cancer- and apoptosis-related or 
infl ammatory proteins.   

   V.  Mechanisms of Fetal Vessel Regression 

 Many processes have been implicated in normal hyaloid vascu-
lar regression. Vitreous itself has been shown to be an inhibitor 
of angiogenesis and inhibits tumor-induced neovascularization 
in the rabbit cornea by as much as 37 % [ 23 ]. Apoptosis, 
autophagy, macrophagy, antiangiogenesis, reduced expression 
of survival factors, and some external environmental factors 
have all been associated with the regression of the hyaloid vas-
culature. All these biological processes are likely initiated and 
promoted by cytokines under the infl uence of protein synthesis 
regulation, both up and down, as defi ned above. 

   A.  Apoptosis 

 Apoptosis has been defi nitively proven to contribute to 
the regression of the fetal intraocular vasculature system. 
  Pro- apoptotic proteins ,  Bax and Bak , of the B-cell lym-
phoma 2 (bcl-2) family may serve overlapping functions in 
the promotion of hyaloid vessel regression. Complete invo-
lution of the hyaloid vessels was not observed in the eyes of 
bax(−/−) bak(−/−) mice, indicating that only defi ciencies in 
both proteins would lead to pathological  persistence of the 
hyaloid vasculature [ 24 ]. In the aforementioned study of 
human embryonic vitreous, isoform alpha of Bax protein 
decreased during the period of maximal hyaloid regression 
[ 16 ]. As hyaloid regression progresses, there are fewer endo-
thelial cells remaining to undergo apoptosis, and this may 
explain the decreased detection of pro-apoptotic Bax at the 
end phase of hyaloid regression [ 21 ]. The presence of either 
of these  pro- apoptotic bcl-2 apoptosis promoters is suffi cient 
for complete hyaloid regression [ 23 ]. 

  Bim  is another member of the bcl-2 family that may infl u-
ence apoptosis of the hyaloid vessels. In mice that do not 
express Bim, there is signifi cant attenuation of hyaloid vessel 
regression [ 25 ]. Interestingly, hyaloid vessel regression is 
not affected in the absence of bcl-2 in mice [ 26 ]. 

 Vitreous hyalocytes are the only cell type in the eye that 
express all four forms of  transforming growth factor-β  (TGF- 
β) [ 27 ]. Hyalocyte production of TGF-β may contribute to 
the apoptotic process of hyaloid regression [see chapter   II.D    . 
Hyalocytes]. TGF-β can induce apoptosis through the SMAD 
or DAXX pathways and can inhibit vascular endothelial cell 
proliferation, although TGF-β has also been shown to be pro-
angiogenic [ 28 ]. TGF-β is also required for  Arf  promoter 
activation that is induced before hyaloid vessel regression 
[ 29 ]. Arf regulates vascular regression in a tumor protein 53 
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  Figure I.D-2    ( a ) The connective tissue pathway was upregulated con-
sistent with the formation of a collagenous secondary vitreous 
(Bonferroni adjusted  P -value < 0.00005). The overwhelming majority 

of this activity occurs in the extracellular compartment [ red  = upregu-
lated]. Of note is the localization in the extracellular space

a

(p53) independent manner [ 30 ].  Activin receptor - like 
kinase - 1  (ALK-1), a type 1 receptor for TGF-β, may also 
play a role in the regression of the hyaloid vasculature as 
ALK-1 overexpression has been shown to inhibit basic fi bro-
blast growth factor-induced corneal neovascularization [ 31 ]. 
TGF-β2 has been detected in human vitreous during early 
development, and its localization has been associated with 
the development and regression of the hyaloid vascular net-
work [ 32 ]. In mice with  p53  defi ciency, there is persistence 

of parts of the hyaloid vasculature, and these parts eventually 
develop into fi brovascular plaques that are analogous to per-
sistent hyperplastic primary vitreous. This indicates a role for 
p53-dependent apoptosis in hyaloid vascular regression [ 33 ]. 

  Prolactin  (PRL) is proteolytically processed to 16 K-PRL 
fragments with potent pro-apoptotic and antiangiogenic proper-
ties. Apoptosis of the hyaloid vessels in neonatal rats is inhib-
ited by intravitreal injections of neutralizing anti- PRL 
antibodies, suggesting a role for PRL in hyaloid regression [ 34 ]. 

 

I.D. Vitreous Cytokines and Regression of the Fetal Hyaloid Vasculature



46

 Bovine endothelial cells have decreased viability when 
cultured in the presence of vitreous, and ascorbic acid from 
the vitreous has been identifi ed as an apoptosis-inducing fac-
tor [ 35 ]. Concentrations of ascorbic acid similar to vitreous 
levels can reduce endothelial cell viability and may function 
as an inhibitor of neovascularization, which can be com-
pletely inhibited by antioxidants [ 36 ].  

   B.  Macrophagy 

 Macrophages induce ocular tissue remodeling and hyaloid 
vessel regression by phagocytosis of dead cells and by 
inducing vascular endothelial cell apoptosis [ 35 ]. Disruption 
of mature macrophages in mice leads to persistence of the 
hyaloid vasculature with the PM retained for up to 14 days 

b

Figure I.D-2b (continued) ( b ) The small molecule biochemistry 
pathway showed reduced activity during the same period, suggesting a 
role for reactive oxygen species-driven apoptosis and a reduction in 

cellular processes as the acellular secondary vitreous is formed and the 
hyaloid vasculature regresses (Bonferroni adjusted  P -value < 0.00005) 
[ green  = downregulated]. Of note is the localization in the cytoplasm         
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after normal regression [ 37 ]. This suggests that macrophages 
are actively involved in targeted cell death of the hyaloid 
vessels. Human vitreous and hyalocyte-conditioned culture 
medium were shown to inhibit human vascular endothelial 
cell growth  in vitro  [ 38 ,  39 ] in a dose- and time-dependent 
manner [ 40 ]. Macrophages and hyalocytes (macrophage-
like cells) have been found adjacent to hyaloid vessels by 
electron microscopy and immunostaining and are believed 
to be essential for regression of the hyaloid vascular system 
[ 8 ,  36 ,  41 ]. Morphological and immunophenotypic charac-
teristics of the macrophages surrounding the PM are similar 
to hyalocytes in adult rat vitreous [ 42 ]. Macrophage-
vascular endothelial cell interactions allow for cooperation 
between the Wnt and angiopoietin (Ang) pathways, although 
it remains unclear how macrophages are activated or the 
exact mechanism of their interaction with vascular endothe-
lial cells. 

   1.  Macrophage Adhesion to Hyaloid 
Vessels 

  Ninjurin 1  (nerve injury-induced protein; Ninj1) has been 
shown to be temporarily upregulated in macrophages, 
which enhances cell-cell and cell-matrix adhesion of mac-
rophages and stimulates the expression of Wnt7b in macro-
phages. Ninj1 overexpressing macrophages decrease Ang1 
and increase Ang2 in pericytes, triggering apoptosis of hya-
loid vascular endothelial cells [ 35 ]. Macrophages may 
express Ninj1 to increase apoptotic signals through cell-cell 
adhesion. 

  Periostin  (POSTN) also supports cell adhesion and migra-
tion. Periostin is secreted by intraocular macrophages and 
seems to enhance regression of the hyaloid system by 
 intensifying the adhesion of macrophages to hyaloid vessels 
[ 43 ]. Periostin was detected in human embryonic vitreous 
with no appreciable change in the level of expression over 
the 2nd trimester [ 16 ]. 

 Overexpression of  Aquaporin 4  (AQP4) in the astrocytes 
of rats delays hyaloid regression [ 44 ]. In persistent fetal vas-
culature conditions, astrocytes abnormally migrate into the 
vitreous, ensheath the hyaloid vessels and impede the normal 
macrophage-endothelial cell adhesion and the process of 
macrophage-dependent hyaloid regression [ 44 ].  

   2.  Macrophage-Induced Apoptosis 
 Impeding macrophage-vascular endothelial cell adhesion 
delays hyaloid vasculature regression by preventing phago-
cytosis. Another role of macrophages is the direct induction 
of programmed cell death in capillary regression. Elimination 
of macrophages results in persistence of the normally tran-
sient endothelial cells; these cells lack apoptotic morphol-
ogy, express intracellular esterases, and continue to 
synthesize DNA [ 45 ]. Macrophages elicit targeted cell death 
by inducing apoptosis of PM endothelial cells. During 

regression of the PM, cells have characteristics of apoptosis, 
specifi cally apoptotic bodies with condensed chromatin and 
nucleosomal fragmented DNA. Apoptosis can occur in sin-
gle cells of healthy vessels or along the entire length of a 
capillary segment [ 41 ]. In mice, lack of  norrin , a secreted 
regulatory protein normally required for ocular angiogenesis 
in mice impairs macrophage-induced apoptosis of hyaloid 
endothelial cells delaying vessel regression [ 46 ,  47 ]. 
Apoptosis and macrophage-dependent apoptosis are key to 
hyaloid regression although a two-step process has been pro-
posed in previous studies. Regression of the mouse PM 
begins with macrophage-initiated apoptosis followed by the 
synchronous death of endothelial cells as a consequence of 
the cessation of blood fl ow and/or the loss of survival factors 
such as VEGF [ 48 ].   

   C.  Antiangiogenesis 

 Many mechanisms of vascular inhibition and antiangiogen-
esis play signifi cant roles in hyaloid regression. Hyaloid 
regression can be infl uenced by the downregulation and neu-
tralization of angiogenic promoters, and/or upregulation and 
enhancement of angiogenic inhibitors. 

   1.  Angiogenesis Promoters 
 Regression of the hyaloid vessels may be initiated by the 
reduction of endogenous survival factors below a critical 
threshold [ 2 ]. Platelet-derived growth factor (PDGF) plays a 
signifi cant role in angiogenesis [ 49 ], and overexpression of 
PDGF-B under control of the  nestin  enhancer causes delayed 
regression of the hyaloid vasculature in mice [ 50 ]. 

  Vascular endothelial growth factors  (VEGFs) are another 
large family of signaling proteins involved in vasculogenesis 
(formation of new blood vessels where none exist) and 
angiogenesis (formation of new blood vessels from existing 
ones). VEGF-A is necessary for the formation of the normal 
hyaloid vascular system. Absence of VEGF-A in the mouse 
lens prevents the formation of the capillary vessels of the 
pupillary membrane, but does not alter the nearby hyaloid 
vessels at the surface of the retina [ 51 ]. Neutralization of 
VEGF-A causes a signifi cant reduction in the hyaloid and 
retinal vasculature [ 52 ]. During the regression phase of the 
hyaloid vascular system, VEGF expression increases in the 
lens and also persists in adults. VEGF-A secreted by the lens 
may promote the formation of fetal vasculature, but reduc-
tion of VEGF-A does not likely cause regression of these 
vessels [ 53 ]. 

  Angiopoietin - 2  (Ang2) is a growth factor that is critical in 
physiological and pathologic angiogenesis, and physiologi-
cal but not oxygen-induced vascular regression. Ang2- 
defi cient mice show a lack of regression of the hyaloid 
vasculature [ 54 ]. 
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  Fibroblast growth factor  ( FGF ) proteins are potent 
mitogens for endothelial cells and induce the assembly of 
these cells into vascular-like structures. FGF inhibition in 
transgenic mice causes failed regression of the hyaloid 
vessels and eventual massive intravitreal neovasculariza-
tion [ 55 ].  

   2.  Angiogenesis Inhibitors 
 Vitreous has been shown to be an effective inhibitor of neo-
vascularization and many molecules have been identifi ed 
[ 56 ]. Lutty et al. showed that the anti-neovascular activity of 
vitreous is dose dependent and effective upon capillary endo-
thelial cells and aortic endothelium. They also found that 
common glycosaminoglycans such as keratan sulfate, chon-
droitin sulfate-C, and hyaluronan, all found in vitreous, 
apparently did not inhibit angiogenesis [ 57 ]. On the other 
hand, a partially purifi ed protein of MW = 6.2 K was found to 
inhibit vascular endothelial cell proliferation  in vitro  [ 58 ]. In 
another study, a 5.7 K glycoprotein has been derived from 
bovine vitreous, which inhibits angiogenesis possibly by dis-
rupting collagenase activity [ 59 ]. 

  Thrombospondins  (TSP or THBS) are potent angiogenic 
inhibitors that directly affect endothelial cell migration, 
 proliferation, survival, and apoptosis and antagonize VEGF 
activity [ 60 ]. In mice lacking thrombospondin 1 (TSP-1−/−), 
there is a delay in the regression of hyaloid vessels. In the 
aforementioned proteomic studies of embryonic human vit-
reous during hyaloid regression, precursors of thrombospon-
dins 1 and 4 were found to have increased expression, 
respectively. Increased expression of the VEGF antagoniz-
ing thrombospondins is consistent with a regressing vascular 
system [ 16 ]. 

  Collagen type XVIII , alpha 1 (Col18A), is one of the mul-
tiplex in extracellular matrix proteins [ 61 ]. Proteolytic cleav-
age of Col18A produces endostatin, an endogenous 
angiogenesis inhibitor found in mice and humans [ 62 ,  63 ]. 
 Endostatin  affects many pathways that involve cell mobility 
or viability, thus suppressing angiogenesis. Endostatin can 
repress cell cycle control and anti-apoptotic mechanisms in 
proliferating endothelial cells and also potently inhibits 
endothelial cell migration [ 64 ]. Endostatin inhibits endothe-
lial cell migration by altering FGF signal transduction dis-
rupting cell-to-cell adhesion, cell-to-matrix adhesion, and 
reorganization [ 65 ]. Col18A knockout mice show delayed 
regression of the hyaloid vascular system, most likely due to 
the absence of endostatin [ 66 ]. The aforementioned pro-
teomic study of embryonic human vitreous discovered that 
Col18A has increased expression during the period of hya-
loid vessel regression, consistent with its potent antiangio-
genic properties and a putative role in regression of the 
hyaloid vasculature [ 16 ]. 

  Pigment epithelium - derived factor  (PEDF), also known 
as serpin F1 (SERPINF1), is a multifunctional secretory 

protein that has antiangiogenic functions [ 67 – 69 ]. PEDF has 
been shown to affect malignant peripheral nerve sheath 
tumors, prevents progression of liver metastasis in a mouse 
model of uveal melanoma, and has been used for therapy in 
multiple cancer types [ 70 – 72 ]. In the eye, PEDF suppresses 
retinal neovascularization and endothelial cell proliferation 
[ 73 ,  74 ]. In mice, PEDF knockout has a minimal effect on 
the regression of hyaloid vasculature; [ 75 ] however, in the 
aforementioned proteomic studies of embryonic human 
 vitreous, there was an increase in expression of PEDF [ 16 ]. 
The lack of congruity with the mouse models casts further 
doubt upon the value of these models for studying human 
hyaloid vessel regression (see above). 

 It is also possible that the responsiveness to endogenous 
factors that induce regression can be modifi ed, thus effecting 
vessel growth or regression. Such a mechanism is present in 
the vitreous of patients with proliferative diabetic retinopa-
thy (PDR) where lysophosphatidic acid (LPA) has been 
recently shown to promote regression of blood vessels. 
However, PDR-vitreous mediates an insensitivity to LPA, 
which can be overcome pharmacologically. Thus, a decline 
in the  responsiveness to regression factors such as LPA, 
which are naturally present in the vitreous, may contribute to 
the pathophysiology of PDR [ 76 ]. Whether this concept 
applies to regression of the hyaloid vasculature is presently 
unknown.   

   D.  Autophagy 

 Autophagy is morphologically unique from apoptosis 
because cell death occurs in the absence of chromatin 
condensation with concurrent cytoplasmic vacuolization 
[ 77 ]. Also, phagocytes are not associated with cells that 
die with autophagic morphology [ 78 ,  79 ]. In a murine 
model, Kim et al. found LC3 and cleaved caspase-3 
expression on regressing hyaloid vessels; these are con-
sidered respective markers of autophagy and apoptosis.  
Transmission EM also demonstrated cytoplasmic segrega-
tion into autophagosomes, characteristic of autophagy. 
Autophagic LC3-positive cells progressively decreased in 
a time-dependent manner. A hypoxia model revealed that 
LC3-II increased in a treatment time-dependent manner 
and that autophagy can be induced by a lack of oxygen. 
Activation of the autophagy pathway by >100 ng/ml of 
rapamycin decreased the viability of vascular endothelial 
cells and enhanced hyaloid regression [ 79 ]. 3-methylade-
nine, an autophagy blocker, however, did not completely 
inhibit hyaloid regression, but signifi cantly attenuated it. 
Kim et al. demonstrated, for the fi rst time, that hyaloid 
regression is induced by apoptosis as well as autophagy 
and that autophagy activation could further enhance 
regression of hyaloid vessels [ 80 ].  
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   E.  External Stimuli 

 It has been proposed that regression of the hyaloid vascula-
ture and the PM occurs in a two-step process beginning with 
macrophage-dependent apoptosis, followed by the synchro-
nous death of endothelial cells as a direct result of the cessa-
tion of blood fl ow and/or reduced survival factors [ 8 ,  36 ,  81 ]. 
Hyaloid vessel regression coincides with a progressive 
decrease in blood fl ow and velocity that is thought to be a 
major trigger in the regression of hyaloid vessels [ 82 ]. 
Arterial vasoconstriction precedes regression of the hyaloid 
vasculature, which has been reported to be dependent on 
proximal arterial vasoconstriction [ 83 ]. 

 A scanning electron microscopy study showed that expo-
sure to various concentrated gas mixtures of carbon dioxide, 
oxygen, and nitrogen created marked differences in hyaloid 
regression of mice when compared to control mice in air; 
neovascularization was not evident in these mice [ 84 ]. 

 Ocular blood vessel development also critically depends 
on a light-response pathway in mice, where dark-reared mice 
have been observed to display persistent hyaloid structures 
as much as eight days postpartum. By post-gestational day 
(PD) 15 the persistent vessels had regressed, indicating that 
dark rearing results in a delayed regression. Also quantifi ca-
tion of apoptosis at PD5 showed a reduced level, similar to 
that previously characterized in conditions with persistent 
hyaloid vasculature [ 85 ]. Melanopsin has been implicated as 
a candidate to mediate light-dependent vascular develop-
ment because it is expressed early in both humans and mice 
and is known to be functional from as early as PD10 in mice 
and because it is expressed in retinal cells adjacent to both 
the retinal and hyaloid vasculatures [ 86 ]. Mice mutated 
in the Opn4 melanopsin-encoding gene ( Opn4  −/− ) showed 

normal hyaloid vessels at PD1 but persistence at PD8 and 
eventual complete regression by PD15, indicating that the 
hyaloid persistence was not long term. Dark-reared mice and 
 Opn4  −/−  mutants had VEGFA levels that were seven-fold 
higher than in controls, which may explain the delay in hya-
loid regression. Also, dark rearing from late gestation or in 
the presence of an  Opn4  mutation produced the same disrup-
tion of vascular development, indicating involvement of a 
 melanopsin- dependent light-response pathway [ 85 ]. 
Surprisingly, it was determined that the critical light-response 
period that stimulates hyaloid regression occurs  in utero  and 
not at birth.   

   VI.  Miscellaneous Proteins 

  Dystroglycan  is a lamin receptor dystrophin-associated glyco-
protein which consists of two subunits, α and β. It has an 
important role in the formation of glio-vascular connections, 
cerebral vascularization, and formation of the blood–brain 
barrier, and thus is involved in many basic processes such as 
basement membrane assembly, cell survival, and cell migra-
tion [ 87 – 89 ]. Dystroglycan also functions as a transmembrane 
scaffold protein involved in adhesion and adhesion-mediated 
signaling. Dystroglycan can be a signal transducer from the 
outside of a cell to the inside or serve as a physical connection 
between the extracellular matrix and cytoskeleton [ 90 ].  

 Immunostaining (Figure  I.D-3 ) confi rmed the presence of 
dystroglycan on cell membranes and cell junctions of the 
endothelial cells in the hyaloid vessels of a 14 WG eye, con-
sistent with dystroglycan being a transmembrane protein 
[ 16 ]. The role of dystroglycan in hyaloid vessel regression 
remains unknown, although loss of dystroglycan was shown 

  Figure I.D-3    Immunostaining for dystroglycan showed the protein 
localized to the cell membranes of endothelial cells at the cell junctions 
of hyaloid vascular endothelium ( arrows ). In the vitreous of a 14 WG 

human, dystroglycan is seen at cell junctions of the endothelium in the 
( a ) hyaloid trunk and the ( b ) tunica vasculosa lentis        

a b
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to increase tumor formation in prostate cancer [ 91 ,  92 ], and 
thus further study in the eye is warranted. 

 Profi lin- 1 , a cytoskeletal and cytoplasmic protein, was 
confi rmed by immunostaining to localize to hyalocytes of 
the vitreous and the endothelial cells of the hyaloid artery 
(Figure  I.D-4a ) and tunica vasculosa lentis (Figure  I.D-4b ). 
However, there was no appreciable difference in immunos-
taining intensity throughout the 2nd trimester of develop-
ment [ 16 ]. Profi lin-1 has been shown to inhibit endothelial 
cell migration and proliferation [ 93 ]. Interruption of endo-
thelial cell migration and proliferation is necessary for hya-
loid vessel regression.

    Clusterin  (Apolipoprotein J) is a secreted chaperone pro-
tein involved in cell death, tumor growth, and neurodegen-
erative disorders such as Alzheimer’s. Clusterin inhibits the 
movement of (pro-apoptotic) Bax into the mitochondria and 
thus can prevent the induction of apoptosis [ 94 ]. It has also been 
suggested that Clusterin may be involved in atherosclerosis 
although its role is controversial. Some studies suggest an 
anti-infl ammatory effect, while others indicate Clusterin can 
either inhibit or induce vascular smooth muscle cell hyper-
plasia, as well as protect endothelial cells [ 95 ]. 

 Immunohistochemistry in human fetal eyes found posi-
tive staining for clusterin in the hyaloid vasculature. Although 
the study was constrained by a limited number of eyes, the 
results suggested that at 14 WG (Figure  I.D-5a ), clusterin 
was not detected on the structures of the hyaloid vasculature, 
but at 18 WG (Figure  I.D-5b ), clusterin expression was 
observed on hyaloid vessels [ 16 ].

    Neural cadherin  (N-Cadherin, Cadherin-2), part of the cad-
herin superfamily, is a calcium-dependent cell-to-cell adhe-
sion glycoprotein. N-cadherin is critical for cancer metastasis 
because it disrupts endothelial cell-cell junctions speeding up 

the process of transendothelial migration [ 96 ]. Disruption of 
endothelial cell junctions may also be important in the process 
of regression of the hyaloid vasculature.   By immunostaining, 
N-cadherin was not found in endothelial cells of the hyaloid 
vasculature in a 14 WG human (Figure  I.D-6a ), but was 
observed in the endothelium of 18 WG eyes (Figure  I.D-6b ) 
[ 16 ]. Given the limited number of specimens studied, this 
fi nding needs corroboration by future research.

    Platelet endothelial cell adhesion molecule 1  (PECAM- 1), 
also known as cluster of differentiation 31 (CD31), is 
involved in leukocyte migration, angiogenesis, and integrin 
activation [ 97 ]. In a mouse model of retinal neovasculariza-
tion during oxygen-induced ischemic retinopathy (OIR), 
PECAM-1 defi ciency (PECAM-1−/−) was shown to decrease 
retinal vasculature and increase apoptosis of retinal vessels. 
PECAM-1−/− does not appear to affect the development or 
regression of the nearby hyaloid vasculature [ 98 ]. 

  Opticin  is an extracellular matrix glycoprotein that is 
present throughout the vitreous body and is associated with 
vitreous collagen fi brils [ 99 ,  100 ]. Opticin is an antiangio-
genic protein that regulates extracellular matrix adhesion 
characteristics by competitively inhibiting endothelial cell 
interactions with collagen preventing the strong adhesion 
that is necessary for pro-angiogenic signaling [ 101 ]. Opticin 
production is reduced by hypoxic conditions and by secreted 
VEGF in human retinal pigment epithelium (RPE) cells 
[ 102 ]. Although opticin is antiangiogenic and inhibits pre-
retinal neovascularization, it does not appear to infl uence 
hyaloid vascular regression or retinal vasculature develop-
ment [ 102 ,  103 ]. This is consistent with the fi nding that 
although Opticin precursors and fragments were detected in 
embryonic human vitreous, there was no signifi cant increase 
or decrease in their levels during the 2nd trimester [ 16 ].  

  Figure I.D-4    Profi lin-1. Profi lin-1 was found in endothelial cells ( arrows ) of the hyaloid artery ( a ) and of the vasa hyaloidea propria ( b ) in the 
vitreous of a 14 WG human       

ba
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   VII.  Genetic Infl uences 

 While many proteins have been shown to have an infl uence 
on the regression of the fetal hyaloid vasculature, less is 
known about the upstream, genetic infl uences on normal or 
pathological vitreous development. Several studies have 
identifi ed specifi c genes that can infl uence hyaloid vessel 
regression. 

 Endothelial cell-specifi c gene ablation of either the  tran-
scription factor serum response factor  ( SRF ) or its cofactors 
 myocardin - related transcription factors A and B  (but not 
SRF cofactors Eph-like kinase 1 and 4) impairs protrusion of 
endothelial tip cell fi lopodia, resulting in the persistence of 
hyaloid vessels in mice [ 104 ]. 

 A spontaneous mouse mutation named  fi erce  (frc) 
involves a deletion for the nuclear receptor Nr2e1 gene 
(also known as Tix, mouse homologue of Drosophila tail-
less) that is important for normal development. The 
impaired regression of the hyaloid system has been 
observed in frc mouse on three defi ned genetic backgrounds 
(C57BL/6 J, 129P3/JEms, and B6129F1) [ 105 ]. In these 
mice, both large and small  vessels were observed in the vit-
reous body, close to the optic nerve and the peripheral ret-
ina, suggesting the hyaloid vessels had failed to undergo 
apoptosis and regress [ 104 ]. The murine INK4a locus 
encodes  tumor suppressor proteins p16  (INK4a) and  p19  
(ARF). INK4a−/− mice showed defects in the regression of 
the hyaloid vasculature [ 106 ]. 

  Figure I.D-5    Clusterin. Clusterin was not detected in the hyaloid vessels of 14 WG human vitreous ( a ). In 18 WG eyes, clusterin was found in 
the endothelial cells ( arrows ) of the tunica vasculosa lentis ( b )       

a b

  Figure I.D-6    N-Cadherin. In 14 GW eyes ( a ), N-Cadherin was not detected in endothelial cells of the hyaloid vessels. ( b ) However, in 18 WG 
eyes, N-Cadherin was found in the cytoplasm of endothelial cells that make up the endothelium of the TVL ( arrows )       

a b
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 Mice that are mutated in the atypical  opsin melanopsin  
gene (Opn4) or are dark reared were recently reported to 
have persistent hyaloid vessels at 8 days postpartum and an 
overgrown retinal vasculature that may be explained by the 
fact that a light-response pathway is critical to ocular blood 
vessel patterning [ 85 ]. This study found that the melanopsin 
light-response pathway normally suppresses the number of 
retinal neurons, limiting hypoxia and, as a consequence, 
local expression of VEGF-A by retinal neurons [ 84 ].  

   Conclusi ons 

 Regression of the human fetal hyaloid vasculature is criti-
cal for development of vitreous, retina, and surrounding 
ocular structures. Although the timing of hyaloid vessel 
regression is established, especially in lower mammals, 
little is known about the exact processes and molecular 
mechanisms involved in the human. Recent proteomic 
studies of embryonic mouse and human vitreous have sug-
gested various protein and pathways that may be involved 
in the regression of the hyaloid vasculature. These pro-
teomic studies suggest that complex and highly orches-
trated mechanisms are required for proper and complete 
hyaloid vasculature regression. Apoptosis, increased 
expression of antiangiogenic factors, reduced expression 
of endothelial survival factors, macrophagy, and perhaps 
external stimuli are all implicated in the regression of hya-
loid vasculature. Understanding these processes will fur-
ther our knowledge about pathological neovascularization 
in the eye and perhaps other parts of the body and might 
guide our approaches to new therapies.      
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   I. Introduction 

 Diabetes mellitus, hereafter called diabetes, is a systemic 
disorder of insulin signaling, resulting in hyperglycemia. 
Hypertension and dyslipidemia are frequent associations. 
The pathological results of diabetes are microvascular com-
plications, notably retinopathy, nephropathy, and periph-
eral neuropathy, and accelerated atherosclerosis, resulting 
in major cardiovascular complications. Overnutrition is 
causing an international diabetes epidemic of extraordinary 
proportions [ 1 ]. The purpose of this discussion is to sum-
marize the disordered metabolic pathways in diabetes with 

an emphasis on ocular manifestations, placing particular 
emphasis on how these biochemical changes alter vitre-
ous structure and function, contributing to retinopathy and 
vision loss.  

   II. Biochemistry of Diabetes 

 At a molecular and cellular level, the myriad downstream 
consequences of diabetes all appear to have some association 
with an increase in superoxide production [ 2 ,  3 ]. Intracellular 
hyperglycemia causes an oversupply of metabolites from 
glycolysis into the tricarboxylic acid cycle (TCA cycle, also 
known as Krebs cycle or citric acid cycle). This causes over-
supply of electrons to the electron transport chain of mito-
chondria. Beyond a certain level, this causes a dramatic and 
specifi c increase in superoxide production from mitochon-
dria [ 2 ]. This acts as a step function or switch, activating the 
multiple downstream pathological pathways of diabetes [ 4 ]. 

 The following delineates the major biochemical pathways 
that are important in diabetes, which are summarized in 
Figure  I.E-1 .

  Figure I.E-1    Summary of pathological pathways in diabetes. The 
pathological effects of intracellular hyperglycemia are mediated by the 
increased production of superoxide in the electron transport chain. 
Superoxide causes inhibition of GAPDH, which results in accumula-
tion of metabolites and diversion into polyol and hexosamine pathways 
and creation of DAG and methylglyoxal. Data summarized from Refs. 

[ 2 – 4 ]. [ AGE  advanced glycation end products,  DAG  diacyl glycerol, 
 GAPDH  glyceraldehyde phosphate dehydrogenase,  NADPH  reduced 
nicotinamide adenine dinucleotide phosphate,  NADH  reduced nicotin-
amide adenine dinucleotide,  NF-κB  nuclear factor – kappa B,  PKC  pro-
tein kinase C,  RAGE  receptor for AGE,  VEGF  vascular endothelial 
growth factor]       

   3.    Emerging treatments to reduce the effects of protein 
glycation and other metabolic derangements, as 
well as alternative approaches to eliminate vitreo-
retinal attachment via pharmacologic vitreolysis, 
will likely have expanding roles in the future man-
agement of diabetic eye disease.     
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     A. Advanced Glycation End Products 

 The Maillard reaction occurs normally with aging, but is 
accelerated in diabetes [ 5 ]. Oxidized sugar molecules, nota-
bly methylglyoxal, attach to proteins by formation of a Schiff 
base and then slowly rearrange to a more stable Amadori 
adduct [ 6 ]. Glycosylated proteins can rearrange and dehy-
drate further to produce brown and fl uorescent pigments, 
which also act as cross-links between proteins [ 5 ]. In structural 
proteins such as collagen, this can reduce protein solubility and 
affect mechanical properties (Figure  I.E-2 ). These oxidized, 
dehydrated, cross-linked protein compounds are irreversibly 
altered and are collectively termed advanced glycation end 
products (AGE) [ 6 ]. Although AGE formation is “normal,” it 
is greatly accelerated in diabetes beyond the fi rst order kinet-
ics expected from hyperglycemia alone [ 6 ]. Superoxide inhib-
its glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

resulting in increased levels of glyceraldehyde- 3-phosphate, 
which fragments into methylglyoxal [ 3 ,  4 ].

   The glycated precursors of AGE have pathological effects 
by altering protein structure and function within cells, as 
well as altering extracellular matrix (ECM) components and 
ECM interactions with cell receptors such as integrins [ 3 ]. 
Systemically, AGE precursors target the receptor of AGE 
(RAGE) on endothelial cells, mesangial cells, glia, and mac-
rophages, resulting in production of reactive oxygen species 
and phosphorylation of numerous kinases, activating the 
pleiotropic transcription factor NF-κB [ 7 ,  8 ]. This factor 
NF-κB links AGE to several infl ammation-related cellular 
pathways such as apoptosis, motility, and cytokine expres-
sion [ 6 ,  9 ]. The more complex interlinked AGE can also 
make long-term alterations to the function of long-lived 
structural proteins in the ECM, in particular collagen, 
 resulting in a chronic functional change and creating a depot 

a b

  Figure I.E-2    Diagram of advanced glycation end products (AGE) formation on collagen fi bril (a), showing cross-linking between collagen fi brils 
and to other proteins (b)       
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of pathological signaling at RAGE [ 6 ]. Collagen cross-link-
ing also increases vascular stiffness and provides a molecular 
link between diabetes and hypertension [ 10 ,  11 ].  

   B. Protein Kinase C 

 The inhibition of GAPDH by intracellular hyperglycemia 
and superoxide production also increases production of 
the metabolite diacyl glycerol (DAG), which is the specifi c 
physiologic activator of the protein kinase C (PKC) fam-
ily of enzymes [ 3 ,  12 ]. Activation of RAGE and increased 
activity of the aldose reductase pathway may also activate 
PKC by increasing reactive oxygen species and inhibiting 
GAPDH. When activated, PKC forms a key messenger in 
the pathological processes of diabetes with downstream 
effects that include reduced nitric oxide production and 
increased endothelin-1 activity, both contributing to a reduc-
tion in microvascular blood fl ow [ 3 ]. Activated PKC also 
activates NF-κB and affects the expression of vascular endo-
thelial growth factor (VEGF), transforming growth factor 
beta (TGF-β), and plasminogen activator inhibitor-1. Each 
of these factors has direct relevance to the pathological pro-
cesses in diabetic retinopathy, such as vascular permeability, 
angiogenesis, capillary occlusion, vascular occlusion, and 
proinfl ammatory gene expression. Hyperglycemia also acti-
vates PKC-δ which contributes to cell death of retinal vascu-
lar pericytes specifi cally [ 13 ]. 

 Orally administered, isoform-selective inhibition of 
PKC-β has been shown to have a benefi cial effect in animal 
models of diabetic retinopathy [ 14 – 17 ] and has also been 
shown to ameliorate diabetes-induced retinal hemodynamic 
abnormalities in patients with diabetes [ 18 ]. Two 3-year, ran-
domized, double-masked, placebo-controlled phase 3 trials 
(PKC-DRS and PKC-DRS2) [ 19 ,  20 ] demonstrated an 
approximately 50 % reduction in the occurrence of vision 
loss in patients treated with the isoform-selective PKC 
β inhibitor ruboxistaurin (RBX). Although one study attained 
statistical signifi cance, the other (PKC-DRS) was not ade-
quately powered to do so [ 19 ]. Two subsequent randomized 
clinical trials using RBX showed slowing in the development 
of diabetic macular edema (DME) and its attendant visual 
loss in patients, consistent with that observed in the previous 
trials, although these also failed to meet their primary out-
come measure [ 21 ]. The relative risk of sustained moderate 
vision loss from DME was reduced by 40–50 % with 
RBX. Vision benefi t exceeded the benefi t on morphologic 
severity, suggesting a potential neuroprotective effect of 
PKC-β inhibition. Given the only modest clinical benefi t and 
lack of statistical signifi cance in several clinical trials, RBX 
is not currently being pursued for the treatment of diabetic 
retinopathy or macular edema.  

   C. Aldose Reductase 

 Aldose reductase is the fi rst enzyme of the polyol pathway, 
catalyzing the reduction of glucose to sorbitol with the  oxidation 
of NADPH to NADP+. With a low affi nity for glucose, aldose 
reductase only converts signifi cant amounts of glucose into sor-
bitol in a diabetic hyperglycemic setting. Increased fl ux in the 
polyol pathway depletes the cell of NADPH, which limits the 
replenishment of glutathione, and thus depletes the cell defenses 
against reactive oxygen  species (ROS). Also, corresponding 
increases in cytosolic NADH:NAD + ratio can result in down-
stream increases of AGE precursor methylglyoxal and DAG 
which activates PKC [ 3 ]. 

 Although multicenter clinical studies to date have not 
detected a structural or functional benefi t for nephropathy 
from blockade of this pathway, benefi cial effects of the 
angiotensin-converting enzyme inhibitor enalapril and the 
aldose reductase blocker losartan have been noted in terms of 
reducing the risk of progression of nonproliferative diabetic 
retinopathy [ 22 ,  23 ].  

   D. Hexosamine 

 Intracellular hyperglycemia also causes increased fl ux 
through alternative glucose metabolic pathways including 
the hexosamine pathway, where fructose-6-phosphate is con-
verted into glucosamine-6-phosphate. Inhibition of GAPDH 
by superoxide also underlies this pathway activation in dia-
betes [ 3 ]. Enzymatic glycation of certain transcription fac-
tors with glucosamine alters the expression of relevant 
pathological cytokines such as TGF-β1 [ 3 ]. Thus, the 
increased hexosamine fl ux contributes to changes in gene 
expression and release of signaling molecules that contribute 
to the pathogenic milieu of diabetes.  

   E. Oxidative Stress 

 Finally, superoxide itself contributes to the pathological 
effects of hyperglycemia. Superoxide causes oxidative stress, 
which directly damages cells and leads to degenerative path-
ways such as apoptosis. Oxidative stress also arises from 
RAGE activation and from the aldose reductase pathway as 
described above. Oxidative stress is also a potent inducer of 
RAGE expression, forming a positive feedback cycle [ 8 ]. An 
important regulator of oxidative stress is the transcription 
factor nuclear factor erythroid-2-related factor 2 (also known 
as NFE2L2 or NRF2). This molecule also has anti- 
infl ammatory activities. Studies suggest that NRF2 is an 
important protective factor regulating the progression of dia-
betic retinopathy [ 24 ,  25 ].   
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   III. Diabetic Retinopathy 

   A. Epidemiology 

 Diabetic retinopathy (DR) is the leading cause of visual loss 
in adults of working age [ 26 ,  27 ]. Population-based studies 
found DR is common among diabetic individuals ( prevalence 
20–40 %), and vision-threatening features occur in 5–10 %, 
but these estimates vary as diabetes becomes more prevalent 
and treatments improve. The Wisconsin Epidemiologic 
Study of Diabetic Retinopathy provided some of the most 
complete longitudinal data on the incidence of DR [ 28 ]. 
Over 25 years, nearly all patients (97 %) with diabetes 
develop some DR at a rate of around 15 % per year for type 
1 and 8 % per year for type 2 diabetes and continue to prog-
ress at similar probabilities each year [ 28 ]. The risk of devel-
oping DR increases with duration of diabetes and with poor 
control of hyperglycemia [ 27 ]. The other modifi able risk fac-
tors for DR include hypertension, dyslipidemia, infl amma-
tion, and obesity. Non-modifi able risks include puberty, 
pregnancy, and ethnicity [ 27 ]. Long-term follow-up of 
patients with DR demonstrate high mortality (and a specifi c 
mortality risk associated with macular edema), demonstrat-
ing that DR is an important marker of widespread pathologic 
changes [ 29 – 31 ]. 

 Two landmark clinical trials established that improved 
glycemic control (HbA 1 C < 7 %) reduced the risk of develop-
ment and progression of DR [ 32 ,  33 ]. Other trials have failed 
to show a benefi t of improved glycemic control for patients 
with existing DR, which might indicate that hyperglycemia 
has a gradual incremental and cumulative effect on DR [ 27 ]. 
More important and interestingly, the two large randomized 
trials of glycemic control showed that rates of DR progres-
sion were slowed in the original treatment group even many 
years after the glycemic control between treated and non- 
treated groups had merged once the trials had concluded [ 33 , 
 34 ]. This long-term benefi t from earlier treatment was termed 
“metabolic memory.” The mechanisms for metabolic mem-
ory are not fully known, but vitreous may be highly relevant 
in the storage of this long-term signal.  

   B.  Pathophysiology of Diabetic 
Retinopathy 

 Initial observations established the understanding of DR 
as a prototypical microangiopathy, where capillary 
changes underlie the entire spectrum of disease. However, 
in view of the systemic processes described above and 
with current methods to investigate ocular biochemistry 
and neuronal function, a modern understanding of DR rec-
ognizes that the visible vascular changes are the result of a 

long process of biochemical derangement [ 35 ]. In particu-
lar, the cellular and biochemical processes described 
above cause stress and dysfunction in retinal neurons, glia, 
and vascular cells, resulting in capillary loss and subse-
quently hypoxia, which causes production of vascular 
endothelial growth factor (VEGF). There are, however, 
other sources of VEGF in the diabetic eye, including a 
chronic infl ammatory response and upregulated renin-
angiotensin hormones acting on ocular angiotensin II 
receptors [ 36 ]. In addition, VEGF-independent pathways 
may contribute to retinopathy and angiogenesis, such as 
erythropoietin signaling within the eye [ 37 ] and release of 
extracellular carbonic anhydrase-I that stimulates the kal-
likrein pathway [ 38 ]. 

   1.  Diabetic Retinopathy 
and the Neurosensory Retina 

 It has been recognized for 50 years that in addition to causing 
retinal vascular changes, diabetes disrupts the neurosensory 
retina [ 39 ,  40 ], and recent techniques to measure these 
changes have further improved our understanding of diabetic 
retinal neuropathy [ 35 ,  41 ]. Measures of outer retinal func-
tion such as dark adaptation are reduced in diabetic patients 
[ 35 ,  42 ]. These outer retinal functions should not be affected 
by inner retinal vasculopathy as they are supplied by the cho-
roid. It is possible that a diabetic choroidal vasculopathy 
infl uences outer retinal function. Subtle tests of inner retinal 
function with frequency doubling technology visual fi eld 
testing, and sensitive structural measures such as OCT, reveal 
inner neurosensory changes before retinal vascular changes 
of DR are seen [ 43 – 45 ]. Multifocal electroretinography 
(mfERG) was found to correlate closely with vascular DR 
[ 46 ], but more interestingly, abnormalities of mfERG were 
shown to precede and predict vascular abnormalities with 
sensitivity and specifi city [ 47 ,  48 ]. 

 Together these studies demonstrate not only that the neu-
ral retina may be affected by diabetes before vascular 
changes appear but also that these correlations of neural and 
vascular dysfunction are precise [ 43 ]. The interaction can be 
conceptualized as a neurovascular unit with a pathological 
feed-forward cycle (Figure  I.E-3 ) [ 1 ,  35 ]. That is, neural 
degeneration from diabetes results in release of vascular per-
meability factors (notably VEGF), to the detriment of cells 
forming the blood-retina barrier, while damage to retinal 
capillary endothelium and pericytes leads to loss of the sup-
ply of nutrients and breakdown in the integrity of the impor-
tant blood-retina barrier, leading to the accumulation of 
macrophages, release of harmful cytokines, and further dam-
age to retinal neurons. This is an amplifying cycle driven by 
hyperglycemic stress. This model also has implications for 
vitreous, which is a major paracrine depot for signals such as 
cytokines (see below).
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      2. Diabetic Retinal Vasculopathy 
 To date, the medical profession historically awaits the 
appearance of retinal vascular changes before establishing 
the diagnosis of diabetic retinopathy (DR). It is clear from 
the foregoing that derangements in physiology predate the 
visible histopathology. Thus, the established classifi cation of 
DR is based on the visible vascular changes on fundoscopy. 
Venous dilatation, perhaps the earliest funduscopic change, 
is a physiologic adaptation to the altered physiologic milieu, 
especially hypoxia. Apoptosis of capillary pericytes results 
in retinal microaneurysms, another early change, and then as 
capillaries are lost and ischemia develops, hemorrhages and 
cotton wool spots are seen. Vascular dysfunction, increased 
permeability, and loss of the blood-retina barrier result in 
retinal edema and the deposition of hard exudates. At 
advanced stages, severe ischemia results in high levels of 
VEGF and abnormal new vessel proliferation. When these 
blood vessels grow into the vitreous, they can bleed easily 
and may also contract against the vitreous scaffold and cre-
ate areas of tractional retinal detachment. Together these 
fi ndings represent the classical concepts of DR (Figure  I.E-4 ). 

It is important, however, to appreciate the limitations of 
these concepts and develop new methods [see chapter   II.F    . 
Imaging vitreous] to assess ocular biochemistry and physiol-
ogy, so as to diagnose diabetic eye disease in the stage of 
physiopathology and not await the more advanced stages of 
clinically evident histopathology that frame our current con-
cepts of this disease. The earlier diagnosis afforded by this 
approach will enable intervention at an earlier stage in the 
natural history of disease when abnormalities are more likely 
to be reversible, and disease progression can more  effectively 
be mitigated.

   Infl ammation is now recognized as an important compo-
nent of DR [ 9 ]. As discussed, pathological cytokines such 
as TGF-β1, tumor necrosis factor alpha (TNFα), and inter-
leukin 1-beta (IL-1β) are produced and released by cells 
experiencing the oxidative stress of hyperglycemia. Also 
AGE formation in the extracellular space directly activates 
infl ammatory pathways and pleiotropic transcription fac-
tors such as NF-κB [ 6 ]. These extracellular signals affect 
retinal capillaries, increasing vascular permeability, but also 
affect circulating leukocytes [ 49 ]. It was found that the early 

  Figure I.E-3    Positive feedback cycle between vascular and neuronal 
elements in diabetic retinopathy. Diabetes damages both to the vascular 
and neural cells of the retina and damage to either the vessels or the 

neurons results in secondary damage to the other. [ TNF-α  tumor necro-
sis factor alpha,  TGF-β1  transforming growth factor beta,  VEGF  vascu-
lar endothelial growth factor]       

 

J. Gale et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_12


63

infl ammatory event of leukostasis is an important component 
in DR [ 49 ], and this may contribute to capillary closure and 
loss [ 9 ].    

   IV. Diabetic Vitreopathy 

 Vitreous plays a central role in much of the visual loss asso-
ciated with diabetic retinopathy (DR). Firstly, vitreous is an 
obvious factor in complications of proliferative diabetic reti-
nopathy (PDR) such as vitreous hemorrhage and tractional 
retinal detachment (Figure  I.E-4 ). Secondly, vitreous has a 
clear role in the development of macular edema, the leading 
cause of vision loss in diabetic patients, through both bio-
chemical and mechanical pathways [see chapter   III.K    . 
Vitreous in retino-vascular diseases and diabetic macular 
edema]. Thirdly, vitreous may act as a biochemical depot or 
reservoir to mitigate or worsen the biochemical derange-
ments of diabetes. Fourthly, vitreous affects the physiology 
of oxygen in the eye [see chapters   IV.A    . Vitreous physiol-
ogy;   IV.B    . Oxygen in vitreo-retinal physiology and pathol-
ogy]. Many of these effects are due to specifi c and intrinsic 

changes in vitreous that occur in response to diabetes. This 
phenotype has been termed diabetic vitreopathy [ 50 ]. 

   A. Molecular Alterations 

 In general, vitreous levels of small molecules such as glucose 
refl ect the circulation of aqueous, and these levels may change 
in response to serum levels or tonicity [ 51 ,  52 ]. Glucose is usu-
ally lower in the vitreous than the serum, but has been found to 
be higher in people with diabetes [ 51 ]. Early experiments in 
diabetic rabbits detected changes in vitreous such as increased 
viscosity and reduced vitreous  volume, but methodologic limi-
tations limit interpretation of these data [ 53 ]. Modern proteomic 
techniques can quantify the proteins in human vitreous with or 
without diabetes [ 54 ]. Many hundreds of vitreous proteins have 
been identifi ed with these techniques, including many of the 
signaling pathways implicated in DR [ 55 ]. It is diffi cult to inter-
pret these studies directly for a number of reasons. Firstly, there 
is a wide variety of methods and each study reports different 
results that cannot be compared. Secondly, quantifi cation of sig-
naling proteins, such as VEGF, for example, does not  necessarily 

  Figure I.E-4    The vitreoretinal complications of proliferative diabetic retinopathy. Elements of diabetic vitreopathy contribute to the structural 
complications of advanced proliferative diabetic retinopathy [ PVD  posterior vitreous detachment]       
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relate to potency of signaling and low concentrations of cyto-
kines may not be detected. Thirdly, an increase of some proteins 
in the vitreous of diabetic patients does not imply their relevance 
to diabetic pathology, for example, the protein may be increased 
due to vascular permeability. Fourthly, the key structural pro-
teins such as collagen are not often identifi ed with these meth-
ods. Fifthly, many of the samples are collected during vitrectomy 
for vitreous hemorrhage and the effect of this pathology on the 
results is not known [ 54 – 56 ]. 

   1. Collagen 
 Monnier and colleagues established a correlation between 
advanced glycation of collagen (measured as fl uorescence in 
a skin biopsy) and severity of diabetic retinopathy [ 10 ]. 
Lundquist and Österlin showed vitreous glucose levels can be 
increased in excess of 11 mmol/L in diabetes, and then Sebag 
and colleagues showed that as a result, nonenzymatic glyca-
tion of human vitreous collagen was indeed increased [ 51 , 
 57 ]. Additional enzymatic cross-linking of collagen, such as 
the dihydroxylysinonorleucine, was also found by Sebag and 
colleagues to be elevated in diabetic vitreous [ 45 ], as was pre-
viously detected in other diabetic connective tissues such as 
skin [ 57 ,  58 ]. The diabetic cross-linking of human vitreous 
collagen was further characterized by Sebag and coinvestiga-
tors using Fourier transform Raman spectroscopy [ 59 ,  60 ]. 

 Collagen cross-linking by AGE is believed to underlie the 
observed structural alterations in human diabetic vitreous 
[ 61 – 63 ]. Indeed, the term diabetic vitreopathy was initially 
coined to describe this premature aging of vitreous structure 
in response to glycation and cross-linking [ 50 ]. Interestingly, 
the accumulation of AGE in skin collagen, which correlated 
with vascular stiffness and joint stiffness, was also found to 
correlate with DR [ 10 ]. These biochemical abnormalities 
induce premature liquefaction and earlier posterior vitreous 
detachment (PVD) [ 64 ]. In particular, a partial PVD is much 
more common than complete PVD in diabetes [ 64 – 66 ], 
causing vitreo-macular traction or vitreoschisis forming a 
preretinal membrane, hallmarks of anomalous PVD [ 67 ].  

   2. Hyaluronan 
 The second major macromolecule of vitreous is hyaluronan 
(HA) [see chapter   I.F    . Vitreous biochemistry and artifi cial 
vitreous]. It is hypothesized that glycation of the protein core 
of HA contributes to depolymerization, dissociating HA 
from collagen and contributing to liquefaction in aging and 
diabetes. This hypothesis has yet to be tested in experimental 
models and humans. However, in the process of vitreous liq-
uefaction, HA is hypothesized to be depolymerized and also 
dissociated from proteins such as collagen fi bers. This might 
also occur with some cytokines, such as longer isoforms of 

  Figure I.E-5    Neovascularization at the human vitreoretinal interface 
in proliferative diabetic retinopathy. Proliferation of new blood vessels 
from the human retina ( below  in each image) into the posterior vitreous 
cortex ( above  in each image) demonstrates the insertion of vitreous 
fi bers onto the neovascular complexes. This pathologic structural 
arrangement transmits traction from the collapsing vitreous body that 

has undergone pathologic effects of diabetic vitreopathy. The traction 
stimulates further proliferation and can rupture the new vessels causing 
vitreous hemorrhage. Severe traction can also induce traction retinal 
detachment. ( a  is stained with hematoxylin and eosin;  b  is From 
Faulborn and Bowald [ 77 ] with permission)         

a 
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VEGF, which may be inactive when tightly bound to normal 
HA, but with depolymerization of HA, there maybe dissocia-
tion and activation of this and other cytokines potentiating 
the cytokine effect. In this way the premature liquefaction of 
diabetic vitreous may also directly stimulate the pathological 
pathways of DR. 

 It has been identifi ed that AGE in diabetic vitreous may 
accelerate the depolymerization of HA. Initial studies 
showed that UV light causes oxidative damage and light- 
induced depolymerization of HA when in the presence of a 
photosensitizer (ribofl avin) [ 68 ,  69 ]. Collagen in the same 
samples accumulated and precipitated, presumably due to 
cross-linking [ 68 ]. In experimental diabetes or incubation 
with sugars, AGE  formation in ocular proteins occurs within 
hours and results in light-induced oxidative stress [ 70 ,  71 ]. 
These AGEs were specifi cally shown to induce light- 
associated depolymerization of HA in vitreous through oxi-
dative stress, leading to vitreous liquefaction and reduced 
viscosity [ 72 ,  73 ]. This is a second mechanism by which dia-

betic vitreopathy can be seen to resemble premature aging 
through AGE formation and oxidative stress.  

   3. Extracellular Matrix Constituents 
 In addition to the two major molecular components of vitre-
ous described above, there are many lesser (in quantity, albeit 
probably not in importance) constituents that are molecules 
typically found in extracellular matrices throughout the 
body. These too are likely to be affected by the biochemical 
abnormalities of diabetes. Of greatest signifi cance in this 
regard is that these extracellular matrix molecules are 
 concentrated at the vitreoretinal interface and thus are likely 
to play an important role in the pathophysiology of both pro-
liferative diabetic retinopathy and diabetic macular edema.   

   B. Structural Alterations 

   1. Vitreoretinal Interface 
 The vitreoretinal interface is a site of complex dysfunction in 
the diabetic eye and is the site where diabetic vitreopathy has 
most clinical relevance. There is an unusual and strong inter-
face between vitreous and retinal vessels (Figure  I.E-5a ) 
[see chapter   II.E    . Vitreo-retinal interface and inner limiting 
membrane]. Thus, early observers noted that contraction of 
the posterior vitreous was associated with the important trac-
tional and hemorrhagic complications of proliferative DR 
(PDR) [ 74 ]. Liquefaction of the central vitreous was found to 
be accelerated by diabetes and accompanied by early poste-
rior vitreous detachment (PVD), although this is often 
incomplete and/or anomalous due to a high incidence of vit-
reoschisis, especially in proliferative retinopathy [ 64 ,  65 , 
 75 ]. The presence of a partial PVD also portends a poorer 
prognosis [ 75 ,  76 ]. In pathological studies of PDR, it was 
noted that retinal neovascularization tended to occur at sites 
of vitreoretinal adhesion, where new vessels would breach 
the inner limiting membrane (ILM) and entangle in the 
 posterior vitreous cortex [ 77 ] (Figure  I.E-5b ). Complete 
PVD was found to be uncommon among those diabetic 
patients with PDR or macular edema [ 78 ,  79 ], and conversely 
vitrectomy prevented recurrence of retinal neovasculariza-
tion [ 80 ]. In areas of PVD new vessel outgrowths were 
“abortive” or limited in that they did not fan out to insert into 
the posterior vitreous cortex [ 81 ]. Together these observa-
tions forged the concept that DR is worse in regions with 
fi rm  vitreoretinal adhesion and that these points of adhesion 
contribute to complications, while PVD was protective 
against fl orid neovascularization and aggressive PDR.

   In eyes from patients with diabetes, scanning electron 
micrographs of the retinal surface after PVD showed that the 
normally smooth ILM was textured and cellular, with  remnants 
of cortical vitreous collagen commonly remaining on the ILM 
[ 82 ,  83 ], although similar fi ndings can occur in nondiabetic 

b

Figure I.E-5 (continued)

I.E. Diabetic Vitreopathy

http://dx.doi.org/10.1007/978-1-4939-1086-1_11


66

eyes [ 70 ]. When these remnants are in the form of sheets, 
which is quite often, this splitting of the cortical vitreous is 
known as vitreoschisis [ 84 ] [see chapter   III.B    . Anomalous 
posterior vitreous detachment and vitreoschisis]. By OCT, vit-
reoschisis was found in half of patients with macular holes 
and macular pucker and is likely to be prevalent in diabetes as 
well [ 85 ,  86 ]. Indeed, ultrasonography in cases of diabetic vit-
reous hemorrhage revealed a previously unrecognized high 
prevalence of vitreoschisis in PDR [ 87 ]. In 270 non-vitrecto-
mized eyes of diabetic patients with vitreous hemorrhage, 45 
had clear evidence of vitreoschisis on ultrasonography, usu-
ally in the premacular region. The posterior wall of the schisis 
cavity created by the split in the posterior vitreous cortex is 
able to exert signifi cant traction [ 87 ], especially at the points 
where the inner and outer walls meet to reunite into full-thick-
ness posterior vitreous cortex (Figure  I.E-6 ). A pathological 
study of diabetic preretinal membranes removed during vit-
rectomy suggested that many of the multilayered membranes 
were the result of vitreoschisis of the posterior vitreous cortex, 
as a collagen II layer was identifi ed under all membranes [ 88 ]. 
The Munich group found that membranes, most often the 
result of vitreoschisis, were also excessively cellular in dia-
betic patients [ 89 ]. While the premacular lacuna (Bursa 
Premacularis of Worst) has also been identifi ed in nondiabetic 
vitreous [ 90 ], it appeared that in diabetes the thin outer wall 
was more likely to remain adherent to the retina after collapse 
of the central vitreous and apparent PVD [ 91 ], owing perhaps 
to the effects of diabetes upon extracellular matrix compo-
nents at the vitreoretinal interface.

   Diabetes causes changes in the posterior vitreous cortex 
and inner limiting membrane (ILM) that increase vitreoreti-
nal adhesion and contribute to the tendency for vitreoschisis. 
The accelerated cross-linking due to nonenzymatic glycation 
and the formation of AGEs may occur between proteins of the 
cortical vitreous (primarily type II collagen) and the ILM 
(primarily type IV collagen). Both AGE and RAGE are found 
in the ILM, resulting in long-lasting pathological signaling of 
and by Müller cells [ 92 ]. The AGEs within the ILM can also 
disrupt other normal interactions between Müller cells and 
the extracellular matrix such as integrin signaling [ 6 ]. There 
are also changes in Müller cell physiology due to DR that 
may specifi cally increase vitreoretinal adhesion. An impor-
tant infl ammatory cytokine that is upregulated in DR and is 
important for diabetic retinal vasculopathy (see above) is the 
intercellular adhesion molecule (ICAM-1) [ 9 ,  49 ]. The 
expression of ICAM-1 is upregulated in Müller cells follow-
ing activation of RAGE [ 6 ,  93 ], and soluble cell adhesion 
molecules are also excessively present in diabetic vitreous 
[ 94 ]. These ICAM-1 and vascular cell adhesion molecule 
(VCAM-1) are also important cell migration agents and may 
recruit retinal glia and infl ammatory cells onto the retinal sur-
face and into the cortical vitreous in diabetes. The preretinal 
membranes common in both infl ammatory conditions and in 
DR express high levels of ICAM-1 and VCAM-1 [ 93 ]. 

 On histological examination, ILM thickness was increased 
to around twice normal in eyes with diabetic maculopathy, 
with invasion of macrophages [ 95 ]. It is hypothesized that 
this thickened and cellular ILM is less conductive, preventing 
egress of fl uid from the edematous diabetic macula. Since the 
ILM is essentially the basement membrane of  neuroectodermal 
Müller cells, it has some homology to the mesangium of the 
kidney and to the endothelial basement membrane of retinal 
capillaries that are also damaged and thickened by diabetes 
(see above). Molecules such interleukin- 6 and VEGF are 
known to be important in the pathology of both nephropathy 
and the preretinal membranes of DR [ 93 ,  96 ,  97 ]. Therefore, 
the cause of vitreoschisis in diabetic vitreopathy represents 
converging factors: liquefi ed collapsing unstable central vit-
reous; regions of increased cortical vitreous adhesion from a 
thickened, cross-linked, and  cellular ILM with increased cell 
adhesion from Muller cells; and in advanced cases points of 
fi rm adhesion at foci of neovascularization. 

 These changes at the vitreoretinal interface in diabetes 
result in a proliferating cellular vitreous, forming patho-
logic preretinal membranes. The cells of these membranes 
are themselves a source of further cytokines [ 96 ]. 
Furthermore, these invading blood or glial cells change into 
fi broblasts or myofi broblasts, forming contractile sheets 
between retinal anchor points. This cellular contraction of 
the vitreous results in tangential traction that contributes to 
macular edema, vitreous hemorrhage, and even traction reti-
nal detachment (Figures  I.E-4  and  I.E-6c ).When these 
planes of traction are created, normal forces such as eye 
movements or changes in vitreous tonicity can have severe 
consequences. A majority of diabetic vitreous hemorrhages 
were found to occur between midnight and 6:00 am sug-
gesting changes in systemic glucose or tonicity may have 
signifi cant mechanical effects in the eye [ 98 ]. An alternative 
hypothesis for this observation is that sleep apnea, a com-
mon comorbidity in diabetic patients, causes nocturnal vit-
reous hemorrhage by creating peaks of systemic 
hypertension. In a chronic  context, however, macular 
edema, particularly the honeycomb pattern, is strongly 
associated with the elements of diabetic vitreopathy such as 
traction, cytokine production, and a thickened (glycated) 
impermeable ILM [ 99 ,  100 ].  

   2. Vitreous Body 
 As mentioned, diabetes alters the structure of the vitreous 
body, primarily by glycating (and thus cross-linking) colla-
gen, dissociating hyaluronan, and accelerating liquefaction. 
In normal youthful vitreous, hyaluronan interacts with 
 collagen fi brils to organize a bimolecular three-dimensional 
network that stabilizes vitreous and maintains transparency 
by separating collagen fi brils and thus minimize light scat-
tering and maximize photon transmission to the retina 
(Figure  I.E-7a ). With changes in both collagen and hyaluro-
nan due to diabetes, there is disruption of the collagen-

J. Gale et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_14


67

hyaluronan association, resulting in cross-linking of collagen 
fi brils and displacement of hyaluronan that draws water and 
forms liquid vitreous. The formation of macroscopic fi bers 
can be seen with dark-fi eld slit microscopy [ 49 ] (Figure  I.E-8 ). 
The collagenous nature of these structures has been con-
fi rmed by electron microscopy (Figure  I.E-9 ). Dynamic light 
scattering is able to detect these changes  in vitro  [ 101 ] and 
may provide a clinical method for detection and quantifi ca-
tion  in vivo  [ 60 ], while Raman spectroscopy could offer fur-
ther molecular characterization [ 59 ].

     The clinical effects of these diabetes-induced changes 
with the vitreous body are liquefaction with destabilization 
of the gel and antero-inferior collapse of the vitreous body. 
Given the aforementioned abnormalities at the diabetic vit-
reoretinal interface, this destabilization will place traction at 
the vitreoretinal interface with a variety of possible conse-
quences that are not mutually exclusive:
•    If there is suffi cient weakening of vitreoretinal adhesion, 

an innocuous PVD will occur and the long-term progno-
sis will be signifi cantly ameliorated.  

a

b

c

  Figure I.E-6    ( a ) Vitreoschisis 
in nonproliferative diabetic 
retinopathy. Combined OCT/
SLO imaging of a split in the 
posterior vitreous cortex 
demonstrates the lambda sign at 
the point of reunifi cation of the 
inner and outer walls of the 
vitreoschisis cavity into 
full-thickness posterior vitreous 
cortex. This patient had 
nonproliferative diabetic 
retinopathy. ( b ) Vitreoschisis 
in proliferative diabetic 
retinopathy. Signifi cant axial  
traction at the reunifi cation point 
exerts considerable traction on 
the retina with elevation of the 
retina. ( c ) Vitreoschisis in 
proliferative diabetic retinopathy 
with traction retinal detachment. 
The classic lambda sign of 
vitreoschisis is seen on the left 
where the inner and outer walls 
of the vitreoschisis cavity rejoin 
to form full-thickness posterior 
vitreous cortex. Retinal traction 
is typically signifi cant at this site 
of reunifi cation and in this case 
has produced traction retinal 
detachment. The grayscale 
image at the bottom is included 
for slightly better resolution of 
this OCT whose image quality 
is compromised by slight 
vitreous hemorrhage and lens 
opacifi cation       
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a

b

  Figure I.E-7    Vitreous structure in non-diabetic eyes. All images are 
photographs of fresh, unfi xed human eyes with the sclera, choroid, and 
retina dissected off the vitreous cortex. Each specimen was suspended 
in an isotonic solution and illuminated from the side with a slit lamp 
beam, creating a horizontal optical section. The anterior segment is 
below and the posterior pole is above in all images. ( a)  Dark-fi eld 
microscopy of human vitreous structure in children ( top panel ) and 
adults ( middle panel ). There is considerable light scattering from the 
peripheral and posterior vitreous cortex, owing to the dense matrix of 
collagen fi brils. Within the central vitreous, however, there is little light 
scattering in children due to a homogenous distribution of collagen 
fi brils separated by hyaluronan molecules. This is apparent not only in 
the specimen from a 4-year-old child ( upper right ) but also in the speci-
men from an 11- year-old child ( upper left ) where vitreous is seen 

extruding out through a dehiscence in the premacular region ( white 
arrows ) where the posterior vitreous cortex is thinner than elsewhere. 
In spite of this signifi cant traction, there are no macroscopic fi brous 
structures in the vitreous body. In the adult eyes ( middle left , 56 years 
old;  middle right , 59 years old), however, there are visible fi bers with an 
antero-posterior orientation. These fi bers are continuous from the pos-
terior pole to anterior periphery where they insert into the vitreous base 
surrounding the lens. ( b ) Vitreous fi bers course anteriorly to insert into 
the vitreous base ( black arrow ). The  left  image demonstrates fi ber 
insertion both anterior and posterior to the ora serrata. The  right  image 
shows the continuity of fi bers from the posterior pole to the anterior 
periphery where they insert into the vitreous base. [see chapter   III.H    . 
Peripheral vitreo-retinal pathology]           
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•   If there is persistent adhesion at the vitreoretinal interface, 
there can be traction upon abnormal new vessels with rup-
ture and vitreous hemorrhage.  

•   If there is persistent adhesion over a broad area at the vit-
reoretinal interface, there can be traction upon the retina 
with “table-top” tractional retinal detachment.  

•   If there is traction upon the macula, diabetic macular 
edema can be exacerbated.  

•   If there is insuffi cient weakening of vitreoretinal adhesion 
there can be vitreoschisis, providing a scaffold for cellular 
preretinal membranes and further traction.       

   V.  Physiological Considerations in Diabetic 
Vitreopathy 

   A. Oxygen Physiology 

 As described by Holekamp and Beebe [see chapter   IV.B    . 
Oxygen in vitreo-retinal physiology and pathology], vitreous 

plays an important role in oxygen physiology of the eye, and 
these effects have heightened relevance in diabetes where 
widespread retinal ischemia and altered vitreous structure 
are concurrent. It is known that oxygen gradients exist within 
the eye [ 102 ,  103 ]. Oxygen in the clear  optical tissues of the 
anterior chamber, lens, and vitreous arises from retinal and 
iris vessels and from diffusion across the cornea, with oxy-
gen concentration lowest around the ciliary body and sur-
rounding the lens [ 102 ]. These gradients suggest oxygen 
consumption by vitreous and the crystalline lens, supported 
by the observation that cataract surgery and vitrectomy 
cause persistently elevated oxygen tension postoperatively 
[ 103 ]. However, there is debate about whether oxygen dif-
fusion rates are altered by vitrectomy [ 104 – 106 ]. Movement 
of small molecules may be affected by convection currents 
or affected by their association with larger molecules [ 105 ]. 
Ascorbate is thought to be responsible for the chemical con-
sumption of oxygen in the vitreous, and it is proposed that 
an association between  ascorbate and the gel macromol-
ecules of vitreous results in the higher ascorbate levels and 

  Figure I.E-8    Structural effects of diabetic vitreopathy. Dark-fi eld 
microscopy of vitreous structure in the two eyes of a 9-year-old girl 
with a 5-year history of type I diabetes and no evidence of diabetic reti-
nopathy. There are macroscopic fi bers ( white arrows ) with an antero-

posterior orientation coursing from the posterior vitreous to insert into 
the vitreous base around the lens ( lower right image ). This structure is 
far more similar to middle-aged adults ( bottom panel  fi gure  I.E-7b ) 
than age-matched controls without diabetes ( top panel  fi gure  I.E-7a )        
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faster oxygen consumption in gel vitreous than liquid vitre-
ous [ 102 ]. Therefore, an intact vitreous gel  consumes oxy-
gen from the retinal surface, providing a barrier to oxygen 
fl ow from vascularized retina to ischemic areas while also 
protecting the lens and trabecular meshwork from oxidative 
stress [ 107 ]. This model has obvious relevance to diabetes, 
where an ischemic retina meets an abnormal vitreoretinal 
interface and increased liquefaction of the vitreous body 
with a prominent fi brous structure. It is not known whether 
oxygen circulates differently in diabetic eyes, but this would 
seem likely. Different factors may affect whether the adher-
ent cortical vitreous or the increased liquefaction of central 
vitreous has a dominant effect on oxygen circulation, and 
further investigation is warranted.  

   B. Paracrine Depot 

 As described above, intracellular hyperglycemia results in 
release of numerous locally acting factors (paracrine sig-
nals), particularly cytokines, into the retinal interstitium, the 
vitreous body, and at the vitreoretinal interface. The micro-
environment surrounding retinal neurons is normally closely 
controlled by glia (particularly Müller cells) and yet in dia-
betic retinopathy, Müller cells are affected early. Thus, extra-
cellular cytokines accumulate in diabetic retina [ 8 ,  9 ] because 
the scavenging and regulating functions of retinal glia are 
impaired. The relative circulation of these cytokines into and 
out of lacunae within vitreous is unknown, but a stagnant 
pocket of liquid within a vitreoschisis cavity could concen-
trate cytokines and produce a depot effect. Furthermore, cer-
tain cytokines can bind vitreous components tightly and be 
essentially prevented from acting locally by this sequestra-
tion. The longer isoforms of VEGF are classic examples with 
regard to heparin binding. However, with either cleavage of 
the cytokine or the scaffold, the cytokines may be released in 
active form [ 108 ]. Vitreous can thus form an overwhelming 
“reservoir” of pathological paracrine signals, such as AGE, 
VEGF, and others [ 93 ], especially in the presence of a 
premacular vitreoschisis cavity which may increase the dura-
tion and potency of the cytokines released by the cells within 
diabetic retina that produce these factors [ 109 ,  110 ]. 
Proteomic analysis of vitreous in diabetes confi rms the pres-
ence of many locally acting signals that are known to be 
involved in DR [ 54 ,  111 ] whose duration of action may be 
further prolonged because turnover and remodeling of vitre-
ous is slow in adulthood [ 112 ]. 

 As mentioned above, it was long ago observed that reti-
nal neovascularization grows into the cortical vitreous, 
growing away from the retinal surface and entangling with 
the cortical vitreous fi bers (Figure  I.E-5 ), but in areas of vit-
reous detachment, the new vessels breach the internal limit-
ing membrane (ILM) and grow along the retinal surface or 
form abortive clumps [ 77 ,  81 ]. This phenomenon could rep-
resent simply a mechanical scaffolding effect, or it could 
indicate that vitreous itself was attracting the neovascular-
ization, or both. Faulborn and Bowald even proposed the 
term diabetic vitreopathy in passing, to describe a vitreous 
that had become trophic and recruited its own blood supply 
[ 77 ]. It is likely that vitreous detachment or vitrectomy 
allows clearance of angiogenic factors away from the retinal 
surface, as well as enhancing oxygen circulation around the 
retinal surface [ 107 ] or oxygenation from the ciliary body 
[see chapter   IV.B    . Oxygen in vitreo-retinal physiology and 
pathology] 

 The various aspects of diabetic vitreopathy and its role 
in diabetic retinopathy are summarized schematically in 
Figure  I.E-10 .

  Figure I.E-9    Ultrastructure of human vitreous fi bers. Transmission 
electron microscopy of human vitreous in middle age demonstrates 
bundles of collagen fi brils shown longitudinally ( top image ) and in 
cross section ( bottom image ). The inset in the upper image is a high 
magnifi cation view of the bundle of fi brils demonstrating their collag-
enous nature. The biochemical changes of diabetic vitreopathy, in par-
ticular the nonenzymatic glycation that results in advanced glycation 
end products within the vitreous collagen fi brils and promotes cross- 
linking of collagen fi brils (Figure  I.E-2 ), cause these fi bers to form 
much earlier in life than in nondiabetic individuals       
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       VI.  Treatment Considerations in Diabetic 
Vitreopathy 

 The treatment of diabetic vitreopathy can be preventative or 
therapeutic. Induction of PVD, either surgically or pharma-
cologically, would prevent the structural and some physio-
logic effects of diabetic vitreopathy described above. 
However, preventing diabetic vitreopathy at a molecular 
level would obviate the need for PVD either with surgery or 
pharmacologic vitreolysis and may mitigate many of the 
aforementioned biochemical derangements. 

   A. Pharmacotherapy 

 Pharmacologic options for preventing and managing dia-
betic retinopathy are expanding, but currently there are no 
agents in development specifi cally for managing diabetic 

 vitreopathy [ 26 ,  113 ]. The importance of nonenzymatic gly-
cation and AGE in diabetic vitreopathy and diabetic retinop-
athy raises the possibility that prevention of vitreous AGE 
formation could reduce complications [ 8 ]. Extracellular 
AGE has also been implicated as a source of “metabolic 
memory,” conveying a long-term risk of complications after 
a period of hyperglycemia [ 33 ,  34 ], and in this regard block-
age of the RAGE pathway may be a suitable approach [ 8 ]. 

   1. Aminoguanidine 
 Aminoguanadine showed early promise as an AGE inhibitor. 
 In vitro  studies of bovine vitreous showed that the glycation 
and cross-linking of vitreous collagen can be inhibited by 
aminoguanidine [ 62 ]. Further, experimental studies in rats 
and dogs have shown that aminoguanidine can prevent DR 
[ 114 – 116 ]. In dogs this effect was not specifi cally related 
to AGE formation, and it was subsequently found that 
 aminoguanidine is also an inhibitor of nitric oxide synthase 

  Figure I.E-10    Summary of the major elements of diabetic vitreopathy. 
Normal vitreous undergoing a PVD is shown on the left and diabetic 
vitreopathy on the right. Cells in the vitreous are illustrated as  orange 

dashed lines ; the posterior vitreous cortex is illustrated as a  green line  
[ ILM  inner limiting membrane,  PMM  premacular membrane,  PVD  pos-
terior vitreous detachment]       
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[ 6 ,  115 ]. A randomized human trial of aminoguanidine for 
diabetic nephropathy was neither designed nor powered to 
examine effects in the eye, but the risk of signifi cant DR pro-
gression appeared to fall from 16 % with placebo to 10 % 
with aminoguanidine ( p  = 0.030) [ 117 ]. However, a trial in 
older diabetic subjects appeared to show unfavorable early 
results and was terminated without publication. Lingering 
safety concerns related to nitric oxidase inhibition and the 
creation of oxidative stress are likely to prevent further use 
of aminoguanidine in humans [ 113 ].  

   2. Alagebrium 
 A specifi c breaker of AGE cross-links, alagebrium, was dis-
covered in 1996 and led to several promising experimental 
studies [ 118 ]. In contrast to aminoguanidine, this agent is not 
designed to prevent AGE formation, but to reverse these cross-
links, a remarkable and potentially exciting pharmacotherapy, 
not only for diabetes but aging as well. Alagebrium reversed 
myocardial and vascular stiffness in nonhuman primates [ 119 , 
 120 ]. Although four human trials were completed for hyper-
tension and heart failure, several other trials were never com-
pleted, and the role of this molecule in DR has never been 
assessed [ 113 ]. The concept of breaking cross-links has intui-
tive appeal in diabetic vitreopathy, to reverse rather than pre-
vent complications of diabetes. It could be that the ability to 
release AGE cross-links can reduce an adherent vitreoretinal 
interface or mitigate the tendency for vitreoschisis, promoting 
a more complete PVD pharmacologically (see below) or facil-
itating vitrectomy with surgical induction of PVD in advanced 
DR. Thus, experimental investigation is warranted.  

   3. Vitamin B Derivatives 
 The B vitamins  pyridoxamine  and a synthetic derivative of 
thiamine  benfotiamine  have both shown promise in prevent-
ing complications of diabetes through AGE inhibition. Both 
agents had promising results in preventing diabetic retinopa-
thy in experimental diabetes in rats [ 121 ,  122 ]. Human trials 
for these agents have had inconsistent and unimpressive 
results in reducing circulating AGE levels [ 113 ] and neither 
agent has been studied in humans in relation to the effects on 
the eye, in particular diabetic vitreopathy.   

   B. Surgery 

 In advanced diabetic retinopathy, vitrectomy has tradition-
ally been reserved for structural indications: clearing vitre-
ous hemorrhage or relieving traction retinal detachment. 
Results in these cases have been mixed, because these eyes 
have already sustained a great deal of damage from DR 
before surgery [ 123 ]. The major randomized trials of vitrec-
tomy for complications of DR showed that benefi ts of vitrec-
tomy were modest and that patients with type one diabetes 
with vitreous hemorrhage benefi ted most [ 124 ,  125 ]. That 

said, it is important to point out that vitrectomy technology 
has improved greatly over four decades [see chapter   V.B.1    . 
History of vitrectomy instrumentation] and now minimally 
invasive, small gauge, sutureless surgery is common [see 
chapter   V.B.2    . Modern vitrectomy cutters] with even greater 
advances to come [see chapter   V.B.3    . The future of vitrec-
tomy] to further lessen the infl ammation associated with sur-
gery. Given the importance of infl ammation in DR and 
complications of vitrectomy, this is an important advance. 
It may be that surgery has increasing roles in the future man-
agement of DR as results and technology improve [ 123 ]. 
At some point it may prove to be salubrious and indeed rea-
sonable to remove vitreous so as to eliminate the paracrine 
depot (see above) and facilitate the departure of injurious 
cytokines while simultaneously increasing oxygenation from 
the ciliary body to the ischemic inner retina of diabetic eyes. 

 There is specifi c interest in the role of vitrectomy for dia-
betic macular edema (DME). Ever since vitreous was recog-
nized to be of relevance to macular edema over two decades 
ago [ 78 ,  126 ], vitrectomy has been increasingly performed in 
eyes with thickened and taut posterior vitreous cortex induc-
ing obvious macular traction, and results were good [ 127 –
 129 ]. Subsequently, vitrectomy surgery was offered to patients 
with an attached posterior vitreous cortex without traction 
[ 99 ,  130 ,  131 ], and initial results were promising. Controlled 
prospective trials, however, had more mixed outcomes [ 132 –
 134 ]. Some groups reported better results for vitrectomy with 
peeling of the ILM whether or not traction was present [ 135 , 
 136 ]. The intention of ILM peel is to completely remove any 
residual vitreous cortex relieving any residual traction, to 
remove a scaffold for future proliferation, and potentially to 
alter Müller cell physiology [ 91 ,  137 ]. Compared to laser or 
observation, vitrectomy and ILM peel appeared superior 
[ 138 – 140 ]. However, when patients undergoing bilateral vit-
rectomy for DME were randomized to have ILM peel only in 
one eye, no signifi cant anatomic or visual benefi t was seen 
[ 91 ]. Further, a substantial review of over 30 reports could not 
identify any advantage to ILM peeling in clinical trials [ 141 ]. 
Longer-term studies of vitrectomy for DME had more equivo-
cal success rates, with or without ILM peeling [ 142 – 144 ]. 

 To address many of these uncertainties, a large prospec-
tive trial was conducted by the DRCR.net consortium, which 
found a macular edema but not acuity improvement with 
vitrectomy [ 145 ]. Factors associated with improving vision 
were poor baseline acuity and preretinal membrane peel, 
while factors associated with anatomic improvement in DME 
included preoperative poor vision and thick retina, ILM peel, 
and tractional vitreoretinal abnormalities. However, even 
in patients with a tractional component to their DME, the 
results remained less impressive than the earlier uncontrolled 
and retrospective reports [ 146 ]. 

 One explanation for these disparate fi ndings could be that 
there has been no uniform approach to preoperative 
 assessment and the methods undertaken at surgery where not 
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only can approaches differ but even the choice of instruments 
can vary widely. For example, the lack of appreciation of the 
role of vitreoschisis in diabetic vitreopathy could infl uence 
the extent of preoperative diagnostic evaluation, and the plan 
for surgery might thus be insuffi cient in some cases. 
Certainly, not controlling for this in different clinical trials 
would infl uence the results. Because vitreoschisis is com-
mon, it is the experience of many vitreoretinal surgeons that 
diabetic vitrectomies can be extremely challenging, requir-
ing removal of many layers and membranes before traction 
to the retina and neovascular tufts can be fully relieved. In 
addition, pathologic preretinal membranes can be extensive 
with numerous points of fi brovascular attachment between 
 vitreous and retina. These aspects are summarized in 
Figure  I.E-10  and demonstrate that in general the fi ndings 
during diabetic vitrectomy demonstrate our conceptual 
understanding of diabetic vitreopathy and retinopathy [ 107 ].  

   C. Pharmacologic Vitreolysis 

 Pharmacologic vitreolysis represents a radically different 
approach than inhibitors of diabetic vitreopathy. This 
approach aims to separate vitreous from retina in the same 
innocuous way as naturally occurs in the vast majority of 
people, thereby eliminating much of the clinical signifi cance 
of diabetic vitreopathy. To date, pharmacologic vitreolysis 
has primarily been employed to treat nondiabetic anomalous 
PVD inducing vitreo-macular traction with or without macu-
lar hole [ 147 ], to create a safe and complete PVD [see chapter 
  VI.A    . Pharmacologic vitreolysis]. There is nonetheless imme-
diate application of this concept to diabetic vitreopathy. 
Although premature aging of vitreous may lead to early PVD 
in diabetes [ 64 ], too often the cortical vitreous remains 
attached and plays a role in the development of diabetic reti-
nopathy and complications as described above. Induction of a 
complete PVD early in the natural history would be a poten-
tially powerful preventive treatment in all patients with early 
changes of DR. There may also be a role for pharmacologic 
vitreolysis of more advanced DR in the period immediately 
before vitrectomy [ 148 ]. The case of diabetic macular edema 
(DME) may be particularly relevant in this context. Indeed, a 
study of patients with refractory DME reported induction of 
PVD in all 16 eyes that were injected with plasmin and mod-
erate improvements in vision and DME that were not observed 
in the fellow controlled eyes [ 149 ]. This same group recently 
reported a larger cohort (63 eyes) where PVD was induced in 
38 % after the fi rst injection and 51 % after a second injection 
1 month later [ 150 ]. Visual acuity and DME improved in 
89 %, including patients without a complete PVD [ 150 ]. 
These interesting fi ndings await  corroboration before wider 
implementation. It seems clear, however, that pharmacologic 
vitreolysis will have an  expanding role in diabetic vitreopathy 
if the principles are borne out by clinical evidence [ 151 ]. 

 A word of caution would seem appropriate with respect to 
the development of all forms of pharmacotherapy for dia-
betic vitreopathy and retinopathy. The foregoing clearly and 
comprehensively makes the case for there being signifi cant 
differences between diabetic and non-diabetic vitreous. 
Thus, preclinical testing of clinical therapies for both dia-
betic vitreopathy and diabetic retinopathy (which might 
employ intravitreal injections) must be performed in diabetic 
animal models in order to maximize the chances that 
 subsequent clinical testing will be successful. Consider, for 
example, that hyaluronidase failed clinical FDA trials, in part 
because preclinical testing was not performed in diabetic 
animal models [see chapter   VI.A    . Pharmacologic vitreoly-
sis]. This principle is important not only for pharmacologic 
vitreolysis of diabetic eye diseases, where the target is the 
vitreous body and the vitreoretinal interface [see chapter 
  VI.A    . Pharmacologic vitreolysis], but also for pharmacother-
apy of diabetic retinopathy where vitreous is the pathway to 
treating the retina [see chapter   IV.E    . Principles and practice 
of intravitreal application of drugs]. Clearly, the effects of 
diabetic vitreopathy will infl uence the pharmacodynamics 
and pharmacokinetics of any drug placed into this milieu.   

   VII.  Asteroid Hyalosis (AH) 

 First described by Benson in 1894, AH fi lls the vitreous body 
with yellow-white round structures (Figure  I.E-11 ), yet it 
usually has little impact on vision and thus does not often 
require vitrectomy. In the Beaver Dam Study ( n  = 4,952), AH 
was present in 0.2 % of subjects 43–54 years of age and 
2.9 % aged 75–86 years. AH was primarily unilateral and 
more prevalent in men. The Australian Blue Mountains Eye 
Study ( n  = 3,654) found that AH prevalence increased from 
0 % in those 49–55 years old, to 2.1 % in ages 75–97 years, 

  Figure I.E-11    Color fundus photograph of Asteroid Hyalosis. A clear 
view of the fundus is made very diffi cult, yet the patient’s vision is not 
disturbed       
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again more prevalent in men. A prevalence of 1.96 % was 
found in the UCLA eye autopsy database of 10,801 eyes. 
Although numerous studies have claimed an association 
between AH and diabetes, this was not found in 547 cases 
reported in 11 studies. No relation to diabetes is further sup-
ported by AH unilaterality. 

Asteroid bodies (ABs) readily stain for the presence of 
lipids (Sudan black B and oil red 0) and calcium (von Kossa), 
but do not dissolve in common fat solvents. Rodman et al. 
confi rmed Vorhoeff’s 1920 fi nding that calcium is bound to 

the main acidic lipid components of ABs. Two types were 
observed: I. ABs suspended in and surrounded by vitreous 
fi brils; II. ABs composed of a large inner zone fi lled with 
birefringent particles, and a thin cortical rim composed of 
condensed non-birefringent particles. This suggested poten-
tial differences in pathogenesis. EM found that ABs contain 
intertwined ribbons of multi-laminar membranes with a 
10–60 Å periodicity characteristic of phospholipids, along 
with calcium and phosphate. Based on fi nding a lamellar 
arrangement with a periodicity of 4.6 nm (Figure  I.E-12 ), 

a b

c d

  Figure I.E-12    Ultrastructure of Asteroid Hyalosis. ( a ) Asteroid body 
(AB) comprised of opaque ribbons embedded in an amorphous matrix. 
The AB is surrounded by fi brillar collagen-like structures ( arrow-
heads ). ( b ) Detailed survey of multi-lamellar stacks oriented parallel 
( squared box ) or oblique ( asterisk ) to the incident electron beam.  Inset : 
lamellar stack with a bipartite organization, indicated by the weak inter-
layer lines ( arrowheads ). ( c ) Fourier transform of the 256 × 256  square 

boxed area  from ( b ), which shows an ultimate resolution of 0.46 nm −1  
( circle ).  Crossed circled spot : a third-order diffraction spot. ( d ) Inverted 
Fourier transform, fi ltered of noise, showing the thickness of the lamel-
lar unit ( opposing arrowheads ), separated by a dense interlayer ( arrow ), 
indicating a sandwich organization. A granular, particulate ultrastruc-
ture is obvious ( circle ) (With permission from Jorg and Heinrich.  IOVS  
2001;42(5):902–7)       
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typical of the crystalline phase of lipids in water, Miller et al. 
suggested that ABs are not true crystals but rather liquid 
crystals of phospholipids. Using element mapping with elec-
tron spectroscopy, Winkler and Lunsdorfi n demonstrated 
that the electron energy loss spectra of calcium, phosphorus, 
and oxygen in ABs are similar to those in hydroxyapatite.    

   VII. Summary 

 To summarize, diabetes has its major systemic effects 
through hyperglycemia, which among its many actions 
triggers a sharp increase in superoxide production from 
mitochondria. Superoxide inhibits GAPDH, causing accu-
mulation of glycolysis metabolites that are diverted into 
alternative pathways with pathologic results. One central 
consequence is glycation of proteins (AGE), with myriad 
downstream effects including extracellular matrix altera-
tion, infl ammation, vascular occlusion, cytokine produc-
tion, and cell death. These pathways are summarized in 
Figure  I.E-1 . 

 Diabetic vitreopathy represents a combination of patho-
logical changes. Glycation of collagen and depolymeriza-
tion of HA destabilize the vitreous body, while cellular 
pathways (particularly of Muller cells) and retinal neovas-
cularization create local areas of increased vitreoretinal 
adhesion. Together these create vitreoretinal traction, and 
further cellular invasion creates slowly contractile prereti-
nal membranes that underlie the cicatricial stages of 
advanced complications in PDR. The fi rmly attached vitre-
ous also represents a paracrine depot for pathological sig-
nals and a  barrier to oxygen circulation, which contribute to 
diabetic retinopathy. These concepts are summarized in 
Figure  I.E-10 . 

 The importance of diabetic vitreopathy in the pathophysi-
ology of some important forms of diabetic retinopathy 
prompts therapeutic considerations. Agents to prevent or 
reverse the molecular changes warrant further exploration, 
and there are immediate prospects for pharmacologic vitre-
olysis in diabetes. In spite of impressive advances in surgical 
instrumentation and strategies, successful implementation of 
this approach may one day obviate the need for vitreous 
surgery. 
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 Abbreviations 

  AGE    Advanced glycation end products   
  AH    Asteroid hyalosis   
  DAG    Diacyl glycerol   
  DME    Diabetic macular edema   
  DR    Diabetic retinopathy   
  DRCR.net     Diabetic retinopathy clinical research 

network   
  ECM    Extracellular matrix   
  GAPDH     Glyceraldehyde-3-phosphate 

dehydrogenase   
  HA    Hyaluronan   
  ICAM-1    Intercellular adhesion molecule 1   
  IL-1β    Interleukin 1-beta   
  ILM    Internal limiting membrane   
  mfERG    Multifocal electroretinography   
  NAD+     Nicotinamide adenine dinucleotide 

(oxidized form)   
  NADH     Nicotinamide adenine dinucleotide 

(reduced form)   
  NADP+     Nicotinamide adenine dinucleotide 

phosphate (oxidized form)   
  NADPH     Nicotinamide adenine dinucleotide 

phosphate (reduced form)   
  NFE2L2    Erythroid-2-related factor 2   
  NF-κB    Nuclear factor kappa-B   
  NRF2    Erythroid-2-related factor 2   
  OCT    Optical coherence tomography   
  PDR    Proliferative diabetic retinopathy   
  PKC    Protein kinase C   
  PKC-DRS     Protein kinase C diabetic retinopathy 

study   
  PKC-DRS2     Protein kinase C diabetic retinopathy 

study 2   
  PKC-β    Protein kinase C beta   
  PKC-δ    Protein kinase C delta   
  PVD    Posterior vitreous detachment   
  RAGE     Receptor for advanced glycation end 

products   
  RBX    Ruboxistaurin   
  ROS    Reactive oxygen species   
  TCA    Tricarboxylic acid   
  TGF-β    Transforming growth factor beta   
  TNF-α    Tumor necrosis factor alpha   
  UV    Ultraviolet   
  VCAM-1    Vascular cell adhesion molecule 1   
  VEGF    Vascular endothelial growth factor   
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 Key Concepts 

     1.    Vitreous is not an inert substance but has a complex 
biochemistry and plays an important role in ocular 
physiology.   

   2.    To date, vitreous substitutes have only been devel-
oped for short-term use during or, typically, after 
vitreoretinal surgery, without consideration for the 
optical and physiologic properties necessary for 
long-term homeostasis. Cross-linked hyaluronic 
acid hydrogels possess many of the needed physio-
logic properties without the untoward effects of 
polyalkylimide and polyethylene glycol.   

   3.    Future development of artifi cial vitreous gels must 
confi rm biocompatibility as tested with electro-
physiology, morphology, and histology both  in vitro  
and  in vivo . Future objectives will be to determine 
whether a synthetic posterior vitreous cortex is 
needed and whether “smart hydrogels” and hydro-
gels containing hyaluronic acid and cross-linked, 
enzyme-stable gels will be the best future options 
for an artifi cial vitreous.     
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   I.     Introduction 

   A. Rationale: Why an Artifi cial Vitreous? 

 Aging of vitreous involves a degenerative process where 
glycosaminoglycans (GAGs) dissociate from collagen and 
the gel disintegrates into fl uid adjacent to which collagen 
fi brils adhere to each other and cross-link [ 1 – 4 ]. In most 
eyes this process is accompanied by dehiscence at the vit-
reoretinal interface progressing to posterior vitreous detach-
ment and nothing more happens [see chapter   II.C    . Vitreous 
aging and posterior vitreous detachment]. In several patho-
logic conditions, vitreous is hazy due to hemorrhage and/or 
cell proliferation forming membranes that contract, leading 
to traction retinal detachment [see chapters   III.J    . Cell prolif-
eration at the vitreo-retinal interface in proliferative vitreo-
retinopathy and related disorders;   III.L    . Proliferative 
diabetic vitreo- retinopathy]. Vitreoretinal surgery for these 
conditions includes complete removal of the vitreous gel 
(Figure  I.F-1 ), removal of pre- and subretinal membranes, 
and injection of a tamponade such as silicone oil or expand-
ing gases. All the presently used intravitreal tamponade sub-
stances carry different side effects making them unsuitable 
for permanent or long-standing use. Many authors [ 5 – 9 ] 
have suggested an ideal single artifi cial vitreous gel cover-
ing all needs, but no gel has yet been found to fi t these 
demands [ 10 ].

   This chapter reviews the biochemical composition and 
organization of vitreous, the currently used vitreous substi-
tutes, and the rationale as well as approaches to developing 
an artifi cial vitreous.  

   B.   Vitreous Biochemistry 

 More than 95 % of the vitreous gel weight is water. About 
15–20 % of this water is bound to glycosaminoglycans 
(GAGS) and proteins. The vitreous body of all species is 
composed of essentially the same extracellular matrix 
 elements organized to fi ll the center of the eye with a clear 
viscous substance surrounded by a dense cortex that is 
attached to the basal laminae of surrounding cells. There 
are, however, species variations in the relative concentra-
tions of the major structural components [ 2 ,  11 ] of vitreous, 
i.e., hyaluronan (HA) and collagen. These differences 
account for variations in the rheologic (gel-liquid) state of 
the vitreous body in different species. It should be empha-
sized that in more advanced species there are also age-
related differences. Consequently, the selection of an 
appropriate animal with which to model human diseases for 
scientifi c investigation must take into consideration these 
species variations and age-related differences. HA is present 
in the vitreous body of all species studied except for fi shes. 

   1. Glycosaminoglycans (GAGs) 
 GAGs are polysaccharides composed of repeating disaccha-
ride units, each consisting of hexosamine (usually  N -acetyl 
glucosamine or  N -acetyl galactosamine) glycosidically 
linked to either uronic (glucuronic or iduronic) acid or galac-
tose. The nature of the predominant repeating unit is charac-
teristic for each GAG and the relative amount, molecular 
size, and type of GAG are said to be tissue specifi c [ 12 ]. A 
sulfated group is attached to oxygen or nitrogen in all GAGs 
except HA. GAGs do not normally occur in vivo as free 
 polymers but are covalently linked to a protein core, the 
ensemble called a proteoglycan. There are three types of 
GAGs present in the vitreous body: hyaluronan (HA), chon-
droitin sulfate (CS) and heparan sulfate (HS). 

   a. Hyaluronan 
 Hyaluronan (HA; previously called hyaluronic acid) is the 
major GAG present in the human vitreous. Meyer and Palmer 
1934 [ 13 ] fi rst isolated this macromolecule from bovine vit-
reous. HA’s name is derived from the fact that it was fi rst 
discovered in the clear, colorless vitreous (“hyalos,” means 
glass in Greek) and that it contains uronic acid. Balazs et al. 
[ 14 ,  15 ] documented the presence of sulfated galactosamine- 
containing GAGS in bovine vitreous (less than 5 % heparin 
sulfate). Meyer [ 16 ] and Balazs [ 17 ] fi rst identifi ed HA as a 
long, unbranched polymer of repeating disaccharide (gluc-
uronic acid beta 1–3  N -acetylglucosamine) linked by beta 
l-4 bonds. HA fi rst appears after birth and is believed to be 
synthesized primarily by hyalocytes. Although the synthe-
sis of HA plateaus in the adult, there does not appear to be 
any extracellular degradation [ 18 – 21 ], so HA levels remain 
constant because there is escape of HA molecules from vit-
reous via the anterior segment of the eye [ 22 ] and there is 
 reuptake by hyalocytes. Laurent and Fraser [ 23 ] showed 

  Figure I.F-1    Pars plana vitrectomy with removal of the vitreous gel 
(Copyright Fredrik Ghosh)       
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that the escape of HA from the vitreous to the anterior seg-
ment is strongly molecular weight dependent, indicating a 
diffusion-controlled process. In contrast, disappearance of 
HA from the anterior chamber is independent of molecular 
weight, suggesting that this is controlled by bulk fl ow. Later 
studies noted a marked linear decrease of HA levels with age 
in human vitreous [ 24 ]. Laurent and Granath [ 25 ] used gel 
chromatography and found the average molecular weight of 
rabbit vitreous to be 2–3 × l0 6  and of bovine vitreous to be 
0.5–0.8 × l0 6 . These studies found age- related differences in 
the bovine vitreous since the HA molecular weight dropped 
from 3 × l0 6  in the newborn calf to 0.5 × l0 6  in old cattle. 

 The volume of the unhydrated HA molecule is about 
0.66 cm 3 /g, whereas the hydrated specifi c volume is 
2–3,000 cm 3 /g [ 15 ]. Thus, the degree of hydration (and any 
pathologic condition that alters hydration) can have a signifi -
cant infl uence on the size and confi guration of the molecular 
network in vitreous. Because the solution domains are so 
large, the long unbranched HA chains form widely open 
coils, which at concentrations greater than 1 mg/cm 3 , become 
highly entangled [ 26 ]. Due to its entanglement and immobi-
lization in tissue, HA acts much like an ion-exchange resin in 
that an electrostatic interaction can occur between the small 
charges of mobile ions in the tissue and the electrostatic 
envelope of the stationary polyelectrolyte. This electrostatic 
interaction forms the basis for various properties of HA 
including its infl uence upon osmotic pressure, ion transport 
and distribution, and electric potentials within vitreous [ 27 ]. 
A compressed HA chain has extensive “interdigitations” 
since it interacts with nearest antiparallel as well as parallel 
neighbors (totalling 8 molecules), whereas extended forms 
only interact with 3 antiparallel neighbors [ 28 ].  

   b. Chondroitin Sulfate (CS) 
 CS is a major component in the extracellular matrix through-
out the body, likewise in vitreous. In Wagner’s vitreoretinal 
degeneration a mutation in the gene for versican (one of the 
CS) was found to be the cause [ 29 ,  30 ]. This and other hered-
itary vitreo-retinopathies are discussed extensively in chapter 
  I.C    . Hereditary vitreo-retinopathies.  

   c. Heparan Sulfate (HS) 
 HS is a renewable proteoglycan present in vitreous in small 
amounts and presumed to maintain adequate distance 
between the collagen fi brils [ 31 ].   

   2. Proteins 
 The total protein content in vitreous is rather small in per-
centage, variable, and complex in nature. Among the soluble 
proteins, albumin and iron-binding proteins play the major 
role. Transferrin and other iron-binding proteins may have a 
protective capability by reducing iron toxicity in vitreous 
 hemorrhage [ 32 ]. Collagens are the most frequent insoluble 

proteins and it has been shown that the Muller cells can syn-
thesize vitreous collagens  in vitro  [ 33 ]. Vitreous proteins are 
extensively discussed in chapter   I.A    . Vitreous proteins. An 
important consideration is the interaction of collagen 
and HA.  

   3. HA-Collagen Interaction 
 Vitreous is composed of interpenetrating networks of HA 
molecules and collagen fi brils. The collagen fi brils provide a 
solid structure to the vitreous that is “infl ated” by the 
 hydrophilic HA. Comper and Laurent [ 27 ] found that if col-
lagen is removed, the remaining HA forms a viscous solution; 
if HA is removed, the gel shrinks. There exists interaction 
between HA and collagen, and the structure and function of 
these macromolecules is infl uenced by this interaction [ 34 ]. In 
all extracellular matrices collagen–proteoglycan interaction 
determines the morphology of the matrix. The nature of this 
interaction is a function of collagen type and proteoglycan 
concentration. Type I collagen is associated with small 
amounts of proteoglycan and has a weak interaction with this 
proteoglycan, thus appearing as compact fi brils. The 
 appearance is different in extracellular matrices with predomi-
nantly type II collagen, which is rich in proteoglycans and has 
strong collagen–proteoglycan interaction. Thus, in such extra-
cellular matrices, the type II collagen fi brils are widely sepa-
rated and the spaces between are fi lled with proteoglycan. 

 Physiologic observations also suggest the existence of an 
important interaction between HA and collagen. Jackson [ 35 ] 
was the fi rst to propose that proteoglycans had a “stabilizing 
effect” upon collagen. Gelman and Blackwell and Gelman 
et al. [ 36 ,  37 ] have shown that several glycosaminoglycans, 
including HA, stabilized the helical structure of collagen so 
that the melting temperature of collagen was increased from 
38 to 46 °C. Measurements of the dynamic viscoelasticity of 
bovine vitreous showed that the shapes of the master relax-
ation curves of vitreous are quite similar to those of lightly 
cross-linked polymer systems [ 38 ]. Notably, the behavior of 
these relaxation curves is different from that of solutions of 
HA and collagen. This suggests that the physicochemical 
properties of vitreous  in vivo  are not simply the result of 
a combination of these two molecular elements but that HA 
and collagen form a “lightly” cross-linked polymer system. 
Furthermore, these investigations suggest that the molecular 
weight at the cross-linking points is about 10 6 . This corre-
sponds closely to the molecular weight of HA and according 
to these investigators suggests that this molecule might serve 
as the cross-linking element in this polymer system. 

 HA-collagen interaction in the vitreous may be mediated 
by a third molecule. Swann et al. [ 39 ] have demonstrated 
large amount of noncollagenous protein associated with col-
lagen in the insoluble residue fraction of vitreous. There are 
fi laments connecting the collagen fi brils and these 
 amorphous masses. These fi laments may represent “link” 

I.F. Vitreous Biochemistry and Artifi cial Vitreous

http://dx.doi.org/10.1007/978-1-4939-1086-1_1
http://dx.doi.org/10.1007/978-1-4939-1086-1_3


84

 structures of either a glycoprotein or proteoglycans nature. 
HA is known to interact with link proteins [ 40 ] as well as an 
HA-binding glycoprotein, hyaluronectin [ 41 ]. Thus, HA 
could bind to vitreous collagen fi brils via such linkage mol-
ecules, most probably in a repeating, ordered manner. This 
type of arrangement would not be consistent with the con-
cept of random distribution of HA molecules spreading 
apart the collagen fi brils. Rather, binding to collagen fi brils 
of the protein core of a proteoglycan such as chondroitin 
sulfate would “organize” the network in a manner to keep 
the vitreous collagen fi brils at a critical distance apart [ 41 ] 
to  minimize light scattering. Many investigators believe that 
HA-collagen interaction occurs on a physicochemical rather 
than chemical level. It may well be that there are several 
types of collagen-HA interactions that are at play in differ-
ent circumstances. Further investigation must be undertaken 
to identify the nature of HA-collagen interaction(s) in vitre-
ous. This question is important not only with respect to the 
normal physiology of vitreous and its structure but also to 
understand the aging phenomena of vitreous liquefaction 
and posterior vitreous detachment, as well as to aid in the 
development of an artifi cial vitreous.  

   4.  Miscellaneous Components 
   a. Metabolites and Enzymes 

 Glucose and lactic acid are found in vitreous mostly due to 
cellular metabolism in adjacent tissues. Glucose is supposed 
to support the enzymatic activity in vitreous in connection 
with HA turnover [ 42 ]. In diabetes, there are elevated levels 
of glucose in vitreous [ 43 ] leading to the formation of 
advanced glycation at end products in the gel [ 44 ] and pre-
sumably at the vitreoretinal interface as well. 

 Renin–angiotensin-converting enzyme has been isolated 
from the vitreous [ 45 ]. Vitreous lactate seems to be a major 
metabolite in the human vitreous [ 46 ].  

   b. Ascorbic Acid 
 Ascorbic acid is found in higher levels in the vitreous body 
compared to plasma. 

 It is postulated that ascorbic acid is associated with liquefac-
tion during aging and after cataract extraction [ 47 ], but it could 
also be an inhibitor for neovascularization [ 48 ] and increase 
proliferation of hyalocytes [ 49 ]. Recent studies also implicate 
that ascorbic acid may play an important role as antioxidant 
and thereby decreasing the amount of free oxygen near the lens 
and thus preventing cataract formation [ 50 ] [see chapter   IV.B    . 
Oxygen in vitreo-retinal physiology and pathology.]  

   c. Amino and Fatty Acids 
 Some amino acids have been detected in vitreous at the same 
concentration as in plasma. Unsaturated fatty acids (50 % of 
all fatty acids in vitreous) have been found to have a constant 
level throughout age [ 51 ].  

   d. Prostaglandins 
 Prostaglandins have been measured in concentration of about 
100 pg/ml in the human vitreous [ 52 ].     

   II. Roles of an Artifi cial Vitreous 

 With an ever-increasing appreciation of the role of vitreous 
in ocular health [see chapters   IV.A    . Vitreous in ocular 
 physiology;   IV.B    . Oxygen in vitreo-retinal physiology and 
pathology;   IV.D    . Physiology of accommodation and role of 
vitreous], there is growing interest in the development of an 
artifi cial vitreous. The diversity of demands on artifi cial vit-
reous candidates is notable (Figure  I.F-2 ):

    1.    Volume fi ller: In hypotonous and phthisical eyes where 
aqueous production is diminished or absent, there is 
a need for a  volume fi ller  to hold the form of the 
eye globe.   

  2.    Tamponade: In severe forms of retinal detachment, it is 
mandatory to seal the breaks by gel adhesion or “glue-
ing” with a  tamponade .   

  3.    Drug vehicle: In diseases such as age-related macular 
degeneration (AMD), a suitable  vehicle for drugs  such 
as synthetic gels capable of slow release of pharmaco-
logic substances is desired [ 53 – 55 ].   

  4.    Free radical scavenger: After vitrectomy, the oxygen 
balance is changed and the  P O 2  near the lens increases 
causing cataract progression. With a suitable gel, cata-
ract formation might be prevented [ 56 – 58 ].   

  5.    Refract incident light: Refractive error such as high 
myopia can be diffi cult to adjust with optical aid. 
A vitreous gel with  refractive properties  may be useful 
(compare to silicone oil).   

  Figure I.F-2    There is a diversity of demands on artifi cial vitreous can-
didates such as: (a) volume fi ller, (b) tamponade, (c) drug vehicle, (d) 
free radical scavenger, (e) refract incident light, (f) hemostasis, (g) 
maintain optical clarity (Copyright Fredrik Ghosh)       
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  6.    Hemostasis: In diabetic and other vascular retinal dis-
eases, patients may suffer recurrent intravitreal hemor-
rhage. A suitable synthetic vitreous tamponade (similar 
to silicone oil or a gel containing anti-VEGF) might 
 stop further bleeding .   

  7.    Maintain optical clarity: Cell migration and prolifera-
tion must be inhibited and protein exudation must be 
mitigated to maintain a clear medium through which 
photons can pass unhindered to undergo photorecep-
tion and begin vision.    

     III. Properties of an Artifi cial Vitreous 

 An artifi cial vitreous gel should possess certain physical 
properties such as being injectable through a small cannula 
without disintegration (shearing). To avoid thermal damage, 
the gelation process should not produce high temperature 
once inside the eye. The gel must be inert, have the ability to 
allow transfer of metabolites, be nonabsorbable or slow dis-
integrating, and carry high clarity and transparency. It seems 
that for different indications and purposes we might not be 
able to identify one single gel. Instead a variety of different 
gels with various properties (such as long or short lasting, 
drug delivery, glue, volume, or tamponade) for specifi ed 
indications may be interesting. 

   A.    Anatomic Considerations: Do 
We Need a Posterior Vitreous Cortex? 

 During removal of the natural vitreous in patients, we con-
sider it necessary to induce a posterior vitreous detachment 
sometimes in combination with peeling of the inner limiting 
membrane (ILM). This is to ensure that all vitreous remnants 
are removed together with fi brous membranes and other trac-
tion components. We leave the retina without cover and the 
protection of ILM or the posterior vitreous cortex. If we 
inject an artifi cial gel into the vitreous cavity in such an eye, 
it will come in close contact with the neural retina and have 
a higher potential of toxic infl uences on the retinal cells. 
Histological fi ndings [ 59 ] suggested a direct toxic effect at 
sites where a polyacrylamide hydrogel came in direct contact 
with the neural retina. In sections where a PVD was not com-
plete and the natural posterior vitreous cortex persisted, the 
neural retina appeared normal on histology. Could it be that 
constructing a thin, semipermeable membrane around the 
artifi cial vitreous gel is a solution to prevent destruction of 
the neural retina seen in experimental studies? Gao et al.  
[ 60 ] tested a capsular silicone elastomer 0.01 mm thick 
which inside the eye on rabbits was fi lled with physiological 
balanced salt solution and included a tube–valve system for 
pressure regulation. During the 8 weeks the experiment 

lasted, there were no negative effects or malfunction detected 
by ERG or histology.   

   IV.  Vitreous Substitutes in Vitreoretinal 
Surgery 

 Besides the currently used clinical vitreous substitutes (sili-
cone oil, expanding gases, perfl uorocarbon liquids, semi- 
fl uorinated alkanes, and mixtures such as heavy silicone oil; 
see chapter   IV.G    . Physiology of vitreous substitutes), many 
different gels with various chemical and physical properties 
have been tested  in vitro  and  in vivo  in animal and humans 
experiments. 

   A.  Natural and Semisynthetic Polymers 
and Hyaluronic Hydrogels 

 Cross-linked hyaluronic acid is in most perspectives identi-
cal to one component of the natural vitreous gel and has been 
found to be nontoxic to the retina [ 61 – 63 ]. The compound is 
used clinically for viscodissection of intraocular tissue or to 
maintain a fi ltering bleb in glaucoma surgery and has also 
been tested as temporary or partial retinal tamponade. This 
compound has a high degradation tendency and lasts for a 
short period of time, inducing elevated intraocular pressure 
while disintegrating [ 64 – 69 ]. By employing different cross- 
linking methods and techniques, the rapid disintegration and 
small molecule formation may be halted and tolerance 
enhanced [ 70 ] (Figure  I.F-3 ).

   Gels containing gelatin and collagen have been tested as 
vitreous substitutes but after a short duration, there was rapid 
disintegration. Polysaccharides, e.g., dextran, sodium algi-
nate, and chondroitin sulfate did not elicit infl ammation, but 
vitreous haze and high dissolving tendency were reported 
[ 71 ]. A natural crustacean product, chitosan, was tested with 
promising results regarding biocompatibility and gel stabil-
ity [ 72 ].  

   B.    Synthetic Hydrogels 
and “Smart Hydrogels” 

 Hydrogels are synthetic three-dimensional polymers that 
swell in aqueous solution and do not display any dissolu-
tion, resorption, or disintegration inside the eye. They are 
becoming popular due to their physical and chemical prop-
erties meaning that they stay stable, show biocompatibility, 
keep transparent, are highly hydrophilic, and do not shear 
when injected through small gauge cannulas [ 59 ,  73 – 76 ]. 
However, polyacrylamide and similar hydrogels are highly 
neurotoxic when in monomer form and only biocompatible 
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after complete polymerization. To minimize toxicity and 
increase injectability, many investigators have used differ-
ent methods such as cross-linking or chemical modifi cations 
making the ( smart -) gel liquid during injection but sponta-
neously gelating inside the eye. This can occur due to a 
temperature- sensitive gel [ 77 – 80 ], or a gel responsive to the 
oxygen rich environment inside the eye [ 81 ]. Tai [ 82 ] has 
reported a  polyethylene glycol gel, which is thermorespon-
sive and, after gelation, forms a covalently cross-linked 
hydrogel.   

   V.    Developing an Artifi cial Vitreous 

   A.    Experimental Models for Testing 
Artifi cial Vitreous  In Vivo  

 Several animal models have been used to explore physical 
and biochemical properties of novel vitreous substitute can-
didates. The rabbit eye is one of the most commonly used 

since it is well suited for the vitrectomy procedure and is 
well characterized regarding retinal structure and function. 
We recently developed an  in vivo  rabbit model using vitrec-
tomy and subsequent infusion of the candidate compound 
followed by morphological and electrophysiological retinal 
evaluation [ 72 ,  83 ]. 

   1. Polyalkylimide 
 Polyalkylimide is a gel polymer comprised exclusively of 
networks of alkylimide groups (approximately 4 %) and 
non-pyrogenic water (approximately 96 %). Alkylimide 
belongs to the family of acryl derivatives, and its poly-
meric structure does not contain free monomers. The gel 
is commercially available and is used clinically in plastic 
surgery as nondegradable fi ller in esthetic lipoatrophic 
conditions and after post-traumatic or therapeutic atrophy 
of subcutaneous tissue [ 75 ,  84 ,  85 ]. When placed in the 
subcutaneous space, the gel forms a thin collagen capsule, 
and it is extractable even after several years without signs 
of degrading. This gel has been found to be nontoxic when 

  Figure I.F-3    By employing different cross-linking methods and techniques, a more stable hydrogel was achieved such as sodium hyaluronic acid 
hydrogel (Healafl ow®)       
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applied on the human skin or on cultured fi broblast but 
did induce swelling and hyperemia after subcutaneous 
injection in the rat [ 86 ]. 

 In a fi rst experiment, we performed a regular 20G vit-
rectomy including posterior vitreous detachment, central 
vitrectomy, and infusion of approximately 1.0 ml of poly-
alkylimide (Bio-Alcamide®) hydrogel [ 59 ]. Hydrogel-
fi lled eyes were compared with eyes fi lled with balanced 
salt solution. We found that the viscoelastic polyalkyl-
imide hydrogel could be injected with ease into the vitre-
ous cavity. The gel remained clear with retained viscosity 
for at least 28 days. In contrast to previous reports in 
reconstructive surgery, a surrounding capsule was not 
found, but the gel displayed uninterrupted apposition with 
the retinal surface. Pathological reactions were present 
early in the postoperative period in the form of neuroreti-
nal swelling and posterior capsule opacifi cation. In addi-
tion, ERG recordings showed a radical decrease in rod- and 
cone-derived b-wave amplitudes performed [ 87 ,  88 ] 
(Figure  I.F-4 ). In histological sections, degenerative reti-
nal changes were seen almost exclusively in central parts 
of the retina and not in the periphery, where the natural 
vitreous remained, suggesting that direct gel-to-retina 
contact was responsible for the adverse morphological 
effects on the retina (Figure  I.F-5 ). In this setting, the rab-
bit retina may be especially vulnerable to biochemical 
changes due to its merangiotic (partly vascularized) 
nature, i.e., lack of retinal circulation, making it depen-
dent on support from the vitreous and choroid [ 89 ] 
(Figure  I.F-6 ). The conclusion of this experiment was that 
the intravitreal polyalkylimide gel displays excellent 
physical requirements of an ideal vitreous tamponade but 
that it induces severe retinal pathological reactions which 
limits its use as a potential artifi cial vitreous (Figure  I.F-7 ). 
The reasons for the adverse intraocular reactions are not 

readily known, but recent evidence points to an infl amma-
tion-inducing capacity when used subcutaneously [ 90 ], so 
perhaps also in the eye.

         2. Polyethylene Glycol 
 For the next experiment [ 91 ] we used polyethylene glycol 
(PEG) [ 92 ], a synthetic water-soluble polymer approved by 
the FDA for use in a wide range of biomedical applications, 
including injectable hydrogels [ 93 ]. PEG has also been 
tested in formulations for intravitreal drug delivery, repair of 
scleral incisions, and sealing retinal detachments [ 54 ,  94 , 
 95 ]. We used the same surgical protocol as in the polyalkyl-
imide experiment but instead injected viscoelastic PEG sols 
of high molecular weight (>200 kDa) in phosphate-buffered 
saline (PBS). Molecular weights and concentration of PEG 
were chosen to approximate the mechanical properties of the 
natural vitreous. Sols of 5 wt.% PEG with a molecular weight 
of 400 kDa in PBS were shown to have mechanical and opti-
cal properties similar to the natural vitreous and were well 
tolerated by the retina, with minimal histological or electro-
physiological changes, with the exception GFAP upregula-
tion over a period of 41 days. However, the sols were not 
retained in vitreous throughout the postoperative period and 
were found to be completely dissolved. These results indi-
cate that PEG displays excellent biocompatibility within the 
eye, but to extend its use to clinical application, further mod-
ifi cation of the gel is needed.   

   B.    Experimental Model for Testing 
Artifi cial Vitreous  In Vitro  

 To provide an alternative to relatively costly and cum-
bersome  in vivo  testing, we developed a new model for 
primary  in vitro  assessment of novel artifi cial vitreous 
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  Figure I.F-4    Full-fi eld ERG 
demonstrating reduction of 
a- and b-wave amplitudes in all 
stimulation protocols, indicating 
diminished cone and rod func-
tion 28 days after injection of 
Bio-Alcamid®       
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  Figure I.F-5    Histology of experimental rabbit operations with polyal-
kylimide. ( a – c ) Hematoxylin and eosin staining, cryosections. There is 
choroidal edema and total neuroretinal destruction centrally ( a, b ) 
6 days postoperatively. The peripheral neuroretina appears normal ( c ). 
( d)  In another rabbit the border between severe  neuroretinal degenera-

tion and less affected tissue is seen. ( e)  In yet a third rabbit, invasion of 
infl ammatory cells can be seen in the subretinal space. The RPE is dis-
rupted, and degeneration of photoreceptors as well as inner retinal cells 
is evident       
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 candidates [ 96 ]. For this experiment, the biological impact 
of three artifi cial vitreous candidates was explored in a reti-
nal explant culture model: polyalkylimide ( Bio-Alcamid®), 
a  two- component hydrogel of 20 wt.% poly-(ethylene 

glycol) in phosphate-buffered saline (PEG), and a cross-
linked sodium hyaluronic acid hydrogel (Healafl ow®) 
(Figure  I.F-3 ). The gels were applied to explanted adult 
rat retinas and then kept in culture for 5 days after which 
morphological evaluation using immunohistochemistry, 
TUNEL, and hematoxylin–eosin staining were performed. 
Explants kept under standard conditions as well as PEG-
exposed explants displayed disruption of retinal layers with 
moderate pyknosis of fi rst-, second-, and third-order neu-
rons. They also showed moderate fragmentation of DNA 
(TUNEL). Polyalkylimide-exposed explants displayed 
severe thinning and disruption of retinal layers with mas-
sive cell death. In contrast, cross-linked sodium hyaluronic 
acid hydrogel-treated explants showed normal retinal 
lamination with signifi cantly better preservation of retinal 
neurons compared with control specimens and almost no 
DNA fragmentation. We conclude that the explant cul-
ture system under standard conditions imposes reactions 
within the retina that can be used when evaluating artifi cial 
vitreous candidates. In our particular experiment, polyal-
kylimide adversely affected the  in vitro  retina, consistent 
with the results of prior  in vivo  trials. PEG gel imposed 
reactions similar to the control retinas, whereas Healafl ow® 
showed protection from culture-induced trauma, indicating 
a favorable biocompatibility. The  in vitro  retinal explant 
model provides a method of biocompatibility testing prior 
to more costly and cumbersome  in vivo  experiments.  

  Figure I.F-6    The rabbit retina may be especially vulnerable to bio-
chemical changes due to its merangiotic (partly vascularized) nature, 
i.e., lack of retinal circulation, making it dependent on support from the 
vitreous and choroid (Copyright Fredrik Ghosh)       

  Figure I.F-7    Dissection of rabbit eye displays clear Bio-Alcamid gel 
with no apparent fragmentation 28 days postoperatively. The gel is 
well-apposed to the retinal surface       

 Abbreviations 

  AMD    Age-related macular degeneration   
  CS    Chondroitin sulfate   
  DNA    Deoxyribonucleic acid   
  ERG    Electroretinography   
  G    Gauge   
  GAG    Glycosaminoglycans   
  GFAP    Glial fi brillar acid protein   
  HA    Hyaluronan   
  HS    Heparan sulfate   
  ILM    Inner limiting membrane   
  kDa    Kilodalton   
  PBS    Phosphate-buffered saline   
  PEG    Polyethylene glycol   
  pg.ml    Picograms/milliliter   
  pO 2     Partial pressure of oxygen   
  TUNEL     Terminal deoxynucleotidyl transferase 

dUTP nick end labeling   
  VEGF    Vascular endothelial growth factor   
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   I. Introduction 

 Vitreous is a highly hydrated, avascular extracellular matrix 
located between the lens and retina that serves a variety of 
structural and physiological functions [ 1 ,  2 ]. Formation of 
the vitreous is a complex process that has been studied for 
over a century and still is not clearly understood. Two over-
lapping developmental phases have been described, the pri-
mary and secondary vitreous then followed by formation of 
the lens zonules previously referred to as tertiary vitreous 
[ 3 ], all closely tied to development of the retina, lens, and 
retinal vasculature. For this reason, errors in ocular develop-
ment are often associated with severe congenital disorders 
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 Key Concepts 

     1.    Primary vitreous is the collective cellular vitreous 
that is an extension of the hyaloid vasculature 
adventitia during the fi rst trimester, which later 
regresses during the second trimester as the second-
ary vitreous is formed.   

   2.    Secondary vitreous is the acellular material com-
prised mainly of type II collagen, proteoglycans, 
and other macromolecules that fi ll the space 
between the retina and the lens.   

   3.    Understanding the molecular processes involved in 
vitreous development and hyaloid regression may 
provide insights for the treatment and future man-
agement of various ocular diseases.     
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that are refl ected in the vitreous. In this chapter we provide a 
brief overview of the embryology of the eye and explore in 
detail vitreous development and its anomalies.  

   II. Overview of Eye Development 

   A. Embryonic Origins 

 By the third week of development, the embryonic plate 
 comprises the three primary germ layers – the ectoderm, 
mesoderm, and endoderm [ 3 ]. Towards the end of 

 gastrulation, the ectoderm anterior to the primitive streak dif-
ferentiates into the columnar neural ectoderm, which forms 
of the neural plate, then neural groove, and, subsequently, the 
neural tube. By 20 days of gestation (DG), the fi rst morpho-
logical sign of the developing eye, the optic sulcus, is evident 
in the anterior- most portion of the neural tube. The optic 
sulci become internalized when the neural tube closes at 
~4 weeks of gestation (WG) and the embryo is entirely cov-
ered by surface ectoderm. Optic vesicles form when the optic 
primordia enlarge and evaginate outwards to make contact 
with the  surface ectoderm ( se ) (Figure  II.A-1a ) [ 4 – 6 ]. 
As development progresses, the surface and neural ectoderm 

a b

c d

  Figure II.A-1    Overview of ocular development. ( a – d ) Drawings of 
sections through the developing eye of human embryos ranging from 
approximately 4–8 weeks of gestation (WG). ( a ) At around 4 WG the 
germ layers involved in ocular development are evident, including neu-
ral ectoderm ( ne ), surface ectoderm ( se ), and mesoderm ( mes ). The 
early development of the forebrain ( fb ) is connected to evaginated optic 
vesicle ( ov ) by the optic stalk ( st ). ( b ) The lens placode ( lp ) pinches off 
from the surface ectoderm and invaginates to form the lens vesicle ( lv ). 
Invagination of the neural retina ( nr ) results in a double-layer optic cup 

comprising neural retina ( nr ) and retinal pigmented epithelium ( rpe ). 
( c ) By around 7 WG the lens vesicle ( lv ) has separated from the surface 
ectoderm that will subsequently become the cornea ( c ). ( b ) By around 
8 WG the primary vitreous ( pv ) is clearly discernable, between the lens 
vesicle and neural retina.  Abbreviations :  c  cornea,  fb  forebrain,  lv  lens 
vesicle,  mes  mesenchyme,  ne  neuroepithelium,  nr  neural retina,  ov  
optic vesicle,  pl  lens placode,  pv  primary vitreous,  rpe  retinal pig-
mented epithelium,  se  surface ectoderm,  st  optic stalk [ 132 ]       
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( ne ), neural crest, and mesoderm ( mes ) will each contribute 
to the formation of ocular structures, as summarized in 
Table  II.A-1  [ 4 ,  7 ].

       B. The Optic Vesicle, Cup, and Fissure 

 The optic vesicles remain connected to the lumen of the prim-
itive forebrain by the optic stalk ( os ), which at fi rst comprises 
a layer of neuroepithelium surrounding a narrowing lumen 
(Figure  II.A-1a ) [ 8 ]. Neural crest cells located between the 
vesicles and the surface ectoderm are modifi ed as these lay-
ers come into closer proximity and subsequently will form 
the bulk of the connective tissues of the eye [ 4 ,  9 ]. Contact 
between the neural and surface ectoderm, at around 27 DG, 
triggers a cascade of induction signals that result in forma-
tion of the lens placode ( lp ), the precursor to the lens [ 10 –
 12 ]. A double-layered optic cup is formed as the lens placode 
and neurectoderm together invaginate (Figure  II.A-1a ), par-
tially obliterating the cavity of the optic vesicle ( ov ). This 
results in the fi rst appearance of a structure recognizable as 
a mammalian eye (Figure  II.A-1b ) [ 13 ]. At around 33 DG 
the lens vesicle ( lv ) detaches from the surface ectoderm 
(Figure  II.A-1c ) under the infl uence of AP-2 transcription 
factors [ 14 ], and the separated surface ectoderm along with 

resident neural crest cells begin to form the cornea [ 15 ,  16 ]. 
Differentiation of the optic cup into the neurosensory retina 
( nr ) (inner layer) and retinal pigmented epithelium ( rpe ) 
(outer layer) starts at around 47 DG (Figure  II.A-1c, d ). Both 
the ciliary body and iris are later derived from cells located 
at the junction of the neurosensory and RPE layers of the 
optic cup [ 17 ].   

   III. Embryology of the Vitreous Body 

   A. Primary Vitreous 

 Invagination of the optic cup occurs in an eccentric manner 
such that initially the cup is open inferiorly, at the optic fi s-
sure ( of ) (Figure  II.A-2a ) [ 8 ]. From around 4 WG mesoder-
mal cells surrounding the optic fi ssure and cup differentiate 
into the hyaloid artery, marking the beginning of differentia-
tion of the vascularized primary vitreous (Figure  II.A-1d ). 
The hyaloid vessels traverse the optic stalk then directly 
cross the optic cup to reach the lens vesicle, providing a 
 transient blood supply to the developing anterior eye [ 3 ,  4 ].

   As the neural ectoderm of the optic vesicle separates from 
the surface ectoderm (3–4 WG), a fi brillar meshwork of peri-
odic acid-Schiff (PAS)-positive and Alcian-blue-positive 
material bridges the space [ 3 ,  4 ,  18 ]. This is the primordial 
vitreous – a collection of ectodermal and mesodermal- derived 
cells. The ectodermal fi brillar components are produced by 
the inner layer of the future neurosensory retina, as well as by 
cells on the posterior surface of the lens vesicle. The mesoder-
mal cells enter the emerging eye cup inferiorly during invagi-
nation of the optic vesicle, via the patent optic fi ssure (4–5 
WG), and are the anlage of the hyaloid vascular system ( hvs ), 
comprising the vasa hyaloidea propria ( vhp ), posterior tunica 
lentis ( tvl ), pupillary membrane ( pm ), and the hyaloid artery 
(Figure  II.A-3 ) [ 3 ,  4 ]. They are surrounded by fi broblasts 
which, from the outset, synthesize a collagen that is similar to 
that found in the adult vitreous [ 19 ]. This collective cellular 
vitreous is considered the “primary vitreous” and conceptu-
ally can be thought of as an extension the adventitia of the 
hyaloid vasculature (Figure  II.A-2a , orange shading) [ 18 ].

   In addition to entering the eye posteriorly along with the 
hyaloid vessels, mesodermal cells also enter the eye cup 
anteriorly, through the space between the anterior rim of the 
optic cup and the lens vesicle [ 13 ,  20 ,  21 ]. These cells include 
the monocyte-lineage hyalocytes [ 19 ]. Recent studies sug-
gest that some mesodermal cells entering the optic cup at this 
stage are hemangioblasts, which later differentiate into hya-
locytes [ 22 ,  23 ]. By 6 WG the hyaline lens capsule has 
formed a barrier between the lens proper and the matrix of 
the optic cup, marking the end of lens ectodermal contribu-
tions to the vitreous [ 21 ]. 

   Table II.A-1    Embryonic derivation of ocular tissues   

 Embryonic origin  Ocular structure 

 Surface ectoderm  Lens 
 Corneal epithelium 
 Conjunctival epithelium 
 Epithelium of eyelids and cilia 
 Lacrimal apparatus 
 Meibomian glands and glands of Zeis and Moll 

 Neural ectoderm  Neural retina 
 Retina pigment epithelium 
 Epithelium of ciliary body 
 Epithelium of iris 
 Iris sphincter and dilator muscles 
 Optic nerve fi bers 

 Neural crest  Corneal stroma and endothelium 
 Stroma of iris and ciliary body 
 Perivascular connective tissue and 
smooth muscle cells 
 Sclera (except caudal region) 
 Trabecular meshwork cells 
 Ciliary muscles 

 Vitreous 
 Orbital cartilage and bone 

 Mesoderm  Extraocular muscles 
 Endothelium of blood vessels 
 Caudal region of sclera 
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 Following closure of the optic fi ssure, the hyaloid artery 
rapidly extends anteriorly, ramifying within the primary 
vitreous to create the anastomotic  vhp , which in turn anas-
tomoses with the posterior portion of the  tvl  surrounding 
the posterior lens capsule (Figure  II.A-4c ) and the  pm  
adherent to the anterior surface of the lens capsule and iris 
diaphragm (Figure  II.A-3 ). By approximately 10 WG the 
 hvs  has reached its zenith, nourishing the growing lens and 
adjacent mesoderm (Figure  II.A-4b ). Thereafter, the hya-
loid vasculature slowly regresses, in concert with the very 
early phases of retinal vessel development [ 24 ]. The early 
stages of regression of the hyaloid system are seen around 
11–12 WG in the peripheral  vhp , closely followed by the 
 tvl . This regression is characterized by gradual shrinkage of 
vessel walls and reduction in lumen diameters, leaving 
behind thread-like acellular strands of tissue [ 24 ,  25 ]. The 
initiating and regulatory factors are not clearly understood. 
However, apoptosis is a signifi cant feature in the early 
stages, and migration of hyalocytes into the adventitia of 
the hyaloid vessels is also part of the regression process and 

may involve cytolysis [ 24 ]. At 13–15 WG, there is clear 
morphological evidence of vessel regression, including 
thinning and narrowing of the  vhp  vessels, thinning and 
stretching of the interconnecting vessels of the  tvl , and 
decreased tortuosity and loss of anastomoses in the pupil-
lary membrane (Figure  II.A-4a, d ) [ 24 ]. End-stage changes 
in endothelial cells, pericytes, and macrophages progress, 
with complete regression of the hyaloid system and atrophy 
of the primary vitreous not complete until 35–36 WG 
(Figure  II.A-4e, f ) [ 21 ].

      B. Secondary Vitreous 

 The secondary vitreous is derived entirely from neural crest 
cells and forms between 6 and 13 WG [ 25 ]. This acellular 
material fi lls the space between the retina and posterior  vhp  
as the eye enlarges (Figure  II.A-2b , blue shading) [ 3 ,  21 , 
 26 ,  27 ]. By 9 WG it has increased signifi cantly in volume, 
forcing the fully developed vascularized primary  vitreous 

a b c

  Figure II.A-2    Three stages in development of the vitreous. ( a ) The pri-
mary vitreous ( red ) may be considered to be an extension of the adventi-
tia of the hyaloid vascular system ( hvs ) and comprises ectodermal and 
mesodermal cells that have invaded the developing eyecup. ( b ) By around 
7 weeks of gestation (WG), the secondary vitreous ( blue ) has increased 
in volume and is separated from primary vitreous by the intravitreous 

membrane ( ivm ). ( c ) By around 12 WG vitreous continued deposition of 
secondary vitreous and  hvs  regression within Cloquet’s canal ( cc ), con-
current development indicated by formation of the zonule fi bers ( green ). 
 Abbreviations :  c  cornea,  el  eyelids,  lv  lens vesicle,  nr  neural retina,  of  
optic fi ssure,  rpe  retinal pigmented epithelium,  sr  subretinal space,  WG  
weeks of gestation [ 25 ,  132 ]        
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into a central position [ 3 ,  21 ,  25 ,  27 ,  28 ], and by 12 WG, 
a layer of condensed funnel-like fi bers known as the “intra-
vitreous membrane” ( ivm ) is apparent along the junction 
between the primary and secondary vitreous. The classical 
view is that this membrane forms the walls of Cloquet’s 
canal ( cc ), a tubular structure running through the vitreous 
from the optic disc to the posterior lens capsule and which 
contains remnants of the hyaloid artery and primary vitre-
ous (Figure  II.A-2b, c ). Recent morphological evidence 
suggests, however, that retracting hyaloid vessels act as a 
scaffold along which fi bers of the secondary vitreous orga-
nize themselves [ 29 – 31 ]. Such a process – formation of the 
secondary vitreous by a method of continuous and gradual 
remodeling of the primary vitreous – has also been proposed 
by Jokl (1927) and Pau (1957) [ 31 ,  32 ]. In this latter view, 
the terms “primary” and “secondary” vitreous refer to the 

temporal transformation of vitreous materials, rather than to 
a process of replacement. 

 Secondary vitreous is essentially an extracellular matrix 
comprising a compact meshwork of type II collagen, proteo-
glycans, and other macromolecules [ 33 – 35 ]. Prenatally, 
hyaluronan content of the vitreous is quite low, but increases 
after birth [ 36 ]. The collagen fi bers of the secondary vitreous 
are thought to be synthesized by, and continuous with, the 
footplates of retinal Müller cells, which are the radial glia of 
the mature retina and the end-stage cell type that differenti-
ates from the retinal progenitor cells [ 21 ,  37 ,  38 ]. Around 10 
WG, Müller cell processes vitreoretinal border at the 
 posterior pole start to form lateral junctions with each other, 
comprising the inner limiting membrane ( ilm ) of the retina 
[ 21 ,  38 ,  39 ] [see chapter   II.E    . Vitreoretinal interface and 
inner limiting membrane]. 

  Figure II.A-3    Hyaloid vascular system. Following closure of the optic 
fi ssure, the hyaloid artery rapidly extends anteriorly, ramifying within 
the primary vitreous ( orange shading ) to create the anastomotic vasa 
hyaloidea propria, which in turn anastomoses with the posterior portion 

of the tunica vasculosa lentis surrounding the posterior lens capsule and 
the pupillary membrane adherent to the anterior surface of the lens cap-
sule and iris diaphragm. Collectively the hyaloid vascular system has 
reached its zenith by 10 WG [ 25 ]       
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 Posteriorly, collagen fi brils of the vitreous cortex lie 
almost parallel to the  ilm . In contrast, anteriorly the second-
ary vitreous fi bers become thickened, forming the margins 
of the bundle of Druault or “ faisceau isthmique ” that 
extends from the anterior rim of the optic cup to the equator 

of the lens. A portion of the bundle of Druault will later 
defi ne the anterior extent of the vitreous base. Neural crest-
derived mesenchymal cells that accompany the hyaloid 
vessels may also contribute to the formation of the mature 
vitreous [ 21 ]. 

  Figure II.A-4    Hyaloid vascular system, tunica vasculosa lentis, and 
hyalocytes. ( a ) A 17 weeks of gestation (WG) human fetal eyecup with 
the anterior segment, including the lens, removed. The hyaloid vascular 
system ( hvs ) is seen extending into the vitreous from the optic nerve 
head ( ONH ). ( b ) A high-power image of the hyaloid vascular system 
( hvs ) showing branches from the hyaloid artery. Some vessel segments 
are fi lled with red blood cells ( arrow heads ). ( c ) Anterior segment of a 
~17 WG human fetal eye showing the posterior lens surface with ves-
sels of the  tunica vasculosa lentis  ( tvl ). Out-of-focus lens sutures ( small 

arrow ) can also be seen. ( d ) A high-power image showing the network 
of vessels on the posterior lens surface ( tvl ). ( e ,  f ) Electron micrographs 
from a ~18 to 20 WG human fetal eye, showing the typical morphologi-
cal features of different types of hyalocytes. ( e ) A hyalocyte ( H ) with a 
bilobed nucleus, fi mbriated cytoplasmic processes, and electron-dense 
cytoplasmic granules is shown ( arrow ) (Bar = 2 μm). ( f ) This hyalocyte 
( H ) features a single-lobed nucleus, smooth cell surface, and electron-
dense granules ( arrow ) (Bar = 2 μm)         
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Figure II.A-4 (continued)

 Around 12–16 WG the zonular system is produced, and 
approximately two-thirds of the optic cup is fi lled with sec-
ondary vitreous and the primary vitreous is located centrally 
and axially (between the optic rim and lens) (Figure  II.A-2c ) 
[ 3 ]. The rim of the optic cup has grown forwards to form the 
cilary body, with the secondary vitreous occupying the area 

between the ciliary region and the lens [ 19 ]. During the fi nal 
period of antenatal vitreous development (~7 month), the 
blood fl ow in the hyaloid artery ceases, followed by regres-
sion of hvs and the primary vitreous [ 20 ,  28 ,  40 ]. The vitre-
ous fi nally acquires characteristics of fully developed 
vitreous (Figure  II.A-5 ).

a b

  Figure II.A-5    Developed vitreous. ( a ) Formation of the vitreous is 
marked by the fi nal stages of secondary vitreous development and the 
regression of the primary vitreous and hyaloid vasculature. This occurs 
concurrently with the growth of the lens zonular system, which extends 
from the  pars plana  of the ciliary body and to the equator of the lens. 
The zonular fi bers form two distinct bundles, the orbiculo-anterocapsu-
lar and orbiculo- posterocapsular fi bers [ 25 ]. ( b ) Appearance of the 
formed vitreous body in a 33 weeks of gestation (WG) human post- 
mortem. The eye underwent dissection of the sclera,  choroid, and retina 

 exposing the vitreous body, which was left attached to the anterior seg-
ment. A slit lamp beam illuminated a horizontal section that was photo-
graphed from above at a 90° illumination-observation angle maximizing 
the Tyndall effect. The anterior segment is above and the posterior pole 
is below. The posterior aspect of the lens can be seen above. There is 
considerable light scattering from the peripheral vitreous cortex due to 
the dense collagen matrix at this location. Cloquet’s canal is seen in the 
central and posterior vitreous oriented towards the prepapillary region 
(Courtesy of J. Sebag, MD)       
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       IV.  Structural and Molecular Factors 
in Vitreous Development 

   A. Structure of the Hyaloid Vascular System 

 The hyaloid artery (Figure  II.A-4b ) fi ne structure is typi-
cal of an arteriole [ 41 ]. The  tunica intima  consists of fl at-
tened endothelial cells connected by tight junctions [ 24 ] 
with an underlying basement membrane. The  tunica media  
includes concentric layers of smooth muscle with base-
ment  membranes around each contractile fi ber [ 41 ], sur-
rounded by an  adventitia  of fi broblasts and collagen [ 42 ]. 
Ultrastructural studies show that vessels of the  pm ,  tvl , and 
 vhp  are similar in structure. These are small capillaries of the 
“A-1-alpha” structure [ 43 ] with a continuous, single layer of 
non- fenestrated endothelial cells, joined by intervening tight 
junctional complexes containing zonulae adherens,  macula 
adherens , and possible  zonulae occludens  [ 24 ,  44 ]. They 
have a continuous basement membrane and an incomplete 
layer of pericytes [ 24 ]. Studies in zebra fi sh suggest that the 
 FoxC1  gene regulates integrity of this basement membrane 
and infl uences the morphology of the  hvs  [ 45 ].  

   B.  Molecular Factors in Formation and 
Regression of the Hyaloid Vasculature 

 The genes and signaling pathways involved in the formation 
and regression of the hyaloid vasculature remain poorly 
defi ned. Much of the experimental work in this area is derived 
from rodent and zebra fi sh models, which provide a good 
basis for understanding eye development. Many studies have 
demonstrated the involvement of vascular endothelial growth 
factor (VEGF-A) as a key regulator of physiological angio-
genesis in the eye, particularly in the retina. Changes in 
VEGF-A mRNA expression in the lens, in the proximity of 
the developing TVL and PM, suggest that VEGF-A may be 
one of the factors that trigger the growth of these two vascular 
networks [ 46 – 49 ]. Indeed, overexpression of VEGF-A in the 
lens of transgenic mice leads to vascular endothelial cell 
hyperplasia adjacent to the lens [ 50 – 52 ], and VEGF-A dele-
tion from the developing lens results in failure of the hyaloid 
vessels to form adjacent to the lens capsule, although the cap-
illary network in proximity of the retina is not affected [ 46 ]. 
A recent study of dark-reared mice demonstrated an associa-
tion between increased levels of retinal VEGF-A, hyaloid 
persistence, and deregulated retinal angiogenesis during 
development [ 53 ]. This is consistent with retinal VEGF-A 
being critical for development of the hyaloid vasculature. 

 Several hypotheses have been proposed to explain regres-
sion of the hyaloid vessels. While the trigger for regression is 
not well understood, the most widely accepted hypothesis is 
that hyaloid vessel involution is macrophage dependent. 

Several studies in humans and other mammals now show that 
the ocular macrophages, or hyalocytes (Figure  II.A-4e, f ), are 
directly involved in apoptosis of the vascular endothelial cells 
in the pupillary membrane and the hyaloid vascular system 
[ 24 ,  54 – 57 ]. Recent studies in mice demonstrated that a par-
ticular class of macrophage (LYVE-1 + ) is attached to the hya-
loid vessels during regression [ 58 ] and secrete the protein, 
periostin, which enhances HVS regression by mediating and 
strengthening the adhesion of macrophages to the hyaloid 
vessels [ 59 ]. 

 In the early stages of hyaloid regression, apoptosis is 
prevalent and knockout of proapoptotic genes attenuates 
hyaloid vascular regression [ 60 ,  61 ]. Some features of necro-
sis are also detected and cytolytic processes appear to be in 
effect in the later stages of regression [ 24 ,  62 ]. Other studies 
have shown that a decrease in capillary blood fl ow is 
 correlated with an increase in programmed cell death in vas-
cular endothelial cells, suggesting that a hemodynamic dis-
advantage may be a triggering factor [ 63 ,  64 ]. 

 Throughout development both pro- and antiangiogenic 
proteins are detected in the vitreous with the balance moving 
towards an antiangiogenic environment in the later stages of 
development [ 65 – 67 ] [see chapter   I.D    . Vitreous proteomics 
and regression of the fetal hyaloid vasculature]. Antiangiogenic 
molecules including transforming growth factor-β (TGF-β) 
[ 68 – 72 ], pigment epithelium-derived factor (PEDF) [ 73 – 77 ], 
endostatin [ 78 – 80 ], thrombospondin-1 (TSP-1) [ 81 – 83 ], and 
opticin [ 84 ,  85 ] have been identifi ed in the vitreous in rodents 
and humans, suggesting that these proteins play a role in hya-
loid regression and inhibit angiogenesis in the normal adult 
vitreous. The canonical Wnt signaling pathway is also emerg-
ing as having a critical role in hyaloid regression. Optimal Wnt 
signaling requires the transmembrane Frizzled family recep-
tors and the coreceptors Lrp5 and Lrp6. Studies in mice have 
shown that the production of Wnt7b by macrophages in the 
vitreous is a mediating factor [ 86 ]. Wnt7b is promoted by 
angiopoietin-2 (Ang-2), which may induce regression by 
inhibiting cell- survival signals [ 87 ]. In mice, both Wnt7b and 
Ang-2 are regulated by the production of Ninjurin-1 by resi-
dent vitreous macrophages [ 88 ]. Furthermore, mutation in the 
Wnt pathway coreceptor Lrp5 is linked with the syndrome 
 osteoporosis pseudoglioma , which features persistence of the 
hyaloid vessel [ 89 ]. Phenotypes of the Fzd4 and Norrie dis-
ease protein (Ndp) mutant mice also include a persistent hya-
loid, further implicating the canonical Wnt signaling pathway 
in hyaloid regression [ 90 ].  

   C. Cells in the Developing Vitreous 

 Vitreous normally contains relatively few cells of which 
hyalocytes represent approximately 90 % and fi broblasts 
the remainder [ 91 ]. In the postnatal eye, hyalocytes reside 
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in the peripheral or cortical region of the vitreous body abut-
ting the inner surface of the retina (preretinal) [ 18 ,  92 ]. They 
are concentrated anteriorly in the vitreous base, surface of 
the ciliary processes, and posteriorly in the vicinity of the 
optic papilla, at an average distance of 50 μm from the inner 
retinal surface [ 19 ,  20 ,  93 ]. Hyalocytes vary in morphology 
depending on the stage of development and most likely are 
comprised of heterogeneous, distinct subpopulations of cells 
(Figure  II.A-4e, f ) [ 94 ]. Hyalocytes are more numerous in 
fetal than in adult vitreous, and while their function in the 
adult eye is unclear, they play a major role in regression of 
the hyaloid vasculature during fetal life. They are evident in 
the vitreous at an early embryonic stage, and several stud-
ies suggest that they secrete vitreous collagen and hyaluro-
nan (HA) [ 95 – 97 ]. It has been suggested that hyalocytes 
are remnants of the primary vitreous [ 18 ], and studies in 
animals and humans indicate that hyalocytes may originate 
from mesenchymal cells in the optic cup, the embryonic fi s-
sure, or migrate from the hyaloid vessel wall [ 18 ,  98 – 100 ]. 
In the postnatal human eye, hyalocytes derive from blood 
monocytes and are replenished on the order of every several 
months [see chapter   II.D    . Hyalocytes: essential vitreous cells 
in vitreo-retinal health and disease]. 

 Human hyalocytes express macrophage-like characteris-
tics and leukocyte-associated antigens, CD45 and CD11a 
and CD64 (Fc receptor I), although, they do not express 
CD68 (a marker for a major subpopulation of macrophages) 
[ 101 ]. They do not express glial fi brillary acidic protein 
(GFAP), cellular retinaldehyde-binding protein, or cytokera-
tin, indicating that they are not of glial or RPE cell lineages 
[ 101 – 106 ]. Hyalocytes migrate into the vitreous cavity under 
physiological conditions, most likely from the bone marrow, 
and begin to accumulate in the cortical vitreous by the fi fth 
month of gestation [ 107 ,  108 ]. 

 While the exact role of hyalocytes is unclear, they are 
involved in modulation of intraocular immune responses, 
regression of the hyaloid vascular system, and the synthesis 
of extracellular matrix. The eye is an immune-privileged site, 
and hyalocytes have been shown to provide phagocytic 
defense against invading organisms with surface receptors 
for IgG and complement components [ 102 ,  109 ]. At the 
same time, however, hyalocytes are actively involved in the 
inhibition of immune reactions [ 110 ,  111 ] and enzymatic 
removal of fi brin and related products [ 103 ] to maintain vit-
reous transparency.  

   D.  Molecular Changes During 
Vitreous Development 

 The vitreous body is subject to an ongoing process of matrix 
remodeling, starting in embryonic stages and continuing 
after birth. In very early development the majority of  vitreous 

collagen is type III; however, at 8 WG this is replaced by 
type II collagen, which comprises approximately 75 % of the 
total vitreous [ 112 ]. The vitreous extracellular matrix is syn-
thesized by numerous cells including retinal cells (most 
likely Müller cells), cells of the hyaloid vascular system, 
early lens cells, and presumably cells of the ciliary body [ 2 , 
 35 ,  112 – 114 ]. In human eyes, there appears to be a high rate 
of collagen type II production during embryogenesis, which 
decreases within 2 years after birth [ 113 ,  114 ]. Some evi-
dence suggests that a low level of postnatal synthesis of col-
lagen occurs in cells in the peripheral human retina until 
adulthood [ 115 ]. Hyaluronan is the major GAG in all stages 
of vitreous development and throughout adulthood [ 112 , 
 116 ]. Hyalocytes, Müller cells, and possibly cells associated 
with the hyaloid vessels secrete hyaluronic acid [ 95 ,  116 ]. 
Researchers recently hypothesized that collagens and GAGs 
are synthesized by the mesenchymal cells during the primary 
vitreous stage, by the retina during the secondary vitreous 
stage and by hyaloid vessels throughout both these stages 
[ 91 ]. Interestingly, analyses of primary and secondary vitre-
ous failed to show differences in the types and distribution of 
GAGs and collagens; rather, they are distinguished by the 
presence of the hyaloid vascular system per se [ 112 ].   

   V. Disorders of the Developing Vitreous 

   A. Pathologies of the Primary Vitreous 

   1. Persistent Primary Vitreous 
 Regression of the primary vitreous occurs during normal eye 
development; however, its remnants including the anterior, 
posterior, or the entire hyaloid artery may persist in the adult 
eye. Anterior hyaloid artery remnants may be seen in the vitre-
ous as small posterior lens opacities (Mittendorf’s dot). 
Posterior remnants of the hyaloid artery may remain at the 
optic disc, extending into Cloquet’s canal, associated with glial 
tissue known as Bergmeister’s papilla (see descriptions below).  

   2.  Persistent Hyperplastic Primary 
Vitreous Persistent Fetal Vasculature 

 Persistent hyperplastic primary vitreous (PHPV) is a rare 
congenital condition that results from a failure of the pri-
mary vitreous and the hyaloid vasculature to regress nor-
mally (Figure  II.A-6 ). This is associated with hyperplasia 
of the primary vitreous,  tvl , and hyaloid system. PHPV can 
occur in isolation or associated with other congenital dis-
orders or syndromes, such as anterior segment dysgenesis 
disorders (including Axenfeld-Rieger syndrome), Aicardi 
syndrome, neurofi bromatosis, and morning glory syndrome 
(reviewed Shastry, 2009) [ 117 ]. The term “persistent fetal 
vasculature (PFV)” was  introduced in 1997 by Goldberg 
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to provide an inclusive name for the various forms of 
 congenital persistent anterior and posterior intraocular 
vasculature and associated clinical features, encompassing 
PHPV, intravitreal vascular remnants such as Mittendorf 
dot, persistent hyaloid artery and Bergmeister’s papilla, 
persistent pupillary membrane, congenital retinal folds 
or dysplasia, or optic nerve dysplasia [ 118 ]. The clinical 
implications of these disorders for vision are signifi cant. 
PHPV may be considered to refer more specifi cally to vit-
reous and hyaloid system-related hyperplasia; however, it 
continues to be used within contemporary literature, often 
interchangeably with PFV, to describe the various presenta-
tions of a complex and heterogeneous group of disorders. 
These varied presentations are usually classifi ed as “ante-
rior,” “posterior,” or “combined.” Anterior PHPV is more 
common and presents as a posterior lens fi brovascular (ret-
rolental) opacity, elongated ciliary processes, or cataract. 
Congenital fi brovascular pupillary membranes, extending 
from the posterior iris surface across the anterior lens sur-
face, have also been reported as a variant of PHPV/PFV 
[ 119 ]. Posterior PHPV typically shows one or more features 
including elevated vitreous membranes or a stalk extending 
from the optic nerve (a remnant of Cloquet’s canal), reti-
nal folds or hypoplasia, retinal detachment, or optic nerve 
hypoplasia. Combined, they encompass features of both 
anterior and posterior PHPV. The molecular mechanisms 

involved in the pathogenesis of PHPV are not fully under-
stood, although mutations in several candidate genes have 
been reported including  FZD4  and  NDP  [ 120 ,  121 ].

       B. Pathologies of the Secondary Vitreous 

   1. Syndromic disorders 
 Several syndromic human disorders that feature con-
genital high myopia result from mutations in genes that 
encode ECM proteins that are prominent in the vitreous, 
ILM, the vitreoretinal border, and the sclera. In Stickler 
(and Wagner) syndromes, for example, the vitreous is 
more liquid than gel like, related to dominant mutations 
of collagen II and V/XI [ 122 ]. In particular, mutations in 
type II collagen gene COL2A1, COL2A, and the type XI 
collagen gene COLL11A1 have been shown to result in 
the membranous phenotype of Stickler syndrome [ 123 , 
 124 ] [see chapter   I.C    . Hereditary vitreo-retinopathies]. 
Stickler syndrome is an autosomal dominant inherited 
congenital disorder that affects type II and XI fi brillar col-
lagens in cartilage and vitreous. Sporadic cases and ocu-
lar-only variants are also reported. Numerous mutations 
in  COL2A1 ,  COL2A , and  COL11A1  genes have been char-
acterized associated with Stickler syndrome [ 123 ,  124 ], 
and the systemic phenotype is widely variable. At least 

a b

  Figure II.A-6    Persistent hyperplastic primary vitreous. ( a ) A photo-
graph of the right eye of a patient showing a persistent hyperplastic 
primary vitreous (Courtesy of John Grigg, MD, Save Sight Institute, 
Sydney Medical School). ( b ) Section of an eye with persistent hyper-
plastic primary vitreous showing a curved fold of detached dysplastic 

retina ( arrowheads ) that encircles the persistent hyaloid artery and primary 
vitreous ( asterisk ). The primary vitreous extends from the optic nerve 
head ( onh ) to the posterior lens, forming a fi brovascular mass (hema-
toxylin and eosin) (  http://commons.wikimedia.org/wiki/Category:
The_Armed_Forces_Institute_of_Pathology_Public_Domain_Images    )       
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fi ve subgroups or types of Stickler syndrome are currently 
recognized [ 125 ]. Vitreous phenotypes are considered a 
pathognomonic feature, particularly for type I (membra-
nous vitreous) and type II (beaded vitreous). These phe-
notypes in particular are characterized by an optically 
empty posterior chamber with the exception of retrolen-
ticular hypoplastic vitreous also known as “vitreous veils” 
(Figure  II.A-7 ) or comprises sparse irregular, collagen 
lamellae associated with mutations in both  COL2A1  and 
 COL11A1  [ 122 ].

       C. Hyaloid Vascular System 

   1. Persistent Hyaloid Artery 
 A persistent hyaloid artery presents as a single vessel that 
may (fully or in parts) extend from the optic nerve head, 
through Cloquet’s canal, and to the point of attachment 

(Mittendorf’s dot) at the posterior lens capsule. Persistent 
hyaloid artery, resulting from a failure of vessel regression 
during development, contrasts with the complex variants that 
comprise PHPV (Figure  II.A-6 ).  

   2. Mittendorf’s Dot 
 Mittendorf’s dot is an embryologic remnant of the anterior 
attachment of the hyaloid artery to the posterior lens capsule, 
where the hyaloid artery joins the  tunica vasculosa lentis . 
The dot or opacity is typically at an inferonasal location on 
the posterior pole of the lens. A stalk of hyaloid artery or 
fi brovascular tissue may sometimes be seen attached at 
Mittendorf’s dot, fl oating freely in the anterior vitreous.  

   3. Bergmeister’s Papilla 
 Remnants of the cone of posterior glial tissue, that envelops 
the central hyaloid artery – Bergmeister’s papilla (BP) – can 
extend from the optic nerve head disc and may persist in the 

  Figure II.A-7    Vitreous veils. A wide-fi eld fundus image showing a vitreous veil ( arrowheads ) in a patient with Stickler syndrome (Courtesy of 
John Grigg, MD, Save Sight Institute, Sydney Medical School)       
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vitreous of adult human eyes. BP and the glial sheath, but not 
the hyaloid artery, expressed intense GFAP immunoreactiv-
ity in fetal human eyes, indicating ensheathment by astro-
cytes derived from the optic nerve (Figure  II.A-8 ) [ 106 ]. 
A recent study in mice has suggested that ensheathment of 
the hyaloid artery by abnormal astrocytes may limit normal 
macrophage-pericyte contact and interfere in the macrophage- 
mediated hyaloid vessel regression that normally occurs dur-
ing development [ 126 ].

      4. Persistent Pupillary Membranes 
 During embryogenesis, the anterior  tunica vasculosa lentis  
forms the iris vasculature and pupillary membrane. 
Normally, involution of the pupillary membrane and ves-
sels occurs during the third trimester (7–9 months of gesta-
tion) and is  complete by 34 WG, forming the pupillary 
aperture. Failure to completely regress can produce persis-
tent pupillary membranes (PPM) that can occur either spo-
radically or associated with other ocular or syndromic 
conditions. These membranes are attached at the iris col-
larette on one side and may extend across the anterior lens 
surface as free-fl oating pigmented strands or with focal 

attachments to the lens anterior capsule or to the iris on the 
opposite side; these often persist into adulthood 
(Figure  II.A-9 ). Histopathology of surgically removed 
PPM showed evidence of thickened iris fi brocellular 
stroma and pigmented cells [ 127 ].

      5. Vitreous Cyst 
 Primary (congenital) free-fl oating vitreous cysts are translu-
cent, semitransparent, or pigmented spherical or oval forms 
that may also be multilobed and can vary in size from 0.15 to 
12 mm diameter [ 128 ]. These rare benign cysts are thought 
to be the remnants of the primary hyaloid or Bergmeister’s 
papilla (translucent cysts) or associated with iris, ciliary 
body, or retinal pigment epithelium. Cysts from Bergmeister’s 
papilla are observed to be small, round, and located in poste-
rior vitreous [ 129 ]. Several case reports showed connection 
of cysts and hyaloid remnants and cysts frequently located 
within Cloquet’s canal, consistent with a primary hyaloid 
origin [ 130 ,  131 ]. One group has proposed that cysts with 
immature melanosomes (not seen in adults) provide evi-
dence of congenital vitreous cysts being primary hyaloid 
choriostomas [ 129 ].    
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  Figure II.A-8    Immunohistochemistry of a Bergmeister’s Papilla. 
Confocal microscopy images of a developing macaque monkey eye at 55 
days of gestation, equivalent to approximately 12 WG in the human. ( a ) 
Optic nerve head, showing endothelial cells ( green ) labeled with antibody 
to CD34 antigen among cells within the optic nerve. The base of 
Bergmeister’s papilla ( BP ) extends vitread from the optic nerve head at 

this stage and includes cells immunoreactive for ephrinA1 ( red ). No endo-
thelial cells are present in the retina ( NR ). ( b ) Section through Bergmeister’s 
papilla of a 55-day-gestation macaque monkey. EphrinA1-positive cells 
of the papilla ( green ) are ensheathed with GFAP-immunoreactive astro-
cyte processes ( red ).  Abbreviations :  BP  Bergmeister’s papilla,  ONH  optic 
nerve head,  NR  neural retina,  RPE  retinal pigmented epithelium       
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 Abbreviations 

  Ang-2    Angiopoietin-2   
  AP-2    Activating protein 2   
   cc     Cloquet’s canal   
  COL    Collagen   
  DG    Days of gestation   
  ECM    Extracellular matrix   
  FoxC1    Forkhead box C1   
  Fzd    Frizzled protein   
  GAG    Glycosaminoglycan   
  GFAP    Glial fi brillary acidic protein   
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  Figure II.A-9    Persistent pupillary membranes. ( a ) Anterior eye photo-
graph of a patient with a persistent pupillary membrane ( ppm ), seen as 
fi ne iris strands bridging the pupil to form intricate webs with attach-
ments to the lens. ( b ) A patient with a severe form of  ppm . ( c ) This 

image shows the postoperative appearance following surgical manage-
ment of the severe form of  ppm  (Courtesy of John Grigg MD, Save 
Sight Institute, Sydney Medical School)       

  HA    Hyaluronan   
   hvs     Hyaloid vascular system   
   ilm     Inner limiting membrane   
   Ivm     Intravitreous membrane   
   lp     Lens placode   
   lv     Lens vesicle   
  LYVE-1    Lymphatic vessel endothelial receptor 1   
   mes     Mesoderm   
  Ndp    Norrie disease protein   
   ne     Neural ectoderm   
   nr     Neurosensory retina   
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   Conclusion 

 Vitreous serves a variety of structural and physiological 
functions during development and throughout life. This is 
refl ected in the transition from the primary fetal vascular-
ized vitreous that supports the development of surround-
ing intraocular structures to the mature highly hydrated, 
optically clear, avascular extracellular matrix gel seen in 
adult eyes. Understanding the molecular processes 
involved in vitreous development and hyaloid regression 
may provide insights for the treatment and future man-
agement of various ocular diseases.
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 Key Concepts 

     1.    Myopia is increasing rapidly in recent decades, 
associated with increasing education and urbaniza-
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spent indoors are disturbing the normal homeosta-
sis of eye growth known as emmetropization.   

   2.    Mutations of extracellular matrix proteins can result 
in both myopia and myopic vitreopathy, supporting 
the concept that vitreous is part of the  myopic phe-
notype. Myopia is associated with increased lique-
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for myopia and the various complications of myopic 
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   I. Introduction 

 Myopia is gaining public health importance because it is a 
major cause of correctable blindness and visual impair-
ment globally [ 1 ]. In some populations the complications 
of  myopia are now the major cause of uncorrectable blind-
ness [ 2 ,  3 ]. Historically, the mild phenotype of low myopia 
has been separated from the potentially blinding associa-
tions of pathological myopia with an arbitrary refractive 
error of −6.0D [ 4 ]. However it is becoming clear that there 
is no threshold effect and that common myopia of all levels 
contributes to risks of uncorrectable visual loss such 
as cataract, glaucoma, retinal detachment, and maculopa-
thy [ 5 ,  6 ]. 

   A. Defi nition of Myopia 

 Myopia, defi ned by refractive error, is the product of multi-
ple optical variables in the eye. Parallel light from infi nity is 
brought to focus anterior to the retina, and divergent light 
from near targets may focus at the retina, hence “nearsight-
edness” (Figure  II.B-1 ). The anatomic substrate of this 
abnormality can be summarized as either an excessively 
powerful converging optical apparatus of the cornea and lens 
or an excessively long distance to the retina (axial length). 
There are many ways to classify or defi ne myopia. At a popu-
lation level, the main causes of myopia can be grouped 

as: (1) myopia with systemic associations or syndromes, (2) 
isolated ocular hereditary myopia, or (3) acquired myopia 
without associations (Table  II.B-1 ). The fi rst two groups 
have a clear genetic component. The fi rst group demonstrates 
connections between the genetic causes of myopia, vitreous, 
and extracellular matrix in general. It is the third group, how-
ever, often known as school myopia or common myopia, 
which has more environmental causes and is becoming a 
major cause of correctable and uncorrectable vision loss 
worldwide.

       B. Emmetropization and Axial Length 

 The process by which the normal eye maintains emmetropia 
during growth and development is termed emmetropization. 
Myopia represents a failure of this process. Thus, common 
myopia may best be characterized as dysregulated eye growth 
[ 7 ]. A rich and expanding scientifi c literature has illuminated 
numerous elements of this emmetropization process, particu-
larly through animal studies [ 8 ]. A positive lens over a devel-
oping chick eye will induce myopic defocus and corresponding 
shortening of the eye through reduced scleral growth and 
thickening of the choroid, while hyperopic focus or form 
deprivation will accelerate scleral growth and thin the choroid 
(Figure  II.B-2 ). These changes are  direction- specifi c, revers-
ible, and can occur locally within the eye [ 8 ,  9 ]. There are 
important parallels between these animal fi ndings and 
humans, as discussed below.

   An implication of this understanding is that the failure of 
emmetropization that results in common myopia does so 
through an increased axial length. This can be observed in 
children developing myopia, with an increasing vitreous 
chamber [ 10 ]. Thus, axial length can be considered an 
important endophenotype of myopia, with greater sensitiv-
ity and specifi city for the deranged emmetropization pro-
cess than refractive error in general [ 11 ]. That is, the specifi c 
anatomic changes of myopia are most apparent in the mea-
surement of the vitreous chamber. Whether cause or effect, 

    Table II.B-1    Simple classifi cation of myopia   

 1.  Syndromic myopia  with systemic associations; for example: 
    Stickler syndrome type 1  with clefting, arthropathy, vitreoretinal 

abnormalities, hearing loss, collagen 2A1 mutation 
    Marfan syndrome  with long limbs, ectopia lentis, cardiac 

abnormalities, fi brillin mutation 
 2.  Nonsyndromic autosomal dominant myopia  
  Isolated ocular hereditary myopia 
   E.g., early-onset high myopia with dominant inheritance and 

associated loci on genome-wide analysis 
 3.  Nonsyndromic myopia acquired in childhood  
  Common myopia, school myopia 

  Figure II.B-1    ( a ) Schematic representation of emmetropia. Parallel 
light from the distance is brought to focus onto the fovea. ( b ) Schematic 
representation of myopia. Parallel light from the distance is brought to 
focus anterior to the retina in this elongated globe. This creates a blur 
circle on the retina. ( c ) Schematic representation of myopia. Divergent 
light from a near target is brought to focus on the fovea       

a

b
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Emmetropia

Myopia, distance target

Myopia, near target
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the associated changes within the vitreous constitute myo-
pic vitreopathy. This chapter will discuss the various etio-
logic (both genetic and environmental) aspects of myopia, 
the effects on the vitreous that result in myopic vitreopathy, 
how this causes anomalous PVD, and its various clinical 
consequences.   

   II. Myopia 

   A. Epidemiology 

 Refractive error is the leading cause of correctable visual 
impairment worldwide and therefore a major international 
public health issue [ 1 ,  12 ]. Myopia is common, and preva-
lence varies between populations [ 13 ]. The complications of 
myopia are the major causes of uncorrectable blindness at a 
population level in European and Asian populations [ 2 ,  3 ]. 

 Many large cross-sectional studies have found the 
 prevalence of myopia > −0.5D in adults, to range from 15 % 
in older Australians [ 14 ] to 49 % in 44-year-old Britons [ 15 ]. 
In the United States, the overall prevalence has been mea-
sured around 25–35 % in adults [ 16 – 19 ] with lower preva-
lence in Black and Latino people [ 17 ,  18 ,  20 ,  21 ]. Asian 
populations, particularly those of Chinese ethnicity, appear 
to be mildly more susceptible to myopia [ 13 ,  22 ,  23 ]. 

 In cross-sectional studies of adults, the prevalence of 
myopia is found to decline with age, which is due to two fac-
tors: the gradual hypermetropization during adulthood [ 24 –
 26 ] and an increasing prevalence of myopia in recent 
generations [ 27 ,  28 ]. Initially noted in Inuit populations in 
the 1960s [ 29 ,  30 ] and then strikingly documented in Taiwan 

and Singapore [ 27 ,  31 ], the increasing prevalence of myopia 
in recent birth cohorts is now clear [ 28 ,  32 – 34 ]. In Taiwan, 
for example, the prevalence of myopia in 7-year-old children 
has increased from 6 % in 1983 to 21 % in 2000, and in those 
aged 16–18 years, the prevalence of myopia has increased 
from 74 to 84 % with doubled prevalence of high myopia > 
−6.0D from 11 % in 1983 to 21 % in 2000. Thus, myopia is 
beginning earlier and also increasing in severity, especially 
in young urban educated Asian people. This increase has 
occurred within three generations, highlighting aspects of 
the modern environment that are associated with this epi-
demic of myopia [ 34 ,  35 ].  

   B. Etiology 

 It is likely that myopia, like cardiovascular disease, for 
example, represents a complex interaction of genetic and 
environmental factors. The increasing prevalence of myopia 
associated with ethnicity, urbanization, and education high-
lights the multifactorial etiology, rather than simply nature 
versus nurture [ 36 ]. 

   1. Genetic Factors 
 Human myopia is etiologically heterogenous at a genetic 
level, with more than 300 associations identifi ed. As briefl y 
summarized in Table  II.B-1 , several syndromes of ocular and 
systemic abnormality can include high myopia, such as 
Marfan, Weill-Marchesani (both fi brillin mutations), Stickler 
types 1 and 2 (collagen II and XI mutations), Ehlers-Danlos 
(type 4, collagen III mutation), Knobloch (collagen XVIII 
mutation), and congenital stationary night blindness syn-
dromes [ 37 ]. These syndromes often include abnormalities 

  Figure II.B-2    Emmetropization 
in developing animals. 
( a ) A positive lens will induce 
myopic defocus. ( b ) Axial growth 
will slow and the choroid will 
thicken, to bring the image into 
focus. ( c ) A negative lens will 
induce hyperopic defocus. 
( d ) Axial growth accelerates and 
the choroid thins, to bring the 
image into focus       

a c

b d
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of the vitreous and relate to mutations of the extracellular 
matrix [see chapter   I.C    . Hereditary vitreo-retinopathies]. 

 There are also isolated ocular forms of familial high 
myopia, which is often early-onset and severe [ 37 ]. In gen-
eral, high myopia may have a stronger genetic component 
[ 38 ]. These familial forms of myopia (e.g., associated with 
chromosomes 18p or 12q) do not seem to relate to the com-
mon school myopia, which has a greater environmental 
component [ 39 ,  40 ]. 

 The heritability of myopia appears to diminish between 
generations. Children of myopic parents have a higher preva-
lence of myopia, but in China this relationship has changed 
dramatically in two generations [ 35 ]. For the parents’ gen-
eration, being born to myopic parents resulted in an odds 
ratio (OR) of 6.71 for developing myopia, but for their chil-
dren’s generation, myopic parents only conveyed an OR of 
1.85 [ 35 ]. This indicates the genetic risk has been diluted by 
the environmental risks. In general, the heritability estimates 
that are derived from correlations of refractive error are 
greater from sibling to sibling correlations than parent–child 
correlations (particularly in times of intergenerational 
change), indicating shared environments are a large part of 
these correlations [ 37 ,  38 ]. 

 Eye size is heritable, but this does not seem relevant to 
myopia. Children of myopic parents were found to have 
larger eyes before they developed myopia and after control-
ling for near work and education [ 41 ]. However, eye size and 
axial length are poor predictors of myopia because the pro-
cess of emmetropization adjusts ocular growth to match 
focal length [ 42 ]. There is scant evidence to suggest that 
larger eyes are more vulnerable to derangement of emme-
tropization [ 37 ,  40 ]. The implication of this is that the larger 
eyes in children of myopes may simply refl ect shared envi-
ronmental factors or irrelevant covariates such as height, 
rather than a genetic determinant of myopia. On the other 
hand, some carefully controlled observational studies fi nd 
parental myopia far more strongly associated with myopia 
than environmental factors in multivariate models that adjust 
for both [ 40 ]. 

 Twin studies are a powerful method for testing heritability, 
and several early results showed extremely high estimates of 
heritability (summarized and tabulated in Guggenheim et al. 
[ 38 ]). The assumptions concerning twins sharing environ-
ments have been challenged, and these studies will consis-
tently overestimate heritability at a population level [ 37 ]. 

 Genome-wide association studies provide a powerful 
method to establish genetic causes of the disease and under-
stand pathophysiology. Hammond et al. [ 43 ] performed a 
linkage analysis in 280 dizygotic twins (with any type of 
myopia), revealing the 11p13 locus overlying PAX6 as a 
possible association, as well as other loci of interest at 3q26, 
8p23, and 4q12. Genetic investigation of dizygotic twins 
shares the power of twin studies by controlling environments 

to a large degree. Stambolian et al. [ 44 ] were the fi rst to per-
form genome-wide analysis exclusively for the common 
school myopia, with methods designed to increase the likeli-
hood of linkage, and identifi ed one locus at 22q12 for further 
study. In recent years, a rapidly growing number of genome- 
wide association studies have established a growing number 
of loci of interest, though differences in populations and dif-
ferences in the types of myopia that are included can make 
interpretation diffi cult. Now, very large consortia have exam-
ined the entire genome of many thousands of participants for 
associations with myopia [ 45 – 49 ]. Fan et al. [ 45 ] identifi ed a 
locus of interest in 1q41 among three large Singapore 
genome-wide studies. Verhoeven et al. [ 46 ] validated an 
association of myopia with 15q14 (GDJ2) among many 
cohorts across Europe and Asia and also commented on a 
gene for Connexin36 and actin proteins that could have rel-
evance to retinal signaling or scleral remodeling. Cheng 
et al. [ 49 ] limited their analysis to loci associated with axial 
length, as this is a suitable endophenotype for myopia, and 
tested over 12,000 Europeans and 8,000 Asians, then vali-
dated the fi ndings in another independent group of over 
23,000. They found nine loci common to both European and 
Asian cohorts to be associated with myopia, including 1q41 
(ZC3H11B) and 15q14 (GJD2), as well as laminin alpha-2 
subunit (LAMA2) on chromosome 6. Two other loci were 
associated with Wnt signaling pathways. Verhoeven et al. 
[ 47 ] performed a similar large consortium-derived genome- 
wide analysis of refractive error in many thousands of par-
ticipants in multiple continents. They identifi ed 24 loci, 
including GDJ2 and LAMA2 again but also candidate genes 
with functions in neurotransmission (GRIA4), ion transport 
(KCNQ5), retinoic acid metabolism (RDH5), and eye devel-
opment (SIX6 and PRSS56). Kiefer et al. [ 48 ] found 22 loci 
associated with myopia in another large genome-wide study 
of Europeans, including LAMA2 and candidate genes 
involved in photopigment regeneration and retinal develop-
ment and signaling. These powerful studies and enticing 
fi ndings require considerable follow-up investigation to 
understand the relevant genetic and molecular pathways in 
common myopia. 

 The genetic associations of myopia can be summarized 
by stating that mutations of extracellular matrix proteins 
commonly result in both myopia and vitreopathy, supporting 
the concept that vitreopathy is part of the myopic phenotype. 
Common myopia represents failure of the emmetropization 
process, and the genetic associations include signaling path-
ways and the LAMA2 subunit of laminin, an important 
extracellular protein in the vitreoretinal interface.  

   2. Environmental Factors 
 Animal studies, particularly with chicks, rodents, and nonhu-
man primates, have clearly shown that the homeostasis of 
ocular growth is guided by vision [ 5 ,  8 ]. Form deprivation 
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results in myopia in monkeys [ 50 ] and children [ 51 ] as well 
as other animals. In chicks as in other animals, a positive lens 
providing myopic defocus results in thickening of the cho-
roid and slowing of scleral growth, while hyperopic defocus 
from a negative lens results in ocular elongation and choroi-
dal thinning [ 52 ] (Figure  II.B-2 ). These responses are par-
tially preserved with optic nerve transection and can be 
generated locally in only half of one eye using partial lenses 
[ 9 ,  53 – 55 ], indicating that an important signal for eye growth 
is generated locally in the retina. Thus it appears that the 
developing retina can detect blur but can also detect the sign 
of the defocus, in order to slow or accelerate growth in the 
correct direction, which may be mediated by combining cues 
from chromatic and non-chromatic aberrations and from 
accommodation [ 8 ,  56 ]. These fi ndings implicate a signaling 
pathway from the retina, through the choroid to the sclera. 
Although the pathways involved have not been clearly dem-
onstrated, retinoic acid production in the choroid is likely to 
be involved because it is upregulated by myopic defocus and 
inhibits scleral proteoglycan synthesis and downregulated in 
hyperopic defocus when the sclera elongates and causes 
increased scleral proteoglycan synthesis [ 57 ]. The effector 
mechanism of emmetropization involves changes in fl uid 
lacunae in the choroid [ 58 ] and changes in the scleral growth, 
with scleral thinning, remodeling, and increased viscoelas-
ticity (“creep”). The abnormalities of myopic sclera are 
described below. Together these fi ndings elucidate mecha-
nisms by which environmental factors can affect the normal 
process of emmetropization. 

 Education and urbanization are the two environmental 
factors that are closely associated with myopia at a popula-
tion level. Common myopia correlates strongly with educa-
tion across all major population groups of the world [ 37 ]. 
This association exists with the duration of education, inten-
sity of study and fi nal academic achievement, and 
 professional training in law, medicine, or engineering. The 
progression of myopia may even occur in parallel with the 
school terms in some populations [ 59 ]. Similarly, in regions 
with very similar genetic background, people in urban cen-
ters have consistently higher prevalence of myopia than in 
rural areas, even after adjusting for education, affl uence, and 
activities [ 37 ]. 

 Near work is the environmental factor that is used to 
explain these associations mechanistically at an individual 
level. The mechanism here is not excessive accommodative 
effort, but accommodative lag or defi ciency. Accommodation 
is driven by a blur-feedback loop, so there is a tendency to 
accommodate only to the point of acceptable blur, resulting in 
mild hyperopic defocus for near targets (accommodative lag). 
Myopes have more accommodative lag than emmetropes, but 
it is unclear whether this accommodative lag precedes myo-
pia development and whether this lag is a specifi c defect in 
pre-myopes [ 60 – 63 ]. Thus, the association between near 

work and myopia is sometimes weak and diffi cult to quantify. 
Other factors such as the relative potency of different types of 
defocus for eye growth, peripheral refraction patterns, and the 
variations in defocus due to physical environments are 
all explanations for why these associations can be hard to 
measure [ 5 ]. 

 A more recently revealed association between time spent 
outdoors and a reduced risk of myopia may also explain 
much of the associations of myopia with urbanization, popu-
lation, and education [ 64 – 66 ]. This was hypothesized to be 
related to UV light stimulation of dopamine release from 
amacrine cells, a pathway that is shown to reduce eye growth 
and myopia in animal studies [ 33 ,  64 ]. 

 In summary, the normal processes of emmetropization 
may be deranged or confused by aspects of the environment 
to create myopia. The retina has the central role in detecting 
not only the blur but also the direction of defocus and chang-
ing ocular growth to compensate. Near work could result in 
persistent low-grade hyperopic defocus to drive excessive 
ocular growth, although multiple optical considerations can 
make this association tenuous at a population level. Certainly, 
education and urbanization are strongly associated with 
myopia, and both near work and time spent outdoors might 
partially explain these associations. Clinical trials of outdoor 
education and optical interventions continue [ 33 ,  67 ].  

   3. Vitreous Factors 
 Curtin [ 68 ] and Seltner [ 69 ] proposed a role for the vitreous 
in the development of myopia, suggesting excessive vitreous 
formation was a cause for ocular enlargement. As mentioned, 
hereditary abnormalities of collagen can result in syndromic 
vitreopathy and myopia, linking the two with common cau-
sation [ 70 ]. In line with this concept, Wilkinson [ 71 ] corre-
lated intraocular pressure with ocular growth in experimental 
chick models, and Quinn [ 72 ] showed a slightly increased 
IOP among myopic children. On the other hand, the rate of 
passive scleral creep in experimental situations is two orders 
of magnitude greater than the maximal rate of ocular elonga-
tion [ 73 ], and scleral remodeling appears to be an active cel-
lular process rather than a passive stretching process [ 8 ]. 
Also in opposition to this theory of “overinfl ation,” tree 
shrews showed scleral contraction in response to experimen-
tally increased IOP [ 74 ]. It is hard to propose a complete 
model by which vitreous expansion could lead to axial 
growth, when the formation of the vitreous in the mature eye 
is not well understood.   

   C. Ocular Features of Myopia 

   1. Scleral Changes and Axial Length 
 The characteristic changes of myopia are seen in the size and 
shape of the globe. Axial length accounts for more than 40 % 
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of refractive error and is considered an important endophe-
notype of myopia [ 10 ,  49 ,  75 ,  76 ]. Axial length also corre-
lates more closely with complications of myopia than does 
refractive state [ 77 ]. 

 Myopic sclera is thin and distensible, particularly in the 
posterior globe, with good agreement between mammalian 
models and the limited human data reported [ 7 ,  78 – 81 ]. At 
a histological level, myopic sclera has thin collagen fi brils 
 distributed uniformly through the scleral wall in a lamellar 
pattern, compared to normal sclera with thicker fi brils in 
the outer layers and greater interweaving [ 80 ,  82 ,  83 ]. In 
experimental myopia induced with hyperopic defocus or 
deprivation, the posterior scleral collagen fi bers are lost 
fi rst, and overall scleral dry weight decreases, implicating a 
remodeling process rather than stretching and redistribu-
tion of fi bers [ 83 ,  84 ]. The viscoelastic stretching known as 
scleral creep is increased, particularly in the posterior 
sclera [ 73 ,  85 ,  86 ]. The posterior sclera matures later than 
the anterior sclera, and these changes of experimental myo-
pia have been described as delayed maturation of the poste-
rior sclera [ 8 ]. Corresponding to this, the sensitive period 
through which deprivation can induce myopia corresponds 
to the maturation of the sclera [ 87 ]. 

 At a biochemical level, several changes can be detected 
in the elongating myopic sclera. Collagen content and col-
lagen synthesis in the sclera are reduced in experimental 
myopia, and prevention of collagen cross-linking also 
worsened deprivation-induced myopia but did not affect the 
open contralateral eyes [ 88 ]. Specifi cally, collagen I syn-
thesis is reduced, with increased proportions of collagen III 
and collagen V, which may explain the reduced collagen 
fi bril diameters [ 89 ]. In mammalian models of deprivation 
myopia, in contrast to avian models, which have different 
scleral structure, glycosaminoglycans (GAG) synthesis is 
reduced [ 88 ,  90 ]. Scleral metalloproteinases are upregu-
lated in experimental myopia, further reducing collagen 
content [ 91 ,  92 ], and there is differential expression of reg-
ulating proteins (TIMPs) which can further activate metal-
loproteinases [ 88 ,  93 ]. At a cellular level too, differentiation 
of dormant scleral fi broblasts into contractile myofi bro-
blasts appears to have an important role in scleral biome-
chanics, but the exact relevance to myopic sclera has not 
been established [ 7 ]. 

 In summary, signals from the retina lead to elongation of 
the globe and scleral thinning through changes in the sclera 
which include reduced collagen production, increased visco-
elasticity, remodeling and thinning, and potentially changes 
in cellular activity.  

   2. Myopic Vitreopathy 
 The vitreous is particularly liquefi ed in myopic eyes [ 94 , 
 95 ]. Nonspecifi c vitreous degeneration is observed in myo-

pic eyes, but histology cannot differentiate specifi c myopic 
changes from age-related synchysis [ 96 ]. This myopic liq-
uefaction could be because the vitreous chamber is of 
increased volume and production of gel components does 
not keep pace with the expanding chamber. In measuring 
the molecular components of myopic vitreous with early 
techniques, Berman and Michaelson [ 97 ] found reduced 
protein concentration, collagen content, and estimated 
hyaluronate concentrations in myopic vitreous compared 
to controls. Total protein of the vitreous was not directly 
measured. 

 In experimental deprivation myopia in chicks, it is rel-
evant to understand the normal development: vitreous 
protein concentration declines during embryonic develop-
ment, as a blood ocular barrier and vitreous macromole-
cules form, both of which exclude plasma proteins. By 
hatching, there is a formed gel vitreous anterior to a 
20–30 % chamber of liquid vitreous posteriorly, which is 
surrounded by a thin cortical layer [ 98 ,  99 ]. This liquid 
component increases to 60 % volume by adulthood. When 
a diffuser is used to create deprivation myopia in one eye 
in the fi rst days after hatching, the vitreous chamber 
expands and total volume increases, with the increase 
entirely due to liquid vitreous [ 69 ,  100 ]. The gel vitreous 
did not change in size or protein composition, but the 
myopic liquid vitreous had mildly reduced protein con-
centration (although not signifi cantly) [ 100 ]. This implies 
that in aging of the chicken vitreous, or in experimental 
deprivation myopia, the liquid vitreous gains in size and 
reduces in protein concentration. 

 Together these fi ndings imply that the production of vitre-
ous gel occurs in the vascular and cellular embryonic vitre-
ous and that myopic ocular growth during postnatal 
development is not matched by production of additional vit-
reous gel. Thus, the elongation of the globe is accompanied 
by increased liquid, low-protein vitreous. 

 As a result, myopic vitreous has a phenotype resembling 
premature synchysis, and posterior vitreous detachment 
(PVD) occurs earlier in highly myopic eyes [ 101 ,  102 ]. 
Akiba [ 101 ] found PVD occurred around 10 years earlier in 
myopia > −6.0D (compared to emmetropes). Indeed, 23 % of 
these myopes had PVD between age 30 and 40 years, with 
100 % over 70 years, compared to no PVD among emme-
tropes under 40 years, with PVD in 74 % of those 70–80 
years old. Morita [ 102 ] found PVD to occur closer to 20 
years earlier in those with axial length >26.0 mm (myo-
pia > −8.25D), compared to age-matched controls who were 
low myopes, emmetropes, or hypermetropes. 

 Premature vitreous liquefaction occurring in younger 
people who have strong vitreoretinal adhesion [ 103 ] creates 
the conditions for an anomalous PVD and pathological vit-
reoretinal interactions [ 104 ]. Stirpe and Heimann [ 105 ] 
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found that among 496 highly myopic eyes undergoing retinal 
detachment surgery, there were 17.5 % with prominent 
 posterior vitreous lacunae overlying posterior staphyloma 
with a thin but strongly adherent vitreous cortex, and among 
these posterior retinal breaks such as macular holes were 
common. Forty-six of the 496 eyes had incomplete PVD 
inferiorly, with partial PVD and retinal breaks in the superior 
globe, and a tendency for delayed postoperative retinal tears 
inferiorly. Similarly, Sakaguchi and colleagues [ 106 ] found 
vitreoschisis, preretinal proliferation, and a fi rmly adherent 
ILM during vitrectomy in a 73-year-old highly myopic 
woman with macular hole, requiring three layers of mem-
brane peeling [see chapter   III.B    . Anomalous PVD and 
 vitreoschisis]. Thus, PVD and peripheral retinal breaks have 
an ominous prognosis in myopia, due to persistence of the 
normal vitreoretinal adhesion of youth. These changes are 
summarized in Figure  II.B-3 .

      3. Retina and Choroid 
 Changes in the myopic retina have long been observed by 
clinicians. In humans and experimental models, the cho-
roid is thinner, and may sometimes lack the choriocapil-
laris, with overlying retinal thinning that is presumed to 
be secondary [ 33 ,  80 ]. The clinical relevance of these 
changes in the retinal periphery has been hard to defi ne 
precisely [ 107 ]. The vision-threatening manifestations of 
this chorioretinal thinning at the macula are discussed 
below. 

   a. Retinal Lattice 
 Retinal lattice (also called “lattice degeneration”) is associ-
ated with myopia, particularly over −6.0D, and is of interest 
in this review of myopic vitreopathy because abnormal vit-
reoretinal adhesions are a key part of this pathology. As 
summarized by Saw [ 108 ], the evidence for an association 
between myopia and lattice is not strong because there are 
few prospective studies. In the United States, Karlin and 
Curtin [ 109 ] examined over 1,400 asymptomatic myopic 
eyes, and Pierro [ 110 ] examined 513 asymptomatic myopic 
patients and found an association between retinal lattice and 
axial length. On the other hand, Yura [ 111 ] examined 542 
high myopes in Japan and did not fi nd an association with 
axial length, while Celorio [ 112 ] even found the prevalence 
of lattice to be decreased in extreme myopia. In preoperative 
evaluations of 165 eyes in patients with pathological myo-
pia (> − 8.0D or 26.0 mm axial length) undergoing clear lens 
extraction, retinal lattice was detected in 10 % of patients 
[ 113 ]. Histological evaluation of 308 eyes with pathological 
myopia revealed peripheral retinal degeneration in 31 %, 
cobblestone degeneration in 14 %, and retinal lattice in 5 % 
[ 114 ]. A variant of retinal lattice was present in an addi-
tional 11 %. A total of around 16 % was in agreement with 
another study of 436 eyes with myopia of > −6.0D, among 
patients with retinal detachments [ 115 ]. It is tempting to 
speculate that retinal lattice, as a feature most prominent in 
those with moderate and high myopia, represents a feature 
of common myopia (rather than the more severe isolated 

  Figure II.B-3    Features of myopic 
vitreopathy. Increased liquefaction 
and early synchysis result in lacu-
nae, vitreous collapse, and prema-
ture posterior vitreous detachment 
(PVD) when vitreoretinal adhesion 
persists. This may lead to an anom-
alous PVD, with risk of retinal 
tears or maculopathy such as 
foveoschisis       

Retinal tear Early PVD, incomplete inferiorly

Lacunae

Foveoschisis

Vitreoschisis
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heritable myopia). Another intriguing connection is with 
Stickler syndrome [see chapter   I.C    . Hereditary vitreo-reti-
nopathies], where a mutation of collagen II results in vitre-
opathy, myopia, and widespread lattice. Because collagen II 
is predominant in the vitreous, this could suggest that lattice 
is a manifestation of a myopic vitreopathy. Prospective 
observation of lattice in child populations at high risk of 
myopia (e.g., urban Taiwan, Singapore) could establish the 
temporal connection between these peripheral retinal 
changes and the development of axial elongation.    

   D.  The Pathologies of Myopic Vitreopathy 

   1. Retinal Detachment 
 As discussed above, myopia results in premature vitreous 
synchysis combined with vitreoschisis and fi rm vitreoretinal 
adhesion, creating the conditions for anomalous PVD and 
retinal tears with persistent vitreous traction. Retinal tears 
are common in myopia. Hyams and Neumann [ 116 ] found 
peripheral retinal breaks in 10.5 % of low myopes and 13 % 
of high myopes from a total of 332 asymptomatic myopes in 
the clinic. Consequently, there is a clear association between 
rhegmatogenous retinal detachment (RRD) and myopia. 
Two case–control studies found elevated odds ratio for myo-
pia among those with RRD compared to controls [ 115 ,  117 ], 
and this was confi rmed in a large multicenter case–control 
study [ 118 ]. Excluding pathological myopia, there was an 
odds ratio of 7.8 for myopia overall, increasing from 4.4 for 
myopia between −1.0D and −3.0D to almost ten-fold 
increased risk for those over −3.0D [ 118 ]. 

 Prophylaxis for retinal detachment in myopia remains 
controversial [ 119 ]. While laser retinopexy is recommended 
for retinal tears under traction before cataract surgery, pro-
spective evidence should be collected, and trials of pharmaco-
logic vitreolysis or primary vitrectomy could be considered. 

   a.  Retinal Detachment After Anterior 
Segment Surgery 

 Retinal detachment is an uncommon complication after cata-
ract surgery, with incidence rates between 0.3 and 1.2 % in 
the general cataract population [ 120 – 124 ]. This incidence of 
RRD after cataract surgery presumably relates to surgical 
forces on the anterior vitreous cortex and postoperative 
infl ammation, resulting in anomalous PVD and vitreoretinal 
traction [ 125 ]. The rate of RRD after cataract surgery in 
myopes is of particular interest to ophthalmologists, particu-
larly as clear lens extraction gains popularity for refractive 
correction. Initial studies from the 1980s using predomi-
nantly extracapsular cataract extraction (ECCE) showed 
pseudophakic RRD incidence of 1.6 % in myopes > −6.0D 
(or 4.1 % in those with axial length >26.5 mm) [ 77 ]. With 
retrospective comparison Badr [ 126 ] found that intraocular 
lenses resulted in fewer RD among myopes, compared with 

aphakia. A population-based case–control study [ 127 ] com-
paring 291 cases of RD after cataract surgery to 870 matched 
uncomplicated cataract operations found that the odds ratio 
of RD increased by 0.92 for each diopter of myopia and by 
1.21 for each millimeter of axial elongation, potentially sup-
porting the concept that axial length predicts RRD risk better 
than refraction [ 77 ]. 

 However, as phacoemulsifi cation technology improves, 
cataract surgery appears to be getting safer for myopes. In a 
large retrospective cohort of 2,356 eyes (1,519 patients) all 
with >27.0 mm axial length, the incidence of pseudophakic 
RRD after phacoemulsifi cation was 1.5–2.2 % (the mini-
mum value excluding RRD that could be attributed to other 
causes) [ 128 ]. Across a range of similar retrospective cohorts, 
the incidence of RRD among high myopes after phacoemul-
sifi cation ranges from 0 to 8.1 % depending on the age, indi-
cation, and severity of myopia [ 129 – 134 ]. 

 Clear lens extraction for myopia may have an even greater 
risk of RRD, simply because it is offered to younger patients 
with stronger vitreoretinal adhesion. In young patients 
receiving clear lens extraction for high myopia, some of the 
greatest rates of pseudophakic RD have been reported, for 
example, 8.1 % [ 129 ], 7.3 % with ECCE [ 113 ], and 8.0 % 
with very high myopia >−15.0D. However, some argue that 
these rates are not greatly higher than the incidence of spon-
taneous RRD among cohorts of similar severe myopia [ 128 ]. 

 Refractive corneal surgery such as laser-assisted in-situ ker-
atomileusis (LASIK) induces PVD in some high myopes due 
to physical forces from the suction ring [ 135 ]. However, 
LASIK appears to have a lower incidence of RRD than lens 
extraction, estimated 0.19 % at 10 years postoperatively among 
11,594 myopes <−10.0D [ 136 ]. Other posterior segment com-
plications of LASIK for myopia also appear to be rare [ 137 ].   

   2. Myopic Maculopathy 
 Myopic maculopathy encompasses a range of vision- threatening 
pathologies [ 4 ,  138 ], many of which bear direct connection to 
myopic vitreopathy. The regular presence of vitreoschisis, large 
lacunae, and anomalous PVD results in specifi c myopic macu-
lopathies such as foveoschisis and macular hole with extensive 
retinal detachment. There are also some indications that CNV 
can relate to the vitreoretinal interface [see chapter   III.G    . 
Vitreous in age-related macular degeneration], although this has 
not been shown in myopia [ 139 ]. Anomalous PVD with vitreo-
macular traction can be different in myopia than emmetropia 
(Video  II.B-1 ). Pharmacologic vitreolysis [see chapter   VI.A    . 
Pharmacologic vitreolysis] and dye-assisted chromodissection 
[see chapter   V.A.3    . Chromodissection in vitreoretinal surgery] 
to remove vitreoschisis layers during surgery will likely assist 
greatly in management [ 140 ]. 

   a. Myopic Macular Degeneration 
 There are two types of atrophic degenerations in high  myopia: 
patchy atrophy is seen as a whitish lesion and well demarcated 

J. Gale and Y. Ikuno

http://dx.doi.org/10.1007/978-1-4939-1086-1_34
http://dx.doi.org/10.1007/978-1-4939-1086-1_47
http://dx.doi.org/10.1007/978-1-4939-1086-1_19
http://dx.doi.org/10.1007/978-1-4939-1086-1_3


121

(Figure  II.B-4 ), and diffuse atrophy is yellowish- white and 
harder to demarcate or identify (Figure  II.B-5 ). Lacquer cracks 
are whitish linear or crisscrossing lesions that sometimes are 
accompanied by a myopic subretinal hemorrhage. These atro-
phic changes appear to relate to loss of underlying choriocap-
illaris and splits in Bruch’s membrane (lacquer cracks). The 
presence of lacquer cracks implies that stretching and redistri-
bution of the scleral collagen and the underlying mechanical 
stretching and thinning of the choroid are part of the patho-
logical process in myopic development. No treatment cur-
rently exists for these changes, and there are no prospective 
data to quantify the risk of vision loss, which can be severe.

      i. Choroidal Neovascularization 
 Choroidal neovascularization (CNV) is the main complica-
tion of degenerative myopic maculopathy and lacquer 
cracks [ 138 ]. Myopia is the second leading cause of CNV 
after age- related macular degeneration and the most com-
mon predisposing factor in younger patients [ 4 ]. The CNV 
in myopia is also referred to as a Forster-Fuchs’ spot and 
commonly presents as a mound-shaped, grayish, small, and 
round lesion (Figure  II.B-6 ). The incidence is unknown; 
however, Curtin and Karlin [ 141 ] reported it in 5.2 % of 
postmortem eyes with axial lengths exceeding 26.5 mm. 
Unfortunately, prospective clinical data are lacking [ 108 ]. 
The etiology is not fully understood, but lacquer crack for-
mation and consequent upregulation of vascular  endothelial 
growth factor (VEGF) may play critical roles. As in the 
case in AMD [see chapter   III.G    . Vitreous in age-related 
macular degeneration], the vitreous may play a role in the 
pathophysiology of myopic CNV, but this has yet to be 
investigated. While a range of treatments have been 
 successfully offered for myopic CNV, anti-VEGF therapy 
currently appears to have the best risk- benefi t profi le with 
excellent visual outcomes [ 138 ].

       b. Myopic Foveoschisis 
 Prior to the widespread use of optical coherence tomogra-
phy (OCT), myopic foveoschisis was potentially mislabeled 
as a retinal detachment of the macula overlying a posterior 
staphyloma, without a macular hole [ 142 ,  143 ]. The term 
foveoschisis includes a variety of pathologies: a foveal cyst 
in 47 %, a lamellar hole in 29 %, and a foveal detachment in 
29 % [ 144 ]. The inner retina is often split from the outer 
retina by traction that includes residual adherent vitreous 
cortex, with or without vitreoschisis [see chapter   III.B    . 

  Figure II.B-4    Patchy chorioretinal atrophy. Several whitish lesions 
with well-identifi able margins are typically seen at the posterior pole       

  Figure II.B-5    Diffuse atrophy. The area inside the posterior staphy-
loma is yellowish-white, and the margin is ill-defi ned       

  Figure II.B-6    Representative case of choroidal neovascularization 
(CNV) from pathological myopia. A small, grayish round lesion can be 
seen ( arrow )       
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Anomalous PVD and vitreoschisis], and a rigid inner limit-
ing membrane (ILM). The foveoschisis sometimes leads to 
macular hole formation and consequent retinal detachment 
[ 145 ]. The so- called ILM detachment is observed and is an 
indicator of the tractional force upon the ILM (Figure  II.B-7 ) 
[ 146 ]. A tentlike peak of the inner retina is seen on OCT 
images coincident with retinal vessels and the so-called reti-
nal microfolds (Figure  II.B-8 ) [ 147 ]. The inner segment/
outer segment (IS/OS) junction of the photoreceptors some-
times disappears in the area of the retinal detachment [ 148 ]; 
however, the IS/OS line is typically well preserved in the 
area of the retinoschisis, suggesting that the photoreceptor 

function is not affected in this subtype. Retinoschisis has 
two stages before macular hole formation [ 149 ]. The fi rst is 
the retinoschisis type, in which only retinoschisis and not 
a retinal detachment is present (Figure  II.B-9 ). A retinal 
detachment later begins from the fovea. The next stage is the 
foveal detachment type (Figure  II.B-10 ). After a while, the 
inner retina above the detachment is stretched and torn 
(Figure  II.B-11 ). This is the appearance of a macular hole as 
a result of retinoschisis with a retinal detachment. The OCT 
images from these myopic eyes led to the hypothesis that 
the inner retina is less fl exible than the outer retina because 
the vitreous cortex adheres to the retina [ 149 ]. The pattern 

  Figure II.B-7    Optical coherence tomography (OCT) appearance of an inner limiting membrane (ILM) detachment in myopic foveoschisis 
( arrows ). A thin sheet is separated from the other retinal layers. Columns bridge the split between the layers       

  Figure II.B-8    Typical optical coherence tomography (OCT) image of retinal microfolds from retinal vascular traction ( arrows ). A tentlike lesion 
can be seen with retinal arterioles on the top       
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  Figure II.B-9    Optical coherence tomography (OCT) image of retinoschisis type of myopic foveoschisis. The inner and outer retina is split and 
connected by columns. The photoreceptors are still attached to the retinal pigment epithelium (RPE)       

of ILM detachments illustrates the underlying traction from 
the ILM, which is anchored at blood vessels on the retinal 
surface (Figure  II.B-7 ) [ 146 ,  147 ]. An OCT study of over 
200 highly myopic eyes reported ILM detachments in 6 %, 
 retinoschisis in 13.5 %, and retinal vascular microfolds in 
20 % [ 150 ].

           c. Premacular Membranes 
 Premacular membrane (PMM) formation and retinal thick-
ening are common in highly myopic eyes. The membrane is 
often diffi cult to fi nd without OCT. A PMM sometimes 
causes retinoschisis with retinal wrinkling or macular lamel-
lar holes (i.e., distorted foveal contour without full thickness 
macular hole) [ 144 ]. Histological membrane specimens 
from macular holes and myopic foveoschisis revealed a thin 
collagenous vitreoschisis and a fi broblast PMM in many 
myopic eyes [ 106 ,  151 ].  

   d. Macular Hole 
 Macular holes may develop more frequently in highly myo-
pic eyes, and while vitrectomy appears to be successful, it 

can be diffi cult to judge closure clinically on an atrophic 
myopic macula [ 152 ]. OCT has indicated that the presence 
of schisis in the retina surrounding the macular hole is of 
poor prognosis [ 153 ]. 

   i.  Macular Hole with Retinal 
Detachment 

 Retinal detachments from the macular hole are a typical 
fi nding in high myopia and uncommon in other settings 
besides trauma (see Figure  II.B-12 ). Residual adherent vit-
reous cortex (vitreoschisis) on the retinal surface around the 
hole causes tangential traction that generates an anterior 
vector in a deep staphyloma [ 154 ]. Releasing the retinal 
traction is critical to anatomic success, and vitrectomy with 
vitreous cortex and membrane removal is the most common 
treatment.   

   e. Paravascular Retinal Microholes 
 A paravascular microhole and consequent retinal detach-
ment are specifi c to high myopia. They are typically small, 
round, or oval, and sometimes there are multiple retinal 
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holes adjacent to posterior major vessels [ 155 ]. An OCT 
study of highly myopic eyes reported that the incidence 
rates of retinal cysts and paravascular holes were 50 % and 
27 %, respectively. The vitreoretinal adhesion is normally 
strong at the paravascular site, and traction from the vitre-
ous is believed to be the main cause [ 156 ]. Paravascular 
microholes often co-localize with vascular microfolds and 
retinoschisis, indicating a common pathology.   

   3. Cataract 
 The effect of myopia on cataract is relevant to this discus-
sion of vitreopathy because some cataracts may be acceler-
ated by vitreous liquefaction and because the increased 
risks of cataract are not confi ned to pathological or high 
myopia. 

 Some of the major population-based cross-sectional and 
cohort studies of eye disease have addressed the connection 
between myopia and cataract [ 6 ]. Early case–control studies 
showed no meaningful association [ 157 ]. In the Blue 
Mountains Eye Study of Australia, a cross-sectional study 
of 3,654 people found that increasing severity of early-onset 
myopia was associated with increasing odds ratio of poste-

rior subcapsular (PSC) cataracts [ 158 ]. This same study 
found an increased risk of incident cataract over 5 years, 
particularly PSC, associated with myopia [ 159 ]. Another 
Australian cross-sectional study found increased risk of 
both nuclear and PSC cataracts among myopes [ 160 ]. In the 
prospective Barbados Eye Study, myopia was associated 
with an odds ratio of 2.8 for developing a nuclear opacity 
over 4 years [ 161 ] but not PSC or cortical cataract [ 162 ]. In 
the United States, the Beaver Dam Eye Study reported that 
myopia was associated with prevalent nuclear cataract, but 
not the 5-year incidence of cataract [ 163 ], although the inci-
dence of cataract surgery was higher in myopes [ 164 ] by an 
OR of 1.89. 

 To summarize, cataracts and myopia may be associated 
because nuclear sclerosis causes myopia; however, the pro-
spective cohort studies also indicate that cataract  development 
is accelerated in those with longstanding myopia. It is pos-
sible that an increasingly liquefi ed vitreous in myopic vitre-
opathy is a mechanism by which retinal oxygenation can 
affect the lens more in myopia, accelerating cataract 
 development [see chapter   IV.B    . Oxygen in vitreoretinal 
physiology and pathology]. 

  Figure II.B-10    Typical appearance of the foveal detachment type of myopic foveoschisis. The photoreceptors detach from the retinal pigment 
epithelium (RPE) ( asterisk )       
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  Figure II.B-11    A macular hole surrounded by retinoschisis. This type often occurs after myopic foveoschisis and with underlying traction. This 
type is at high risk for retinal detachment       

  Figure II.B-12    Optical coherence tomograph (OCT) of a myopic staphyloma with full thickness macular hole and central retinal detachment       
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 Key Concepts 

     1.    Posterior vitreous detachment is not an acute pro-
cess, but is instead a series of aging changes in the 
vitreous body that take place over many years.   

   2.    Changes to both hyaluronan and type IX collagen 
have been implicated as the cause of vitreous lique-
faction. The mechanisms underlying dehiscence at 
the vitreoretinal interface are less well understood.   

   3.    Pathology from posterior vitreous detachment 
results from liquefaction without concurrent vitreo-
retinal interface dehiscence, known as  anomalous 
posterior vitreous detachment .     
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   I. Introduction 

 Vitreous undergoes dramatic changes with age, the most nota-
ble called “synchysis senilis,” which refers to the liquefaction of 
the gel with age. An understanding of synchysis from molecular 
to macroscopic levels is crucial because it is directly responsible 
for many important pathologic conditions that form a large and 
diverse group of ocular diseases. Remarkably, these changes 
start in the fi rst few years of life and thus, untoward conse-
quences are not confi ned to the elderly, but have the potential to 
affl ict anyone. The most important event that is directly related 
to vitreous aging is posterior vitreous detachment (PVD). This 
seminal event is the ultimate outcome of a series of vitreous 
changes that occur throughout life in two locations: in the gel 
vitreous body and at the vitreoretinal interface. Although 
remarkably common and usually harmless, PVD is the single 
most important factor underlying pathology that results from 
the aging process in the vitreous body [see chapter   III.B    . 
Anomalous posterior vitreous detachment and vitreoschisis].  

   II. Molecular Composition of Vitreous 

 Understanding the process of aging in the vitreous requires 
knowledge of the molecular components that are ultimately 
responsible for the changes on a macroscopic level. A more 
detailed review of all aspects of vitreous biochemistry is 
available elsewhere in this book [see chapters   I.A    . Vitreous 
proteins;   I.F    . Vitreous biochemistry and artifi cial vitreous]. 

   A. Collagens 

 Type II collagen comprises 60–70 % of all vitreous collagen 
[ 1 ]. Alternative splicing within the second exon creates two 
different forms, IIA and IIB [ 2 ]. Mutations in exon 2, such as 
in Stickler syndrome, result in signifi cant ocular pathology 
that includes very liquefi ed vitreous [ 3 ] and a substantially 
higher risk of retinal detachment arising from large posterior 
retinal breaks [see chapter   I.C     .  Hereditary vitreoretinopathies]. 
Type IX collagen comprises 20–25 % of vitreous collagen [ 1 , 
 4 ]. Unlike type II, it is a heterotrimer and cannot form fi brils, 
but it does interact with the fi brils of other collagens. Alterations 
in the quantity and location of type IX collagen have been pro-
posed as a reason for some of the most important age-related 
vitreous changes [ 5 ,  6 ]. Type V/XI collagen makes up about 
10–15 % of all vitreous collagen [ 2 ]. Type II and the hybrid 
type V/XI collagen combine to form a heterotypic fi bril. Type 
IX collagen attaches to the COL2 domain of type II collagen 
and helps keep the fi brils spaced from one another [ 2 ]. 

 Current evidence suggests that during life vitreous colla-
gens change dramatically in structure, with both aggregation 
and enzymatic cleavage, but there is also evidence of colla-

gen turnover. Advanced glycation end products (AGEs), spe-
cifi cally pentosidine, have been documented, suggesting 
vitreous turnover [ 7 ]. Based on rate of accumulation of pen-
tosidine in nondiabetic individuals, the average half-life of 
vitreous collagen is likely around 15 years, similar to that of 
skin [ 7 ]. In diabetes, there are signifi cant increases in vitre-
ous AGEs [ 8 ,  9 ] [see chapter   I.E    . Diabetic vitreopathy].  

   B. Non-collagenous Components 

 Hyaluronan (HA) is a highly hydrophilic glycosaminogly-
cans (GAG) [see chapter   I.F    . Vitreous biochemistry and arti-
fi cial vitreous] that keeps vitreous collagen suffi ciently 
spaced to minimize light scattering [ 10 ]. Loss of this 
HA-collagen association has been implicated as an important 
part of vitreous aging [ 11 ]. Other important non- collagenous 
molecules include  chondroitin sulfate (CS) and heparin sul-
fate, as well as opticin, a structural protein. CS and HS both 
attach to protein cores to form proteoglycans [ 2 ]. CS interacts 
with type IX collagen and may be important in fi bril aggrega-
tion with aging [ 5 ,  6 ], while HS is also found at the vitreoreti-
nal interface [ 2 ]. Opticin, which is not a GAG, is found at the 
vitreoretinal interface as well as on the surface of heterotypic 
collagen fi brils [ 12 ,  13 ]. Its role may be important in vitreo-
retinal adhesion and in preventing  neovascularization [see 
chapter   IV.C    . Vitreous and iris neovascularization].   

   III. Vitreous Structure 

   A. Vitreous Body 

 Comprised mostly of water, the vitreous body is important in 
maintaining both optical clarity and structural integrity of the 
eye. For transparency, collagen fi brils are spread apart in 
youth by association with HA molecules. The collagen fi bers 
attain their highest concentration at the vitreous base and 
lowest concentration in the central vitreous body. At the vit-
reous base the fi bers course perpendicular to the eye wall 
which results in strong mechanical vitreoretinal adhesion in 
the periphery [ 14 ,  15 ].  

   B. Posterior Vitreous Cortex 

 The posterior vitreous cortex is the outer shell of the vitreous 
that extends from the vitreous base posteriorly to adhere to 
the entire posterior retina. Similarly, there is an anterior vitre-
ous cortex that courses anteriorly from the vitreous base and 
adheres to the posterior lens surface. The posterior vitreous 
cortex varies in thickness between 100 and 110 μm [ 16 ] and 
is actually absent over the optic disc (i.e., the prepapillary 
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hole) [ 15 ,  17 ]. The cortex is thinnest in the fovea and increases 
in thickness as it extends outward [ 18 ] [see chapter   III.E     .  
Vitreo-papillary adhesion and traction]. Unlike at the vitreous 
base, the collagen fi brils in the posterior vitreous cortex run 
parallel to the plane of the retina (Figure  II.C-1 ). This orienta-
tion does not allow any direct insertion into the retina and 
accounts for the weaker adhesion along this zone [ 15 ,  19 ].

   An important structural feature of the posterior vitreous cor-
tex is its lamellar organization. Much like an onion, the posterior 
vitreous cortex is comprised of layers that are potential cleavage 
planes through which the structure can split, a phenomenon 
known as “vitreoschisis” which can occur endogenously or dur-
ing membrane peel surgery [see chapter   III.B    . Anomalous pos-
terior vitreous detachment and vitreoschisis]. Indeed, Gupta 
et al. [ 20 ] showed that vitreoschisis is present in a much higher 
percentage of patients with macular hole and macular pucker 
than normal controls [see chapters   III.F    . Vitreous in the 
 pathobiology of macular pucker;   III.C    . Pathology of vitreomac-
ulopathies]. Another unique feature of the posterior vitreous 
cortex is that hyalocytes are embedded within it. These cells, 
which are located approximately 20–50 μm from the retina, 
form a monolayer in the posterior vitreous cortex [ 10 ]. Their 
main function is to serve as important immunomodulating cells 

and help maintain vitreous clarity through their phagocytic 
activity. Pathologically, they are likely to be important in early 
stages of a number of disease entities involving preretinal mem-
branes, like macular pucker, and serve as the main contractile ele-
ments by differentiating into myofi broblasts [see chapters   II.D    . 
Hyalocytes: essential vitreous cells in vitreoretinal health and dis-
ease;   III.F     .  Vitreous in the pathobiology of macular pucker].  

   C. Vitreous Base 

 The vitreous base “anchors” the vitreous body and is the 
point of insertion for vitreous collagen fi brils. Its anterior 
border is approximately 2 mm anterior to the ora serrata, and 
the posterior border, which extends posteriorly over time, is 
between 1 and 3 mm posterior to the ora serrata [ 21 ,  22 ]. 
Additionally, the vitreous base is not a fl at structure but 
actually extends into the anterior vitreous body as well. As 
mentioned above, the vitreous base is the location of high-
est collagen concentration and the only zone where collagen 
fi bers course perpendicular to the retina. These fi bers insert 
anterior and posterior to the ora serrata (Figure  II.C-2 ) form-
ing a dense doughnut-like structure that straddles the ora 

  Figure II.C-1    Scanning electron micrograph demonstrating the dense matrix of collagen fi brils in the human posterior vitreous cortex       
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serrata. While biochemical interactions may underlie vitreo-
retinal adhesion elsewhere in the fundus, mechanical inser-
tion is a unique property of the vitreous base where vitreous 
collagen fi brils directly interdigitate with the nonpigmented 
epithelium of the ciliary body and the neuroglia of the periph-
eral retina. This strong mechanical adhesion is likely respon-
sible for persistent attachment along the  vitreous base [ 15 ] 
despite PVD elsewhere and explains the propensity for reti-
nal tears to occur at the posterior border of the vitreous base 
[see  chapter   III.H    . Peripheral  vitreo-retinal pathologies].

      D. Vitreoretinal Interface 

 Possibly the most complex region of the vitreous is the nar-
row zone of adhesion between the vitreous and the retina, 
known as the vitreoretinal interface. The vitreoretinal inter-
face is made of three distinct components: the posterior vit-

reous cortex (see above), the inner limiting membrane of the 
retina [see chapter   II.E    . Vitreoretinal interface and inner 
 limiting membrane], and the extracellular matrix between 
the two. The inner limiting membrane (ILM) is the basal 
lamina of the retina and serves as the basement membrane 
for the Müller cells. Over the optic disc, the ILM actually 
ceases and transitions to the inner limiting membrane of 
Elschnig and the membrane of Khunt [ 10 ,  15 ,  23 ] [see 
 chapter   III.E    . Vitreo-papillary adhesion and traction]. These 
topographical variations are important because numerous 
studies have demonstrated an inverse relationship between 
strength of vitreoretinal adhesion and ILM thickness [ 15 , 
 24 ]. Studies [ 25 ] demonstrated that there were persistent 
remnants of vitreous cortex in the fovea after spontaneous 
posterior vitreous detachment with diameters of approxi-
mately 500 and 1,500 μm, both areas with thin ILM. 

 The other important component of the vitreoretinal 
interface is the extracellular matrix (ECM), also called the 

  Figure II.C-2    Dark-fi eld slit micrograph demonstrating the collagen fi brils of the vitreous base inserting anterior and posterior to the ora serrata 
( arrow ). The posterior aspect of the lens is seen [ 24 ]       
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 vitreoretinal border region of Heegaard. The ECM func-
tions as the biochemical glue that keeps the two structures 
 adherent in the absence of mechanical adhesions. The 
molecular components of the ECM are numerous but are 
known to include fi bronectin, laminin, opticin, and chon-
droitin sulfate proteoglycans. Russell [ 12 ] proposed a model 
by which the ECM maintains integrity of the vitreoretinal 
interface. In his theory a 240-kDa protein core is bound to 
the type IV  collagen of the ILM. Attached to the protein 
core are a series of chondroitin sulfate glycosaminoglycans 
(GAG) that are present on the vitreal side of the ILM. The 
GAGs bind to a fi brillar protein, most likely opticin, which 
then interacts with type II collagen of the cortical vitreous. 
Through this chain of interaction, ILM to core protein to 
GAG to opticin to cortical vitreous, a relatively strong bio-

chemical adhesion is formed [ 12 ]. This type of biochemical 
adhesion appears to present throughout the retina, not just 
along the posterior pole. Evidence for this fact comes from 
studies examining the effect of ABC chondroitinase on the 
vitreoretinal interface. Chondroitinase causes an enzymatic 
destruction of the chondroitin sulfate adhesion process, and 
exposure to it caused complete dissociation of the vitreous 
from the retina, even along the vitreous base [ 26 ,  27 ] [see 
chapter   VI.H    . Chondroitinase as a vitreous interfactant: 
 vitreous disinsertion in the human]. 

 Another important consideration in the topographical 
variations of the vitreoretinal adhesion is the optic disc. Over 
the optic disc head, there is no posterior vitreous cortex and 
no inner limiting membrane, only the very thin membranes 
of Elschnig and Khunt [ 28 ]. Along the borders of the optic 

  Figure II.C-3    Slit-lamp photo of a Weiss ring in the posterior vitreous cortex following PVD       
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disc, however, there are strong vitreoretinal adhesions. The 
nature of these adhesions likely falls somewhere between the 
biochemical adhesions of the remaining posterior pole and 
mechanical  insertions of the vitreous base. What is known is 
that this  peripapillary adhesion is often the last area of the 
retina, other than the vitreous base, to separate during a pos-
terior vitreous detachment. Additionally, this separation is 
often associated with a rim of neuroglial tissue coming off 
the retina along with the vitreous, a fi nding clinically identi-
fi ed as a Weiss ring [ 29 ] (Figure  II.C-3 ).

   That PVD can tear away peripapillary tissue suggests a 
strong adhesion between the fi bers of the vitreous cortex and 
glial tissue of the optic nerve head. In fact, cortical vitreous 
fi bers have been shown to mechanically intertwine with the 
basal lamina and astroglial epipapillary membranes present 
in that area [ 30 ]. Whether this adhesion is purely mechanical 
or a mixture of mechanical and biochemical remains to be 
determined. Interestingly, in diabetic patients the peripapil-
lary vitreous often remain persistently attached. The mecha-
nism for this is likely related to the presence of neovascular 
membranes that preferentially proliferate through the pre-
papillary hole in the vitreous cortex [ 31 ]. These membranes 
function as additional anchors strengthening peripapillary 
vitreoretinal adhesion [see chapter   III.E    . Vitreo-papillary 
adhesion and traction].   

   IV. Aging Changes in the Vitreous Body 

 Vitreous aging is characterized by two separate processes 
that occur in parallel: gel liquefaction and vitreoretinal inter-
face weakening. Each contributes to the principal aging 
event of the adult vitreous, posterior vitreous detachment. 

   A. Liquefaction 

 The fi rst appearance of liquid vitreous is actually in child-
hood [ 32 ,  33 ]. Age-related liquefaction is called “synchy-
sis senilis”; however, liquid vitreous has been documented 
at all ages (Figure  II.C-4 ). In many young individuals a 
major cause of vitreous liquefaction is myopia which is 
known to lead to PVD at an earlier age than in emmetro-
pia. Yonemoto [ 34 ] found that 0.91 years could be sub-
tracted from the average age of PVD development 
(61 years) for each diopter of myopic refractive error. This 
is presumably at least in part related to precocious vitreous 
liquefaction. The pathway through which myopia affects 
PVD may be a decrease in HA concentration [ 35 ]. Others 
have suggested that in myopic eyes there may actually be 
an increase in synthesis of liquid vitreous more so than an 
increase in liquefaction of existing gel vitreous [ 36 ,  37 ] 
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  Figure II.C-4    Graph depicting the volume of gel and liquid vitreous throughout life. Note that liquid vitreous begins appearing, albeit in small 
quantities, during the fi rst 5 years of life. Each data point represents the average derived from the number of eyes listed across the top of the graph       
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[see chapter   II.B    . Myopic vitreopathy]. In addition, there 
are number of conditions that may cause increased lique-
faction at an earlier age, most related to inborn errors of 
collagen metabolism. Collagen disorders such as Marfan, 
Ehlers-Danlos, Stickler [ 38 ], and Knobloch syndromes 
[ 39 ] all have substantial ocular manifestations usually 
associated with advanced vitreous liquefaction [see chap-
ter   I.C    . Hereditary vitreoretinopathies].

   With advancing vitreous liquefaction, pockets of liquid vit-
reous called lacunae form within the gel. As originally 
described by Worst [ 40 ], the fi rst lacunae form in the premacu-
lar vitreous (Figure  II.C-5 ). The reason for this specifi c loca-
tion is unclear, but several theories exist. One is that the macula 
is the site that the majority of the light, and therefore light 
radiation, is focused. Visible light radiation exposure is thought 
to produce free radicals [ 41 ] that predispose the premacular 
vitreous to breakdown at a younger age than other parts of the 
vitreous body [ 42 ,  43 ]. A second theory is similarly reliant on 
free-radical damage but posits that the free radicals are a 
byproduct of being located near the highly metabolically 
active macula [ 44 ]. It is also plausible that like Cloquet’s canal, 
this bursa is an embryologic vascular remnant.

   By the teenage years, 20 % of the total vitreous has 
undergone synchysis [ 32 ], and by 70 years of age, this 
increases to 50 % [ 45 ]. Importantly, it is usually around the 
age of 40 that enough vitreous has liquefi ed to produce 
fi ndings evident on clinical slit-lamp biomicroscopy as 
gray linear structures and pockets of liquid vitreous devoid 
of any light scattering. Dark- fi eld slit microscopy has docu-
mented the presence of fi bers in the adult human vitreous 
and characterized their distribution (Figure  II.C-6a ). 
Transmission electron microscopy has determined that 

these visible fi bers are aggregated vitreous collagen fi brils 
organized into bundles [ 46 ] (Figure  II.C-6b ). Indeed, all 
theories of vitreous liquefaction maintain a central role for 
collagen. Although there is evidence of vitreous collagen 
turnover throughout life (see section I above), turnover 
alone would not account for the dramatic structural changes 
that vitreous undergoes. Three theories to be  discussed 
include changes in the hyaluronan-collagen association, 
loss of type IX collagen from the surface of heterotypic 
collagen fi brils, and enzymatic collagen destruction.

   One of the leading theories explaining vitreous liquefac-
tion explores the role of hyaluronan (HA). As described above 
HA is a hydrophilic glycosaminoglycans that is important in 
short- and long-range spacing of collagen fi brils [see chapter 
  I.F    . Vitreous biochemistry and artifi cial vitreous]. While the 
collagen provides the matrix, HA draws the water that effec-
tively provides the matrix structure by hydrating it [ 47 ,  48 ]. 
In theory, if the nature of the HA-collagen interaction were 
to change, either through loss of HA or another mechanism, 
the collagen matrix would collapse and the liquid inside 
would form pockets. Following HA dissociation from col-
lagen, the collagen fi brils cross-link with one another and 
undergo lateral fusion into larger aggregates. Increasing the 
collagen content in the residual gel vitreous while simul-
taneously decreasing it elsewhere leads to liquid lacunae 
(Figure  II.C-6c ). This theory is supported by the fi nding 
that eyes with posterior vitreous detachment had a lower 
concentration of HA than eyes with an intact vitreous [ 11 ]. 
Circumstantial evidence derives from the observation that 
as HA concentration decreases the volume of the vitreous 
gel decreases as well [ 6 ]. There may also be HA structural 
changes that alter its interaction with collagen. Free-radical 

  Figure II.C-5    Optical coherence tomography image demonstrating a premacular lacuna in the posterior vitreous of a 22-year-old female       
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a

  Figure II.C-6    ( a ) Dark-fi eld slit microscopy of human vitreous struc-
ture. The sclera, choroid, and retina were dissected off the vitreous 
body which is left attached to the anterior segment. Illumination is 
provided by a slit-lamp beam shining in from the side, creating a hori-
zontal optical section through the eye. All photographs are oriented 
with the anterior segment below and the posterior pole above.  Top left : 
Posterior vitreous in the left eye of a 52-year-old man. The vitreous 
body is enclosed by the vitreous cortex. There is a hole in the prepapil-
lary (small, to the  left ) vitreous cortex. Vitreous fi bers are oriented 
toward the premacular region.  Top right : Posterior vitreous in a 
57-year-old man. A large bundle of prominent fi bers is seen coursing 
anteroposteriorly and entering the retrocortical space by way of the 
premacular vitreous cortex.  Row 2 left : Same photograph as top right, 
at higher magnifi cation.  Row 2 right : Posterior vitreous in the right eye 
of a 53-year-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 out into the 
retrocortical space.  Row 3 left : Horizontal optical section of the same 
specimen as row 2 right at a different level. A large fi ber courses pos-
teriorly from the central vitreous and inserts into the premacular vitre-
ous cortex.  Row 3 right : Same view as row 3 left at higher magnifi cation. 
The large fi ber has a curvilinear appearance because of traction by the 
vitreous extruding into the retrocortical space. However, because of its 
attachment to the posterior vitreous cortex, the fi ber arcs back to its 
point of insertion.  Bottom left : Anterior and central vitreous in a 
33-year-old woman. The canal of Cloquet is seen forming the retrolen-
tal space of Berger.  Bottom right : Anterior and peripheral vitreous in a 
57-year-old man. The specimen is tilted forward to enable visualiza-
tion of the posterior aspect of the lens and the peripheral anterior vitre-
ous. To the right of the lens, there are fi bers coursing anteroposteriorly 
that insert into the vitreous base. These fi bers splay out to insert ante-
rior and posterior to the ora serrata (From Sebag [ 24 ]) 
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( b ) Transmission electron microscopy of 
human vitreous detected bundles of collagen fi brils shown longitudi-
nally to the left and in cross section to the right. The inset in the left 
image is a high magnifi cation of the bundle of fi brils demonstarting 
their collagenous nature [ 46 ]. ( c ) Left image ( middle ) shows the 
homogenous gel vitreous of a 33-week gestational age human. The 

only light-scattering structure is the remnant of the hyaloid artery 
( black arrow ).  Right image  demonstrates the formation of central vit-
reous fi bers ( white arrow ) in a 59-year-old subject.  Bottom left image  
shows the extensive degeneration of the gel structure in an 88-year-old 
human with dense fi brous aggregation and adjacent gel liquefaction, 
sometimes forming lacunae ( asterisk )           

Figure II.C-6 (continued)

damage has been shown to change the average molecular 
weight of HA [ 49 ]. Additionally, the chromatographic elu-
tion profi le and optical properties of HA have been shown to 
be different in gel versus liquefi ed vitreous [ 50 ], suggesting 
that changes in structural properties play an important role 
in vitreous liquefaction. Additionally, it provides a plausible 
explanation for the development of more extensive vitreous 
liquefaction earlier in life in diabetic patients compared to 
nondiabetics. Since diabetes increases glucose concentration 

in the vitreous [ 51 ], collagen is more likely to develop non-
enzymatic glycation [ 8 ,  52 ] and with free-radical damage to 
HA [ 49 ] lead to earlier vitreous liquefaction [see chapter   I.E    . 
Diabetic vitreopathy]. 

 One problem with the HA theory, however, is that experi-
mental studies showed that even with almost complete 
removal of HA, vitreous did not liquefy. Although the vol-
ume of the gel did decrease, there was not extensive gel liq-
uefaction even after over 90 % of the HA had been 
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depolymerized using  Streptomyces  HA lyse [ 6 ]. Thus, 
another mechanism that has been proposed for the liquefac-
tion of vitreous over time is the loss of type IX collagen from 
the surface of the heterotypic collage fi brils [ 5 ,  53 ]. As 
described above, type IX collagen binds to the type II colla-
gen in the heterotypic collagen fi brils. This is important in 
maintaining spacing between collagen fi brils because 
unbound type II collagen has a natural propensity to aggre-
gate with other type II collagen molecules. Studies [ 53 ] have 
shown that type IX collagen has shorter half-life (approxi-
mately 11 years), as compared to other forms of collagen. 
Additionally, loss of type IX collagen has been shown to 
cause type II collagen aggregation. This has been proven by 
enzymatically cleaving the CS chains of type IX collagen 
using ABC lyase and observing subsequent type collagen 
bundling [ 53 ]. 

 While most of the prevailing theories on vitreous lique-
faction involve collagen aggregation, a third theory actually 
proposes that collagen breakdown is the primary cause. Los 
and colleagues [ 54 ] demonstrated an increase in collagen 
fragments associated with aging. Further studies on the 
topic suggested that enzymatic breakdown, possibly from 
matrix metalloproteinases or other enzymes, is responsible 
specifi cally for collagen type II destruction over time.  

   B. Structural Changes 

   1. Fibrous Aggregation 
 As vitreous liquefi es, collagen aggregates into bundles 
(Figure  II.C-6b ) that become visible with biomicroscopy 
[ 32 ,  46 ] (Figure  II.C-6a, c ). Liquefaction and concomitant 
dehiscence at the vitreoretinal interface results in entry 
of liquid vitreous between the inner limiting membrane of 
the retina and posterior vitreous cortex. This volume 
 displacement from within the vitreous body to the space 
forming between vitreous and retina results in collapse 
(“syneresis”) of the vitreous body, an important event in vit-
reous aging. Aside from being a crucial step in the process of 
posterior vitreous detachment, to be discussed below, the 
rheological changes caused by liquefaction play an impor-
tant role in ocular physiology [see chapter   IV.A    . Vitreous 
physiology] and many disease entities, ranging from nuclear 
sclerotic cataract formation to primary open-angle glaucoma 
and proliferative diabetic retinopathy. The critical pathway 
by which liquefi ed vitreous affects these disease states is 
oxygen diffusion [see chapter   IV.B    . Oxygen in vitreoretinal 
physiology and pathology]. Oxygen is known to move from 
retinal arterioles into [ 55 ] the vitreous via diffusion. However, 
oxygen in gel vitreous can only reach other parts of the vitre-
ous via further diffusion, a relatively slow process. Once the 

vitreous has liquefi ed, however, fl uid currents generated by 
eye movements quickly disperse the oxygen throughout the 
entire vitreous, greatly altering the geographical oxygen con-
centration gradients in the vitreous [ 56 ]. Additionally, as vit-
reous liquefi es it consumes less oxygen than it does in its gel 
state [ 57 ]. This results in a higher  oxygen concentration in 
the vitreous cavity. It is this alteration in oxygen distribution 
and consumption that has been proposed as the cause of 
pathological changes in the eye associated with vitreous liq-
uefaction [ 55 ,  57 ].  

   2. Vitreous Base Migration 
 Like the vitreous body and vitreoretinal interface, the vitre-
ous base undergoes changes over time. The most signifi cant 
change is that the posterior border of the vitreous base 
migrates posteriorly. At birth the posterior border of the vit-
reous base is usually at or minimally past the posterior edge 
of the ora serrata. As the vitreous ages, however, this border 
migrates farther posteriorly into the peripheral retina itself 
[ 21 ]. This process is possibly due to synthesis of new colla-
gen in the anterior retina that migrates through the ILM and 
intertwines with existing vitreous collagen [ 22 ]. Interestingly, 
this process appears to happen to a greater extent on the tem-
poral side as compared to the nasal side. This fact may 
explain the phenomenon that retinal tears occur with greater 
frequency temporally rather than nasally.  

   3. Vitreoretinal Interface Weakening 
 Gel liquefaction with vitreous body collapse can only result 
in an innocuous posterior vitreous detachment (PVD) if there 
is concurrent weakening of the vitreoretinal interface. Foos 
demonstrated that despite a substantial part of the vitreous 
being liquefi ed earlier, posterior vitreous detachment rarely 
occurred before the age of 60, a fact that has been attributed 
to persistent vitreoretinal adhesion [ 45 ]. While the vitreoreti-
nal interface does weaken, and often dehisce, one area that 
does not separate is the vitreous base, where strong 
 mechanical adhesions prevent vitreoretinal separation, even 
in the setting of complete PVD. Other sites of fi rm adhesion 
are at the optic disk, macula, and along retinal blood vessels 
but is important to appreciate that rather than just focal 
adherence at these locations, vitreous adheres to the entire 
posterior pole in a fascial manner (Figure  II.C-7a ). At times, 
the circular edge of the central zone of the premacular vitre-
ous cortex is the site of membrane formation in proliferative 
diabetic retinopathy or the site of vitreo-macular traction 
(larger circle to the right in Figure  II.C-7b  and Video 
 II.C-1 ).

   There are many theories about the mechanisms underly-
ing vitreoretinal interface weakening. One theory states that 
Müller cells play an important role. Müller cells are known 
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to synthesize some of the extracellular matrix components of 
the vitreoretinal interface. Kloti and colleagues demonstrated 
that Müller cell infarction led to dissolution of the attach-
ment between the ILM and the PVC and hypothesized that 
this was underlying mechanism behind age-related vitreo-
retinal interface changes [ 59 ]. Along a similar line of reason-
ing, other studies have hypothesized that it is thickening of 
the ILM over time [ 60 ] that mechanically prevents Müller 
cells from getting ECM proteins into the vitreoretinal 
 interface [ 58 ]. Progressive ILM thickening over time is a 
well- documented phenomenon and thus provides at least a 
temporal association with vitreoretinal interface weakening 
[see chapter   II.E    . Vitreoretinal interface and inner limiting 
membrane]. 

 Another popular theory centers on the collagen content, 
specifi cally type XVIII, in the ECM [ 61 ,  62 ]. As mentioned 
above, vitreoretinal adhesion involves the interaction of 
GAGs, collagen, and opticin. Type XVIII collagen has been 
proposed as one of the crucial collagens in that chain of 
interactions because it forms a heparin sulfate proteoglycan 
which binds to opticin [ 2 ,  13 ]. In fact, knock-out mice defi -
cient in type XVIII collage have increased vitreoretinal dis-
insertion. Opticin knock-out mice, however, do not appear to 
have increased rate of dehiscence [ 62 ].    

   V. Posterior Vitreous Detachment 

 Posterior vitreous detachment (PVD) is the fi nal step in the 
long process of vitreous aging. It is defi ned as a complete 
separation of the vitreous from the retina in all areas poste-
rior to the vitreous base (Figure  II.C-8 ). It occurs without 
untoward sequelae if both liquefaction and vitreoretinal 
dehiscence have occurred in a suffi cient amount and is insti-
gated by static and dynamic forces associated with eye 
movement. Although PVD is a natural part of aging and usu-
ally does not result in any problems, PVD can be the inciting 
event for numerous vitreoretinal pathologies. Studies sug-
gest up to 24 % of symptomatic PVDs result in retinal 
 complications [ 34 ,  63 ,  64 ] [see chapter   III.B    . Anomalous 
posterior vitreous detachment and vitreoschisis]. Thus, 
understanding the process of PVD is helpful in defi ning the 
pathophysiology behind many important clinical conditions.

     A. Epidemiology 

 PVD is one of the most common events that occur in vitre-
ous. Autopsy studies [ 45 ] show that by the seventh decade of 
life, PVD is present in 51 % of all eyes and by the eighth 
decade the prevalence increases to 63 %. Similarly, clinical 

studies have shown a prevalence of 65 % after the age of 65 
[ 65 ]. Overall, the average age of onset is approximately 61 
years [ 34 ]. Comparing prevalence to degree of liquefaction 
shows a signifi cant increase in PVD when over 60 % of the 
vitreous has liquefi ed as compared to only 50 % liquefaction 
[ 45 ]. Several other factors can infl uence the onset of 
PVD. One interesting factor is female gender. The average 
age of onset for females has been shown to be statistically 
signifi cantly earlier than males [ 34 ,  45 ,  66 ]. The mechanism 
for the age disparity has been attributed to postmenopausal 
loss of estrogen [ 63 ]. The decrease in estrogen may cause a 
decrease in hyaluronan synthesis leading to increased lique-
faction as described above [ 11 ,  45 ]. This theory is supported 
by animal evidence showing a decrease in hyaluronan with 
decreased exposure to sex hormones [ 67 ]. Another proposed 
pathway is that the antioxidant and insulin-dependent glu-
cose regulation roles of estrogen are affected by menopause. 
Van Deemter et al. showed that females accumulate advanced 
glycation end products (AGEs) at a faster rate than men, 
 particularly after menopause [ 7 ]. 

 Another risk factor for earlier PVD is myopia [ 63 ]. 
Yonemoto et al. [ 34 ] found that 0.91 years could be sub-
tracted from the average age of PVD (61 years) for each 
diopter of myopic refractive error. That study included eyes 
that had undergone either complete posterior vitreous detach-
ment or partial PVD with residual retinal adhesions. The 
pathway through which myopia affects PVD is likely related 
to a decrease in hyaluronan concentration [ 35 ]. Others have 
suggested that in myopic eyes there may actually be an 
increase in synthesis of liquid vitreous more so than an 
increase in liquefaction of existing gel vitreous [ 36 ,  37 ]. 

 Additionally, many disorders of collagen metabolism 
affect PVD incidence. As mentioned above, increased vit-
reous liquefaction is seen in Marfan, Stickler, Ehlers-
Danlos, and other collagen disorders [see chapter   I.C    . 
Hereditary vitreoretinopathies]. An important distinction 
for this group of disorders is that the liquefaction occurs at 
a rate far out of proportion to vitreoretinal dehiscence. Due 
to that fact, patients with these collagen disorders often 
have persistent vitreoretinal adhesion even after near com-
plete vitreous liquefaction and thus may not undergo an 
innocuous PVD. Other factors that have been shown to 
increase vitreous liquefaction and PVD are trauma, apha-
kia, infl ammation, retinal vascular diseases, and vitreous 
hemorrhage [ 68 ].  

   B. Pathophysiology 

 The most important processes in the pathophysiology of 
PVD are gel liquefaction and vitreoretinal dehiscence. While 
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these are necessary, they may not be suffi cient since there are 
other events that contribute to complete PVD. One important 
event is that liquid vitreous must enter the retrocortical/pre-
retinal space, essentially the vitreoretinal border region of 
Heegaard [ 23 ]. The path through which the gel obtains 
access to this area is unclear. One widely accepted route is 
through the prepapillary hole in the posterior vitreous cortex. 
The presence of this hole is documented on numerous histo-
logic studies and provides a logical explanation for liquid 
vitreous entry into the retrocortical/preretinal space [ 24 ,  45 , 
 69 ]. However, as pointed out by Johnson [ 29 ], vitreo- 
papillary adhesion is usually the last to release during 

PVD. Thus, another possible route is through the premacular 
vitreous cortex. While a “hole” can sometimes be seen in the 
premacular vitreous cortex after vitreo-macular separation 
(Figure  II.C-7b ), it was long ago pointed out by Sebag and 
recently confi rmed by OCT imaging [ 29 ,  70 ,  71 ] that such a 
hole usually does not exist in vivo. In some cases of PVD, 
there can be a prolapse of vitreous through this region, as 
fi rst proposed by Jaffe in 1968 [ 72 ] and as identifi ed by Kishi 
who found an oval-shaped defect in the premacular cortex 
through which vitreous herniated in 10/36 cases at autopsy 
[ 33 ]. Indeed, Gärtner likened this to herniation of the inter-
vertebral disk and questioned whether the two events were 

a

  Figure II.C-7    Age-related differences at the vitreoretinal interface. 
There is fi rm adhesion of vitreous to the vitreous base, optic disc, mac-
ula, and along retinal blood vessels. In addition, there is strong adhe-
sion throughout the posterior pole in a fascial (rather than focal) 
distribution. This is demonstrated by the different appearance of the 
posterior pole following peeling of the retina off the posterior vitreous 
in young subjects ( a ) as compared to middle-aged subjects ( b ). ( a ) 
Imaging of the posterior vitreous cortex in youth. After peeling the 
retina off the posterior vitreous, there is a different appearance from 
that obtained in all middle-aged subjects (see Figure  II.C-7b ). By dark-
fi eld slit microscopy, there appears to be an additional layer of tissue 
adherent to the posterior vitreous ( top left image , this page). Within this 
tissue is a hole corresponding to the prepapillary posterior vitreous with 
linear branching structures that have a pattern identical to retinal blood 
vessels ( black arrows ). The  white arrow  indicates the site correspond-

ing to the fovea. This tissue was processed for scanning electron 
microscopy ( upper right image ) which revealed the presence of mound-
like structures ( mc ) adherent to the inner limiting membrane ( ILL ). 
Transmission electron microscopy ( lower left image ) identifi ed these 
mounds as the inner segment footplates of Müller cells ( mc ) adherent to 
the ILM [ R  retina,  V  vitreous]. Thus, in youth the adhesion of vitreous 
to retina was stronger than the Müller cells themselves. This occurred 
only in subjects younger than 20 years of age and only in the posterior 
pole (From Sebag [ 58 ]). ( b , see next page) Dark- fi eld slit microscopy 
imaging of the posterior vitreous cortex in middle age. Demonstrated 
are the peripapillary hole (smaller “hole” to the left;  black arrows ) with 
extruding vitreous ( white arrows ) and the premacular hole (larger 
“hole” to the right) with extruding vitreous fi bers. Hyalocytes appear as 
bright punctate structures embedded within the peripheral and posterior 
vitreous cortex         
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not somehow related [ 73 ]. Given the biochemical similarities 
between vitreous and joints [see chapter   I.F    . Vitreous bio-
chemistry and artifi cial vitreous], this is plausible. Even if a 
true hole is not present, the premacular vitreous cortex likely 
does play a role in liquid vitreous dissection of a plane 
between the posterior vitreous cortex and the ILM since as 
the vitreous liquefi es this region of the cortex becomes thin 
and thus more prone to microscopic defects [ 68 ,  74 ]. 

 Once liquid vitreous enters the retrocortical/preretinal 
space, it begins to hydrodissect a plane separating vitreous 
from retina. Extensive mathematical modeling has been 
done to explore the role of saccadic eye movements on vit-
reous movement. Most early models failed to account for 
the unique geometry of the eye. For instance, early work by 
Lindner [ 75 ] and later Rosengren [ 76 ] utilized a cylindrical 
chamber to model the complex fl uid dynamics of the eye. 
A more recent model presented by David et al. [ 77 ] 
assumed a spherical shape for the vitreous body. That 
model, while more accurate, failed to account for lens-
induced fl attening of the anterior vitreous. Even so, it pre-
sented an interesting representation and directly related 
shear stress on the retina induced by vitreous movement to 
axial length of the eye. Finally, the most recent model, as 
described by Abouali, accounted for lens geometry while 

also comparing the effect of changing viscosity in the 
aging vitreous. This model suggested that as vitreous liq-
uefi es the intensity of secondary fl ow increases by as much 
as 500 % as compared to a complete gel state. This sug-
gests that the movement of vitreous, particularly near its 
boundaries, increases dramatically as the vitreous liquefi es 
[ 78 ]. Other work that used a similar anatomically correct 
model for the eye showed that this effect is not so much 
infl uenced by the amplitude of saccadic eye movements as 
it is frequency of movement [ 79 ]. This suggests that is the 
frequent smaller movements that play the largest role in 
moving the liquefi ed vitreous. 

 The process of hydrodissection often follows a well- 
defi ned sequence that is infl uenced by previously described 
areas of increased vitreoretinal adhesion. This sequence has 
been described by Johnson [ 68 ,  80 ] as a 5-stage process 
(Stages 0–4; Figure  II.C-9 ). Stage 0 is complete attachment 
throughout the fundus. Stage 1 involves detachment of the 
perifoveal posterior vitreous cortex, probably because this 
is the area where the liquefi ed gel fi rst gains access to the 
 retrocortical/preretinal space. Although there is perifoveal 
vitreous detachment, there is persistent vitreo-foveal adhe-
sion at this early stage. As described above, studies have 
documented a 500-μm diameter area of strong vitreoretinal 

b

Figure II.C-7 (continued)
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adhesion in the foveola [ 25 ]. This strongly adherent foveo-
lar zone does not detach until stage 2, at which point there 
is complete macular separation. In stage 3, there is a near-
total PVD involving the entire retina except for the vitreo-
papillary zone. Apart from the vitreous base, the immediate 
peripapillary zone is the area of strongest vitreoretinal 
adhesion and thus is the last site of vitreoretinal separation 
in the posterior fundus. In stage 4, there is release of the 

vitreo-papillary adhesion and total PVD. It is this last stage 
that is most often the clinically recognized event [ 29 ,  68 ].

      C. Clinical Presentation 

 When describing the clinical presentation of PVD, it is 
important to make a distinction about where in the process of 

  Figure II.C-8    Preset lens biomicroscopy of posterior vitreous detach-
ment  in vivo . The posterior vitreous cortex ( black arrows ) is detached 
away from the disc (to the left), macula, and retinal vessels (seen ema-
nating from the optic disk). Commonly seen on clinical ultrasonography, 

the typical sigmoid confi guration of the detached posterior vitreous 
is due to the effects of gravity upon the superior vitreous which 
descends inferiorly after detaching from the retina (Courtesy of 
Clement Trempe, MD)       
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PVD symptoms occur. Barring a complication in an early 
stage (as described below), PVD is usually asymptomatic 
until the fi nal stage of vitreo-papillary dehiscence. Even 
then, many PVDs occur with no symptoms at all. The symp-
toms described in this section are only those caused by a 
complete PVD and not those caused by all previous stages, 
which will be discussed later. 

 The most common symptom resulting from PVD is  fl oat-
ers  [see chapter   V.B.8    . Vitreous fl oaters and vision: current 
concepts and management paradigms]. Floaters can result 
from shadows cast by Weiss ring, intravitreal blood, or con-
densed vitreous fi bers. Their movement during saccadic eye 
movements is characterized by over-damping which creates 
a noticeable visual phenomenon in many patients. Recent 
studies suggest that these symptoms have a signifi cantly 
negative impact on patients’ quality of life [ 81 ,  82 ]. Since 
the fl oaters have a different acoustic refl ectivity than normal 

gel vitreous, they can be visualized on B-scan ultrasound 
and are represented by increased speckling of the image. 
B-scan image speckle density has been shown to increase 
with age. Additionally, by quantifying the motion of the 
speckles on ultrasound, the movement and viscosity of the 
vitreous can be measured in vivo [ 83 ] [see chapter   II.F    . 
Imaging vitreous]. 

 Another common clinical symptom in PVD is photop-
sia or Moore’s light fl ashes. Symptomatic fl ashes occur in 
between 27 and 42 % of PVD cases [ 72 ]. These are thought 
to result from either traction [ 84 ] or impact [ 85 ] exerted by 
the vitreous onto the retina and may signify a higher risk 
of retinal tears [ 72 ]. It is especially useful to query patients 
whether photopsia can be triggered by head movement or 
ocular saccades. If this is the case and the photopsia are 
described as a c-shaped arc of light that fl ashes off to the 
side, then it is likely they are experiencing vitreous traction 

Stage 2Stage 1

Stage 3 Stage 4

  Figure II.C-9    Schematic representation of the last 4 stages (stage 0 not shown) of posterior vitreous detachment (d’après Johnson [ 68 ])       
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upon the peripheral retina with an increased risk of retinal 
tears. Interestingly, mathematical models of vitreous motion 
have shown that eyes with longer axial length experience 
larger sheer forces exerted onto the retina by the movement 
of vitreous during saccadic eye movements. This is another 
possible explanation for the increased incidence of retinal 
tears and detachments in myopic individuals [ 77 ]. Similar 
traction upon retinal or optic disk blood vessels [ 72 ,  86 ] can 
induce hemorrhage, noted in 21 % of eyes with symptomatic 
PVD [ 66 ]. 

   1. Time Course 
 PVD has long been perceived as a relatively acute process 
that occurs following a long process of gel liquefaction and 
weakening of the vitreoretinal adhesion. However, this is 
only true of the fi nal stage of PVD, i.e., vitreo-papillary 
separation. With only perpendicular B-scan ultrasonography 
[ 70 ,  87 ], true high-resolution documentation of early PVD 
was diffi cult [ 88 ,  89 ]. With the advent of optical coherence 
tomography (OCT) (Figure  II.C-10 ), however, early PVD 
can now be reliably identifi ed [ 89 ]. Consequently, PVD is 
now perceived as a slow process occurring over the course 
of many years. In healthy, asymptomatic adults over the age 
30, over 62 % of people have been found to have between 
a stage 1 and stage 3 PVD [ 90 ], suggesting a very high 
prevalence of early PVD. In eyes with various  vitreoretinal 
pathologies the prevalence may be as high as 90 % [ 29 ]. 
Also, longitudinal studies have documented a very slow 
progression of PVD. Over the course of 30 months, 10 % 
of eyes with stage 1 or 2 PVD progressed to complete 
PVD [ 29 ]. Even progression from stage 1 to stage 2 PVD 
occurred in only 29 % of patients observed over 24 months 
[ 91 ]. While the process maybe slow, it is largely bilateral 
and occurs at approximately the same rate in each eye. After 
development of acute PVD in one eye, PVD will occur in 
47 % of fellow eyes within 18 months and 90 % of fellow 
eyes within 36 months [ 92 ].

       D. Anomalous PVD 

 Although early PVD often goes undetected, the clinical 
implications of these early stages have recently been 
defi ned. Several authors have described events that may 
occur prior to a complete PVD that can result in substantial 
vitreoretinal pathology. One such description by Sebag [ 10 , 
 93 ] utilizes the concept of “anomalous PVD” (APVD) 
[see chapter   III.B    . Anomalous posterior vitreous detach-
ment and vitreoschisis]. Sebag’s APVD theory states that 
pathology arises from a disconnection between liquefaction 
and gel dehiscence. This can be the result of any number of 
underlying conditions, such as inborn errors of type II col-
lagen metabolism, myopia, or diabetes, or may occur in the 

absence of underlying systemic conditions. Therefore, in 
this model, the term “anomalous” does not necessarily 
imply the presence of an underlying condition affecting vit-
reous liquefaction, such as Marfan or high myopia, but sim-
ply means that a disconnection between liquefaction and 
interface dehiscence exists. Within the APVD theory frame-
work, the exact pathological manifestation of APVD is 
determined by a few factors. First, the location of persistent 
gel adhesion is important. For example, persistent adhesion 
at the macula results in vitreo- macular traction syndrome, 
while persistent adhesion at the disk or over blood vessels 
may cause vitreo-papillary traction or retinal hemorrhage, 
respectively. The second important consideration is the 
structural integrity of the vitreous cortex. Known to have 
lamellar structure, the posterior vitreous cortex can split 
( vitreoschisis ) during early PVD resulting in the more pos-
terior layers remaining adherent to the retinal surface [see 
chapter   III.B    . Anomalous posterior vitreous detachment 
and vitreoschisis]. 

 Johnson [ 29 ,  68 ,  80 ] has further advanced our under-
standing of early PVD by grouping the manifestations of 
early PVD according to the anatomical site of persistent 
adhesion. Utilizing the 500- and 1,500-μm regions of 
increased vitreo- macular adhesion described by Kishi 
[ 25 ], Johnson gathered seemingly disparate conditions 
into two categories based on the size of the adhesion. With 
smaller adhesion sizes (500 μm or less), the tractional 
force is very localized, resulting in high stress over a small 
area of the central macula. This may cause full-thickness 
macular hole, pseudo-operculum, lamellar macular hole, 
or vitreo-foveolar traction syndrome. Macular microhole 
and most cases of foveal red spot syndrome are likely due 
to the smallest zones of adhesion (50–150 μm), which 
result in even higher force per unit area traction stress. 
Conversely, larger adhesion zones (typically 1,500 μm or 
greater) disperse the traction force over a larger area. This 
lower traction stress is unlikely to result in macular hole 
states but can cause vitreo-macular traction syndrome or 
traction diabetic macular edema and can exacerbate myo-
pic traction maculopathy [ 94 ] and possibly neovascular 
age-related macular degeneration [ 95 ]. Premacular mem-
branes, which most likely develop from vitreoschitic rem-
nants on the retinal surface, can begin to form as soon as 
there are areas of vitreoretinal separation and may there-
fore be seen in eyes with or without residual vitreo-macu-
lar  adhesions [ 68 ]. Johnson’s model also  discusses the 
nature of the traction forces being applied to the persistent 
vitreoretinal adhesion. He describes both static and 
dynamic forces as being important contributors. Static 
traction results from the inherent trampoline-like elastic-
ity of the detaching posterior vitreous cortex and possibly 
from gravitational forces acting on the partially separated 
vitreous body. Dynamic traction forces are generated by 
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  Figure II.C-10    Optical 
 coherence tomography (OCT) 
images of the early stages of 
posterior vitreous detachment. 
Many of the early stages were 
undetectable prior to the advent 
of OCT imaging [see chapter   II.F    . 
To see the invisible - the quest of 
imaging vitreous]. The top panel 
demonstrates the appearance of 
the posterior vitreous cortex 
( arrow ) slightly elevated off the 
inner limiting membrane ( ILM ) of 
the retina. The third panel down 
demonstrates anomalous PVD 
with vitreo-macular traction, 
defi ned by the 2013 IVTS 
classifi cation system as persistent 
vitreo-macular adhesion with 
structural alteration of the retina, 
in this case slight elevation of 
the fovea. The bottom panel 
demonstrates PVD with persistent 
attachment to the optic disc [ 68 ]       
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ocular saccades. It is likely the dynamic forces that are 
responsible for the greater part of the tractional stress 
placed on the retina [ 29 ,  68 ,  80 ]. 

 The two models share many similarities. Both models 
contrast physiologic, uncomplicated PVDs with PVDs that 
are complicated by vitreoretinal pathology. Both Sebag and 
Johnson ascribe vitreoretinal pathology to age-related vitre-
ous degeneration and detachment in the presence of persis-
tent focal vitreoretinal adhesions. Both recognize that the 
macular and peripapillary areas are the most common sites 
of adhesion and that slight variations in the size and strength 
of the adhesion can determine the resulting retinal pathology. 
Johnson’s model emphasizes the evolution and complica-
tions of the early stages of PVD, and Sebag emphasizes the 
role of vitreoschisis, particularly with respect to the patho-
genesis of macular pucker [see chapter   III.F    . Vitreous in the 
pathobiology of macular pucker] and macular hole [see 
chapter   III.B    . Anomalous posterior vitreous detachment and 
vitreoschisis]. Both models suggest that most late complica-
tions of PVD (e.g., retinal tear, retinal detachment, vitreous 
hemorrhage) occur only after vitreo-papillary separation, 
which allows for large saccadic movements of the vitreous 
body and increased dynamic traction forces [ 68 ]. Other late 
complications of PVD, like cataract formation, are likely due 
to changes in oxygen tension in the vitreous cavity [ 57 ]. In 
summary, both descriptions serve to underscore the patho-
genic role of early PVD stages in the development of many 
serious vitreoretinal pathologies. 
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   I. Introduction 

 Vitreoretinal interface diseases are common causes of 
vision loss or metamorphopsia in spite of recent advances 
in clinical ophthalmology including vitreoretinal surgery, 
 pharmacological therapy such as anti-VEGF agents, and 
gene-mediated therapy. The vitreous body is often used as a 
 therapeutic depot or platform for these therapies; therefore, 
more detailed knowledge about the environment of the 
 vitreous is required. 
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 Keywords 
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  Myofi broblast   •   Rho kinase   •   Transforming growth 
factor-β(TGF-β)   •   Vitreous cavity-associated immune 
deviation (VCAID)   •   Vitrectomy 

 Key Concepts 

     1.    Hyalocytes are the cells located in the posterior vit-
reous cortex abutting the inner surface of the retina 
that play a signifi cant role in the maintenance of vit-
reous transparency under physiological conditions.   

   2.    Hyalocytes might be involved in the progression of 
various vitreoretinal interface diseases, such as pro-
liferative diabetic retinopathy, proliferative vitreo-
retinopathy, macular pucker, and macular hole, 
under pathological conditions.   

   3.    Hyalocytes could be a novel therapeutic target for 
surgical and pharmacological approaches to better 
manage vitreoretinal interface diseases.     
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 Under physiological condition, only small number of 
cells currently called “hyalocytes” are present in vitreous, 
located mainly in the posterior vitreous cortex abutting the 
inner surface of the retina. According to previous publica-
tions [ 1 – 3 ], hyalocytes were regarded as resting cells, and 
hyalocytes have been studied less extensively compared to 
other intraocular cells, such as retinal pigment epithelium 
(RPE), glial cells, and retinal vascular endothelial cells. 
However, hyalocytes have recently been shown to actively 
play a signifi cant role in maintaining the vitreous body as 
a transparent and avascular system [ 4 – 7 ]. In addition, hya-
locytes have also been found to play pivotal roles under 
pathological conditions which involve proliferative vitreo-
retinal diseases such as proliferative diabetic retinopathy 
(PDR) and proliferative vitreoretinopathy (PVR), macular 
pucker, and others [ 5 ,  7 – 9 ]. This chapter reviews the char-
acteristics of hyalocytes and their functional properties in 
physiological and pathological conditions to improve our 
understanding of vitreoretinal pathophysiology and to pro-
mote/facilitate the development of novel therapeutic 
strategies.  

   II. Characteristics of Hyalocytes 

   A.  Existence and Distribution 
of Hyalocytes 

 The vitreous body occupies the greatest volume of the eye. 
Vitreous is a clear, jellylike substance composed mainly of 
water and delicate collagenous network associated with 
hyaluronan. The vitreous not only offers support to the struc-
tures within the eye but helps maintain the transparency of 
the media. The embryonic vitreous contains relatively 
numerous cells, the number of which gradually decreases, 
and only a small number of the cells are in the vitreous of the 
adult eyes under physiological condition. In 1840, Hannover 
fi rst described cells in the vitreous body of the eye [ 10 ]. The 
term “hyalocytes” was introduced by Balazs [ 11 ] in order to 
defi ne a homogeneous population of cells in the cortical 
layer of the vitreous body of various animal species. 
Hyalocytes are located in the cortical region of the vitreous 
body, at an average distance of 50 μm from the inner surface 
of the retina, and a certain number of hyalocytes subsist 
entangled with collagen fi brils in the vitreous cortex 

a b

c d

  Figure II.D-1    The morphological characteristics and the distribution 
of hyalocytes in the vitreoretinal interface. ( a    ) Transmission electron 
micrograph shows a hyalocyte situated in the posterior vitreous cortex 
close to the retina. ( b ) Higher magnifi cation shows that hyalocytes are 
completely free from but close to the inner limiting membrane ( ILM ) of 
the retina. The hyalocyte possesses lysosome-like granules, mitochon-
dria, and micropinocytotic vesicles, presenting the characteristics of 
cells of macrophage lineage. ( c ) Scanning electron micrograph shows 

free hyalocytes in the vitreous cortex that are very close to the retina, 
which lies in the background of the image. ( d ) A higher magnifi cation 
view showing that the cell is entangled in a collagen fi bril network in 
the vitreous cortex and a few protuberances are observed at the cell 
surface (Original magnifi cation  a , 62,600×, bar 5 μm;  b , 66,000×, bar 
1 μm;  c , 61,100×, bar 10 μm;  d , 64,300×, bar = 1 μm) (Ref. [ 12 ]).  Vit  
vitreous,  M  Mueller cell endplate,  G  ganglion cell)       
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(Figure  II.D-1a–d ) [ 12 ]. The average number of hyalocytes 
in human cortical and basal vitreous is about 150 per mm 2  
and in pig or bovine eyes is reported to be around 100 per 
mm 2 . It has been noted that the hyalocytes are arranged in 
treelike branching patterns, possibly following the course of 
the  retinal vessels [ 6 ] (Figure  II.D-2 ).

      1.  Morphological Characteristics 
of Hyalocytes 

 Morphological studies using both light and electron micros-
copy demonstrate that the shape of hyalocytes varies from 
oval to spindle or stellate shape and that hyalocytes pos-
sess lysosomes, mitochondria, ribosomes, and micropino-
cytotic vesicles with numerous microvilli on their surface 
[ 2 ], indicating that hyalocytes are morphologically very 
similar to so-called macrophages. Therefore, hyalocytes 
are considered to belong to monocyte/macrophage lineage 
(Figure  II.D-1b ), although Hogan et al. [ 13 ] reported that 
hyalocytes differ from macrophages because of a paucity of 
lysosomes. Immunocytochemical analyses found that hya-
locytes possess antigenic determinants that react with anti-
bodies directed against CD45 (leukocyte common antigen), 
CD64 (Fc receptor I), CD11a (leukocyte-function antigen-1), 
histocompatibility complex (MHC) class II antigens, and 
S100 protein [ 14 ]. The presence of CD45, which is selec-
tively expressed by all hematopoietic cells, excluding mature 

erythroid cells, and CD11a, which is present on virtually all 
leukocytes, strongly suggests that hyalocytes are derived 
from a leukocytic cell lineage. In addition, Fc receptor I is 
the particular IgG receptor which is expressed constitutively 
only by monocytes and tissue macrophages. The expression 
of MHC class II antigens and S100 protein, although not 
unique to the monocyte/macrophage lineage, is consistent 
with this cellular origin. 

   a.  Cell Surface Antigenic 
Characteristics 

 Although hyalocytes do not react with CD11b, CD11c, or 
CD14, these antigenic determinants are variably expressed 
by tissue macrophages. They differ from other cells of the 
mononuclear phagocytic system in that they lack immunocy-
tochemically detectable CD68 antigen, an epitope that is 
highly expressed by peripheral blood monocytes and macro-
phages of virtually all tissues [ 14 ]. Furthermore, antigens 
that are typically associated with epithelial cells (cytokeratin 
and epithelial membrane antigen), fi broblasts (prolyl 
4-hydroxylase and vimentin), endothelial cells (CD31 and 
von Willebrand factor), neuroglial cells (glial fi brillary acidic 
protein: GFAP), neuronal cells (neuron-specifi c enolase) and 
RPE cells, and Muller cells (cellular retinaldehyde binding 
protein) do not react with hyalocytes. In addition, other 
immunophenotypic analysis demonstrated that most (80 %) 

  Figure II.D-2    Hyalocytes in the extracted vitreous. The hyalocytes were present mainly on the vitreous gel surface and arranged in branching 
patterns that are thought to follow the patterns of blood vessels in the retina (Ref. [ 6 ])       
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of the hyalocytes are positive against ED2 antibody, which 
recognizes membrane and cytoplasmic antigens of tissue 
macrophages, and a few (15 %) hyalocytes were positive 
against ED1 antibody, which recognizes an antigen in 
 monocytes and in most macrophages, free and fi xed. Only 
5 % of hyalocytes showed both ED1 and ED2 positive 
 staining. Antibodies directed against ED1, bearing the 
 characteristic phenotype of monocyte derived macrophages, 
only label a small proportion of hyalocytes. Antibodies 
directed against ED2 typically associated with hyalocytes, 
illustrating that vitreous hyalocytes have the characteristic 
phenotype of tissue macrophages [ 15 ].   

   2. Origin of Hyalocytes 
 Numerous theories regarding the origin of the vitreous 
 hyalocytes, including derivation from neuroglia of the retina, 
mesenchymal cells of the retinal vasculature, or cells of the 
hyaloid system, have been proposed. However, evidence to 

date suggests that hyalocytes belong to the monocyte/macro-
phage lineage; thus, the recent popular concept about their 
origin has proposed that hyalocytes originate from the blood 
monocytes. To confi rm this origin of hyalocytes, we 
 created chimeric mice by transplanting the bone marrow 
cells from enhanced green fl uorescent protein (GFP) mice to 
them [ 5 ,  12 ]. In these chimeric mice, hyalocytes were GFP 
negative immediately after transplantation of bone marrow 
cells. However, more than 60 % of total vitreous hyalocytes 
were replaced with GFP-positive cells within 4 months and 
approximately 90 % within 7 months under physiological 
condition [ 15 ] (Figure  II.D-3 ). The levels of residual macro-
phages might not have been maintained by their proliferation 
but by being produced in bone marrow under a physiological 
condition with a turnover time of several months [ 12 ]. 
However, van Meurs et al. [ 16 ] showed that the half-life of 
vitreous macrophage was 4.8 days by allowing vitreous 
 macrophages to phagocytose  141 Cerium (γ-emitter)-labeled 

  Figure II.D-3    Fluorescent microscopic photograph of GFP chimeric 
mouse. The hyalocytes ( arrows ) are GFP positive, indicating their bone 
marrow origin.  VC  vitreous cortex,  GCL  ganglion cell layer,  INL  inner 

nuclear layer,  ONL  outer nuclear layer,  GFP  green fl uorescent protein 
(Original magnifi cation = 340x) (Ref. [ 15 ])       
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microspheres. It is diffi cult to conclude that the same type of 
vitreous cells was studied in these reports; however, 
there  might be several different cell lineages within the so-
called hyalocytes.

   Conversely, Gloor [ 17 ] described that hyalocytes 
would be in an independent tissue layer, in which the cells 
are replaced by reproduction because the hyalocytes 
showed increased mitotic activity after photocoagulation. 
Haddad and Andre observed that  3 H-thymidine was 
detected in the hyalocytes of the cortical vitreous after 
 3 H-thymidine  injection and concluded that hyalocytes 
renew themselves inside the eye [ 18 ]. It is not clear 
whether hyalocytes are composed of cells of different ori-
gins or those of the same origin at different developmental 
stages. Although more detailed studies are necessary to 
answer these questions, however, it is safe to say that most 
hyalocytes originate from bone marrow, at least under 
physiological conditions.    

   III.  Physiological Functional 
Properties of Hyalocytes 

   A.  Role of Hyalocytes During 
Development 

 An interesting example of tissue regression occurs during 
development of the mouse eye, where arcades of the hyaloid 
capillary network (called the vasa hyaloidea propria) disap-
pear from the vitreous between 5 and 7 days after birth and 
other branches (called the tunica vasculosa lentis) between 7 
and 21 days after birth [see chapter   I.D    . Proteomics of fetal 
hyaloid vasculature regression]. Histological studies have 
shown that the embryonic vitreous contains relatively numer-
ous hyalocytes and the hyalocytes are closely associated 
with the hyaloid vasculature prior to and during the phase of 
remodeling. The two transient ocular structures, the hyaloid 
vasculature and the pupillary membrane, which normally 
regress according to a defi ned developmental timetable, are 
found to persist in the macrophage ablation transgenic mice 
[ 19 ]. Hyalocytes are associated with the loss of capillary 
integrity, leakage of erythrocytes into the vitreous compart-
ment, and phagocytosis of the apoptotic endothelium. It has 
also been reported that hyalocytes are directly responsible 
for the endothelial cell death in the system [ 20 ]. Furthermore, 
it has been reported that hyalocytes secrete some antiangio-
genic factors. Those experiments provided direct evidence 
for the active involvement of macrophages in developmen-
tally programmed tissue remodeling and identify the hyaloid 
vessels and the pupillary membrane in the eye as targets of 
macrophage-mediated remodeling, suggesting that hyalo-
cytes actively elicit targeted cell death during development 
of the mouse eye. 

 Hyalocytes are also considered to have a function in the 
formation of the vitreous’ ground substance. Hyalocytes are 
purported to be involved in the synthesis of collagen and hyal-
uronic acid during later stage of development [ 21 ,  22 ], whereas 
the neural retina is the chief source of the protein during early 
vitreous development, a period of rapid increase in size of the 
vitreous body. Recently, it has been further  confi rmed that the 
production of hyaluronan is modulated by cytokines, such as 
transforming growth factor-β (TGF-β) or platelet-derived 
growth factor-BB (PDGF-BB) using  cultured hyalocytes [ 23 ].  

   B.  Phagocytic and Fibrinolytic 
Activity of Hyalocytes 

 Hyalocytes are thought to function as resident macrophages 
of the vitreous cavity under physiological condition. 
Phagocytic activity of hyalocytes with surface receptors for 
IgG and complement components has been confi rmed exper-
imentally by the injection of foreign substances into the vit-
reous and in experiments with cultured hyalocytes [ 24 ]. 
Thus, hyalocytes are thought to be active in maintaining vit-
reous as an avascular and transparent tissue. 

 Hyalocytes also show fi brinolytic activity. PDGF (platelet- 
derived growth factor) enhances the expression of urokinase-
type plasminogen activator (uPA) by hyalocytes and stimulates 
(uPA)-plasmin activity. This activity was demonstrated  in vitro  
where plated fi brin was shown to be lysed using fi brin zymo-
graphic analysis [ 6 ]. The humoral element circulates poorly in 
the vitreous because of the gelatinous structure of the vitreous. 
Therefore, a vitreous hemorrhage tends to remain in the cavity 
for a long time. It is thus reasonable to suggest that hyalocytes 
digest the fi brinous material in the vitreous cavity, indicating 
that one of the physiological properties of these cells is the 
maintenance of vitreous transparency.  

   C.  Modulator of Intraocular Immune 
System: Vitreous Cavity-Associated 
Immune Deviation 

 The eye is an immune-privileged site that is styled to keep 
the visual pathway clear while at the same time to provide 
defenses against invading organisms [ 25 ]. Above all, the 
anterior chamber-associated immune deviation (ACAID) is 
a unique system to keep the eye immune privileged. ACAID 
can be induced by antigen injection for peripheral tolerance 
to that antigen [ 26 ]. It has been demonstrated that ACAID is 
induced by bone marrow-derived antigen-presenting cells 
(APCs), which are positive for F4/80, a marker of a wide 
range of mature tissue macrophages, localized in the iris 
and ciliary body in the eye and carrying an antigen-specifi c 
signal to the spleen [ 25 ,  27 ]. We investigated the  mechanisms 
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by which ocular infl ammation associated with the vitreous 
cavity is reduced by injecting either ovalbumin or alloge-
neic splenocytes into the vitreous cavities of mice and 
assessed the effects of this on delayed-type hypersensitivity 
response. After antigen inoculation into the vitreous cavity, 
antigen- specifi c delayed-type hypersensitivity responses 
were signifi cantly impaired, and we named this phenome-
non the vitreous cavity-associated immune deviation 
(VCAID) [ 28 ]. VCAID could also be induced by inoculat-
ing antigen-pulsed macrophages into vitreous. However, 
VCAID did not develop either in mice with infl amed eyes, 
whether as a result of experimental autoimmune uveitis, or 
coadministration of interleukin-6 (IL-6) in the vitreous cav-
ity, or in knockout mice defi cient in natural killer T cells 
[ 28 ]. In this system, we found that hyalocytes are the only 
cells present in the vitreous. Interestingly, hyalocytes 
express F4/80, suggesting that hyalocytes are candidate 
APCs responsible for mediating VCAID [ 15 ,  28 ] 
(Figure  II.D-4 ). These fi ndings suggest that hyalocytes 

could play a pivotal role in inhibiting intraocular infl amma-
tion in non-infl amed eyes, which could also serve to main-
tain vitreous transparency.

       IV.  Functional Properties of Hyalocytes 
in Vitreoretinal Interface Pathology 

   A. Proliferative Vitreoretinal Diseases 

 Proliferative vitreoretinal diseases such as proliferative 
 diabetic retinopathy (PDR) and proliferative vitreoretinopathy 
(PVR) still remain common causes of severe vision loss in 
spite of the dramatic advances in vitreoretinal surgery. PDR 
and PVR cause traction retinal detachment due to the  formation 
of contractile preretinal fi brous membranes as a result of 
excessive wound healing under pathological conditions. 
Previous studies revealed that various types of ocular cells, 
such as RPE, which contribute especially to the  pathogenesis 

  Figure II.D-4    Schema of vitreous cavity-associated immune deviation 
( VCAID ) and anterior chamber-associated immune deviation ( ACAID ). 
Antigens inoculated into the vitreous cavity are captured by resident 
macrophage hyalocytes and carried via the bloodstream to the spleen. 

Both VCAID and ACAID require eye-derived antigen-presenting cells 
and CD1d-restricted natural killer T cells to induce antigen-specifi c 
regulatory T cells (Ref. [ 15 ])       
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of PVR, glial cells, vascular endothelial cells, myofi broblast- 
like cells of unknown origin, and hyalocytes, organize to form 
the proliferative membranes. Specifi cally, in human diabetic 
eyes the hyalocytes have a different shape compared with 
those in normal eyes, and their numbers appear to be increased. 
Hyalocytes may participate in the initiation and progression of 
PDR and PVR through the  formation of proliferative mem-
branes and subsequent  cicatricial contraction. 

   1.  Formation of Proliferative 
Membranes 

 The formation of proliferative membranes is characterized 
by the proliferation and migration of cells and the excessive 
synthesis and deposition of extracellular matrix (ECM) pro-
teins. This tissue repair process is regulated by a number of 
polypeptide including cytokines and growth factors. Growth 
factors such as PDGF, HGF (hepatocyte growth factor), and 
MCP-1 (monocyte chemoattractant protein-1) regulate the 
proliferation and migration of the cells. PDGF stimulates the 
proliferation of hyalocytes through p44/p42 MAPK, PI3 
kinase, and p38 MAPK and promotes migration of hyalo-
cytes through PI3 kinase and p38 MAPK, but not p44/p42 
MAPK [ 29 ]. In addition, TGF-β, which is overexpressed in 
the vitreous and proliferative membranes in those diseases, is 
involved in the production of extracellular matrix proteins 
such as collagen and fi bronectin by various types of cells. 
Also in hyalocytes, TGF-β promotes the expression of fi bro-
nectin, which is one of the major extracellular matrix pro-
teins observed in the preretinal proliferative membranes 
[ 30 ]. Furthermore, TGF-β stimulates the expression of its 
downstream mediator, CTGF (connective tissue growth fac-
tor), by hyalocytes via activation of Smad signaling, which is 
mediated through Rho kinase (ROCK) pathway and at least 
partially through p38 MAPK [ 31 ]. Various types of vitreo-
retinal cells other than hyalocytes, such as RPE, Muller cells, 
and retinal capillary endothelial cells, can also be the sources 
of CTGF, and CTGF stimulates cell growth and ECM syn-
thesis by hyalocytes and RPE cells [ 30 ,  31 ]. It was also 
shown that cultured porcine hyalocytes produce glycosami-
noglycans and ECM, which is modulated by basic fi broblast 
growth factor (b-FGF) and TGF-β1 [ 32 ]. Those reports indi-
cate that hyalocytes might modulate the formation of prolif-
erative fi brous membranes together with other neighboring 
cells, in both an autocrine and paracrine manner. In addition, 
cytokines such as CTGF, hypoxia-inducible factor- 1 (HIF-
1), and tumor necrosis factor-α (TNF-α) [ 30 ,  33 ] stimulate 
the expression of VEGF (vascular endothelial growth fac-
tor), a major angiogenic factor, by hyalocytes, which sug-
gests that hyalocytes might have a proangiogenic effect on 
retinal endothelial cells in a paracrine manner, leading to 
retinal neovascularization.  

   2.  Cicatricial Contraction 
of Proliferative Membranes 

 Cicatricial contraction of preretinal proliferative membranes 
causes traction retinal detachment, which leads to photore-
ceptor apoptosis and ultimately to permanent vision loss. 
Hyalocytes are incorporated into the proliferative mem-
branes and exhibit contractile properties in response to vari-
ous contractile promoting factors, the expression of which is 
enhanced in PDR or PVR vitreous or in proliferative 
 membranes. Recent investigations have revealed some of the 
responsible growth factors and their cellular mechanisms in 
hyalocytes. 

 Human vitreous samples collected from PDR or PVR 
patients signifi cantly enhanced the contraction of hyalocyte- 
containing collagen gels, an established  in vitro  cicatricial 
contraction model, compared with vitreous from patients 
with nonproliferative diseases such as macular hole and 
rhegmatogenous retinal detachment. In addition, PDR/PVR- 
induced collagen gel contraction is dramatically but incom-
pletely suppressed by TGF-β blockade. Furthermore, 
contraction of hyalocyte-containing collagen gels strongly 
correlates with the concentration of activated TGF-β2 in the 
vitreous [ 34 ] (Figure  II.D-5 ).

   In addition, PDR/PVR vitreous enhances α-smooth mus-
cle actin (α-SMA) expression and phosphorylation of myo-
sin light chain (MLC) in hyalocytes and RPEs, both of 
which were dramatically suppressed by TGF-β blockade 
[ 34 ]. Overexpression of α-SMA indicates transdifferentia-
tion of hyalocytes and RPEs into myofi broblasts, and phos-
phorylation of MLC is associated with actin-myosin 
interaction to form stress fi bers and contractile rings, facili-
tating cell contraction and motility. Therefore, PDR/PVR 
vitreous may exert their contractile properties by furthering 
myofi broblastic transdifferentiation and MLC phosphoryla-
tion in target cells such as hyalocytes. Furthermore the 
results single out TGF-β as one of the main factors respon-
sible for the procontractile properties of PDR/PVR vitreous. 
Certainly, recombinant TGF-β2, the predominant isoform of 
three TGF-β isoforms (TGF-β 1, 2, and 3) in the posterior 
segment of the eye, remarkably stimulates the contraction of 
hyalocyte- embedded collagen gels and enhances α-SMA 
expression and MLC phosphorylation by hyalocytes. 
However, as TGF-β blockade does not abolish the procon-
tractile property of PDR/PVR vitreous, other factors such as 
PDGF, IGF-1 (insulin-like growth factor-1), and endothelins 
may also signifi cantly contribute to the cicatricial contrac-
tion of the proliferative membrane, albeit to a lesser extent 
than TGF-β [ 34 ]. 

 These data suggest that hyalocytes play a crucial role 
in the formation and contraction of proliferative mem-
brane in response to growth factors overexpressed in eyes 
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with  proliferative vitreoretinal diseases such as PDR and 
PVR, even though RPEs play a central role specifi cally in 
PVR which is a complication of rhegmatogenous retinal 
detachment.  

   3. Macular Pucker 
 Macular pucker [see chapters   III.F    . Vitreous in the pathobiol-
ogy of macular pucker;   III.C    . Pathology of vitreo- 
maculopathies] results from fi brous premacular membranes 
containing various cells that are located on the inner retinal 
surface and contract to cause mild to moderate visual distur-
bance or metamorphopsia. The literature often refers to these 
as “epiretinal membranes (ERM)”; however, this term is 
inaccurate. The term “epi” refers to a location next to or 

beside a structure, in this case the retina. Thus, the term 
“epiretinal” could refer to a subretinal as well as preretinal 
membrane. Since the membrane in question is almost always 
in front of the retina, the prefi x “pre-” is more accurate and 
will be used instead of “epi.” Furthermore, since all of the 
conditions of clinical relevance are maculopathies, not reti-
nopathies, the term “premacular membrane (PMM)” is the 
more precise terminology and will be employed herein to 
refer to what has previously been described as “ERM.” 

 Machemer in 1978 fi rst showed that these membranes 
could be removed using vitrectomy techniques. Since then, 
there have been several ultrastructural and histopathologic 
studies of specimens removed during vitreous surgery. Those 
studies demonstrated that several types of cells were observed 

  Figure II.D-5    Role of TGF-β in 
vitreous-induced collagen gel 
contraction. ( a ) Hyalocyte-
containing collagen gels were 
exposed to control (DMEM), 
recombinant TGF-β2 (0.3 nM), 
or patient vitreous, with 
anti-TGF-β mAb (10 ng/ml) or 
control IgG (10 ng/ml) ( n  = 6 in 
each group). Rows representative 
wells per condition, 3 days after 
stimulation, are shown. ( b ) The 
diameters of the gels treated with 
vitreous (Lane 5 from left in ( a )) 
and vitreous with anti-TGF-β 
mAb (Lane 6 in ( a )) were 
measured and expressed as a 
percentage of the diameter of 
control (Lane 1 in ( a )). * P  = 0.01 
vs. MH and  P  = 0.007 vs. RRD, 
** P  = 0.007 vs. MH and 
 P  = 0.004 vs. RRD, respectively, 
and *** P  < 0.0001 vs. each 
disease without anti-TGF-β 
mAb. ( c ,  d ) The correlation of 
the diameters of the gels with 
concentration of total TGF-β2 in 
the vitreous ( n  = 24,  r  = 0.39, 
 P  = 0.06) (C) and with activated 
TGF-β2 ( n  = 24,  r  = 0.82, 
 P  < 0.0001) ( d ).   MH  macular 
hole,  RRD  rhegmatogenous 
retinal detachment,  PDR  
proliferative diabetic retinopathy, 
 PVR  proliferative 
vitreoretinopathy (Ref. [ 34 ])         
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and macrophage-like cells were found frequently [ 4 ,  7 , 
 35 –  40 ]. [see chapters   III.J    . Cell proliferation at the vitreo-
retinal interface in PVR and related disorders;   III.C    . 
Pathology of vitreo-maculopathies] It is likely that some of 
these cells are hyalocytes [ 5 ] (Figure  II.D-6 ).

   Regarding the pathogenesis of macular pucker formation, 
older theories hypothesized that posterior vitreous detach-
ment (PVD) could result in dehiscences in the inner limiting 
membrane and subsequent glial cell migration, and process 
extension onto the retinal surface then causes PMM forma-
tion. However, this hypothesis has never been confi rmed his-
tologically. It has, on the other hand, been shown that 
anomalous PVD may leave a portion of posterior vitreous 
cortex attached to the macula [ 41 ,  42 ] [see chapter   III.B    . 
Anomalous PVD and vitreoschisis], and even in the absence 
of PVD, a premacular liquefi ed pocket is often present in 
adult eyes as a result of age-related vitreous liquefaction, and 
the vitreous cortex then forms the posterior wall of the 
premacular liquefi ed pocket [ 43 ]. This premacular vitreous 
cortex may play a key role in the development of macular 
pucker membranes. In addition, it has been suggested that 
anomalous PVD results in vitreoschisis, which may contrib-
ute to the formation of macular pucker membranes [ 44 ,  45 ]. 

 A recent immunohistochemical study has demonstrated 
that macular pucker membranes contain both GFAP immu-
nopositive cells and α-SMA immunopositive cells. α-SMA 

immunopositive cells were located mainly at the contracted 
foci of these membranes. On the other hand, GFAP immu-
nopositive cells were present at the periphery of PMMs. In 
addition, no double positive cells were observed [ 46 ]. In line 
with previous report, the cells were myofi broblast-like cells 
which are thought to be the main contributor to the mem-
brane contraction similar to PDR and PVR. 

  In vitro  studies showed that the diameter of hyalocyte- 
containing collagen gels decreased and α-SMA was overex-
pressed in the presence of TGF-β2 or vitreous from patients 
with macular pucker, which was almost completely abolished 
by anti-TGF-β2 antibody. In contrast, cultured human astro-
cytes had no apparent contractile properties of collagen gels 
in the presence of TGF-β2, and TGF-β2 had little effect on 
human astrocytes and did not cause myofi broblastic transdif-
ferentiation [ 46 ]. TGF-β2 is constitutively expressed to some 
level and is expressed in macular pucker specimens, so hyalo-
cytes may be the primary component of the contracted mem-
brane foci since they abound in the posterior vitreous cortex 
and they undergo myofi broblastic transdifferentiation and 
have contractile properties in the presence of TGF-β. 
Therefore, the premacular vitreous cortex containing 
 hyalocytes might cause the membrane formation, consistent 
with the theory of anomalous PVD with vitreoschisis. Once 
the premacular membrane contracts, it may cause dehiscence 
in the inner limiting membrane with subsequent glial cell 

b

c d

Figure II.D-5 (continued)
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 processes extension or migration onto the retinal surface. That 
could provide an explanation as to why glial cells are observed 
only at the periphery of macular pucker membranes.  

   4. Macular Holes 
 Several histological studies examining postmortem cases 
of macular hole have noted a high incidence of premacular 
membranes, which contain macrophages, fi brocyte-like cells, 
glial cells, and myofi broblast-like cells, indicating that the 
histological appearance is very similar to that of macula [ 47 ]. 
These thin, delicate, hypocellular preretinal membranes were 
mostly associated with lamellar and  full-thickness macular 
holes and do not likely contain  hyalocytes near the macular 
hole, although they may be present in the peripheral parts of 
the membrane, as observed in macular pucker. Indeed, coro-
nal plane (en face) OCT imaging has shown eccentric macu-
lar pucker in 40 % of cases of macular holes [ 48 ]. Thus, 
premacular membranes are also considered likely to play an 
important role in the pathogenesis of  macular hole forma-

tion, especially in the presence of  persistent vitreo- papillary 
adhesion [ 49 ]. Furthermore,  myofi broblastic differentiation 
has been observed in  premacular membranes associated 
with idiopathic macular holes suggesting that contraction of 
these cells is at least partly responsible for formation and/
or enlargement of macular holes. The similarities between 
premacular membranes associated with macular holes and 
macular pucker membranes indicate a common pathogen-
esis of these two entities. In addition, because these mem-
branes result from cellular proliferation, migration, and 
myofi broblastic transdifferentiation resulting in membrane 
contraction, they share many features in common with PDR 
and PVR, so these diseases might be interpreted as “quiet 
PVR.” 

 One of the recent hypotheses underlying these diseases is 
the unifying concept of anomalous PVD [ 41 ]. Collapse of 
the liquefi ed vitreous body without suffi cient dehiscence at 
the vitreoretinal interface can induce vitreoschisis, a split 
within the posterior vitreous cortex, leaving the outermost 
layer of the posterior vitreous cortex attached to the macula. 
If anomalous PVD is an important event in macular hole for-
mation and PMMs, there must be some other factors to 
account for the dissimilar clinical and topographic features 
of the two conditions. PMM tissues are reported to be hyper-
cellular, whereas the tissue surrounding macular holes is 
hypocellular in composition [ 48 ]. Sebag has hypothesized 
that the difference could be due to the level at which vitreos-
chisis splitting occurs during anomalous PVD [ 41 ]. If vit-
reoschisis occurs anterior to the hyalocytes, then the residual 
membrane is hypercellular, but if it is posterior to the hyalo-
cytes, the membranes are hypocellular, and this results in 
macular hole formation.    

   V. Treatment 

   A. Surgical Approach 

 To treat the pathological conditions caused by the formation 
of preretinal proliferative membrane observed in PDR, PVR, 
macular pucker, and macular hole as described above, remov-
ing the membrane and posterior vitreous cortex is the pre-
ferred and logical approach at present because these 
membranes contain a number of cells including hyalocytes. 
The maneuver itself is not necessarily easy, and recurrence is 
not rare. Adjunctive use of triamcinolone acetonide during 
vitrectomy surgery is benefi cial to remove these membranes 
securely and effectively [ 50 ,  51 ]. Although this procedure is 
not always necessary in most of the cases, it might be 
 benefi cial for selected cases to reduce the incidence of 
 postoperative preretinal fi brotic complications [ 51 ]. Complete 
removal of preretinal membranes together with inner  limiting 
membrane (ILM) peeling resulted in a lower recurrence rate 
than incomplete removal, probably because the residual 

  Figure II.D-6    Transmission electron microscopic photograph of surgi-
cally removed inner limiting membrane ( ILM ) from the eye of 
ERM. Macrophage-like cells (*) are present on the vitreous cortex ( VC ) 
and ILM. They are presumably hyalocytes (Reproduced with permis-
sion from Ref. [ 5 ] (Original magnifi cation = 31,800x)       
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 posterior vitreous cortex or membrane becomes a scaffold of 
cell proliferation and ECM production by these cells [ 52 ]. If 
the residual posterior vitreous cortex or ILM was left alone 
without any cells, recurrence, namely, reproduction of ECM 
by cellular elements after surgery, would not occur.  

   B. Pharmacotherapy 

 Recent investigations have also suggested hopeful 
 pharmacological strategies for the management of these 
pathologies. Rho kinase (ROCK), a target protein of Rho, 
regulates MLC phosphorylation both directly and via inacti-
vation of the MLC phosphatase. In an  in vitro  study, fasudil, 
a potent and selective ROCK inhibitor, abolished the PDR-/
PVR-induced hyalocyte-containing collagen gel contraction 
as well as contraction induced by  recombinant TGF-β2. 
Fasudil almost completely suppressed MLC  phosphorylation 
by hyalocytes, which is a common downstream mediator of 
various contractile growth factors including TGF-β, PDGF, 

IGF-1, and endothelins. In addition, while PDR-/PVR-
induced α-SMA expression by hyalocytes was unaffected by 
fasudil, α-SMA organization, which modulates the contrac-
tile property of myofi broblastic cells, was effectively dis-
rupted [ 34 ] (Figure  II.D-7 ). This suggests that fasudil might 
diminish the contractile property of proliferative membranes, 
which are supposed to be at least partly composed of trans-
differentiated hyalocytes, by abolishing MLC phosphoryla-
tion and affecting α-SMA organization. Therefore, ROCK 
inhibition might become a novel therapeutic strategy in the 
management of these diseased states.

   Dexamethasone has been demonstrated to decrease pro-
liferation of hyalocytes induced by TNF-α [ 53 ] and also 
decreased hypoxic- and TNF-α-dependent induction of 
VEGF expression in hyalocytes [ 33 ]. 

 However, in contrast, dexamethasone further increased 
TNFα-induced collagen gel contraction embedded by 
 hyalocytes. This suggests that steroid treatment appears to 
inhibit the activation of hyalocytes in the early stages of 
these diseases, but might have adverse effects in the late 

  Figure II.D-7    Immunocytochemical analysis of α-SMA ( brown ) in 
hyalocytes embedded in collagen gels. Representative micrographs, 
showing hyalocyte-containing collagen gels that were treated with ( a ) 
control (DMEM), ( b ) recombinant TGF-β2, ( c ) recombinant TGF-β2 

with fasudil (20 μM), ( d ) PDR vitreous, and ( e ) PDR vitreous with 
fasudil (20 μM). TGF-β2 and PDR vitreous treatment increases α-SMA 
expression. Fasudil disrupted α-SMA organization without affecting its 
expression (Ref. [ 34 ])       
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stage through membrane contraction, although it might be 
benefi cial for the angiogenesis observed in PDR.   

   VI. Summary 

 While there is no strict defi nition of “hyalocytes,” cells 
located in the peripheral shell of vitreous are called hyalo-
cytes. The accumulating evidence indicates that hyalocytes 
can act as “friends” to keep the vitreous cavity transparent 
by their phagocytic or fi brinolytic activity and their inhibi-

tion of immune reaction through VCAID under physiologi-
cal conditions. At the same time, hyalocytes can act as 
“foes” by producing cytokines and ECM followed by cica-
tricial contraction of the membrane under pathological 
conditions. Unfortunately, at present, it is diffi cult to tell 
what makes hyalocytes “friends” or “foes” [ 15 ] 
(Figure  II.D-8 ). Further studies to answer this question 
might provide a key to a better understanding of microen-
vironment of the vitreous and lead to better management of 
intraocular diseases by surgical and/or pharmacological 
treatment.

  Figure II.D-8    Schema of possible roles of hyalocytes in ocular pathol-
ogy. Hyalocytes are  resident cells in vitreous chamber ( VC ) with mul-
tiple potentials. In the disruption of the VC environment, hyalocytes 
may act as an accelerator or a brake to destroy the clear vitreous depen-

dent on unknown mechanisms.  IL-6  interleukin-6,  bFGF  basic fi bro-
blast growth factor,  PDGF  platelet-derived growth factor,  PDR  
proliferative diabetic retinopathy,  PVR  proliferative vitreoretinopathy 
(Ref. [ 15 ])       
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   I. Introduction 

 The vitreoretinal interface is the site of many pathogenic 
events associated with sequences that lead to vision loss. The 
interface consists of a complex formed by the inner limiting 
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lamina of the retina, commonly called the inner limiting 
membrane (ILM), the posterior vitreous cortex, and an inter-
vening extracellular matrix that is thought to be responsible 
for vitreoretinal adhesion (Figure  II.E-1 ). Changes in each of 
these three components occur with aging and in certain dis-
eases, such as myopia and diabetes. These aging and disease-
related changes contribute a variety of vitreoretinal disorders. 
There are special interfaces between vitreous and the optic 
disc (see chapter   III.E    . Vitreo-papillary adhesion/traction) and 
retinal blood vessels, with the latter contributing to various 
retinovascular disorders (see chapters   III.A    . Congenital vas-
cular vitreo-retinopathies;   III.K    . Vitreous in retino-vascular 
diseases and diabetic macular edema;   V.A.6    . Vitreous surgery 
of arterial and venous retino-vascular diseases)

      II. Inner Limiting Membrane 

 For years there was disagreement regarding the existence of 
an inner limiting membrane (ILM) of the retina. Some 
believed that the limiting membrane of the vitreous ( mem-
brana hyaloidea ) served as the inner limiting membrane of 
the retina. Others believed that there was an ILM but that no 
limiting membrane existed around the vitreous. In 1912, 
Salzmann proposed a middle ground by stating that  In any 
case ,  one must say that this membrane has just as much 
 relation to the vitreous as it has to the retina ,  and that it looks 
like the inner glass membrane of the retina in one  preparation 
and like the outer border membrane of the vitreous in another  
[ 1 ]. In point of fact, both concepts were right. There are 

PVC

ILM

ECM

  Figure II.E-1    Human vitreoretinal interface. At the  top  of the fi gure, 
vitreous collagen fi brils are densely packed within a layer known as the 
posterior vitreous cortex ( PVC ), which overlies the ILM of the retina. 

Between these two structures is an intervening extracellular matrix 
( ECM ), called by Heergaard the “vitreoretinal border region”       
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 distinct “limiting membranes” demarcating the boundary of 
both the retina and adjacent vitreous, although neither is a 
membrane in the classic histological sense of a cell mem-
brane and they are often therefore called “laminae.” 

 The “limiting membrane” of the retina is formed by the con-
tiguous basement membranes of Mueller cells. The “limiting 
membrane” of the vitreous, in contrast, is formed by the poste-
rior vitreous cortex, a structure composed of densely packed 
vitreous collagen fi brils [ 1 ]. Between the two is an interdigitat-
ing extracellular matrix that contains elements of each, 
described by Heegaard as the “vitreoretinal border region” [ 2 ]. 

   A. Anatomy 

   1. Structure 
 Despite the fact that the ILM is not a true membrane in 
the lipid-rich, cell membrane sense, Salzmann [ 1 ] preferred 
the term “membrana limitans interna,” primarily because the 
ILM is a basement membrane (BM) functionally analogous 
with the BM covering the inner surface of the ciliary epithe-
lium. Embryologically, the ILM shares ontogeny with the 
pial BM which envelopes the entire central nervous system. 
In the eye, the ILM is one of six BMs that includes (1) 
the lens capsule, which is the thickest BM of the body; 
(2) the hyaloid vascular BMs of the vitreous and the retina; 
(3) the two corneal BMs; (4) the ILM; (5) the BM of the pig-
ment epithelium; and (6) the BM sub-layer of Bruch’s mem-
brane (Figure  II.E-2 ).

   The ILM, like all other BMs, is transparent, very thin, and 
diffi cult to localize by conventional histology. The ILM can, 
however, be readily detected by either immunocytochemis-
try using antibodies specifi c to BM proteins (Figure  II.E-2a, 
b ) or transmission electron microscopy (TEM; Figures  II.E-1  
and  II.E-2c, d ). High-resolution TEM of fetal human eyes 
shows the ILM to be an extracellular matrix sheet with a 
thickness of less than 100 nm. The fetal human ILM can be 
subdivided into an outer lamina lucida layer that faces the 
ECM of the vitreoretinal border region, a central electron- 
dense lamina densa, and a second inner lamina lucida that 
faces the end feet of the retinal Müller glial cells [ 2 ]. 

 The thickness and morphology of the fetal human ILM 
resembles the ultrastructure of the classical textbook BMs. 
Heegaard described that the human ILM increases markedly 
in thickness during the fi rst months/years of life in the equa-
torial and macular regions. The thickness is stable from the 
second decade and remains unchanged throughout subse-
quent decades. In all human adult eyes that were studied, the 
ILM was the thickest in the macular region [ 2 ]. 

 This information may not be accurate, however, as TEM, 
which is traditionally used to determine the thickness of 
BMs and the ILM, may be fraught with artifacts. Since TEM 
requires chemical fi xation and dehydration of tissues, this 
may result in distortion and artifacts. Recently, Atomic force 
microscopy (AFM) has been introduced to examine the mor-
phology and biomechanical properties of isolated and fl at- 
mounted BMs [ 3 ,  4 ], including measurements of ILM 
thickness. AFM uses a fi ne tip on the fl exible cantilever that 

a b c

d

  Figure II.E-2    Location and ultrastructure of the fetal human 
ILM. Fluorescence micrograph showing a cross section of a 10-week-
old fetal human eye. ( a ) This section was stained for collagen IV 
( green ) and shows the location of the ILM, the vascular BMs of the 
hyaloid blood vessels ( BV ), the corneal BMs ( Co ), the BMs of the pig-
ment epithelium ( Pig ) in Bruch’s membrane, and the lens capsule 
( LC ). The section had been counterstained with an antibody to Pax6, a 
nuclear transcription factor that is present in all ocular cells ( red ). ( b ) 
A high power view of the fetal human retina stained for agrin, a BM 
proteoglycan ( green ) shows the ILM and the BM of the pigment 

 epithelium ( Pig ). Counterstaining with Islet 1 shows the location of the 
differentiated ganglion cells at the vitread side of the retina. ( c ) A TEM 
micrograph of the vitread surface of the fetal human retina shows that 
the ILM appears as a thin sheet of ECM at the vitreoretinal border 
region with a distinctive lamina densa ( LD ). The ultrastructure of the 
fetal ILM resembles the classic textbook morphology of a typical BM. 
( d ) The neonatal mouse ILM is shown for comparison. The mouse 
ILM is morphologically very similar to the fetal human ILM 
(compare  c ,  d ).  BM  basement membrane,  ILM  inner limiting mem-
brane,  R  retina,  L  lens (Bars:  a : 200 μm;  b : 50 μm;  c ,  d : 100 nm)       
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scans over the surface of the samples. The degree of cantile-
ver defl ection, as recorded by a laser beam, can be used to (a) 
image the sample at atomic resolution, (b) measure its thick-
ness, and (c) assess its stiffness [ 5 – 9 ]. Since AFM can also 
scan the samples when they are submerged in PBS, AFM can 
be used to examine unfi xed and fully hydrated BMs. 

 AFM examination revealed that the thickness of the 
embryonic chick and adult human ILMs is, under native con-
ditions, between two to four times greater than previously 
measured by TEM [ 3 ,  4 ]. The fact that AFM-based thickness 
measurements of dehydrated ILMs are very similar to the 
thickness data obtained by TEM shows that sample 
 preparation, most importantly, its dehydration, results in a 
dramatic 50 % shrinkage [ 3 ]. An independent study measur-
ing lens capsule thickness by confocal microscopy, also 
under native conditions, showed that hydrated lens capsules 
are at least twice thicker than previously determined by TEM 
[ 10 ]. Thus, sample preparation for TEM introduces massive 
shrinkage and possibly a distortion of BM morphology. 

 The massive shrinkage of the ILM after dehydration is 
due to the loss of water that is tightly bound by the glycos-
aminoglycans of proteoglycans that are abundantly present 

in BMs. Proteoglycans are highly glycosylated proteins with 
glycosaminoglycan side chains that carry a large net nega-
tive charge. The high density of negative charge of proteo-
glycans is responsible for substantial water retention in 
cartilage [ 11 ] and vitreous [ 12 ] and indicates a similar func-
tion of proteoglycans in the ILM. Experimental confi rmation 
for this concept comes from the ILM thickness and stiffness 
data after enzymatic removal of the GAG side chains that 
results in 50 % shrinkage and a doubling of the ILM stiffness 
[ 4 ,  13 ]. Based on the AFM data, we can infer that about 
50 % of the ILM mass is water, tightly bound by proteogly-
cans, and that water is the most abundant component of the 
ILM. Further, the hydration status determines the stiffness of 
the ILM.  

   2. Topographic Variations 
 In the entire fundus, the anterior aspect of the ILM has a 
smooth appearance (Figure  II.E-3 ). However, the posterior 
aspect of the ILM varies in structure by location: in the 
periphery (Figure  II.E-4b ), the posterior aspect of the ILM is 
smooth and resembles the anterior aspect. However, in the 
posterior pole (Figure  II.E-4a ), the posterior aspect of 

  Figure II.E-3    Scanning electron microscopy of the anterior aspect of human ILM, after peeling the retina off the vitreous postmortem in a human 
adult. The anterior (vitread) surface of the ILM is smooth: ( magnifi cation bar = 10 microns)       
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the ILM “undulates” in an irregular confi guration fi lling the 
crevices between underlying retinal glia and nerve fi bers.

    At the rim of the optic disc (see chapter   III.E    . Vitreo-
papillary adhesion and traction), the retinal ILM ceases, 
although the basement membrane continues as the “inner limit-
ing membrane of Elschnig” [ 14 ]. This membrane is 50 nm thick 
and is believed to be formed by the basal lamina of the astroglia 
in the optic nerve head. At the central-most portion of the optic 
disc, the membrane thins to 20 nm,  follows the irregularities of 
the underlying cells of the optic nerve head, and is composed 
only of glycosaminoglycans and no collagen [ 14 ]. This struc-
ture is known as the “central meniscus of Kuhnt.” Balazs [ 12 ] 
has stated that the Müller cell basal lamina prevents the passage 
of cells as well as any molecules larger than 15–20 nm and pro-
posed that the complex of the posterior vitreous cortex and ILM 
could act as a “molecular sieve.” Consequently, the thinness and 
chemical composition of the central meniscus of Kuhnt and the 
membrane of Elschnig may account for, among other phenom-
ena, the frequency with which abnormal cell proliferation arises 
from or near the optic nerve head in proliferative diabetic reti-
nopathy and premacular membrane formation. 

 The ILM at the fovea is unique, as it is very thin. The 
foveal ILM is detectable in ILM whole mounts after immu-
nostaining for collagen IV or laminin as a distinct circular 
area. AFM measurements showed that the foveal ILM has a 
thickness of approximately 100 nm, whereas the parafoveal 
ILM has a thickness of up to 3 μm (Figure  II.E-5 ) [ 15 ]. The 
 in vitro  data are consistent with earlier TEM reports [ 16 ] 
(Figure  II.E-5b–e ), showing a very thin ILM at the fovea and 
a much thicker ILM at parafoveal regions. The very thin ILM 
at the fovea and near large blood vessels in the nerve fi ber 
layer [ 17 ] suggests that both areas are possible exit points for 
retinal cells to migrate and then proliferate and form premacu-
lar membranes as well as possible entry sites of  macromolecules 
and viruses from the vitreous into the retina.

       B. Biochemical Composition of the ILM 

 The ILM is a basement membrane (BM). BMs are extracellular 
matrix (ECM) sheets that underlie all epithelia in the body and 
outline muscle fi bers and the vascular endothelium. As such, 

a

b

  Figure II.E-4    Topographic variation in the human ILM. ( a ) Transmission 
electron microscopy of the inner limiting membrane ( ILM ) in the poste-
rior pole of a 27-year-old human demonstrating “undulations” ( U ) in the 
posterior aspect of the ILM that fi lls the  crevices between the underlying 

retinal ( R ) cells (Bar = 250 nm). ( b ) Transmission electron microscopy of 
the ILM in the peripheral  fundus of the same eye as in ( a ) demonstrates 
that the posterior aspect of the ILM resembles the anterior aspect of the 
ILM with a continuous surface and minimal undulations (Bar = 250 nm)       
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the ILM has similar molecular constituents as other BMs. The 
identifi cation of BM proteins has been complicated by the fact 
that BMs are not easily isolated in large quantities. Further, the 
fact that their protein components are highly insoluble in physi-
ological salt concentrations  precludes conventional biochemis-
try and thus is not a useful approach for BM protein analysis. 

 It was the discovery of two murine yolk sac tumors that 
synthesize large quantities of a BM like ECM [ 18 – 20 ] that 
led to the identifi cation of the dominant BM proteins, includ-
ing laminin-111 [ 21 ,  22 ], nidogen-/entactin-1 [ 23 ,  24 ], per-
lecan [ 25 ], and collagen IV α1/α2 [ 26 ]. In contrast to 
 in vivo -derived BMs, the mouse tumor matrix can be solubi-
lized, its components isolated, and its peptide sequenced by 
conventional biochemistry [ 27 ]. More BM proteins were 
later discovered by means of monoclonal antibodies and by 
using homology cDNA cloning [ 28 ,  29 ]. Data showed that 
all of the previously discovered major BM proteins are mem-
bers of larger protein families. These include the heterotri-
meric laminins with fi ve different α-chains, three β-chains, 
and three γ-chains that form over ten trimeric members [ 30 , 
 31 ]. The heterotrimeric collagen IV family members are 
composed of six genetically different α-chains that assemble 
into three stable collagen IV trimers [ 32 ]. Additional BM 
components are nidogen-/entactin-1 and nidogen-/entactin-2 
[ 33 ], and perlecan, agrin, and collagen XVIII are the three 
dominant BM-associated proteoglycans [ 34 ]. All BM 
 proteins are high-molecular-weight proteins of at least 
150 kD. The laminin trimers have a molecular weight of 
1,000 kD, the collagen IVs over 600 kD, and the proteogly-
cans between 300 and 600 kD. 

 Traditionally, protein analysis of BMs in situ was done by 
immunostaining using antibodies to candidate proteins that are 

usually present in BMs [ 35 ,  36 ]. More recently, proteomic 
analysis has been employed for defi nitive and more compre-
hensive identifi cation of all BM proteins [ 13 ,  37 ]. Proteomic 
data from embryonic chick and human ILM, lens capsule, and 
Descemet’s membrane showed that all of these BMs consist of 
approximately 20 proteins with multiple laminins, multiple 
collagen type IVs, nidogen-/entactin-1 and nidogen-/entac-
tin-2, and agrin, perlecan, and collagen XVIII. The predomi-
nant protein in human ILM is a collagen- type IV, with a chain 
composition of α3/α4/α5. It is of note that the human lens cap-
sule and BMs of the retina vessels have little collagen IV α3/
α4/α5 but an abundant amount of collagen IV α1/α1/α2 [ 37 ]. 
The dominant laminin family member is laminin 521, and the 
most prominent proteoglycans in the ILM is perlecan, fol-
lowed by agrin and collagen XVIII [ 37 ]. The proteoglycans are 
responsible for the high water content in the ILM and vitreous 
[ 12 ,  38 ].  

   C. Biosynthesis and Assembly of the ILM 

 All BM proteins are multi-domain molecules that polymer-
ize (laminins, collagen type IVs), cross-link (collagen type 
IVs), or bind to each other (laminin, agrin, nidogen/entactin, 
perlecan, collagen type IV). The evidence of polymerization, 
the mutual binding, and high resolution TEM imaging of 
individual BM proteins led to a model of BM structure that 
postulated a two-dimensional network of collagen type IV 
that combines with a layer of side-to-side polymerized lam-
inin. Nidogen-1 has binding sites for laminin and collagen 
type IV and was proposed to connect the two polymers [ 39 –
 43 ]. Recent data are not entirely consistent with this model, 

a b
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  Figure II.E-5    The ILM of the fovea. ( a ) ILM whole mount from the 
foveal area of a retina, stained for collagen IV. The fovea is detectable 
( arrow ) as a distinct circular area in the center of the ILM preparation. ( b ) 
Fluorescence micrograph showing cross section of the human retina at the 
foveal center and at the parafoveal area of the same retina. ( c ) The sections 
were stained for laminin ( red ) and collagen IV 7S α3 ( green ). The foveal 

ILM is very thin, and the laminin and collagen IV layers seem to blend and 
overlap. In contrast, the parafoveal ILM ( c ) is thick and the laminin and 
collagen IV layers are clearly distinguishable. ( d ) TEM micrograph of the 
human retina in the center of the fovea and at a parafoveal area. ( e ) The 
foveal ILM is approximately 100 nm thin, whereas the parafoveal ILM 
has a thickness of over 2,000 nm (Bars:  a : 500 μm;  b ,  c : 5 μm;  d ,  e : 2 μm)       
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particularly the fi nding that BMs assemble properly in the 
absence of nidogen-1 [ 44 ,  45 ]. 

 Because of the propensity for proteins to polymerize, it 
was previously thought that BMs spontaneously assemble 
when BM proteins are present at suffi ciently high concentra-
tions [ 46 ]. It later became clear that cell receptors are also 
required for BM assembly. Cell receptors for BM assembly 
are members of the integrin family and dystroglycan. The 
best evidence for a central role of cellular receptors in BM 
assembly comes from targeted mutations of dystroglycan 
and integrins in mice that lead to defects in BM assembly, 
which are very similar to BM disruption caused by mutations 
of essential BM proteins [ 47 ,  48 ]. 

 The presence of the ILM adjacent to the end feet of the 
Müller glial cells suggested that the retina, specifi cally 
Müller cells, is the major source of ILM proteins. However, 
with the exception of the mRNA for agrin, ILM protein 
mRNAs were not detected in the neural retina [ 49 – 52 ]. Since 
the ILM is composed of secretory proteins, however, the 

 origin of ILM proteins could theoretically be any cell layer 
lining the interior of the eye. Indeed, in situ hybridization of 
embryonic mouse and human eyes revealed that almost all 
ILM proteins are synthesized by the lens epithelium, the 
future ciliary epithelium, and the endothelial cells of the hya-
loid vasculature (Figure  II.E-6 ) [ 49 ,  50 ,  53 ,  54 ].

   The    in situ hybridization data suggested the hypothesis that 
ILM proteins are secreted by the lens and ciliary body into the 
vitreous and that they diffuse to the retinal surface where they 
assemble into the ILM. The hypothesis further proposes that 
the role of the retina is to provide the cell surface receptors of 
the neuroepithelial cells for ILM assembly. In support of this 
hypothesis, studies have shown that large quantities of lam-
inin, collagen IV, nidogen, perlecan, and agrin are present in 
the embryonic chick and fetal and neonatal human vitreous. 
The highest concentrations of ILM proteins in the vitreous 
coincide with the timing of most active ILM assembly during 
rapid eye growth [ 53 ,  54 ]. The analysis of the vitreous also 
showed that the concentrations of ILM proteins decline to very 

a
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  Figure II.E-6    Origin and biosynthesis of the human ILM.  In situ  
hybridization. ( a ) Section of a 10-week-old fetal human eye hybridized 
 in situ  with antisense RNA for the detection of nidogen-1 mRNA. The 
nidogen-/entactin-1 protein is a major component in the human ILM. The 
labeled cells expressing nidogen/entactin mRNA are located in the lens 
epithelium ( arrow ), the ciliary body ( star ), and the endothelium of the 
hyaloid vasculature ( BV ). The absence of any detectable label in the 
retina indicates that the synthesis of this ILM protein occurs in extrareti-
nal tissues, such as the lens, ciliary body, and intravitreal vasculature. ( b ) 
Control section of the same fetal eye labeled with  nidogen-/entactin-1 

sense RNA. The  in situ  data suggest that ILM proteins should be detect-
able in the fetal vitreous. ( c ) Western blots of fetal ( fe ) and adult ( ad ) 
vitreous showed that BM proteins are indeed abundant in fetal stages of 
human eye development and very low in the adult. The blots also showed 
that transferrin, a non-ILM protein, is not downregulated in the adult eye 
and that α2 macroglobulin, a typical serum protein, is even more abun-
dant in the adult than in the fetal human vitreous. The data combined 
indicate that BM protein synthesis occurs in nonretinal tissues of the eye. 
It is high in fetal stages and selectively downregulated to very low levels 
in the adult human eye (Bar:  a ,  b : 200 μm).  L  lens       
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low levels in the adult human vitreous, and an extended study 
in chick showed a precipitous decrease of the ILM protein 
synthesis at late fetal/neonatal stages [ 53 ,  55 ]. The current data 
suggest that the ILM is primarily assembled during embry-
onic, fetal, and neonatal stages of development and that this 
activity is greatly reduced in the adult life. However, given the 
continuous increase in human ILM thickness during aging, it 
is probable that there is continued low level of the ILM protein 
synthesis throughout life. 

 It is currently not known if the ILM regenerates. The fact 
that the expression of human vitreous proteins undergoes 
similar age-related downregulation as ILM proteins and that 
the vitreous gel does not regenerate after vitrectomy suggests 
that a complete ILM regeneration does not occur. Consistent 
with this proposition is experimental data in rabbits showing 
that a damaged ILM does not regenerate [ 56 ]. On the other 
hand, it has recently been shown that  in vitro  Müller cells can 
synthesize ILM collagens [ 57 ]. Furthermore, studies in mon-
key found that ILM peeling is followed by resynthesis of the 
ILM over the course of several months [ 58 ].  

   D. Role of the ILM in Ocular Development 

 It is of great interest to note that during ocular embryogene-
sis the ILM can be readily identifi ed during invagination of 
the optic vesicle (Figure  II.E-7 ). Just prior to completion of 
invagination, it can be clearly appreciated that there is conti-
nuity of the ILM and Bruch’s membrane. This suggests that 
although these two BM interfaces are considered separate 
and distinct entities, their origin is likely coded by the same 
genes and their composition is likely identical, at least at the 
origin of life. Thus, phenomena such as aging, glycosylation, 
cell adhesion, cell migration, and cell proliferation at these 
two sites share a common pathway, at least as it concerns the 
underlying BM substrate upon which these processes occur 
[ 59 ,  60 ].

   The ILM is essential in early ocular and retinal develop-
ment. Evidence comes from the retinal phenotype of a series 
of targeted deletions of BM proteins, their processing 
enzymes, and their receptors in mice and a number of spon-
taneous mutations in humans. Targeted mutations of the 
genes encoding laminin chains [ 61 – 63 ] or the binding site of 
laminin γ-1 for nidogen-/entactin-1 [ 53 ], collagen IV [ 64 ], 
and enzymes responsible for the glycosylation of dystrogly-
can, such as LARGE, fukutin, fukutin-related protein, 
POMT1 and POMT2, and POMGnT1 [ 65 – 67 ], cause major 
breaks in the ILM and result in retinal ectopia. In eyes with 
these mutations, retinal cells migrate through breaks in the 
ILM into the vitreous (Figure  II.E-8a–d ). Further, approxi-
mately 50 % of the retinal ganglion cells undergo apoptosis, 
resulting in major optic nerve hypoplasia [ 53 ]. The  underlying 
cause for this retinal dysplasia is that the mutations cause a 
weakening of the biomechanical strength of the ILM,  leading 

to breaks in the ILM due to the rapid expansion of the retina 
during development. The breaks in the ILM are accompanied 
by the retraction of the neuroepithelial cells, most likely the 
cause of ganglion cell death and optic nerve hypoplasia [ 53 ]. 
AFM measurement showed that the stiffness of the ILM in 
these mutations is lowered by at least 50 %, explaining the 
numerous stretch-related breaks in the ILM (Figure  II.E-8e, f ). 
Similar retinal phenotypes are also recorded for spontaneous 
mutations of Walker-Warburg  syndrome, muscle-eye-brain 
diseases, and Fukujama muscular dystrophy in humans 
[ 68 – 71 ].

   In addition to massive eye phenotypes, the mutations also 
affect brain development and, in many cases, result in mus-
cular dystrophy and rupture of ocular and cerebral blood ves-
sels [ 65 ,  72 – 74 ]. The retinal, cortical, vascular, and muscular 
phenotypes provide strong evidence that the mechanical 
strength of BMs is essential in the development of the retina, 
cerebral cortex, blood vessels, and muscles. 

 The ILM can be peeled off in the adult human eye and 
represents a medical intervention for macular hole closure 
and the cure of other vitreomaculopathies. Peeling the ILM 
assures removal of an abnormal posterior vitreous cortex and 
other pathologic membranes. This is only innocuous when 
partial thickness of the ILM is removed. Further, the ILM is 
probably regenerated, at least in part, by Müller cells during 
the months following surgery.  

   E. Aging of the ILM 

 Like many connective tissues of the human body, the ILM 
changes its molecular composition and structure with age. 
Biochemically, age-related variations were observed in the 
relative concentration of laminin, which is higher during 
early stages of ILM assembly than later, and the relative con-
centration of collagen IV that increases with age [ 13 ,  37 ]. 
This may underlie the most obvious age-related change of 
the human ILM, that being an age-dependent increase in 
thickness with progressing age. During fetal stages, the ILM 
has a thickness of less than 100 nm and the classical tri- 
lamellar BM structure of BMs (Figure  II.E-2c ). This changes 
with aging, as the ILM becomes thicker and loses its tri- 
laminar structure to become amorphous (Figure  II.E-9 ). 
Further, the retinal side of the ILM develops indentation that 
become more dramatic with progressing age. A systematic 
analysis of ILMs from over 20 patients (Figure  II.E-9f ) 
shows the progressive increase in the ILM thickness with 
advancing age [ 4 ]. The continued age-related increase in the 
ILM thickness indicates that ILM protein synthesis occurs in 
the adult human eye over the entire life span but at a very 
reduced level. The absolute number of years of age counts to 
a major degree, since increases in the ILM thickness have 
only been recorded for the long-lived humans and primates 
and not in any of the short-lived animal species [ 75 ].
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   In addition to an increase in thickness, the ILM also 
becomes stiffer with advancing age [ 4 ]. It is conceivable that 
the progressive change in the protein composition to more 
collagen IV and less laminin is responsible for this  age- related 
increase in the ILM stiffness.  

   F. Role of the ILM in Disease 

   1. ILM and Diabetes 
 Diabetes alters tissues throughout the body via nonenzy-
matic glycosylation of proteins. This has been demonstrated 

IL
M

  Figure II.E-7    Immunohistochemistry of the human embryonic 
eye following invagination of the eye cup at about 8 weeks ges-
tation. The section is stained with immunofl uorescent antibod-
ies to  Agaricus bisporus  (ABA) that intensely stain basement 
membranes. The  yellow line  labeled “Bruch’s” is the chorioretinal 
interface destined to become Bruch’s membrane, while the  yellow line  

labeled “ILM” ( inner limiting membrane ) is the vitreoretinal interface 
destined to become the ILM. Note that the two structures are continu-
ous and represent the same identical membrane folded over inside the 
eye. Thus, pathologic events such as cell migration and proliferation 
at these two interfaces are occurring upon the same identical substrate 
(Courtesy of Dr. Greg Hageman)       
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  Figure II.E-8    Biomechanical properties of the ILM and retinal 
 development. Mice with a targeted mutation of LARGE or POMGnT1 
have fragile BMs. Both mutations affect enzymes that are essential for 
the glycosylation of dystroglycan, one of the receptors for laminin that 
is essential for BM assembly. ( a ) An ILM fl at mount from a neonatal 
mouse with a homozygous mutation for either of the two enzymes 
shows numerous holes as the ILM is fragile and ruptures during eye 
growth. ( b ) An intact control ILM from a heterozygous mouse. 

( c ) SEM images of the vitread surface of retinas from a mutant animal 
show the multiple ruptures in the ILM that lead to the migration of 
 retinal cells into the vitreous. ( d ) The continuous and smooth surface 
of the ILM from control retina. ( e ) AFM height measurements showed 
that the ILM from the mutant mouse is slightly thinner. ( f ) Stiffness 
measurements showed a dramatically weaker ILM from the mutant 
mouse as compared to the control mouse ILM (Bar:  c ,  d : 10 μm)       
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  Figure II.E-9    Age-dependent increase in ILM thickness. TEM 
 micrographs show the vitread surface of the retina from a 16-week fetal 
human eye ( a ) and from 27, 54 and 83-year-old adult human eyes  ( b – d ). 
The ILM from the fetal eye ( a ) has the typical morphology of a BM – it is 
70 nm thick with a typical lamina densa and three-layered ultrastructure. 
Between 22 and 83 years of age ( b – d ), the ILM dramatically increases in 
thickness, becomes highly irregular at its retinal surface, and no longer 

contains a distinct lamina densa. The black bars in ( a ) to ( d ) indicate the 
thickness of the ILM. Panel ( e ) shows an adult human retina with the loca-
tion in the superior posterior pole of the right eye ( boxed ) where the retina 
was sampled. The graph in panel ( f ) shows the age-dependent increase in 
ILM thickness. Each of the data points represents averages from measure-
ments of one pair of eyes of a single patient.  F  fovea,  OP  optic papilla,  S  
superior,  I  inferior,  T  temporal,  N  nasal (Bar:  a – d : 500 nm)       
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to alter vitreous molecules [ 76 ,  77 ] and structure [ 78 ], and 
the term “diabetic vitreopathy” has been proposed to refer to 
these effects [ 79 ] (see chapter   I.E    . Diabetic vitreopathy). 
Insofar as the ILM is similarly proteinaceous, advanced gly-
cosylation end products could accumulate in this tissue and 
alter its physiology. 

 It is well established that BMs increase in thickness dur-
ing long-term diabetes. This applies also to the ILM [ 80 – 82 ]. 
The increase in the ILM thickness occurs in patients suffer-
ing from type 1 and type 2 diabetes (Figure  II.E-10 ). 
However, the increase in thickness is only detectable after 
several years of the diabetes condition and is not detectable 
in diabetic mice [ 83 ]. What is presently still unknown is the 
nature of the proteins that are responsible for diabetes-related 
BM thickening. It is possible that the normal BM proteins 
are excessively synthesized and incorporated into the ILM at 
an accelerated rate or that new, diabetes-specifi c proteins are 
expressed and incorporated leading to an altered, diabetes- 
specifi c protein composition of the ILM. There are some 
fi ndings that support the latter: fi bronectin, normally not 
present in the human ILM, is detected in ILMs from diabetic 
eyes [ 35 ,  82 ]. However, several studies have also shown that 
collagen IV is excessively synthesized in long-term diabetes, 
which would indicate that normal ILM proteins are expressed 
at a higher than normal rate [ 84 ]. It is of note that only negli-
gible differences in protein compositions of the ILM were 
detected in diabetic mice showing that mouse models are 
inadequate to study the diabetic-related pathological changes 
that are detectable in long-term diabetic human patients [ 83 ].

      2. Proliferative Diseases and the ILM 
 Cell proliferation at the vitreoretinal interface plays an impor-
tant role in proliferative diabetic retinopathy, proliferative vit-
reoretinopathy (see chapter   III.J    . Cell proliferation at 
vitreo-retinal interface in PVR and related disorders), and 
macular pucker formation (see chapter   III.F    . Vitreous in the 
pathobiology of macular pucker). The interaction of the 
involved cell, which differs in each condition, with the under-
lying substrate can infl uence the course of the disease. This is 
critical to our understanding of disease pathogenesis with 
respect to cell adhesion, cell migration, and cell proliferation. 

 Under normal conditions the vitread surface of the human 
retina is cell-free (Figure  II.E-11a, b ). However, there are 
various age- and disease-related conditions where mem-
branes form on the retinal surface. Foos [ 16 ,  17 ] termed these 
epiretinal membranes, although this is a misnomer since the 
term “epiretinal” is not adequately specifi c. Subretinal mem-
branes are also “epiretinal.” The membranes in question here 
are all actually “premacular” (Figure  II.E-11c–e ). Foos fur-
ther described that these  membranes arise via cell migration 
from the retina through the ILM. While this is probably true 
in proliferative diabetic retinopathy, where there is migration 
and proliferation of vascular endothelial cells arising from 
the retina, and  proliferative vitreoretinopathy, where retinal 

pigment epithelial cells play an important role (although they 
don’t traverse the ILM but rather enter vitreous via breaks in 
the retina) [ 17 ].

   This is not true for macular pucker, the most common case 
of premacular membrane formation that disturbs vision. 
Premacular membranes that cause macular pucker most often 
result from anomalous posterior vitreous detachment [ 85 ,  86 ] 
with vitreoschisis [ 87 – 90 ] (see chapter   III.B    . Anomalous 
PVD and vitreoschisis). The hyalocytes that are embedded in 
the outer posterior vitreous cortex are left attached to the ret-
ina and elicit monocyte migration from retinal vessels as well 
as glial cell migration from the retina to form the premacular 
membranes that contract and induce macular pucker. The 
contractile forces that induce this pucker likely originate from 
hyalocytes (see chapter   II.D    . Hyalocytes). 

 The ILM plays an important role in proliferative disorders 
at the vitreoretinal interface in several ways. The formation 
of cellular membranes on the retinal surface requires the 
migration of cells, their adhesion to a substrate, and then pro-
liferation. Vascular endothelial cell migration through the 
ILM is important in proliferative diabetic retinopathy as well 
as trans-ILM migration of glial cells from the retina. 
Monocytes from the circulation are important in macular 
pucker. It is not clear whether or not there is alteration of the 
normal ILM that allows cells to migrate from the retinal ves-
sels, although the foregoing section on diabetes and the ILM 
would suggest that the ILM in diabetic patients is not nor-
mal. In the case of macular pucker, there is no evidence that 
the ILM is abnormal. 

 Cell adhesion to normal or pathologic surfaces is medi-
ated by laminin [ 91 ]. In the eye, laminin has been shown to 
play a critical role in retinal vascular development [ 92 ], and 
it would seem a reasonable extrapolation to implicate similar 
roles in pathologic neovascularization. Thus, the attributes of 
the ILM and its impact on cell adhesion are important con-
siderations. Studies [ 93 ] have shown that the human ILM has 
side-specifi c properties that are detectable by side-specifi c 
labeling of a fl at-mounted ILM preparation using antibodies 
to laminin or collagen IV. Laminin is most abundant on the 
retinal side of the ILM, whereas an antibody to the 7S domain 
of collagen IV α3 labels the vitread side (Figure  II.E-12a–c ). 
When dissociated MDCK, corneal, or retinal cells were 
plated on fl at-mounted and folded ILMs, the cells adhered 
preferentially to the retinal side of the ILM (Figure  II.E-12d ). 
This fi nding suggests that there is a change in proliferative 
pathologies that facilitates cell adhesion to the vitread side of 
the ILM. Alternatively, the presence of remnant posterior vit-
reous cortex on the ILM as a result of anomalous PVD with 
vitreoschisis could provide the substrate needed for cell 
adhesion and subsequent proliferation. Contractile effects 
upon the retina would then arise from this layer of remnant 
posterior vitreous cortex that has become hypercellular and 
is still attached to the ILM via the intervening ECM, called 
the vitreoretinal border region by Heergaard (see above).
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  Figure II.E-10    Diabetes-related increase in ILM thickness. ( a ) TEM 
micrograph of ILM from a 62-year-old diabetic patient. ( b ) TEM 
micrograph of ILM from a 63-year-old nondiabetic patient. ( c ) Graph 
showing that the thickness of ILMs increases with age, but the thickness 
of ILMs from diabetic patients is approximately double the thickness of 
ILMs from age-matched nondiabetic subjects. ( d ) A similar difference 
in the thickness of diabetic and nondiabetic ILMs was detected by prob-
ing the ILM samples with atomic force microscopy ( AFM ). An AFM 
image of the edge of an ILM from a diabetic patient is shown. The ILM 
had been fl at mounted on a glass slide, and the glass surface served as a 
reference for the height measurements. The  red line  indicates the trace 
of the AFM probe used to determine the thickness of the sample. 

( e ) Representative height traces of a diabetic and a nondiabetic ILM 
quantitatively demonstrate the increased thickness of the ILM in 
 diabetic patients. ( f ) AFM thickness measurements of nondiabetic and 
diabetic ILMs show that diabetic ILMs ( red ) are on average twice as 
thick as ILMs from similarly aged nondiabetic subjects (Bar:  a ,  b : 
500 nm). Notes: The patient’s medical history, time of harvesting of 
eyes after death, and the time of tissue delivery to the laboratory are 
available for every ILM sample analyzed in this graph. Except for the 
sample marked by a star, all samples came from patients with type II 
diabetes. The duration of diabetes was at least 10 years, except for the 
ILM marked by a green star (5 years).  IDDM  insulin-dependent dia-
betic,  NIDDM   non-insulin-dependent diabetic       
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  Figure II.E-11    Premacular (“epiretinal”) membranes. The vitread 
 surface of the ILM from a normal human retina is cell-free as shown by 
immunostaining for collagen IV ( a ;  red ) or by TEM ( b ). ( c ) A premacu-
lar cell layer is detectable in a cross section by staining the specimen for 

collagen IV ( red ) and cell nuclei ( green ) or by TEM ( d ). ( e ) A surgical 
specimen following ILM peeling shows the excised ILM with attached 
cells stained for collagen IV ( red ) and cell nuclei ( green ) (Bars:  a ,  c : 
25 μm;  b ,  d : 2 μm;  e : 50 μm)       
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      3. Tractional Disorders and the ILM 
 The ILM is the site of pathologic traction at the vitreoretinal 
interface. Traditionally, this has been conceived as axial in 
direction, resulting in anteroposterior traction upon the ret-
ina. Gass [ 94 ] fi rst proposed that tangential traction at the 
vitreoretinal interface can also disturb the macula and reduce 
vision via distortions (macular pucker), blurring (macular 
edema), and/or scotomata (macular hole). It is not clear 
whether these tangential forces are exerted uniquely by the 
posterior vitreous cortex or whether the ILM plays a role as 
well. Thus, the biophysical properties of the ILM are impor-
tant to study so as to elucidate this potential role. 

   a. Biophysical Properties of the ILM 
 Biophysical properties, such as elasticity and stiffness, are 
important determinants of the ILM role in disease. For elas-
ticity studies and stiffness measurements, the ILM has to be 
isolated as a clean preparation, which is done by dissolving 

the retinal tissue in detergent [ 4 ,  93 ,  95 – 97 ]. These ILM 
sheets are transparent and invisible under bright-fi eld illumi-
nation but detectable under dark-fi eld illumination 
(Figure  II.E-13a , lower left-hand corner inset). Isolated 
ILMs have the ultrastructure of ILMs in situ, with a smooth 
vitread surface and an indented and irregular retinal surface 
(Figures  II.E-13a, b ). Interestingly, the ILM sheets scroll, 
with the retinal side consistently facing outward and the vit-
read surface inward (Figure  II.E-13a ). This scrolling phe-
nomenon with the epithelial side on the outside of the scroll 
and the connective tissue side on the inside of the scroll is 
also observed for the lens capsule and Descemet’s membrane 
of the cornea, thus suggesting an inherent property of BMs 
[ 97 ]. AFM showed that the retinal side of the ILM is at least 
twice as stiff as the vitread side [ 15 ,  93 ].

   It is important to appreciate that during any vitreous sur-
gery that includes ILM peeling, this scrolling effect is only 
observed when full-thickness ILM is surgically removed 

a b

c d

  Figure II.E-12    Cell adhesion on the ILM. The human ILM has 
 side-specifi c properties that are detectable by the side-specifi c labeling 
of a fl at- mounted ILM using antibodies to laminin ( a ,  b ) or collagen IV 
( b ,  c ). Laminin is most abundant on the retinal side of the ILM ( a ,  b ), 
whereas an antibody to the 7S domain of collagen IV a3 labels the 
 vitread side ( b ,  c ,  green ). The abundance of both proteins on either 

the retinal or vitread side is best appreciated by double labeling ( b ,  c ). 
When dissociated MDCK, corneal, or retinal cells were plated on fl at-
mounted and folded ILMs, the cells adhere preferentially to the retinal 
side of the ILM ( d ). The vitread side of this preparation was labeled 
with an antibody to the 7S domain of collagen IV a3 ( red ). The adherent 
cells were labeled  green        
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from the retina. This is fortunately not common, since the 
overwhelming majority of the time the peeled  tissue is par-
tial (not full) thickness ILM, which does not scroll. Thus, 
splitting of the ILM occurs (perhaps between the lamina 
lucida interna and the lamina densa) and only the inner 
(anterior) portion of the ILM is being peeled. This explains 
why ILM peeling is associated with better surgical out-
comes and good vision. Full-thickness ILM peeling will 
likely not have good postoperative vision due to damage to 
the underlying retinal nerve fi ber layer as well as Müller 
cells. Thus, surgeons witnessing scrolling of the tissue being 
peeled off the retina may be well advised to establish a dif-
ferent surgical plane. 

 The availability of isolated and clean ILM allowed col-
lecting data on its biomechanical properties. By using the 
force-indentation mode of the AFM, the stiffness of isolated 
and fl at-mounted mouse, chick, and human ILMs were 
recorded in the high kPA to low MPa range [ 3 ,  4 ]. This cor-
responds to the stiffness of hyaline cartilage [ 9 ] and charac-
terizes the ILM and all other BMs as tough connective tissue 

structures. It is of note that the stiffness of cell layers is in the 
low kPa range [ 98 ], and thus BM, including the ILM, is sev-
eral hundred-times more stable than cell layers and explains 
why cell layers fail when their BMs or BM assembly recep-
tors are defective [ 67 ].   

   4. Uveitis 
 Abnormalities of the vitreoretinal interface are common in 
patients with uveitis and include posterior vitreous detach-
ment, preretinal membrane formation, retinal neovascular-
ization, and vitreomacular traction with or without cystoid 
macular edema [ 99 ,  100 ]. Partial and full-thickness macular 
holes, although uncommon in patients with uveitis, have also 
been described and are typically attributed to accelerated 
anteroposterior or tangential traction forces [ 101 ]. More than 
half of the nearly 60 uveitic macular holes that have been 
described in the literature have occurred in patients with 
Behcet’s syndrome – although it remains unclear whether 
the development of macular holes in patients with uveitis in 
the setting of Behcet’s represents a relative predisposition for 

a b

  Figure II.E-13    Isolated human ILM. ILMs can be isolated from human 
retina by dissolving the retinal cells in detergent. The  detergent-insoluble 
BMs are collected under a dissecting microscope using dark-fi led 
 illumination ( a ,  insert ). The isolated ILMs scroll up with the retinal 
surface facing outward and the vitread surface facing inward. TEM 

( a ) and SEM ( b ) micrographs of isolated ILMs show that the retinal 
surface ( Ret ) is highly irregular, whereas the vitread surface ( Vit ) 
is even and smooth. The images also show that the ILM preparations 
are clean and not contaminated with cellular debris or non-BM ECM 
(Bar:  a : 2 μm;  b : 5 μm)       
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macular hole formation [ 102 ], related perhaps to intrinsic 
ILM abnormalities. Sullu and associates recently described a 
case of widespread vitreoretinal traction involving the mac-
ula, optic disc, and major retinal vessels that produced dif-
fuse leakage on fl uorescein angiography mimicking uveitic 
retinal vasculitis [ 103 ] (Figure  II.E-14 ). This may relate to 
the special structural interface between the posterior vitreous 
cortex and the ILM over retinal blood vessels (see below).

        III. Posterior Vitreous Cortex 

   A. Structure 

 The posterior vitreous cortex is 100–110 μm thick [ 104 ,  105 ] 
and consists of densely packed collagen fi brils [ 104 – 106 ] 
(Figure  II.E-15 ). The term “posterior hyaloid” is often used 
to refer to this structure, but “hyaloid” is best reserved for the 

a

c d

b

  Figure II.E-14    Color fundus photograph ( a ), early ( b ), and late 
( c ) fl uorescein angiography photographs, and spectral domain ocular 
coherence tomography (SD-OCT,  d ) of a 63-year-old woman with 
extensive vitreoretinal traction throughout the posterior pole producing 
both retinal neovascularization ( arrowheads ) and diffuse retinal 

 vascular leakage mimicking vasculitis. The SD-OCT image was taken 
along the superior temporal arcade vessels. No vitreous cells were 
 present and a workup for causes of uveitis or vasculitis was unrevealing. 
The patient had no history of radiation or evidence of diabetes mellitus. 
Similar fi ndings were present in the fellow eye       
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hyaloid artery present during embryogenesis and “face” is to 
be reserved for the front of the vitreous, not the back, since 
the face is on the front of the head not the back. Thus, there 
is an anterior hyaloid face, but not a posterior hyaloid face.

   A lamellar organization of these collagen fi brils results 
in the appearance of sheets on immunohistochemistry 
(Figure  II.E-16 ). These potential cleavage planes are impor-
tant not only as sites of tissue separation during posterior 
vitreous detachment (see chapter   III.B.     Anomalous PVD and 
vitreoschisis), but also as potential cleavage planes during 
membrane peel surgery. Because of vitreoschisis many expe-
rienced surgeons have peeled what was thought to represent 
full- thickness posterior vitreous cortex membranes, only to 
fi nd additional membranes still attached to the macula.

   There is no posterior vitreous cortex over the optic disc, 
and the cortex is thin over the macula due to rarefaction of 
the collagen fi brils, allowing vitreous to extrude and give the 
appearance of two holes. The premacular hole in the poste-
rior vitreous is sometimes referred to as the premacular 
bursa. The prepapillary hole in the vitreous cortex can 
 sometimes be visualized clinically when the posterior 

 vitreous is detached from the retina. If the peripapillary glial 
tissue is torn away during PVD and remains attached to the 
vitreous cortex about the prepapillary hole, it is referred to as 
Vogt’s or Weiss’ ring. Vitreous can extrude through the pre-
papillary hole in the vitreous cortex (Figure.  II.E-17 ) but 
does so to a much lesser extent than through the premacular 
vitreous cortex.

      B. Cells of the Posterior Vitreous Cortex 

   1. Hyalocytes 
 Reeser and Aaberg [ 109 ] considered the vitreous cortex to be 
the “metabolic center” of vitreous because of the presence of 
hyalocytes. These cells were fi rst described in 1845 by 
Hannover. Schwalbe [ 110 ] placed these cells into the group 
of “Wanderzellen” (wandering cells,  i.e ., leukocytes or mac-
rophages) on the basis of their morphology, distribution, and 
behavior. He later named them “subhyaloidale Zellen” [ 111 ]. 
Balazs [ 112 ] modifi ed this term and named the cells 
 “hyalocytes.” The origin of hyalocytes is unknown, although 

  Figure II.E-15    Scanning electron microscopy of the posterior aspect 
of the human posterior vitreous cortex. Scanning electron microscopy 
demonstrates the dense packing of collagen fi brils in the vitreous 

 cortex. To some extent this arrangement is exaggerated by the dehydra-
tion that occurs during specimen preparation for scanning electron 
microscopy (Bar = 10 μm) [ 107 ]       
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Balazs considered them to be remnants of the adventitia of 
the hyaloid blood vessels that fi ll the vitreous body early dur-
ing embryogenesis. Recent studies identifi ed that rodent hya-
locytes contain macrophage cell surface markers, that these 
cells are derived from bone marrow, and that they are 
replaced every 7 months (see chapter   II.D    . Hyalocytes). 

 Hyalocytes are embedded in the posterior vitreous cortex 
(Figures  II.E-18  and  II.E-19 ), widely spread apart in a single 
layer situated 20–50 μm from the inner limiting lamina of the 
retina posteriorly and the basal lamina of the ciliary body 
epithelium at the pars plana and vitreous base.

    Quantitative studies of cell density in the bovine [ 113 ] and 
rabbit [ 114 ] vitreous found the highest density of hyalocytes 
in the region of the vitreous base, followed next by the poste-
rior pole, with the lowest density at the equator. As shown in 
Figure  II.E-19 , hyalocytes are oval or spindle shaped, are 
10–15 μm in diameter, and contain a lobulated nucleus, a 
well-developed Golgi complex, smooth and rough endoplas-
mic reticula, and many large periodic  acid-Schiff- positive 
lysosomal granules and phagosomes [ 104 ,  115 ]. Hogan and 

colleagues [ 116 ] described that the posterior hyalocytes are 
fl attened and spindle shaped, whereas anterior hyalocytes are 
larger, rounder, and at times star shaped. Saga and associates 
[ 117 ] have described that different ultrastructural features can 
be present in different individual cells of the hyalocyte popu-
lation 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 [ 118 ,  119 ] pointed out that hyalocytes are located 
in the region of highest HA concentration and suggested that 
these cells are responsible for vitreous HA synthesis. In sup-
port of this hypothesis is the fi nding that the enzymes needed 
for HA synthesis are present within hyalocytes [ 120 ]. 
Osterlin [ 121 ] demonstrated that labeled intermediates des-
tined to become incorporated into HA are taken up and inter-
nalized by hyalocytes. Several  in vivo  [ 122 ,  123 ] and  in vitro  
[ 123 ,  124 ] studies have shown that hyalocytes synthesize 
large amounts of HA. Bleckmann [ 125 ] found that in con-
trast to  in vivo  metabolism, HA synthesis by hyalocytes 
grown  in vitro  is reduced in favor of sulfated polysaccharide 

  Figure II.E-16    Lamellar organization of the posterior vitreous cortex 
in the monkey. Immunohistochemistry with anti-ABA lectin antibodies 
of the monkey vitreoretinal interface demonstrates lamellae in the 
 posterior vitreous cortex ( arrow ) just above the ILM of the retina 

(intensely staining  yellow line ). These lamellae represent potential 
cleavage planes during anomalous PVD with vitreoschisis (Courtesy of 
Greg Hageman, PhD; Reprinted with Permission [ 90 ])       
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synthesis. He suggested that when these cultured cells are 
reimplanted into vitreous, there must be a retransformation 
of hyalocyte glycosaminoglycans synthesis to the normal 
state since vitreous clarity is maintained in these experimen-
tal conditions [ 126 ]. Swann, however, claimed that there is 
no evidence that hyalocytes are responsible for the synthesis 
of vitreous HA. There is no evidence to suggest that hyalo-
cytes maintain ongoing synthesis and metabolism of glyco-
proteins within the vitreous. Thereafter, Rhodes and 
coworkers [ 127 ] used autoradiography to demonstrate the 
active incorporation of fucose into rabbit vitreous glycopro-
teins. In another study [ 128 ], sialyl and galactosyl transfer-
ase activity was demonstrated in calf vitreous hyalocytes, 
suggesting that these cells are responsible for vitreous glyco-
protein synthesis. An alternate hypothesis, however, states 
that vitreous glycoproteins originate as secretory products of 
the inner layer of the ciliary epithelium [ 129 ,  130 ] (see chap-
ter   I.F    . Vitreous biochemistry and artifi cial vitreous). 

 Hyalocyte capacity to synthesize collagen was fi rst dem-
onstrated by Newsome and colleagues [ 131 ]. Studies by 
Ayad and Weiss [ 132 ] showed the presence of CPS-1 and 
CPS-2 collagens adjacent to hyalocytes. These investigators 
concluded that in similar fashion to chondrocyte metabo-
lism, hyalocytes synthesize these collagens. Hoffman and 

coworkers [ 133 ] also proposed that the distribution of high-
molecular- weight substances in vitreous, including enzymes, 
suggests synthesis by hyalocytes. 

 The phagocytic capacity of hyalocytes has been described 
 in vivo  [ 134 ] and demonstrated  in vitro  [ 113 ,  126 ]. This 
activity is consistent with the presence of pinocytic vesicles 
and phagosomes [ 114 ,  135 ] and the presence of surface 
receptors that bind IgG and complement [ 136 ]. Interestingly, 
HA may have a regulatory effect on hyalocyte phagocytic 
activity [ 137 ,  138 ]. Balazs [ 12 ] has proposed that in their 
resting state, hyalocytes synthesize matrix glycosaminogly-
cans and glycoproteins and that the cells internalize and 
reuse these macromolecules by way of pinocytosis. In such a 
state, hyalocytes may prevent cell migration and prolifera-
tion, as has been shown for RPE cells and vascular endothe-
lial cells. However, in response to inducting stimuli and 
infl ammation, hyalocytes may become phagocytic as well as 
stimulatory for monocyte recruitment from the circulation, 
beginning the cascade of events associated with infl amma-
tion and wound repair. This type of transformation may 
underlie the observations of Saga and associates [ 117 ], who 
identifi ed different appearances in the various cells of a hya-
locyte population in a given eye. It is also important to con-
sider that hyalocytes as well as resident fi broblasts are the 

  Figure II.E-17    Human posterior vitreous cortex. Posterior vitreous in 
the left eye of a 59-year-old man. The vitreous cortex envelopes the 
vitreous body and contains multiple, small points that scatter light 
intensely, which are mononuclear cells known as hyalocytes. There is a 

“hole” in the prepapillary posterior vitreous cortex through which vitre-
ous extrudes into the retro-cortical space. Larger amounts of vitreous 
extrude through the premacular vitreous cortex and fi bers course from 
the central vitreous into the retro-cortical space [ 108 ]       
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fi rst cells to be exposed to any migratory or mitogenic stim-
uli. Thus, the response of these cells must be considered in 
defi ning the pathophysiology of all proliferative disorders at 
the vitreoretinal interface, especially PVR and premacular 
(“epiretinal”) membrane formation.  

   2. Fibroblasts 
 There is a second population of cells in the vitreous cortex 
that in some cases may be mistaken for hyalocytes. Several 
investigations [ 113 ,  139 ,  140 ] have determined that fi bro-
blasts are present in the vitreous cortex. These cells consti-
tute 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 patho-
logic situations. The argument for a role in normal vitreous 
collagen synthesis is mostly by analogy to studies of fi bril-
logenesis in tendon where investigators [ 141 ] have found 
that secreted collagen molecules are assembled into fi brils 
within invaginations of secreting fi broblasts. The locations 
of fi broblasts in the anterior peripheral vitreous (vitreous 
base and near the ciliary processes) and posterior vitreous 

may explain how vitreous fi bers become continuous 
 structures spanning the distance between these locations. 
Balazs and coworkers [ 113 ] found that near the pars plana 
ciliaris, vitreous fi broblasts decrease in number with age. 
Gartner [ 139 ] has suggested that changes in these cells are 
responsible for aging changes in the collagen network of the 
vitreous base.    

   IV. Vitreovascular Interface 

 While the precise nature of the vitreoretinal interactions in 
and around retinal blood vessels remains incompletely 
understood, specialized vitreovascular structures and inter-
relationships do exist [ 142 ]. Kuwabara and Cogan [ 143 ] 
described “spiderlike bodies” in the peripheral retina that 
coiled about blood vessels and connected with the 
ILM. Pedler [ 144 ] found that the ILM was thin over blood 
vessels and hypothesized that this was due to the absence of 
Müller cell inner processes (Figure  II.E-20 ). Wolter [ 145 ] 
noted the existence of pores in the ILM along blood vessels 
and found vitreous strands inserted where the pores were 

  Figure II.E-18    Human hyalocytes  in situ . Phase contrast microscopy 
of  in situ  preparation of hyalocytes in the vitreous cortex from the eye 
of an 11-year-old girl obtained at autopsy. No stains or dyes were used 

in this preparation. Pseudopodia are visible in some cells (Original 
magnifi cation = 290×. Specimen courtesy of the New England Eye 
Bank)       
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located. Mutlu and Leopold [ 146 ] described these strands as 
extending through the ILM to branch and surround vessels in 
what they termed “vitreo-retinal-vascular bands.” Such 
structures might explain the strong adhesion between vitre-
ous and retinal blood vessels, as well as the tendency for 
vitreous traction to be associated with retinal vascular leak-
age, retinal neovascularization, and hemorrhage.

   Foos [ 147 ] proposed a sequence of events in the devel-
opment of traction associated with retinal blood vessels 
beginning initially with thinning of the ILM, then subsur-
face retinal degeneration, and eventually transmigration of 
macrophages. Small defects in the ILM, when complicated 
by vitreous incarceration or by simple epiretinal membrane 
 formation can provoke more complex proliferative lesions 
of the vitreovascular interface. Cystic degeneration occur-
ring along the retinal vessels is present in the nerve fi ber 
layer, is seen before the vitreous is detached at that area, 
and is referred to as paravascular rarefaction [ 147 – 150 ] 
(see chapter   III.H    . Peripheral vitreo-retinal pathology). In a 
study of eyes of 126 consecutive autopsy cases of subjects 
21 years or older at death, Spencer and Foos [ 148 ] observed 
retinal paravascular rarefaction in 30 %. The process was 
bilateral in 83 % of affected cases and was present in 25 % 
of the 252 eyes in the study. These paravascular cyts are 
believed to be a common precursor to both paravascular 
lamellar retinal tears, also called retinal pits, and many full-
thickness retinal tears [ 148 ,  149 ]. This correlation between 
irregular vitreovascular adherence, paravascular cyst for-
mation, and the development of localized retinal tears has 
been identifi ed most convincingly in highly myopic eyes 
[ 151 ,  152 ]. 

 Polk et al. [ 153 ] described the clinicopathologic features 
of a new sheen retinal dystrophy-familial inner limiting 
membrane dystrophy. Cystic spaces were present under the 
ILM and in the inner nuclear layer. Numerous areas of sepa-
ration of the ILM from the retina were present. A fi lamen-
tous material was present in some of these areas. Endothelial 
cell swelling and partial degeneration, pericyte degeneration, 

  Figure II.E-19    Ultrastructure of human hyalocyte. A mononuclear cell 
is seen embedded within the dense collagen fi bril ( black C ) network of 
the vitreous cortex. There is a lobulated nucleus ( N ) with dense mar-
ginal chromatin ( white C ). In the cytoplasm there are mitochondria ( M ), 
dense granules ( arrows ), vacuoles ( V ), and microvilli ( Mi ) (×1,670) 
(Courtesy of JL Craft and DM Albert, Harvard Medical School, Boston) 
(From Sebag [ 107 ])       

a b c d

  Figure II.E-20    Vitreo-retinal-vascular interface in the human retina. 
( a ) Cross section of an 80-year-old human retina with two large ves-
sels ( white stars ) near the ILM. TEM shows that the ILM adjacent to 
those vessels is thinner ( b ) as compared to the ILM further away from 
the vessels.  BM  basement membrane of a retinal vessel close to the 

ILM ( c ). Further, ILM whole mounts stained for laminin show less 
staining at sites where blood vessels had been in the retina and outline 
the course of the vessels, confi rming that the ILM is thinner when reti-
nal vessels are close to the vitread surface of the retina ( d ) Bars:  b ,  c : 
1um;  d : 100 um       
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and basement membrane thickening of retinal capillaries 
suggested that this condition is primarily a retinal vascular 
problem with chronic edema, swelling, and degeneration of 
Müller cells and separation of the ILM. 

 The risk of hemorrhage is particularly high when abnor-
mal neovascular vessel complexes grow into the posterior 
vitreous cortex, as shown by Falbourn and Bowald [ 154 ]. 
However, even in the absence of neovascularization, vitreous 
traction upon retinal vessels can induce vitreous hemor-
rhage. This can occur in innocuous posterior vitreous detach-
ment (PVD) or in anomalous PVD. Indeed, studies have 
shown that in nondiabetic patients with fundus-obscuring 
hemorrhage, there is a 67 % incidence of retinal tears, 39 % 
with retinal detachment [ 155 ]. Traction-mediated avulsion 
of retinal veins and/or arteries is believed to be an important 
contributor to the occurrence of vitreous hemorrhage in the 
absence of new blood vessel formation [see chapter   III.H    . 
Peripheral vitreo-retinal pathology]. 

 Irregularities or defects in vitreovascular adherence are 
common and appear to correspond to areas of cystic degen-
eration in the nerve fi ber layer, also referred to as paravas-
cular rarefraction [ 147 – 149 ]. These paravascular cyts are 
believed to be a common precursor to both paravascular 
lamellar retinal tears, also called retinal pits, and many full- 
thickness retinal tears [ 147 – 149 ]. This correlation between 
irregular vitreovascular adherence, paravascular cyst for-
mation, and the development of localized retinal tears has 
been identifi ed most convincingly in highly myopic eyes 
[ 151 ,  152 ].  

   V. Unresolved Questions 

 While the foregoing presents a comprehensive body of infor-
mation regarding the vitreoretinal interface and particularly 
the ILM, there are many important questions that remain 
unresolved. 

   A. Diffusion Through the ILM 

   1.  Trans-ILM Diffusion from Vitreous 
to Retina and Choroid 

 It is currently not known what size particles and proteins can 
penetrate the ILM. The successful use of avastin, a human-
ized monoclonal antibody, to treat VEGF-induced subretinal 
neovascularization in age-related macular degeneration 
(AMD) shows that antibodies with a molecular weight of 
150 kD can penetrate the ILM. Similar experiments in chick 
embryos also showed that other antibodies could diffuse 
through the ILM in matter of hours [ 156 ]. The upper molecu-
lar weight size and the diffusion kinetics, however, are 
unknown. While peptides and proteins <150 kD can diffuse 
through BMs, it is unknown whether lipids, lipophilic com-
pounds, and lipoproteins can penetrate the ILM. Another 

question in this regard relates to the observation that eyes of 
diabetic patients with vitreoretinal adhesion have a greater 
risk of having proliferative diabetic retinopathy. One hypoth-
esis is that the vitreoretinal interface in these cases interferes 
with oxygenation of the inner retina, but there are no studies 
of trans-ILM oxygen transport/diffusion in diabetics vs. 
nondiabetics.  

   2.  Trans-ILM Diffusion from Chorioretinal 
Compartment to Vitreous 

 Studies have shown that in AMD eyes with vitreomacular 
adhesion have a higher incidence of choroidal neovascu-
larization than eyes with PVD [ 157 ,  158 ]. One of the 
hypotheses to explain this observation is that the vitreo-
retinal interface in these eyes represents a barrier to the 
egress of proangiogenic cytokines from the chorioretinal 
compartment. There are no studies that address this 
possibility.   

   B.  Viral Penetration Through the ILM 
into the Retina 

 A convenient way to induce a medically relevant transduc-
tion of retinal cells would be an intravitreal injection of virus 
particles that carry a cDNA to transfect the retinal cells. 
Preliminary data plating adenoviruses on top of ILM whole 
mounts showed that these viruses were unable to infi ltrate 
the ILM (Halfter, unpublished). Potential entry sites for 
viruses are the foveal area, where the ILM is very thin and 
potentially damaged, and sites with large blood vessels in the 
nerve fi ber layer, where the ILM is also very thin and fragile 
[ 153 ] or segments of the ILM that are damaged. Furthermore, 
it might be desirable to temporarily alter the integrity of the 
ILM so as to facilitate viral penetration for therapeutic trans-
fection of the retina.  

   C. Trans-ILM Cell Migration 

 The mechanism(s) by which circulating monocytes and reti-
nal glial cells migrate through the ILM to form contractile 
premacular membranes and cause macular pucker are 
unknown. Similarly, it is not known how vascular endothe-
lial cells migrate through the ILM to form new blood vessels 
in ischemic retinopathies such as proliferative diabetic 
retinopathy.  

   D. Vitreous-ILM Adhesion 

 TEM imaging of the vitreoretinal interface showed a con-
nectivity of vitreous ECM proteins and the ILM 
(Figure  II.E-1 ). The adhesion of both ECM structures is 
strong in youth. In human eyes from patients before the age 
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of 30, the vitreous and the ILM are almost inseparable and 
make vitrectomy problematic. Further, high myopia lead to 
PVD at a relative early age and may cause retinal detach-
ment. This happens at a high frequency in Knobloch syn-
drome patients, where high myopia lead to a precocious and 
consequently anomalous PVD followed by giant retinal 
detachments. 

 Russell [ 159 ] proposes a model by which the ECM main-
tains integrity of the vitreoretinal interface. In his theory, a 
240 kDa protein core is bound to the type IV collagen of the 
ILM. Attached to the protein core are series of chondroitin 
sulfate glycosaminoglycans (GAG) that are present on the vit-
read side of the ILM. The GAGs bind to a fi brillar protein, 
most likely opticin, which then interacts with type II collagen 
of the cortical vitreous. Through this chain of interaction, ILM 
to core protein to GAG to opticin to cortical vitreous, a rela-
tively strong biochemical adhesion is formed. The adhesion of 
vitreous and ILM becomes progressively weaker with advanc-
ing age, and at the age of 60 and older, the vitreous separates 
by itself from the ILM during posterior vitreous detachment 
(PVD). What is currently unknown is what molecular partners 
in ILM and vitreous connect both structures. Since this con-
nectivity is most likely the cause for retinal tears and other 
pathologies during anomalous PVD, it would be important to 
have a better understanding of the molecular partners that pro-
vide the junction between the vitreous and the ILM. 
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 “Vision is the art of seeing what is invisible to others.” 
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 Key Concepts 

     1.    Vitreous is invisible  by design , making imaging a 
great challenge, both  in vitro  and  in vivo . The 
importance of vitreous imaging, however, is under-
scored not only by the need to understand the role 
vitreous plays in various ocular disorders but also 
because vitreous is an extended extracellular matrix 
that is relatively accessible by light and sound, 
making it possible to assess extracellular matrix 
biology in vitreous as an index for the entire body.   

   2.    Dark-fi eld slit microscopy has been used to charac-
terize vitreous anatomy  in vitro  without dehydra-
tion or tissue fi xatives, but has limitations  in vivo . 
Slit-lamp biomicroscopy; direct, indirect, and scan-
ning laser ophthalmoscopies; ultrasonography; and 
optical coherence tomography are useful in clinical 
practice, but have limitations imposed by resolution 
constraints. The combined use of more than one 
technique could provide better imaging for investi-
gational and clinical purposes.   

   3.    Magnetic resonance imaging, Raman spectroscopy, 
and dynamic light scattering are promising future 
technologies for noninvasive evaluation of vitreous 
macromolecules and their organization. This and 
other nanotechnologies will provide opportunities 
to rewrite the textbooks of ophthalmology in terms 
of physiopathology rather than the current concepts 
of ocular disease that are dependent upon histopath-
ologic changes to establish a diagnosis.     

Outline

I. Introduction

II. In Vitro Imaging

III. In Vivo Imaging
A. Physical Examination

1. Direct Ophthalmoscopy
2. Indirect Ophthalmoscopy
3. Slit-Lamp Biomicroscopy

a. Preset Lens Biomicroscopy
b. Contact Lens Biomicroscopy

B. Clinical Imaging Technologies
1. Optical Imaging

a. Scanning Laser Ophthalmoscopy
b. Optical Coherence Tomography

2. Acoustic Imaging: Ultrasonography
3. Magnetic Resonance Imaging Spectroscopy

IV. Future Imaging Technologies
A. Raman Spectroscopy
B. Dynamic Light Scattering

References

mailto: djceye@gmail.com
mailto: rs3072@cumc.columbia.edu
mailto: jsebag@vmrinstitute.com


194

   I. Introduction 

 Imaging vitreous is an attempt to view what is  by design  
invisible (Figure  II.F-1 ). The inability to adequately image 
vitreous hinders a more complete understanding of its nor-
mal structure and function, its role in ocular health, and how 
things change in aging and disease. As described by Duke- 
Elder [ 1 ], the theories of vitreous anatomy that were preva-
lent during the mid-eighteenth century proposed that the 
vitreous is composed of “loose and delicate fi laments sur-

rounded by fl uid,” a description that is remarkably close to 
present-day concepts. During the eighteenth and nineteenth 
centuries, there were no less than four very different theories 
of vitreous structure: in 1741 Demours proposed the alveolar 
theory; in 1780 Zinn offered the concentric, lamellar confi g-
uration theory; in 1845 Hannover suggested the radial sector 
theory; and in 1848 Sir William Bowman proposed the fi bril-
lar theory, later championed by Retzius and Szent- Gyorgi. 
Unfortunately, as pointed out by Redslob [ 2 ], the techniques 
employed in all these studies were fl awed by artifacts that 

  Figure II.F-1    The  invisible  human vitreous postmortem. Intact whole 
vitreous body from a 9-month-old child with the sclera, choroid, and 
retina dissected off the vitreous body 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 fi rmly adherent to the vitreous 

base and could not be dissected. The vitreous body is solid and 
although situated on a surgical towel exposed to room air maintains its 
shape; because of the young age of the donor, the vitreous is almost 
entirely gel (Specimen courtesy of the New England Eye Bank, 
Boston, Mass)       
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biased the results of the investigations, since they employed 
acidic tissue fi xatives that precipitated what we recognize 
today as the glycosaminoglycans, hyaluronan. Thus, the 
development of slit-lamp biomicroscopy by Gullstrand 
in 1911 1  held great promise, as it was anticipated that this 
technique would enable imaging of vitreous structure with-
out the introduction of fi xation artifacts. Yet, as described 
by Redslob [ 2 ], a varied set of descriptions resulted over 
the years, ranging from a fi brous structure to sheets, “chain-
linked fences,” and various other interpretations. This prob-
lem has even persisted in more recent investigations. Eisner 
[ 3 ] described “membranelles”; Worst [ 4 ] “cisterns”; Sebag 
and Balazs [ 5 ] “fi bers”; and Kishi and Shimizu [ 6 ] “pockets” 
in the vitreous body [ 7 ].

   Previously considered a vestigial organ, vitreous is now 
regarded as an important ocular structure, at least with 
respect to several important pathological conditions of the 
posterior segment, but also in terms of ocular physiology, 
especially regarding the crystalline lens. Vitreous is in 
essence an extended extracellular matrix, composed largely 
of water, with a very small amount of structural macromol-
ecules [ 8 ,  9 ]. Nevertheless, in the normal state it is a solid 
and clear gel, especially in youth (Figure  II.F-1 ). Because of 
the predominance of water within vitreous, effective imaging 
of this structure  in vitro  is best performed by methods that 
overcome the  intended  transparency of this tissue yet avoid 
dehydration. Imaging the vitreous  in vivo  is even more chal-
lenging. The following reviews some of the most important 
methods available and currently in development for imaging 
vitreous  in vitro  and  in vivo .  

1   Allvar Gullstrand won the 1911 Nobel Prize for Physiology or 
Medicine, the only Nobel Prize ever awarded for work in Ophthalmology. 
[as cited by Ehinger, Grzybowski A. Allvar Gullstrand (1862-1930) - 
the gentleman with the lamp. Acta Ophthalmol. 2011;89(8):701–8]. 

   II. In Vitro Imaging 

 Dark-fi eld slit microscopy of a whole human vitre-
ous body in the fresh, unfi xed state (Figure  II.F-2 ) was 
extensively employed by Sebag and Balazs to charac-
terize the fi brous structure of vitreous [ 10 ] (Figure  II.F-
3 ), age-related changes within the central vitreous body 
[ 11 ] (Figure  II.F-4 ) and at the  vitreoretinal interface, 
[ 12 ] and the effects of diabetes on the human vitreous 
structure [ 13 ,  14 ]. This imaging method has successfully 
demonstrated the anatomy of the posterior vitreous cor-
tex (Figure  II.F-5 ) and the fi bers in the anterior periph-
eral vitreous (Figure  II.F-6 ) that transmit traction to the 
peripheral retina in rhegmatogenous retinal detachment 
[see chapters   III.I    . Role of vitreous in the pathogenesis 
of retinal detachment and   V.B.4    . Prophylaxis and cure of 
rhegmatogenous retinal detachment]. Fibers in this region 
also play a role in the formation of the so-called “anterior 
loop” confi guration of anterior proliferative vitreoreti-
nopathy [see chapter   V.B.6     Retinectomy in Recalcitrant 
Retinal Detachments].

       Pathological fi bers, [ 14 ] believed to be the consequence 
of nonenzymatic glycation of vitreous collagen fi brils, [ 15 ] 
were also visualized in cases of diabetic vitreopathy 
(Figure  II.F-7 ) [see chapter   I.E    . Diabetic vitreopathy].

   The reason that these normal and pathological struc-
tures are visible with dark-fi eld slit microscopy is that this 
technique achieves a 90° illumination/observation angle 
that maximizes the Tyndall effect. Eisner employed slit 
 microscopy to characterize his system of membranelles [ 3 ] 
(Figure  II.F-8 ).

   An important method for  in vitro  imaging was developed 
by Jan Worst wherein he injected India ink to characterize the 
cisternal anatomy of vitreous (Figure  II.F-9 ). His fi ndings 
have particular relevance in this era of frequent intravitreal 

  Figure II.F-2    Human vitreous dissection for dark fi eld slit microscopy 
 in vitro . Fresh unfi xed human eyes were obtained courtesy of the Eye 
Bank For Sight Restoration in New York City (1978–79) and The New 
England Eye Bank in Boston (1980–1986). The sclera was dissected 
from the limbus posteriorly, leaving a region around the optic nerve 
intact. The choroid was peeled off the retina exposing the posterior sur-
face of the retina. This is the opposite view obtained by ophthalmoscopy 
and other forms of imaging, although the retinal blood vessels and the 

xanthochromic pigment of the fovea can still be identifi ed and used as 
landmarks for orientation. The retina is then peeled off the vitreous body 
with the specimen maintained in an isotonic saline solution. Placing 
sutures through the limbus enables mounting of the specimen onto an 
L-shaped lucite frame (L) which is then placed in a vertically rectangu-
lar lucite chamber ( C ) fi lled with isotonic saline to maintain buoyancy of 
the dissected vitreous body still attached to the anterior segment (image 
to the far right).  Arrowheads  indicate the posterior vitreous cortex       

 

II.F. To See the Invisible: The Quest of Imaging Vitreous

http://dx.doi.org/10.1007/978-1-4939-1086-1_5
http://dx.doi.org/10.1007/978-1-4939-1086-1_41
http://dx.doi.org/10.1007/978-1-4939-1086-1_41
http://dx.doi.org/10.1007/978-1-4939-1086-1_21


196

  Figure II.F-3    Adult Human Vitreous Structure Visualized by Dark-
Field Slit Microscopy. Specimens were prepared as described in 
Figure  II.F-2 . A slit lamp was used to shine a horizontally oriented 
beam through the vitreous body, creating a horizontal optical section. 
When viewed from above, the illuminated plane has a 90° illumination/
observation angle that maximizes the Tyndall effect, especially when 
viewed in a completely dark room. All photographs shown are oriented 
with the anterior segment below and the posterior pole above.  Top left:  
Posterior vitreous in the left eye of a 52-year-old man. The vitreous body 
is enclosed by the vitreous cortex. There is a hole in the prepapillary 
(small, to the  left ) vitreous cortex. Vitreous fi bers are oriented towards 
the premacular region.  Top right:  Posterior vitreous in a 57-year-old 
man. A large bundle of prominent fi bers is seen coursing anteroposteri-
orly and entering the retrocortical space by way of the premacular vitre-
ous cortex.  Row 2, left:  Same photograph as  upper right , at higher 
magnifi cation.  Row 2, right:  Posterior vitreous in the right eye of a 
53-year- old woman. There is posterior extrusion of vitreous out the pre-
papillary hole (to the  right ) and premacular (large extrusion to the  left ) 

vitreous cortex. Fibers course anteroposteriorly out into the  retrocortical 
space.  Row 3, left:  Horizontal optical section of the same  specimen as 
row 2 right, at a different level. A large fi ber courses posteriorly from the 
central vitreous and inserts into the premacular vitreous cortex.  Row 3, 
right:  Same view as row 3 left, at higher magnifi cation. The large fi ber 
has a curvilinear appearance because of traction by the vitreous extrud-
ing into the retrocortical space (see row 2 right). However, because of its 
attachment to the posterior vitreous cortex, the fi ber arcs back to its point 
of insertion.  Bottom left:  Anterior and central vitreous in a 33-year-old 
woman. The canal of Cloquet is seen forming the retrolental space of 
Berger.  Bottom right:  Anterior and peripheral vitreous in a 57-year-old 
man. The specimen is tilted forward to enable visualization of the poste-
rior aspect of the lens and the peripheral anterior vitreous. To the right of 
the lens, there are fi bers coursing anteroposteriorly that insert into the 
vitreous base. These fi bers splay out to insert anterior and posterior to 
the ora serrata (Reproduced with permission from Sebag and Balazs 
[ 94 ]; Sebag and Balazs [ 5 ]; Sebag [ 9 ]) (Specimens were courtesy of the 
New York Bank for Sight and Restoration, New York, NY)        
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  Figure II.F-4    Age-Related Differences in Human Vitreous Structure. 
Dark-fi eld slit microscopy of fresh unfi xed whole human vitreous with 
the sclera, choroid, and retina dissected off the vitreous body, which 
remains attached to the anterior segment. The anterior segment is below 
and the posterior pole is above in all images.  Top row:  The vitreous bod-
ies of al 11-year-old girl ( left ) and a 14-year-old body ( right ) demon-
strate a homogeneous structure with no signifi cant light scattering within 
the vitreous body, only at the periphery where the vitreous cortex is com-
prised of a dense matrix of collagen fi brils. The posterior aspect of the 

lens is visible at the bottom of each image.  Middle row:  Vitreous struc-
ture in a 56-year-old ( left ) and a 59-year-old ( right ) subject features mac-
roscopic fi bers in the central vitreous body with an anteroposterior 
orientation. These form when hyaluronan molecules no longer separate 
collagen fi brils, allowing cross-linking and aggregation of collagen 
fi brils into visible fi bers.  Bottom row:  In old age the fi bers of the central 
vitreous become signifi cantly thickened and tortuous, as demonstrated 
in the two eyes of an 88-year-old woman. Adjacent to these large fi bers 
are areas of liquid vitreous, at times forming pockets, called lacunae       
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injections where there is little attention paid to exactly where 
within the vitreous body drugs are being injected. For exam-
ple, it is very plausible that an injection into Cloquet’s canal 
will have very different drug distribution than an injection 
into the bursa premacularis of Worst. [see chapter   IV.E    . 
Principles and practice of intravitreal application of drugs].

      III. In Vivo Imaging 

 One of the major challenges to imaging vitreous  in vivo  is 
the limitation imposed by the size of the pupil and the anat-
omy of the anterior segment, which work against achieving 
a wide illumination/observation angle with a slit-lamp 
beam. 

   A. Physical Examination 

 Examination of vitreous essentially consists of visualizing a 
structure intended to be virtually invisible [ 16 ]. The clarity of 

vitreous and its position within the inner recesses of the eye 
make clinical examination diffi cult. Optical transparency 
necessitates maximizing the Tyndall effect for visualization. 
Although this can be achieved  in vitro  (see above), there are 
limitations in the illumination/observation angle that can be 
achieved  in vivo . This is even more troublesome in the pres-
ence of meiosis, corneal and lenticular opacities, and poor 
patient compliance. Essential to the success of achieving an 
adequate Tyndall effect are maximizing pupil dilation in the 
patient, because the Tyndall effect increases with an increas-
ingly subtended angle between the axis of illumination and 
the line of observation (up to a maximum of 90°) and dark 
adaptation in the examiner [ 17 ]. Some observers [ 18 ] propose 
that green light further enhances the Tyndall effect. In a fun-
dus camera this can be achieved with red-free illumination. 

   1. Direct Ophthalmoscopy 
 With direct ophthalmoscopy, light rays emanating from a 
point in the patient’s fundus emerge as a parallel beam that is 
focused on the observer’s retina, and an image is formed. 
However, incident light reaches only that part of the fundus 
onto which the image of the light source falls, and only light 

  Figure II.F-5    Dark-fi eld slit microscopy imaging of posterior and cen-
tral vitreous in a 59-year-old man postmortem. The premacular hole is 
at the top center. Fibers course anteroposteriorly in the center of the 
vitreous and exit the vitreous body posteriorly to enter the retrocortical 
(preretinal) space via the premacular region of the vitreous cortex. The 

prepapillary “hole” in the posterior vitreous cortex is to the left. Within 
the posterior vitreous cortex are many small “dots” that scatter light 
intensely. The larger, irregular dots are debris. The small punctate dots 
are hyalocytes (Sebag [ 9 ])       
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from the fundus area onto which the observer’s pupil is 
imaged reaches that pupil. Thus, the fundus can be seen only 
where the observed and the illuminated areas overlap and 
where the light source and the observer’s pupil are aligned 
optically. This restricts the extent of the examined area, and 
also because of a limited depth of fi eld, this method is rarely 
used to assess vitreous structure.  

   2. Indirect Ophthalmoscopy 
 Indirect ophthalmoscopy extends the fi eld of view by using 
an intermediate lens to gather rays of light from a wider area 
of the fundus. Although binocularity provides  stereopsis, 
the image size is considerably smaller than with direct 

 ophthalmoscopy and only signifi cant alterations in vitreous 
structure, such as the hole in the prepapillary posterior vitre-
ous cortex, vitreous hemorrhage, or asteroid hyalosis, are 
reliably diagnosed by indirect ophthalmoscopy. There is 
also diffi culty in examining the peripheral vitreous resulting 
from a loss of stereopsis since examining the periphery ren-
ders the circular pupil an elliptic aperture, making it diffi cult 
to obtain an adequate view with both of the observer’s eyes. 
This is more of a problem in the horizontal meridians than 
in the vertical, because the examiner’s two eyes are posi-
tioned horizontally. Scleral indentation during indirect oph-
thalmoscopy decreases this limitation, but more so for 
peripheral fundus examination than for the vitreous.  

  Figure II.F-6    Post-mortem dark-fi eld slit microscopy imaging of vit-
reous base morphology. Central and peripheral vitreous structure in a 
57-year- old male. The posterior aspect of the lens is seen below. Fibers 

course anteroposteriorly in the central vitreous and insert at the vitreous 
base. Vitreous fi bers insert into the vitreous base by splaying out to 
insert anterior and posterior to the ora serrata (Sebag [ 9 ])       
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   3. Slit-Lamp Biomicroscopy 
 The anterior vitreous is easily examined at the slit lamp with-
out preset or contact lenses. In the absence of a crystalline or 
artifi cial intraocular lens, vitreous prolapse into the anterior 
chamber could be important in vitreo-corneal touch and the 
risks of corneal endothelial cell dysfunction [ 19 ]. Vitreous 
adhesions to a cataract wound or to the iris may be important 
in the pathogenesis of postoperative cystoid macular edema 
[ 20 ]. Particulate opacities in the anterior vitreous can be seen 
at the slit lamp and can give important clues as to the possible 
presence of posterior pathology, such as retinitis pigmentosa 
[ 21 ]. Cells can be the augury of retinal infection, infl amma-
tion, tears, and/or detachments. Lacqua and Machemer [ 22 ] 
described that an increase in the number and size of pigmented 
cells in the vitreous of patients with retinal detachment (pre- or 

postoperatively) heralds the development of proliferative vit-
reoretinopathy. Bleeding can be associated with red blood 
cells in the anterior vitreous. Various neoplastic diseases, for 
example, endophytic retinoblastoma, choroidal melanoma, 
and reticulum cell sarcoma, can result in anterior vitreous 
cells. Anterior vitreous structures such as the Mittendorf dot, a 
remnant of fetal hyaloid vessel regression, can be seen at the 
slit lamp and should alert the examiner to the possibility of 
other developmental disorders, such as persistent hyperplastic 
primary vitreous in the fellow eye [ 23 ] [see chapter   III.A    . 
Congenital vascular vitreo-retinopathies]. 

 Effectively using slit-lamp biomicroscopy to overcome vit-
reous transparency necessitates maximizing the Tyndall effect. 
Although this can be achieved  in vitro , as described previously 
(and for the anterior vitreous), there are limitations to the illu-

  Figure II.F-7    Post-mortem dark-fi eld slit microscopy imaging of dia-
betic vitreopathy  in vitro .  Upper left : The right eye of a 9-year-old girl 
with a 5 year history of type I diabetes and no evidence of diabetic reti-
nopathy shows extrusion of the central vitreous through the posterior 
vitreous cortex into the retrocortical (preretinal) space. The subcortical 
vitreous appears very dense and scatters light intensely. Centrally, there 
are fi bers ( arrows ) with an anteroposterior orientation and adjacent 

areas of liquefaction.  Upper right:  Central vitreous in the left eye of the 
same subject shows prominent fi bers that resemble those seen in non-
diabetic adults.  Lower left:  Peripheral vitreous of the left eye in the 
same subject shows fi bers inserting into the vitreous cortex with adja-
cent collections of liquid vitreous.  Lower right:  Anterior vitreous of the 
right eye in the same subject shows fi ber insertion into the vitreous base 
about the lens ( arrow ) (Reprinted with permission from Sebag [ 89 ])       

 

J. Sebag et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_13


201

mination/observation angle that can be achieved clinically in 
the mid-vitreous and posterior vitreous. This is even more 
troublesome in the presence of meiosis, corneal and/or lentic-
ular opacities, and limited patient cooperation. Pupil dilation 

in the patient should be maximized to achieve an adequate 
Tyndall effect, because the Tyndall effect increases with an 
increasingly subtended angle between the plane of illumina-
tion and the line of observation (up to a  maximum of 90°) and 

  Figure II.F-8    Vitreous structure (d’après Eisner). Schematic diagram 
of the system of membranelles described by Georg Eisner. These course 
posteriorly from linear anterior insertion sites, called ligamenta ( LR , 

 LC ,  LM ) or the ora serrata ( OS ). Each membranelle is called a tractus 
( TR  retrolental tract,  TC  coronary tract,  TM  median tract,  TP  preretinal 
tract) (Eisner [ 95 ])       
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dark adaptation in the examiner. Some observers purport that 
green light enhances the Tyndall effect, although this has never 
been explained or tested scientifi cally. 

   a. Preset Lens Biomicroscopy 
 This method attempts to increase the available illumination/
observation angle, offers dynamic inspection of vitreous 
 in vivo , and provides the capability of recording the fi ndings 
in real time [ 24 ]. Initially introduced on a wide scale for use 
with a Hruby lens and currently practiced by using a hand-
held 90.00 diopter [ 25 ] lens at the slit lamp, this technique 
can be performed either with a plano concave lens (e.g., 
−55.00 to −58.60 D Hruby lenses) or various convex lenses 
(e.g., +32.00, +58.60, +60.00, or +90.00 D). Plano concave 
lenses produce a highly magnifi ed, narrow-fi eld, erect image 
and enable visualization of the posterior pole, although it is 
diffi cult to achieve an adequate illumination/observation 
angle to examine the posterior vitreous. Peripheral examina-
tion can only be performed by varying the position of the 
fi xation point of the eye (s) which introduces optical distor-
tions that reduce image quality. El-Bayadi [ 26 ] fi rst pro-
posed the use of a +55.00 D preset lens and advised 
maintaining at least a 10° illumination/observation angle. 
The resultant image is inverted and can be photographed. 
The advantage offered by this form of posterior vitreous 
biomicroscopy is that the avoidance of a contact lens facili-
tates the “ascension/descension” examination technique 
[ 27 ], whereby eye movements are used to displace the vitre-
ous. This can be helpful in visualizing structures such as an 
operculum or Vogt (or Weiss) ring, which may have 
descended inferiorly in the presence of a PVD with vitreous 
syneresis [ 28 ]. It is principally this feature that makes the 
approach superior to contact lens systems for examination 
of the posterior vitreous [ 29 ]. A +90.00 D double aspheric 

lens can similarly be used in a preset manner, also with pho-
tographic capabilities [ 30 ]. To examine the peripheral vitre-
ous, Schepens [ 27 ] suggests reducing the illumination/
observation angle, rotating the slit beam to the axis of the 
meridian being observed, and  reducing the interpupillary 
distance of the slit-lamp eyepieces as ways of minimizing 
the loss of stereopsis.  

   b. Contact Lens Biomicroscopy 
 Peripheral vitreous examination has been traditionally per-
formed with the various mirrors of the Goldmann lens. Both 
Schepens [ 27 ] and Jaffe [ 31 ] give excellent detailed accounts 
of the procedure to be followed for peripheral vitreous exami-
nation. Each describes the use of the oscillation technique of 
rocking the slit-lamp joystick to alternate between direct and 
retro-illumination for visualization of particulate or cellular 
opacities in the posterior vitreous. Schepens [ 27 ] further 
describes the use of a tilted slit-lamp column to enhance visu-
alization of the peripheral vitreous. Eisner [ 3 ] has devised a 
cone-shaped apparatus that fi ts onto a three-mirror Goldmann 
lens and enables peripheral scleral indentation during slit-
lamp biomicroscopy with a contact lens. Binocular indirect 
ophthalmoscopy with scleral indentation can also permit such 
examination. The recent development of inverted image con-
tact lenses with various-size fi elds has greatly enhanced ste-
reoscopic examination of the vitreous and fundus, and they 
are now routinely used for laser photocoagulation therapy of 
the fundus. The Mainster retina laser lens [ 32 ] is a +61.00 D 
convex aspheric contact lens that produces a real inverted 
image of about 45° of the posterior fundus with excellent ste-
reopsis. The panfunduscopic lens is a +85.00 D convex 
spheric lens that provides less magnifi cation and image clar-
ity but offers a wider-angle view. It is useful for peripheral 
examination to 60° or 70° with a 15° tilt.    

  Figure II.F-9    Post-mortem vitreous structure (d’après Worst). Injection of India ink identifi es separate cisternal systems. ( a ) Premacular Bursa of 
Worst ( red ). ( b ) Cloquet’s (prepapillary) cisternal system ( blue ) (Courtesy of Professor Jan Worst)       
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   B. Clinical Imaging Technologies 

   1. Optical Imaging 

   a. Scanning Laser Ophthalmoscopy 
 The scanning laser ophthalmoscope (SLO) that was fi rst 
developed at the Schepens Eye Research Institute in Boston 
is now on display at the Smithsonian Institute in Washington, 
D.C. This instrument features tremendous depth of fi eld 
and offers real-time recording of fi ndings. Monochromatic 
green, as well as other wavelengths of light are available 
for illumination [ 33 ]. To date, however, the SLO has really 
only improved the ability to image vitreous in the prepap-
illary posterior vitreous, such as viewing the Weiss ring. 
Unfortunately, despite the dramatic depth of fi eld possible 
with this technique, SLO does not adequately image the 
vitreous body and an attached posterior vitreous cortex, 
probably because of limitations in resolution. Thus, PVD, 
by far the most common diagnosis to be entertained when 
imaging vitreous clinically, is not reliably determined by 
SLO. Indeed, there is an increasing awareness among vitre-
ous surgeons that the reliability of the clinical diagnosis of 
total PVD by any existing technique is woefully inadequate. 
This awareness arises because vitreous surgery following 
clinical evaluation often reveals fi ndings that are contradic-
tory to preoperative assessments. It is hoped that the combi-
nation of SLO imaging with optical coherence tomography 
[ 34 – 36 ] will enable better visualization of vitreous and the 
vitreoretinal interface.  

   b. Optical Coherence Tomography 
 OCT of the retina was introduced in the seminal paper by 
Huang, Fujimoto, and their coworkers in a paper published 
in  Science  in 1991 in which they demonstrated high-resolu-
tion images of the  ex vivo  retina [ 37 ].  In vivo  OCT images of 
the human retina were reported shortly thereafter in indepen-
dent papers by Fercher [ 38 ] and Swanson [ 39 ] and their 
respective coworkers. By 1996, the fi rst commercial ophthal-
mic OCT system was introduced by Carl Zeiss Meditec. 

 OCT signals are generated by refl ection and scattering of 
light by refractive index inhomogeneities present in tissue. In 
Huang’s implementation of this technique, a Michelson inter-
ferometer is used to measure the range and backscatter ampli-
tude along numerous lines-of-sight to form a cross- sectional 
image. In the interferometer, the tissue is illuminated by infra-
red low-coherence light (830 nm wavelength) from a superlu-
minescent diode. The emitted light is divided by a beam 
splitter in two paths or arms, one of which (the reference arm) 
goes towards a mirror and the other (the sample arm) towards 
the tissue (in this case, the eye). Refl ected light from the sam-
ple is combined with the refl ection from the reference arm 
mirror. Interference fringes are produced and recorded on the 
detector as the reference arm is scanned in the range axis and 

path length difference is less than the coherence length. 
Coherence is a measure of the ability of a light source to pro-
duce high contrast interference fringes when interfered with 
itself. Coherence length is inversely related to the bandwidth 
of the light source, i.e., the range of wavelengths present in 
the emitted light. A monochromatic light source will have a 
long coherence length and hence provide poor resolution. 
Conversely, a broadband source (emitting over a range of 
wavelengths) will have a short coherence length and provide 
good resolution. Lateral resolution is determined by the 
focusing optics in the sample arm, which are similar to confo-
cal microscopy, such that light scattered from outside the 
focal spot is suppressed [ 40 ]. To obtain a two-dimensional 
image, the light beam must be scanned laterally across the 
retina, typically by an electromechanically actuated mirror. 
Following the ultrasound nomenclature, a one-dimensional 
representation of amplitude along one line-of- sight is called 
an “A-scan,” while a two-dimensional cross-sectional image 
formed from a series of lines-of-sight is called a “B-scan.” 

 Once developed, OCT technology was quickly used for 
many clinical applications in ophthalmology, including reti-
nal imaging [ 41 ], glaucoma imaging [ 42 ], and imaging of the 
anterior segment [ 43 ]. While the fi rst generation of OCTs 
was based on the above “time-domain” technology and pro-
vided a signifi cant advantage over other imaging technolo-
gies in cross-sectional depiction of the retina, there was 
relatively low imaging speed and consequent motion arti-
facts and relatively poor sensitivity and resolution by today’s 
standards. A major advance in addressing these shortcom-
ings was the development of spectral- or Fourier-domain 
OCT. In time-domain systems, imaging speed is low due to 
the requirement for mechanical scanning of the mirror in the 
reference arm. In spectral-domain OCT (SD-OCT), fi rst pro-
posed by Fercher in 1995 [ 44 ], the interference pattern 
between a reference mirror and the sample is broken into a 
spectrum by an optical grating and the spectrum recorded. 
Fourier transformation of the spectrum into the time domain 
allows an A-scan to be acquired without depth scanning. 
Acquisition speed is only limited by data-processing speed 
of the line scan CCD camera used to record the spectrum of 
the backscattered light. This technique was fi rst applied 
 clinically for retinal imaging in 2002 [ 45 ]. An example of an 
SD-OCT demonstrating PVD is presented in Figure  II.F-10 .

   Another form of spectral-domain OCT uses a wavelength 
swept light source rather than an optical grating. Swept- 
source OCT (SS-OCT) was described by Chinn, Swanson, 
and Fujimoto in 1997 [ 46 ]. It offers several advantages over 
grating-based SD-OCT, including better sensitivity with 
imaging depth, longer imaging range, and higher detection 
effi ciencies (because there are no spectrometer grating losses 
[ 47 ]. The fi rst swept-source OCT of the human retina  in vivo  
was presented in 2006 by Lim et al. using an 800 nm band 
source [ 48 ]. Srinivasan et al. demonstrated high speed 
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(249,000 lines/s) swept-source imaging of the retina and 
optic nerve head in the 1,060 nm band in 2008 [ 49 ]. The high 
sensitivity of SS-OCT provides excellent depiction of vitre-
ous and the vitreoretinal interface. Itakura et al. have utilized 
SS-OCT to examine the structure of the vitreous in the region 
of the macula [ 50 ]. Figure  II.F-11  shows SS-OCT depiction 
of a precortical posterior vitreous pocket, a liquefi ed lacuna 
anterior to the macula that is physiologically present in the 
vitreous of adults [ 51 ,  52 ].

   Modern SD-OCTs acquire about 50,000 vectors per second, 
with research units, especially SS-OCTs, achieving an order of 
magnitude higher speed. The chief disadvantage of OCT stems 
from its limited capacity to image through light scattering or 
absorbing structures such as the iris and sclera. Thus, for retinal 
or vitreous imaging, OCT must be introduced through the pupil 
and will potentially be degraded by pathologic optical opacities 
such as corneal scars, cataract, or hemorrhage along the optical 
path. For anterior segment imaging, OCT can produce excel-
lent depictions of the  cornea; anterior chamber, including the 

angle; and the anterior lens surface within the pupil, but the cili-
ary body is generally poorly visualized as is the lens periphery 
and zonules. A second disadvantage of OCT, at least until 
recently, was limited depth of fi eld, with images depicting only 
2–3 mm axially. This limits its value to assessment of the vit-
reoretinal interface rather than the full extent of the vitreous. To 
mitigate this limitation, SS-OCT systems operating in the 1 μm 
band have been able to achieve greater depth of fi eld [ 47 ]. 
Figure  II.F-12  demonstrates an extended depth SS-OCT image 
of the anterior segment including the cornea and posterior lens 
capsule. Grulkowski et al. recently reported a prototype 
1,065 nm SS-OCT capable of capturing the full axial length of 
the eye [ 53 ].

   One interesting apparatus combines optical coherence 
tomography (OCT) with scanning laser ophthalmoscopy 
(SLO) and is able to perform OCT imaging in the coronal plane 
simultaneously to SLO imaging with exact point-to- point reg-
istration (Figure  II.F-13 ) enabling the superimposition of the 
OCT image onto the SLO image (Figure  II.F-14 ). The results 

  Figure II.F-10    SD-OCT Imaging of posterior vitreous detachment 
 in vivo . SD-OCT of left eye of asymptomatic 64-year-old male subject 
demonstrating PVD extending from the edge of the optic nerve head 
and fully detached at the fovea. The image was produced with the 

Heidelberg Spectralis 820 nm system (Heidelberg Engineering, 
Heidelberg, Germany). Images were post-processed to enhance low-
level backscatter from formed vitreous       

  Figure II.F-11    SS-OCT Imaging of posterior precortical vitreous 
pocket (PPVP, labeled p)  in vivo . Swept-source optical coherence 
tomography (SS-OCT) of vitreous structure in young vs. older subjects. 
( a ) Left eye of 22-year-old female (horizontal scan). The anterior bor-
der of the PPVP is vitreous gel and the posterior wall is comprised of a 
thin layer of the vitreous cortex attached to the retina [ 52 ]. SS-OCT 
revealed the existence of a connecting channel between a boat-shaped 

PPVP and Cloquet’s canal ( c ) [ 50 ]. ( b ) Left eye of 64-year-old female 
(horizontal scan). The posterior wall of the PPVP initially detaches at 
the paramacular area and extends to the perifoveal area, which results 
in a perifoveal PVD.  p  PPVP,  c  Cloquet’s canal,  T  temporal,  N  nasal, 
 white arrow  connecting channel between a PPVP and Cloquet’s canal, 
 yellow arrow  posterior wall of PPVP (Images courtesy of Hirotaka 
Itakura, MD, Gunma University, Japan)       
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showed that in one study, 40 % of eyes with macular hole also 
had eccentric macular pucker [ 35 ]. In comparison to the eyes 
that had macular pucker without macular holes, these mem-
branes were three-fold larger ( P  = 0.006). In eyes with macular 
holes and eccentric macular pucker, the center of retinal con-
traction was twice as far from the fovea as in eyes with only 
macular pucker ( P  = 0.0001). In another study [ 54 ] using com-
bined OCT/SLO and coronal plane imaging, macular pucker 
was found to feature more than one center of retinal contraction 
(Figure  II.F-14 ) in half of the cases. The number of centers was 
positively correlated with the presence or absence of retinal 
cystoid spaces ( P  < 0.05) and the degree of retinal thickening 
( P  < 0.05) [see chapter   III.F    . Vitreous in the pathobiology of 
macular pucker].

    Visualization of the vitreo-macular interface is suffi -
ciently enhanced with OCT/SLO imaging that the role of 
vitreoretinal adhesion in macular diseases is being defi ned as 
it relates to exudative age-related macular degeneration 
(AMD) [ 55 ,  56 ] and new preventative strategies are being 
forged. As previously described [ 57 ], vitreoschisis 
(Figure  II.F-15 ) appears to be an important factor in the 
pathogenesis of macular holes and macular pucker [ 35 ].

   Furthermore, recent studies [ 34 ,  58 ] have determined that 
visualizing the vitreo-papillary interface (Figure  II.F-16 ) 
may be important in understanding the pathophysiology of 
various vitreo-maculopathies. In 117 subjects, SD-OCT/
SLO detected vitreo-papillary adhesion (VPA) in 15 of 17 
(88.2 %) eyes with full-thickness macular holes, 11 of 28 

  Figure II.F-12    SD-OCT imaging of the anterior segment  in vivo.  
Cross-sectional image of the anterior segment of a 35-year-old human 
eye in the relaxed state acquired with extended depth SD-OCT at 
840 nm. The axial resolution of the system is 8 μm in air. The main 
ocular structures are indicated: cornea ( C ), anterior chamber ( AC ), 
crystalline lens ( L ), iris ( I ), and angle ( A ). The image consists of 1,000 

A-lines of 2,556 (axial) pixels each. The size of the frame in the axial 
direction is 9.5 mm when the mean group refractive index of the ante-
rior segment is taken to be 1.37 at 840 nm. The lateral scanning length 
was set to 16 mm (Image courtesy of Marco Ruggeri, Bascom Palmer 
Eye Institute, University of Miami, Miami, FL)       
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  Figure II.F-13    Combined OCT/SLO coronal planer imaging of macu-
lar Pucker  in vivo . Coronal plane optical coherence tomography (OCT) 
imaging ( color to right ) and scanning laser ophthalmoscope (SLO) 
imaging ( grayscale to left ). There is point-to-point registration of these 

two images, enabling an accurate superimposition with exact localiza-
tion of posterior vitreous pathology (see Figure  II.F-14 ) (Courtesy of 
VMR Institute©)       

  Figure II.F-14    Combined OCT/SLO coronal plane imaging of multi-
focal retinal contraction in macular pucker  in vivo  by superimposition 
of images. Coronal plane imaging demonstrates a case of macular 
pucker in the right eye with three separate centers of retinal contraction 

and retinal striae extending between each of the three centers of con-
traction. The image on the left is a composite overlay of the coronal 
plane OCT image (color) superimposed upon the SLO image (gray-
scale) with point-to-point registration (Courtesy of VMR Institute©)       
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  Figure II.F-15    Combined OCT/SLO imaging of posterior vitreos-
chisis  in vivo . ( a ) OCT/SLO longitudinal imaging demonstrates a 
split in the posterior vitreous cortex, with the inner (anterior) layer 
rejoining the outer (posterior) layer forming the “lambda sign” where 
full-thickness posterior vitreous cortex exerts traction lifting the inner 

retina (Courtesy of VMR Institute©). ( b ) OCT/SLO imaging of vit-
reoschisis in macular pucker demonstrates the “lambda” sign, created 
by the rejoining of the two walls or layers of the split into full-thick-
ness posterior vitreous cortex (Reproduced with permission from 
Sebag et al. [ 35 ])       
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(39.3 %) age-matched controls ( P  = 0.002), 4 of 11 (36.4 %) 
eyes with lamellar holes ( P  = 0.01), 4 of 15 (26.7 %) with dry 
AMD ( P  = 0.0008), and 5 of 28 (17.9 %) eyes with macular 
pucker ( P  = 0.000005). Intraretinal cysts were present in 15 
of 15 (100 %) macular hole eyes with VPA. In macular 
pucker eyes, 4 of 5 (80 %) with VPA had intraretinal cysts, 
but only 1 of 23 (4.3 %) macular pucker eyes without VPA 
had intraretinal cysts ( P  = 0.001) [see chapter   III.E    . Vitreo- 
papillary adhesion and traction].

       2. Acoustic Imaging: Ultrasonography 
 When examination of vitreous is made diffi cult by opacifi ca-
tion of the cornea, lens, or vitreous, there can, nevertheless, 
be worthwhile information garnered from careful study. As 
pointed out by Charles [ 59 ] much can be learned from study-
ing the geometric confi guration of an opaque or semiopaque 
vitreous. When opacifi cation is advanced, however, 
 ultrasonography can be helpful in defi ning the nature of the 
opacifi cation, the three-dimensional confi guration of the 
opaque vitreous, and the presence or absence of structural 
pathology behind the vitreous body. Of note, however, is that 
even in the absence of media opacifi cation that precludes 
light- based imaging, ultrasound can provide useful informa-
tion about the molecular structure of vitreous and its relation 
to adjacent structures. Diagnostic ultrasound (US) imaging 
of the eye has a longer history than either MRI or OCT, with 
the fi rst A-mode studies performed by Mundt and Hughes in 
the 1950s [ 60 ] and B-mode by Baum shortly thereafter [ 61 ]. 
Coleman and Carlin developed the fi rst A-mode system for 
axial length determination [ 62 ]. Coleman, Konig, and Katz 
developed the fi rst commercially available combined A- and 

B-mode system in 1969 [ 63 ]. A handheld contact B-mode 
instrument was developed by Bronson and Turner in the 
early 1970s [ 64 ]. Conventional US probes operating at a fre-
quency of 10–12 MHz allow visualization of the globe and 
orbit. High-resolution US, often referred to as ultrasound 
biomicroscopy (UBM), was developed in the early 1990s 
primarily as an outgrowth of the work of Pavlin, Sherar, and 
Foster [ 65 ]. UBM systems operate at 35–50 MHz, but acous-
tic attenuation (which increases exponentially with fre-
quency) limits such systems to visualization of the anterior 
segment. 

 The physical basis of ultrasound is the refl ection or 
scattering of high-frequency sound waves by acoustic 
impedance inhomogeneities or interfaces. Acoustic imped-
ance is the product of speed of sound and density. This is 
similar to OCT, where refractive index variation causes 
light to scatter or refl ect, and US and OCT images thus 
bear a qualitative similarity to each other. US wavelengths 
(150 μm at 10 MHz, 30 μm at 50 MHz), however, are much 
longer than optical wavelengths (which are on the order of 
a micron), and hence, resolution is substantially lower. 
The chief advantage of US over OCT is its penetration. US 
can readily visualize the lens and vitreous in its entirety, 
despite the presence of the intervening iris and sclera. In 
terms of temporal resolution, typical ophthalmic US 
instruments produce about ten images per second, signifi -
cantly slower than OCT, but much faster than 
MRI. Ultrasound’s disadvantage compared to OCT is 
requiring some form of acoustic coupling, such as a water 
bath in an immersion exam or gel in a contact exam. Unlike 
OCT, the US exam is performed without a camera view of 

  Figure II.F-16    Combined OCT/SLO imaging of vitreo-papillary 
adhesion  in vivo.  ( a ) ‘Intersecting planes’ display of longitudinal OCT 
( color ) imaging and SLO ( grayscale ) imaging showing attachment of 
the posterior vitreous cortex to the edge of the optic disc following 
anomalous PVD (Courtesy of VMR Institute©). ( b ) Longitudinal OCT 

imaging of vitreo-papillary adhesion showing vitreous attachment on 
both sides of the optic disc. Note that the posterior vitreous cortex on 
the right side of the optic disc in this image is split, constituting vitreos-
chisis (Courtesy of VMR Institute©)       
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the area being scanned, making registration more diffi cult. 
Nevertheless, the ability of US to image optically occult 
structures in real time gives it an irreplaceable role in oph-
thalmic imaging. 

 On US, the posterior vitreous cortex is not detectable 
when attached to the retinal surface, but presents a sharp, 
smooth interface when detached suffi ciently from the reti-
nal surface to be resolved. Because this interface is often 
smooth, it presents a specular surface and normal incidence 
between the US beam and the surface optimizes refl ectivity. 
Figure  II.F-17  is an example of the typical appearance of 

the detached vitreous. A more shallow detachment, previ-
ously shown by SD-OCT in Figure  II.F-10 , is shown by US 
in Figure  II.F-18 . In this case, the detachment is barely 
resolvable from the retina, as the separation is less than 
200 μm at most. US, however, allows the vitreous as a 
whole to be imaged, and in this patient, intracortical strands 
suggestive of vitreoretinal tension are seen inferiorly near 
the equator.

    US, like OCT, also has a fi nite depth of fi eld. A typical 
10 MHz transducer would have a depth of fi eld of about 
10 mm, which makes simultaneous assessment of the anterior 

  Figure II.F-17    10 MHz ultrasound B-scan of vitreous demonstrating posterior vitreous detachment in the right eye of a 60-year-old female. The 
arrow indicates the detached posterior vitreous cortex.       
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segment and retina problematic. UBM systems typically have 
a depth of fi eld of about 1 mm. As with OCT technology, 
methods have been developed to extend depth of fi eld for oph-
thalmic US. Ketterling et al. developed annular array probes 
consisting of concentric piezoelectric elements that can indi-
vidually emit and receive ultrasound [ 66 ]. Twenty megahetz 
and forty megahetz probes of this design have been utilized for 
imaging the globe and the anterior segment, respectively, as 

reported by Silverman et al [ 67 ,  68 ]. By post-processing echo 
signals received at each element, synthetic focusing [ 69 ] 
allows a six-fold improvement in depth of fi eld, enabling 
imaging of the entire globe, for instance, at 20 MHz, and the 
anterior segment from cornea to lens posterior at 40 MHz. 
Examples of 20 and 40 MHz annular array synthetically 
focused images are provided in Figures  II.F-19  and  II.F-20 . 
An additional enhancement of this technology is pulse 

  Figure II.F-18    Ultrasound 
imaging of the same eye imaged 
by SD-OCT in Figure  II.F-10 . 
( a ) 10 MHz image in horizontal 
plane across optic nerve 
and region of the macula 
demonstrates irregular 
vitreoretinal interface, although 
the separation from retinal 
surface (estimated to be 
<200 μm from OCT) is not 
resolved. ( b ) 20 MHz image in 
same plane as image A more 
clearly depicts vitreous 
detachment from retinal surface. 
( c )  High-gain 10 MHz B-mode 
image of same eye in vertical 
plane depicting the inferior 
aspect of the eye. Note striations 
within the vitreous cortex, 
suggestive of peripheral 
vitreoretinal tension       
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 encoding by “chirp” excitation of the transducer [ 70 ], which 
can provide a major improvement in sensitivity. A chirp is a 
frequency-swept waveform ranging over the useful bandwidth 
of the transducer. Because of the relatively long  duration of the 
chirp compared to conventional impulse excitation, greater 
sensitivity is achieved, with high resolution recovered by post-
processing of echo data using a compression fi lter in the 
Fourier domain. Silverman et al. [ 71 ] have described applica-
tion of a pulse-encoded 20 MHz annular array for imaging the 
vitreous. An example of pulse-encoded annular array imaging 
is provided in Figure  II.F-21 .

     The clinical utility of ultrasonography results from strong 
echoes produced at acoustic interfaces found at the junctions 
of media with different densities and sound velocities, and 
the greater the difference in density between the two media 
that create the acoustic interface, the more prominent the 

echo. Thus, age-related or pathologic phase alterations within 
the vitreous body are detectable by ultrasonography. Oksala 
[ 72 ], among the fi rst to use B-scan ultrasonography to image 
vitreous in the late 1950s and early 1960s, summarized his 
fi ndings of aging changes in 1978. In that report of 444 “nor-
mal” subjects, Oksala defi ned the presence of acoustic inter-
faces within the vitreous body as evidence of vitreous aging 
and determined that the incidence of such interfaces was 5 % 
between the ages of 21 and 40 years and was 80 % in indi-
viduals older than 60 years of age. In clinical practice, how-
ever, only profound entities such as asteroid hyalosis, vitreous 
hemorrhage, and intravitreal foreign bodies (if suffi ciently 
large) are imaged by ultrasonography. At the vitreoretinal 
interface, the presence of a PVD is often suspected on the 
basis of B-scan ultrasonography but vitreous cortex structure 
cannot be defi ned, because the level of resolution is not 

  Figure II.F-19    20 MHz annular array images of the left eye in a 
65-year-old male obtained in an immersion exam.  The left image  dem-
onstrates the full contour of a cataractous lens, which was evident clini-
cally. The image on the right, avoiding the attenuating and refracting 

lens, demonstrates inhomogeneities in the anterior vitreous that were 
mobile on kinetic exam. Note excellent depth of fi eld, with all struc-
tures from cornea to optic nerve well resolved       
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 suffi cient to reliably image the posterior vitreous cortex, 
which is only a little more than 100 μm thick at its thickest 
portion. However, recent studies have successfully used this 
technique to determine the presence of a split in the posterior 
vitreous cortex, called vitreoschisis, in patients with prolif-
erative diabetic vitreoretinopathy [ 73 ]. The success achieved 
in using ultrasound to identify this important pathologic 
entity is probably because in advanced cases this tissue is 
signifi cantly thickened by nonenzymatic glycation of vitre-
ous collagen and other proteins [ 74 ] in the posterior vitreous 
cortex. Future studies should determine if vitreoschisis can 
be identifi ed by ultrasound in other conditions, especially 
premacular membranes with pucker and macular holes. 
However, it may turn out that the thickness of these tissue 
planes is below the level of resolution presently available 

with ultrasonography. When the posterior vitreous cortex is 
suffi ciently displaced anteriorly the diagnosis of complete 
PVD can be reliably established by ultrasonography. 

 The solid and fl uid components of vitreous undergo com-
plex motions in response to saccades. US imaging allows 
real-time visualization of such motions, including regions 
where vitreo-macular traction are present. Rossi et al. 
recently developed a quantitative approach to characteriza-
tion of such motions [ 75 ]. During a saccade, the vitreous lags 
a fraction of second behind the sclera and keeps moving after 
the sclera stops, pulling on the retina. Energy transmission 
from the eyewall to the vitreous follows two basic mecha-
nisms: where the vitreous is separated, viscosity determines 
a shear fl ow parallel to the retina. When incomplete PVD 
exists, the partially attached mass of gel retains kinetic 

  Figure II.F-20    40 MHz annular 
array images of a normal 
anterior segment in the right eye 
of a 40-year-old woman. The 
 top image  through the pupil 
plane demonstrates high 
resolution from the cornea to the 
posterior lens capsule as a result 
of synthetic focusing. Note 
eyelid to left of image, which 
produces some shadowing of the 
ciliary body. The  lower image , 
acquired horizontally inferior to 
the pupil, provides excellent 
depiction of the ciliary body 
and processes       
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energy for a longer time, exerting traction at points of resid-
ual retinal adhesion [ 75 ]. Figure  II.F-22  demonstrates 
 computer analysis of saccade-induced vitreous motion.

   Recent studies have employed US to quantify vitreous 
echodensities in order to improve diagnostics and clinical 
decision-making. One application for quantitative ultrasound 
(QUS) is the evaluation of vitreous echodensity in patients 
complaining of fl oaters [see chapter   V.B.8    . Floaters and 
vision – current concepts and management paradigms]. 
Studies [ 76 ] have determined that fl oaters impact vision by 
lowering contrast sensitivity by 67 % in comparison to age- 
matched controls. In another study [ 77 ], patients suffering 
from fl oaters suffi ciently severe to warrant vitrectomy sur-
gery had 43 % lower contrast sensitivity than a control group 
of subjects with fl oaters who were not suffi ciently bothered 
to need vitrectomy. In these subjects, the backscatter enve-
lope in B-mode ultrasound data was quantifi ed within differ-
ent regions of the vitreous compartment. Echo amplitude, 
energy, and clustering were determined and correlated with 
contrast sensitivity. QUS parameters were found to be 
strongly correlated with contrast sensitivity, with backscatter 

energy having a correlation coeffi cient of from 0.64 to 0.78 
( P  < 0.0001) for different parameters, suggesting that this 
approach provides a useful index of the structural abnormali-
ties that underlie the functional defi cits induced by fl oaters.  

   3.  Magnetic Resonance Imaging 
Spectroscopy 

 MRI is based on interaction of hydrogen nuclei (protons) 
with a magnetic fi eld and radio waves to produce radiologic 
images. To acquire an MRI image, the body is placed in a 
static magnetic fi eld. A second transient fi eld produced by 
a transmitter coil placed in proximity to the region under 
study fl ips the spin of protons into alignment. After this fi eld 
is discontinued, nuclei return to spin equilibrium with the 
static fi eld, inducing nuclear magnetic resonance signals in 
the receiver coil from which the MRI image is constructed. 
The amplitude of the MRI image relates to the spatial con-
centration and the relaxation time of specifi c nuclei. In the 
case of the eye, both the aqueous and vitreous have high 
water content and so will produce high contrast in relation 
to solid components such as the sclera in proton density or 

  Figure II.F-21    Ultrasound images of the eye of a 59-year-old man 3 
months after incomplete posterior vitreous detachment. The images 
were acquired in a supine immersion exam using a prototype 20 MHz 
annular array transducer with chirp pulse encoding. Synthetic focusing 

provides an extended depth-of-fi eld, while chirp excitation provides 
increased sensitivity, allowing visualization of faintly refl ective vitre-
ous inhomogeneities that were not detectable with conventional 
10 MHz probes       
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 relaxation-time- weighted images. Despite relatively lower 
resolution, MRI is advantageous compared to US and OCT 
because it is unaffected by absorption, scattering, refraction, 
or refl ection of light or ultrasound by ocular tissue structures 
such as the cornea, sclera, iris, and lens [ 78 ]. 

 When placed in a magnetic fi eld, magnetic nuclei such as 
water protons tend to orient their magnetic vectors along the 
direction of the fi eld. The time constant for this orientation, 
known as the longitudinal relaxation time T 1 , refl ects the 
thermal interactions of protons with their molecular environ-
ment. Magnetic vectors that have previously been induced to 
be in phase with each other undergo a dephasing relaxation 
process that is measured by the transverse relaxation time T 2 . 
It is the transverse relaxation time T 2  that refl ects inhomoge-
neities within the population of protons. Protons oriented by 
a magnetic fi eld absorb radio waves of the appropriate fre-
quency to induce transactions between their two  orientations. 

This absorption is the basis of the NMR signal used to index 
relaxation times. Relaxation times in biologic tissues vary 
with the concentration and mobility of water within the tis-
sue. Because the latter is infl uenced by the interaction of 
water molecules with macromolecules in the tissue, this 
 noninvasive measure can assess the gel-to-liquid transforma-
tion that occurs in vitreous during aging [ 79 ] and in disease 
states, such as diabetic vitreopathy [ 80 ]. These consider-
ations led Aguayo et al. [ 81 ] to use NMR in studying the 
effects of pharmacologic vitreolysis [ 82 ] of bovine and 
human vitreous specimens and intact bovine eyes  in vitro . 
Collagenase induced measurable vitreous liquefaction, more 
so than hyaluronidase. Thus, this noninvasive method could 
be used to evaluate age- and disease-induced synchysis (liq-
uefaction) of the vitreous body, although it is not clear that 
this technique would adequately evaluate the vitreoretinal 
interface. There have, curiously, been few recent studies that 

  Figure II.F-22    Particle velocity image of a 64-year-old male suffering 
from vitreous hemorrhage with incomplete posterior vitreous detach-
ment. The image is a single 20 MHz ultrasound frame from a real-time 
(20 frames/s) sequence obtained while the supine patient looked from 
side to side. The  yellow arrows  are velocity vectors whose length is 
proportional to linear velocity. The plot at the  bottom  represents overall 
kinetic energy over time course of the imaging sequence, with positive 
and negative values representing energy of saccadic movement to the 

 right and left , respectively. The  red line  indicates the temporal position 
of the displayed frame. Note the presence of a vortex of liquefi ed vitre-
ous as the posterior vitreous cortex undergoes rapid motion in response 
to the saccade. It is also noteworthy that velocity inside the vitreous is 
higher than scleral velocity, signifying an amplifi cation of energy due 
to the elastic properties of vitreous and to the tight vitreoretinal adher-
ence at the vitreous base (Image courtesy of Giorgio Querzoli PhD and 
Tommaso Rossi MD)       
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have used NMR spectroscopy in research or clinical applica-
tions on vitreous. 

 MRI can take advantage of the hyperintense characteristic 
of the vitreous on T 2 -weighted imaging to create a 3D model of 
the vitreous. In high myopia, such a model can depict the con-
formation of the pathologic sclera and staphyloma, as illus-
trated in Figure  II.F-23 . Because T 1  relaxation time decreases 
with increasing levels of paramagnetic O 2 , oxygen saturation 
can be determined from MRI images of the eye, as demon-
strated by Berkowitz et al., who used T 1 -weighted MRI images 
to image and measure preretinal oxygen tension changes in 
response to breathing of room air versus pure oxygen [ 83 ]. 
Simpson et al. recently utilized this method to demonstrate 
changes in the distribution of oxygen saturation in the vitreous 
compartment following pars plana vitrectomy [ 84 ].

        IV. Future Imaging Technologies 

   A. Raman Spectroscopy 

 This form of spectroscopy was fi rst described in 1928 by 
C.V. Raman in India. Raman spectroscopy is an inelastic 
light-scattering technique wherein molecules in the study 

specimen, in the vibrational mode, absorb energy from inci-
dent photons, causing a downward frequency shift, which is 
called the Raman shift. Because the signal is relatively weak, 
current techniques use laser-induced stimulation with grad-
ual increases in the wavelength of the stimulating laser to 
detect the points at which the Raman signal becomes appar-
ent as peaks superimposed on the broad background fl uores-
cence. The wavelengths at which these peaks are elicited are 
characteristic of the chemical bonds, such as aliphatic C-H 
(2,939 cm −1 ), water O-H (3,350 cm −1 ), and C-C and C-H 
stretching vibrations in π-conjugated and aromatic molecules 
(1,604 and 3,057 cm −1 ). To date, most applications of this 
technique in the eye have been for analysis of lens structure 
and pathology. The use of near-infrared (IR) excitation wave-
lengths is particularly effective in the lens, because these 
wavelengths have better penetration through cataractous 
lenses. 

 Studies [ 85 ] of samples of excised human vitreous 
obtained during surgery used near-IR excitation at 1,064 nm 
provided by a diode-pumped neodymium:yttrium-aluminum- 
garnet (Nd:YAG) CW laser with a diameter of 0.1 mm and a 
power setting of 300 mW. Backscattering geometry with an 
optical lens collected scattered light that was passed through 
a Rayleigh light rejection fi lter into a spectrophotometer. 

  Figure II.F-23    Magnetic resonance imaging of human vitreous  in vivo . 
Imaging staphyloma in highly myopic eyes can be problematic due to their 
aspherical and oftentimes asymmetric nature. MRI can take advantage of 
the hyperintense characteristic of the vitreous on T 2 -weighted imaging to 
create a 3D representation of the vitreous. We scanned a 59-year-old woman 
with −31 diopter spherical equivalent of myopia (axial length 37.0 mm right 

eye, OD and 35.5 mm left eye, OS) with posterior polar staphyloma and 
widespread atrophy in both eyes.  Left : Transverse scan using standard T 2 -
weighted MRI scanning parameters demonstrating a hyperintense vitreous 
with relatively little intensity of the surrounding tissue.  Right : Volumetric 
mold of the vitreous body created from the same MRI scan (Images cour-
tesy of Quan V. Hoang, MD, PhD, Columbia University)       
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The results showed that this technique was able to detect 
peaks at 1,604 and 3,057 cm −1  in vitreous of diabetic patients 
that were not present in controls. Further research and devel-
opment is needed to reliably interpret such results and refi ne 
the methodology for noninvasive use  in situ . Although this 
has already been achieved in the lens, it is not clear that this 
will be possible for vitreous applications.  

   B. Dynamic Light Scattering 

 Dynamic light scattering (DLS) is an established laboratory 
technique to measure average size (or size distribution) of 
microscopic particles as small as 3 nm in diameter that are 
suspended in a fl uid medium in which they undergo random 
Brownian motion. Light scattered by a laser beam passing 

  Figure II.F-24    Dynamic 
light-scattering analysis of 
vitreous structure  in vitro . 
3D plots of average particle size 
measurement obtained from 
bovine vitreous  in vitro  at various 
depths along the optical axis 
measured from the front surface 
of the lens. The plots from left to 
right  top row  to  bottom row  were 
obtained at depths of 14, 16, 18, 
20, 22, and 24 mm, respectively 
(Courtesy of Jim King and 
Dr. Rafat Ansari, NASA Glenn 
Research Center, Cleveland, 
Ohio; Reprinted with permission 
from: Ansari et al. [ 86 ])       
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through such a dispersion will have intensity fl uctuations in 
proportion to the Brownian motion of the particles. Because 
the size of the particles infl uences their Brownian motion, 
analysis of the scattered light intensity yields a distribution 
of the size (s) of the suspended particles. Visible light from 
a laser diode (power 50 μW) is focused into a small scatter-
ing volume inside the specimen (excised lens or vitreous, 
autopsy or living eye). The detected signal is processed via 
a digital correlator to yield a time autocorrelation function 
(TCF). For dilute dispersions of spherical particles, the 
slope of the TCF provides a quick and accurate determina-
tion of the particle’s translational diffusion coeffi cient, 
which can be related to its size via a Stokes-Einstein equa-
tion, provided that the viscosity of the suspending fl uid, its 
temperature, and its refractive index are known. For the lens 
and vitreous, a viscosity of  η  = 0.8904 centipoise, a refrac-
tive index of  n  = 1.333, and a temperature of 25 °C for 
 in vitro  studies and 37 °C for  in vivo  studies were used to 
determine macromolecule sizes. 

 Studies [ 86 – 89 ] in the lens and vitreous have used DLS 
instrumentation that was developed by Dr. Rafat Ansari at 
the National Aeronautics and Space Administration (NASA) 
to conduct fl uid physics experiments onboard the space shut-
tle and space station orbiters. The input beam from a semi-
conductor laser (670 nm wavelength) at 50 μW power was 
projected into the specimens, and the scattered signal was 
collected by the DLS probe for a duration of 10 s. The signal 
was then detected by an avalanche photodiode detector sys-
tem. A TCF was constructed using a digital correlator card. 
The slope of the TCF provided a measure of particle sizes in 
the selected measurement sites (volume = 50 μm 3 ). Studies 
[ 87 ] in the lens found that DLS was signifi cantly more sensi-
tive than the Scheimpfl ug photography in detecting early 
changes in the lens. When the DLS probe was used to obtain 
measurements from the entire vitreous body, scanning was 
performed in conjunction with a micropositioning assembly, 
which controlled detector position in the X, Y, and Z planes. 
This enabled semiautomated measurements from a suffi cient 
number of sites within the bovine vitreous body to create a 
three-dimensional map of the distribution of the average par-
ticle sizes of vitreous macromolecules (Figure  II.F-23 ). 
Furthermore, in studies [ 88 ] of autopsy human eyes, DLS 
was able to detect the structural changes [ 89 ] resulting from 
diabetic vitreopathy [ 90 ]. 

 Recent studies have used DLS to evaluate the biophysical 
properties of vitreous in various circumstances. Following 
pharmacologic vitreolysis [ 82 ] with ocriplasmin, DLS 
was able to demonstrate a signifi cant increase in the diffu-
sion coeffi cient of porcine vitreous  in vitro  [ 91 ]. The use of 
DLS to study vitreous biophysical properties is increasing 
[ 92 ,  93 ], and the future will likely see this instrument in rou-
tine clinical use for the evaluation of the “invisible” vitreous 
(Figure  II.F-24 ).
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   I.  Introduction 

 Congenital vitreoretinopathies manifest in the pediatric or 
adult population in a variety of ways and cause varying lev-
els of vision loss. These conditions can also be infl uenced by 
environmental factors, as in retinopathy of prematurity 
(ROP), or be associated with inheritance involving  autosomal 
dominant, autosomal recessive, or X-linked patterns or be 
sporadic, as with familial exudative vitreoretinopathy 
(FEVR). As more is learned regarding gene associations, it is 
anticipated that complex genetic interactions may also play a 
role in the pathophysiology. Given the rarity of the diseases 
and their variable manifestations, along with the diffi culty of 
obtaining longitudinal clinical information in the pediatric 
population, correct diagnosis and treatment can be quite 
challenging. 

 The goal of this chapter is to describe the presentations 
and classifi cations of ROP, persistent fetal vasculature (PFV), 
and FEVR that will be helpful to the caregiver to identify 
these diseases. In order to accomplish this goal, ancillary tests 
that are helpful in distinguishing different vitreoretinopathies 
will also be reviewed. In addition, up-to-date treatment 
options will be discussed. A history of past treatment options 
and studies that have led to current treatment recommenda-
tions for ROP will be included. Whereas fewer analogous 
studies exist for PFV and FEVR, the current literature and 
treatment recommendations will also be reviewed. Finally, 
the expanding knowledge of the genetic components of these 
diseases will be reviewed as well as systemic associations.  

   II.  Retinopathy of Prematurity 

 Retinopathy of prematurity (ROP) was fi rst described by 
Terry in 1942 as the most advanced stage, stage 5 ROP, then 
described as retrolental fi broplasia. ROP involves aberrant 
developmental angiogenesis in preterm infants associated 
with fi rst a delay in physiologic retinal vascular development 
and later vasoproliferation into the vitreous, which can lead 
to complete retinal detachment and blindness. In the United 
States alone, it is estimated that 14,000–16,000 infants are 
affected by some degree of ROP annually with 1,100–1,500 
requiring treatment and 400–600 becoming legally blind [ 1 ]. 

 Studies by Patz [ 2 ] in 1952 and Kinsey [ 3 ] in 1956 dem-
onstrated a link between high oxygen concentrations at birth 
and the development of ROP. A 40 % limit of oxygen deliv-
ered was recommended and was associated with decreased 
blindness from ROP. However, the reduction in oxygen 
delivered to the preterm infant was associated with increased 
mortality and a greater prevalence of cerebral palsy among 
survivors [ 4 ]. Today it is understood that low birth weight 
and young gestational age are highly associated with 
increased risk of developing ROP [ 5 ]. However, ROP remains 
the second most common cause of childhood blindness in the 
United States and other developed countries, next to cortical 

blindness [ 6 ]. More recent data from middle-income and 
low-income countries have shown an explosive increase in 
severe ROP worldwide. Indeed, it is thought that two-thirds 
of the 50,000 children who are blind from ROP worldwide 
live in Latin America [ 5 ]. This is largely believed to be due 
to increased survival in premature babies; however, oxygen 
regulation, screening programs, prenatal care, and therapies 
may be limited due to reduced fi nancial and personnel 
resources. This section will review current classifi cations of 
ROP, our changing understanding of its pathogenesis, and 
current and potential therapies utilized in its treatment. 

   A.    Classifi cation 

 The International Classifi cation of Retinopathy of Prematurity 
(ICROP) provides standards for documenting the extent and 
severity of ROP. Four parameters are used: zone, stage, extent 
of stage, and presence or absence of plus disease. Since physi-
ologic retinal vascular development proceeds peripherally to 
the ora serrata from the optic nerve, the optic nerve is consid-
ered the center of the diagram that divides the retina into zones. 
The zone is indicated as the highest zone into which vascular-
ization in any clock hour occurs.
•     Zone I  corresponds to a circle, the center of which is the 

optic disk, with a radius of twice the distance from the 
optic disk to the center of the fovea.  

•    Zone II  forms a circle peripheral to zone I with a radius 
from the optic nerve to the nasal ora serrata.  

•    Zone III  is made up of the remaining temporal crescent of 
retina outside zones I and II.    
 The vascular stages of ROP (stages 1–3) are defi ned 

according to the appearance of the junction between vascu-
larized and avascular retina. Staging is based on the most 
severe stage present in any location within the eye.
•     Stage 1  is characterized by a fl at white line that separates 

vascularized from avascular retina.  
•    Stage 2  is a ridge with volume in the region between the 

vascularized and avascular retina. Small tufts of new ves-
sels may be seen in the vascularized retina posterior to the 
ridge (Figure  III.A-1 ).

•       Stage 3  is characterized by neovascularization growing 
along the ridge and into the vitreous and may cause vitre-
ous hemorrhage (Figure  III.A-2 ).

•      In  stage 4 , with advancing fi brovascular proliferation, 
traction is exerted on the retina, and progressive stage 4 
ROP develops with a partial retinal detachment as a result. 
Stage 4 ROP is divided into stages 4A and 4B. In 4A, the 
detachment does not involve the macula, whereas in 4B, it 
does (Figure  III.A-3 ).

•       Stage 5  denotes a total retinal detachment, sometimes 
with a peripheral attached trough anteriorly. These are 
almost always funnel shaped and further classifi ed as 
“open” or “closed” anteriorly or posteriorly depending on 
the shape of the funnel.    
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  Plus disease  refers to dilation and tortuosity of the retinal 
arterioles and veins and is defi ned by a standard photograph 
published in the CRYO-ROP study [ 6 ] (Figure  III.A-4 ). 
Recently, “pre-plus disease” and “aggressive posterior ROP” 
(APROP) were added as categories. Pre-plus disease is 
defi ned as abnormal dilation and tortuosity of the posterior 
pole arterioles and veins that are insuffi cient for the diagno-
sis of plus disease. APROP is a severe plus disease in poste-
rior zone II or zone I, which behaves in an aggressive manner 
with rapid progression often not adhering to the progression 
of stage of severity and with a higher likelihood of complete 
retinal detachment.

   “ Threshold ROP ” was defi ned in the Cryotherapy for 
Retinopathy of Prematurity (CRYO-ROP) study as 5 

 contiguous clock hours or 8 total clock hours of stage 3 ROP 
and plus disease in zone I or zone II. A “prethreshold ROP” 
classifi cation defi ned eyes at risk of developing threshold 
ROP and was further subdivided into high-risk (type 1) and 
low- risk (type 2) prethreshold disease in the Early Treatment 
for Retinopathy of Prematurity (ETROP) study. High-risk 
(type I) eyes were estimated to have a ≥15 % chance of an 
unfavorable outcome, whereas low-risk (type II) eyes had 
<15 % chance. 

  Type 1 ROP  – (high-risk) prethreshold ROP – was 
defi ned as:
•    Zone I, any stage with plus disease  
•   Zone I, stage 3 with or without plus disease  
•   Zone II, stage 2 or 3 with plus disease    

  Figure III.A-1    Left eye of premature infant demonstrating Stage 2 
ROP (RetCam image, Clarity)       

  Figure III.A-2    Left eye of a premature infant with stage 3 ROP with 
small hemorrhages and prominent neovascular vessels along the ridge 
(RetCam image, Clarity)       

  Figure III.A-3    Left eye of premature infant with stage 4A ROP dem-
onstrating peripheral retinal detachment not involving the macula. Note 
the previous laser therapy to the surrounding avascular retina (RetCam 
image, Clarity)       

  Figure III.A-4    Infant with ROP demonstrating plus disease (RetCam 
image, Clarity)       
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  Type 2 ROP  – (low-risk) prethreshold ROP – was 
defi ned as:
•    Zone I, stage 1 or 2 without plus disease  
•   Zone II, stage 3 without plus disease    

 Results from the ETROP study recommended peripheral 
laser ablation to the entire avascular retina for type 1 ROP 
and weekly or twice weekly observation of type 2 ROP. Early 
treatment of infants resulted in fewer unfavorable structural 
outcomes and signifi cantly reduced unfavorable visual acu-
ity at 6 years’ follow-up compared with conventional treat-
ment [ 7 ,  8 ].  

   B.    Pathophysiology 

  In utero , retinal development takes place in a relatively 
hypoxic environment with an arterial oxygen level (PaO 2 ) 
of approximately 30 mmHg and a saturation level of 
approximately 70 % [ 9 ]. This physiologic hypoxia is 
believed to induce growth factors that promote blood vessel 
development [ 10 ]. The hyaloid artery is the fi rst vessel 
within the eye, appearing at approximately 6 weeks’ gesta-
tion. The retina begins undergoing vascularization at 
approximately 16 weeks’ gestation with vessels extending 
from the posterior pole toward the ora serrata and com-
pletes its extent by 40 weeks or term birth [ 11 ]. Initially, the 
retinal  vascularization is believed to occur by vasculogen-
esis from endothelial precursor cells or angioblasts that 
arise from the deeper layers of the retina [ 12 ]. Angioblasts 
cover the posterior pole of the retina through at least 22 
weeks’ gestation. Following that, less is known about what 
happens in humans and, therefore, studies are based on 
other species. Retinal vascularization is believed to prog-
ress by angiogenesis, i.e., proliferation of endothelial cells 
from existing blood vessels that then migrate toward a gra-
dient of vascular endothelial growth factor (VEGF) [ 13 ]. 
Other cells and growth factors, such as insulin-like growth 
factor-1 (IGF-1) and erythropoietin, can interact with 
VEGF and play a role [ 13 – 15 ]. 

 From human observation and animal studies, ROP has 
been characterized as having two phases. In the fi rst phase, 
a delay in physiologic retinal vascular development occurs. 
Premature infants have retinas that are not yet fully vascu-
larized, and, therefore, there are areas of peripheral avascu-
lar retina when a preterm infant is born. The premature 
infant experiences fl uctuations in blood oxygen levels that 
likely alter the oxygen status of the retinal tissue and the 
concentration of hypoxia-inducible factor-regulated growth 
factors, including vascular endothelial growth factor 
(VEGF). In addition, other angiostatic factors, such as pig-
ment epithelium- derived factor, are upregulated during 
hyperoxia and downregulated during hypoxia. Oxygen 
fl uctuations increase the expression of VEGF and also trig-
ger signaling pathways related to reactive oxygen species 

from oxidative signaling that slows vascular development 
[ 16 – 18 ]. As the infant matures, supplementation of oxygen 
is reduced and the hyaloid vasculature regresses, contribut-
ing to hypoxia in the avascular retina. VEGF signaling 
through VEGF receptor 2 (KDR or Flk-1) increases and 
affects downstream pathways to delay physiologic retinal 
vascular development [ 19 ] and cause disordered growth of 
vessels into the vitreous rather than into the retina during 
the second phase of ROP at around 32–37 weeks’ gestation. 
The abnormal vessels and later fi brovascular scarring can 
place traction on the retina and thus cause subsequent reti-
nal detachment. 

   1.  Mechanism of Retinal Detachment 
 Retinal detachments associated with ROP are divided into 
stages 4A, 4B, and 5. Others use the terms “predominantly 
effusive” or “predominantly tractional” to further classify 
these detachments [ 20 ]. The retina in a  predominantly 
effusive  detachment is convex toward the lens with fl uid 
extending posterior to the ridge and toward the macula. 
This detachment is believed to result as vascular struc-
tures leak fl uid into the subretinal space. It is seen less 
frequently after laser treatment than following cryother-
apy. In a  predominantly tractional  detachment, peaked 
retinal folds pull the retina toward the center of the eye. 
Often, a central stalk and spokes of traction extend poste-
riorly when associated with regression of posterior hya-
loid vessels and extend anteriorly when predominantly 
associated with delayed regression of the tunica vasculosa 
lentis. Both components can be seen (Figure  III.A-5 ). 
Additionally, excessive growth factors in the eyes with 
ROP are associated with upregulation of hyaluronan and 
disproportionately liquefi ed vitreous that then provides 
reduced internal tamponade allowing the retina to be 
pushed ( effusive ) or pulled ( tractional ) away from the 
underlying choroid. A retrospective analysis by Hartnett 
et al. [ 21 ] reported that ridge elevation, recurrent or per-
sistent plus disease, or vitreous haze and the appearance 
of vitreous organization in front of the lens in eyes treated 
for threshold ROP predicted progressive stage 4 ROP. In 
addition, Coats reported that vitreous organization and 
vitreous hemorrhage were associated with progressive 
stage 4 ROP [ 22 ].

   Vitreous liquefaction is often unidentifi ed [ 23 ] in stages 1 
and 2 ROP and likely occurs as a result of both reactive oxy-
gen species [ 24 ] and inadequate synthesis by the underlying 
peripheral retina where immature Müller cells do not support 
typical gel vitreous synthesis and may account for the vitre-
ous trough apparent during surgery for stage 4 ROP. The dis-
rupted molecular composition may limit the inherent vitreous 
ability to inhibit cell invasion [ 25 – 27 ], thereby permitting 
neovascularization in stage 3 ROP to grow [ 28 ,  29 ] between 
posterior gel and peripheral liquid vitreous anteriorly [ 29 ] 
(Figure  III.A-6 ). Instability at the interface between gel and 
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liquid vitreous causes localized collapse of the peripheral 
vitreous at the ridge exerting traction on the underlying 
ridge, contributing to tractional retinal detachment.

       C.   Risk Factors 

 Prior to the ability to regulate oxygen to preterm infants, 
high oxygen at birth was recognized as a cause of ROP [ 2 ], 
Now, other oxygen conditions including fl uctuations in oxy-
genation [ 30 ], hypoxia, hyperoxia (see below), and other 
stresses have been associated with ROP. The most important 
risk factors for developing ROP are young gestational age 
and low birth weight. However, more than 50 separate risk 
factors have been identifi ed. Multivariate analyses demon-
strate that low birth weight, young gestational age, poor 
postnatal weight gain, low IGF-1 levels, hyperglycemia, arti-
fi cial ventilation more than 7 days, need for blood transfu-
sions, surfactant therapy, and systemic infections are all 
independently associated with higher rates of ROP [ 31 ].  

  Figure III.A-6    Photomicrograph of the peripheral fundus in retinopa-
thy of prematurity. The lens (*) is in the upper right-hand corner. Below, 
a fi brovascular membrane is present at the interface between the poste-
rior gel vitreous and the peripheral liquid vitreous. Ridge elevation is 
seen ( arrow ). The inset ( upper left ) shows the histopathology that 
clearly distinguishes between gel ( G ) and liquid ( L ) vitreous (Courtesy 
of Maurice Landers, MD; reprinted with permission from: Sebag and 
Nguyen [ 132 ])       

  Figure III.A-5    Artist’s rendition of a traction retinal detachment due to 
retinopathy of prematurity.  Left : Asymmetrical traction associated with 
posterior elements of hyaloid vasculature.  Center : Symmetrical traction 

of the posterior hyaloid vasculature.  Right : Traction secondary to ante-
rior hyaloid, i.e., tunica vasculosa lentis.  Top row  corresponds with 
view through indirect ophthalmoscope (adapted from [ 20 ])       
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   D.  Prevention 

 Many interventions have been studied in an effort to limit the 
development or progression of ROP. Identifying strategies to 
prolong gestation through good prenatal care [ 32 ], reduced 
teenage pregnancies [ 33 ], and avoidance of illegal drugs [ 34 ] 
may reduce the morbidity experienced in association with 
premature birth. 

 In the 1990s interest in treating the hypoxic stimulus for 
neovascularization developed, and the Supplemental 
Therapeutic Oxygen for Prethreshold ROP (STOP-ROP), a 
multicenter trial to study the effi cacy of supplemental oxy-
gen in reducing the progression of ROP to threshold, was 
undertaken [ 35 ]. Six hundred and forty-nine patients with 
prethreshold ROP were randomly assigned to maintain oxy-
gen saturation at 96–99 % (supplemented group) vs. 89–94 % 
(conventional group). Progression to threshold was not sta-
tistically signifi cant between the two groups (41 vs. 48 %), 
but adverse pulmonary effects occurred more frequently in 
the oxygen-supplemented group. On the other hand, several 
studies in recent years have shown a benefi t to carefully reg-
ulating oxygen saturation levels. One such study by Chow 
et al. [ 36 ] utilized strict oxygen management with saturation 
limits of 85–93 % SaO 2  for infants younger than 32 weeks’ 
gestation. They demonstrated a reduction in incidence of 
stages 3 and 4 ROP from 12.5–2.5 % and decreased need for 
laser treatment from 4.5–0 %. In 2006, VanderVeen et al. 
[ 37 ] reported a dramatic reduction in the incidence of pre-
threshold disease in at least one eye of infants weighing less 
than 1,250 g from 17.5 to 5.6 % after lowering oxygen alarm 
levels from 87 to 97 % to 85–93 %. Britt and Sandoval [ 38 ] 
also instituted a policy to maintain oxygen saturation at 
85–93 % for infants younger than 30 weeks’ gestation and 
found that the incidence of stage 3 or more advanced ROP 
decreased from 49 to 15 % and the need for laser decreased 
from 38 to 15 %. 

 Recent clinical trials [ 39 ], the Surfactant Positive Airway 
Pressure Pulse Oximetry Randomized Trial (SUPPORT), in 
the US, Benefi ts of Oxygen Saturation Targeting Study II 
(BOOST II) in Australia, UK, and New Zealand and the 
Canadian Oxygen Trial (COT) in Canada, US, Argentina, 
Finland, Germany and Israel tested the role of oxygen satura-
tion targets (85–89 % SaO 2 ) compared to infants with high 
oxygen saturation targets (91–95 % SaO 2 ) and the associa-
tion with ROP. In SUPPORT and BOOST II, there was 
increased death in the infants with low oxygen saturation 
targets (85–89 % SaO 2 ) compared to infants with high oxy-
gen saturation targets (91–95 % SaO 2 ), but in survivors, ROP 
was reduced in infants with low oxygen saturation targets. In 
the COT, neither ROP nor survival was affected. 

 Currently, the recommendation for oxygen level is still 
unclear. Generally, low-birth-weight infants are maintained 
at oxygen saturation levels in the high 80s or low 90s with 
ventilators set to avoid frequent changes in oxygen in 

response to variation in saturation levels [ 39 ]. Research is 
needed to determine the best appropriate oxygen levels to 
reduce the risk of severe ROP and optimize development of 
other organs. In addition, studies in relevant animal models 
can provide knowledge of signaling pathways that have been 
altered by stresses associated with prematurity and lead to 
targeted treatment to reduce specifi cally the risk of ROP. 

 Antioxidant therapies such as vitamin E and 
D-penicillamine have been studied; however, results are 
 controversial to this point [ 40 – 45 ]. Early promising results 
have been demonstrated in murine models involving triam-
cinolone [ 46 ] and 17-alpha-estradiol [ 47 ], a 5-alpha-reduc-
tase inhibitor. However, further studies are required. 

   1.  Screening 
 Successful preventative treatment of ROP is predicated on 
timely screening. Evaluation consists of pupil dilation and a 
comprehensive fundus examination with scleral depression. 
Monitoring the infant throughout the exam is essential as both 
manipulation of the eye and the use of dilating drops can pro-
duce apnea or bradycardia. The American Academy of 
Pediatrics (AAP) and the American Academy of 
Ophthalmology (AAO) have joint recommendations for ROP 
screening [ 48 ]. They recommend screening for all infants 
with a birth weight ≤1,500 g or a gestational age (GA) of ≤ 
30 weeks and infants with a birth weight between 1,500 g and 
2,000 g or a GA of more than 30 weeks whose clinical course 
places them at increased risk for ROP. Since it is estimated 
that less than 10 % of infants screened will require treatment 
[ 49 ], models using various combinations of GA, birth weight, 
postnatal weight gain, and serum IGF-1 levels to predict ROP 
risk have been developed [ 50 – 55 ]. .  Validation studies show 
that these models have potential but further validation is 
needed prior to changes in screening recommendations. 

 The fi rst examination should be performed prior to hospital 
discharge at 4–6 weeks after birth or 31 weeks’ postmenstrual 
age (PMA), whichever is later. Routine screening before 30 
weeks’ PMA is diffi cult as the cornea is hazy [ 56 ]. The AAP/
AAO recommend follow-up examinations at intervals of 1–3 
weeks depending on the severity of disease evident. Exams are 
continued until criteria for discontinuation are reached.   

   E.     Treatment 

 The current recommendation is treatment be initiated for 
ROP for those with type I ROP [ 48 ]. This  recommendation is 
based on the ETROP study [ 57 ], which reported that unfavor-
able visual outcomes can be reduced from 19.5 to 14.5 % and 
unfavorable structural outcomes from 15.6 to 9.1 % at 9 
months’ corrected age with early treatment. However, infants 
in the early treatment group experienced more apnea and bra-
dycardia and required re-intubation more frequently. At 6 
years of age, early treated eyes continued to have fewer 
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 unfavorable structural outcomes (8.9 % vs. 15.2 %) and rela-
tively preserved peripheral vision [ 58 ]. At 6 years, visual acu-
ity outcomes were no longer statistically superior in the early 
treatment group (24.6 % vs. 29.0 % unfavorable); however, 
subgroup analysis showed improved visual acuity for “higher-
risk” zone I prethreshold eyes in the early treatment group. 
Additionally, a large retrospective review performed by Alme 
et al. [ 59 ] in 2008 found a decrease in the incidence of retinal 
detachment from 10.3 to 1.9 % with the change in guidelines. 
This occurred even though this later study group had lower 
birth weights and younger gestational ages, on average. 

 Current treatment options which are discussed in detail 
below consist of ablation of avascular retina by laser photo-
coagulation, cryotherapy, or potentially the use of intravit-
real anti-vascular endothelial growth factor (VEGF) for 
some zone I eyes. In general, laser therapy remains the treat-
ment of choice by ophthalmologists throughout the world. 

   1.  Cryotherapy 
 Cryotherapy was the primary treatment of ROP for many 
years but has now been largely replaced by laser photocoag-
ulation [ 60 ]. The benefi t of cryotherapy was demonstrated in 
the large multicenter trial CRYO-ROP. In this study, 291 
infants with birth weights of less than 1,251 g who developed 
threshold ROP were randomized to observation or treated 
with cryotherapy within 72 h of diagnosis. Cryotherapy was 
found to signifi cantly decrease unfavorable outcomes (31 % 
in treated vs. 51 % in observed), defi ned as posterior retinal 
detachment, posterior retinal fold, or retrolental tissue that 
obscured visualization of the posterior pole at 3 months. At 
the 15-year follow-up, 254 survivors of the original study 
[ 61 ] continued to have benefi t with signifi cantly fewer eyes 
in the treated group having poor ocular structure, new retinal 
folds, retinal detachments, and obstruction of the view of the 
posterior pole (30 % treated vs. 52 % observed). Treated 
eyes also demonstrated a lower incidence of poor visual acu-
ity, defi ned as 20/200 or worse (45 % treated vs. 64 % 
observed). Cryotherapy is not as common now that laser 
delivery with the indirect ophthalmoscope is possible.  

   2.  Laser Photocoagulation 
 In the past 20 years, laser photocoagulation using the diode or 
green laser on an indirect ophthalmoscope has almost com-
pletely replaced cryotherapy in the treatment for 
ROP. Generally, laser is better tolerated than cryotherapy with 
less conjunctival chemosis, infl ammation, pain, or apnea and 
bradycardia. Laser is applied to peripheral avascular retina 
with gray to gray-white burns spaced one-half width apart, 
completely fi lling the avascular retina from the ora serrata, up 
to 360° [ 62 ]. Care should be taken to avoid “skip areas.” 
Structural and visual outcomes suggest that laser photocoagu-
lation is superior to cryotherapy. Paysse et al. [ 63 ] retrospec-
tively compared 70 infants receiving laser treatment with 63 
infants treated with cryotherapy at a single institution and 

found that 88 % of the laser-treated group vs. 56 % of the cryo-
therapy-treated group had resolution of ROP. There was not a 
statistically signifi cant difference in cycloplegic refraction at 1 
year. Visual acuity was better in the laser-treated group vs. the 
cryotherapy- treated group (20/49 vs. 20/103). A 10-year fol-
low-up study of 44 eyes from 25 patients by Ng and associates 
[ 64 ,  65 ] demonstrated that when compared to  cryotherapy, 
laser resulted in a better mean best-corrected visual acuity 
(20/66 vs. 20/182), and these eyes were seven times less likely 
to develop retinal dragging and developed less myopia (−4.48 
vs. −7.65 diopters). These fi ndings have been verifi ed by other 
studies including a Cochrane systematic review [ 66 ].  

   3.   Pharmacotherapy 
   a. Bevacizumab 

 Recent studies have tested bevacizumab, an anti-VEGF 
monoclonal antibody utilized in the treatment of many neo-
vascular eye conditions. Potential advantages to its use in 
ROP include the ease of administration, rapidity of response, 
and ability to use this treatment when corneal, lens, or vitre-
ous opacities preclude treatment with laser. Concerns exist 
because dose and safety studies have not yet been performed 
and intravitreally administered bevacizumab can enter the 
systemic circulation and has also been shown to suppress sys-
temic VEGF levels for more than 2 weeks after a single intra-
ocular injection [ 67 ]. The potential effects on the development 
of the kidneys, lungs, and brain remain unknown, but it is 
possible that anti-VEGF may further compromise organs that 
have reduced function because of the premature state. 

 A multicenter randomized trial by Mintz-Hittner and 
associates [ 68 ] compared bevacizumab (0.625 mg in .025 mL 
of solution) to conventional laser therapy in 150 infants with 
stage 3+ ROP in zone I or posterior zone II. In this study, 
bevacizumab was associated with decreased rates of recur-
rence (4 % vs. 22 %) and fewer structural abnormalities 
(macular dragging and retinal detachment) at 1 year. 
Specifi cally, among infants with zone I disease (with the 
highest rate of treatment failure after conventional laser ther-
apy), the recurrence rate was 6 % in the intravitreal bevaci-
zumab subgroup vs. 42 % in the laser-treated group. The 
differences in outcomes were not signifi cant in infants with 
posterior zone II disease. No systemic or local toxic effects 
were observed; however, the study was too small to ade-
quately assess ocular and systemic safety, and the follow-up 
period was only 54 weeks. A recent single institution study 
by Hu and associates [ 69 ] demonstrated a later recurrence of 
severe ROP on average than that seen with laser therapy, and 
in one case recurrence occurred over 1 year later. The authors 
of this study concluded that although intravitreal bevaci-
zumab treatment is effective in inducing regression of ROP, 
the effect may be transient. In addition, the use of anti-VEGF 
in an experimental model led to reduced body weight gain 
and recurrent intravitreal neovascularization and activation 
of angiogenic pathways that not only included VEGF but 
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also erythropoietin, which is independent of VEGF signal-
ing, suggesting that treatment for recurrent neovasculariza-
tion with anti-VEGF may not be effective [ 70 ]. 

 The AAP/AAO guidelines [ 48 ] currently state that con-
sideration may be given to treatment of infants with zone I, 
stage 3+ ROP with an intravitreal injection of bevacizumab—
however, only after a thorough discussion for informed 
 consent, since there remain unanswered questions involving 
dosage, timing, safety, visual outcomes, and other long-term 
effects. Bevacizumab is not FDA approved for the treatment 
of ROP. The guidelines also advise weekly monitoring of 
infants after injection until retinal vascularization is com-
pleted. The antibody fragment ranibizumab has a shorter 
serum half-life in monkeys [ 71 ] (3.5 days vs. 12.3 days for 
bevacizumab [ 72 ]) and may be an alternative for use in pre-
term infants, since bevacizumab reduced VEGF levels in 
preterm infants for at least 2 weeks following a single intra-
vitreal dose [ 73 ]. A study in adults showed that ranibizumab 
did not reduce serum VEGF levels, whereas intravitreal bev-
acizumab lowered serum levels [ 74 ]. However, in preterm 
infants who have smaller blood volumes, a case report found 
that VEGF levels were signifi cantly reduced following intra-
vitreal ranibizumab; [ 75 ] thus, more study is needed.  

   b.  Pharmacologic Vitreolysis 
 Pharmacologic vitreolysis [ 76 ,  77 ] is a new therapeutic 
paradigm to alter the vitreous on a macromolecular level to 
induce gel liquefaction and vitreoretinal dehiscence to 
detach vitreous from the retina [see chapter   VI.A    . pharma-
cologic vitreolysis]. Some have suggested using forms of 
plasmin (e.g., ocriplasmin) to cleave fi bronectin and reduce 
intravitreal neovascularization in stage 3 ROP or vasopro-
liferation in stage 4 ROP. However, using forms of plasmin 
in stage 3 may not safely reduce intravitreal neovascular-
ization without affecting physiologic retinal vascular devel-
opment, because fi bronectin and other components of the 
extracellular matrix that are cleaved by plasmin, such as 
laminin, are important in normal retinal vascular develop-
ment [ 78 ]. Inhibition of plasmin activity reduces intravit-
real neovascularization without adversely affecting 
physiologic retinal vascular development in the oxygen-
induced retinopathy model in rats [ 79 ]. Therefore, using 
plasmin to cleave the vitreoretinal interface may be coun-
terproductive in reducing intravitreal neovascularization 
and may adversely affect retinal vascular development. 
Using ocriplasmin in infant vitrectomy for stage 4 or 5 ROP 
may hold promise by facilitating retinal reattachment in the 
eyes that develop retinal breaks and recurrent retinal 
detachments after ROP surgery [ 80 ]. Ocriplasmin is there-
fore being considered in pediatric retinal conditions that are 
associated with retinal detachments [ 81 ] [see chapters 
  VI.E.1    . Pharmacologic vitreolysis with ocriplasmin: basic 
science studies and   VI.E.2    . Pharmacologic vitreolysis with 
plasmin: clinical studies.].   

   4.  Treatment of Retinal Detachment 
 Laser treatment of avascular retina is effective in reducing 
vascular activity and subsequent retinal detachment in a 
majority of cases; however, one large study reported retinal 
detachment in 14 % of the eyes 6–12 weeks after laser treat-
ment [ 82 ]. When ROP progresses to partial or total retinal 
detachment, surgical intervention is undertaken to promote 
retinal reattachment in the posterior pole, minimize distor-
tion, and preserve vision. 

 Scleral buckling (SB) and vitrectomy have been used with 
some success to manage retinal detachments with ROP. One 
study utilizing these methods demonstrated light perception 
or better vision in 72 % of eyes with a visual acuity of 20/300 
or better in 15 % [ 83 ]. Poor outcomes for all surgical inter-
ventions are predicted by the presence of plus disease, vitre-
ous haze, and continued neovascularization; [ 84 ] therefore, 
treatment to reduce vascular activity is recommended before 
proceeding with vitreous surgery. Scleral buckling involves 
the placement of a silicone band around the eye, sometimes 
with drainage of subretinal fl uid. High degrees of myopia, 
anisometropia, and amblyopia are associated with scleral 
buckles [ 85 ]. Scleral buckles are the initial treatment for 
rhegmatogenous detachments and can be used in cases with 
limited tractional components located near or anterior to the 
equator. Placement of a scleral buckle almost always neces-
sitates a second procedure 6–9 months later to remove the 
band and allow the eye to grow. 

 Vitrectomy with or without a scleral buckle is considered 
especially for posterior disease and many forms of tractional 
detachments. A lens-sparing vitrectomy (LSV) allows for 
the removal of the vitreous and any tractional membranes 
present, thus enabling the retina to be reattached to the wall 
of the eye. It also allows better visual development by retain-
ing the lens (Figure  III.A-7 ). A direct comparison of stage 4 
detachments repaired by vitrectomy vs. scleral buckle dem-
onstrated a 73 % reattachment rate for eyes treated with a 
primary LSV vs. 31 % in eyes with a primary scleral buckle 
[ 86 ]. Complications associated with LSV include retinal 
tears, cataracts, and glaucoma. The incidence of cataract fol-
lowing an LSV varies between 5 and 15 % [ 87 ,  88 ].

        III.  Persistent Fetal Vasculature 

 The hyaloid vasculature consists of the vasa hyaloidea pro-
pria, tunica vasculosa lentis, and pupillary membrane. 
Hyaloid vessel development and regression are complex [see 
chapter   II.A    . Development and developmental disorders of 
vitreous failure can result in several ocular pathologies, 
which are part of a spectrum known as persistent fetal vascu-
lature (PFV). The vasa hyaloidea propria is made up of the 
hyaloid artery that enters the eye through the optic stalk and 
its anterior branches that extend through the vitreous toward 
the lens. The tunica vasculosa lentis is a capillary network 
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that encompasses the posterior developing lens and connects 
to the lens equator with the pupillary membrane, which cov-
ers the anterior lens capsule (Figure  III.A-8 ). The hyaloid 
artery fi rst appears in humans during the fourth week of 

 gestation and peaks in prominence during approximately the 
ninth week of gestation [ 89 ]. In early stages of development, 
the retina and optic nerve lack blood vessel support and are 
oxygenated by the choroidal and hyaloidal vessels [ 90 – 92 ].

   As the eye enlarges and retinal angiogenesis ensues, hya-
loid vasculature regression occurs [ 93 ,  94 ]. The fi rst ele-
ments to undergo regression are the vasa hyaloidea propria, 
followed by the tunica vasculosa lentis and pupillary mem-
brane, and lastly the main hyaloid artery trunk. Cessation of 
blood fl ow in the hyaloid artery is seen at roughly 7 months 
and culminates with the involution of the entire hyaloid ves-
sel complex by approximately 36 weeks’ gestation [ 89 ,  95 ]. 
As the vascular structures regress, the primary vitreous 
retracts, and collagen fi bers with a ground substance of col-
lagen, fi bronectin, laminin, and other extracellular matrix 
components (but not hyaluronan) are produced to form the 
secondary vitreous [see chapter II.A. Vitreous embryology]. 
By the sixth month of gestation, the posterior segment is 
largely composed of the secondary vitreous, and the pri-
mary vitreous is reduced to a small central portion of the 
posterior segment that extends from the optic disk to the 
posterior lens surface and is referred to as Cloquet’s canal 
(Figure  III.A-9 ).

   PFV is the term used to describe the array of pathology 
that results from failed involution of the primary vitreous and 

  Figure III.A-7    Left rendering demonstrates location of ports in lens-sparing vitrectomy. Right rendering more clearly shows traction component 
to retinal detachment. Removing this traction is key to successfully reattaching the retina       
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  Figure III.A-8    Extensive anastomoses of fetal vasculature (Redrawn 
based on Goldberg MF. Persistent fetal vasculature [PFV]: an integrated 
interpretation of signs and symptoms associated with persistent primary 
vitreous [PHPV]. LIV Edward Jackson Memorial Lecture [ 107 ]        
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regression of the fetal hyaloid vasculature [see chapters   I.D    . 
Proteomics of fetal hyaloid vasculature regression and 
II.A. Vitreous embryology] involving the anterior or poste-
rior compartments of the eye. Mild changes from PFV com-
monly affect the eye; however, functional complications are 
rare. Prior studies have estimated that 3 % of full-term infants 
display some degree of PFV [ 96 ] and more than 90 % of 
those born earlier than 36 weeks of gestation demonstrate 
incomplete regression of the embryonic hyaloid vessel sys-
tem [ 97 ]. A recent review of individuals at one US institution 
for the visually impaired found that 4.8 % of blind patients 
had PFV [ 98 ]. Individual components of the fetal vasculature 
often persist in combination with others; however, any ana-
tomically identifi able vascular remnant may present individ-
ually as well. When present in full-term infants, persistent 
fetal intraocular vessels frequently are compatible with nor-
mal ocular and visual functions. However, more severe man-
ifestations of PFV can cause secondary abnormalities 
resulting in defective physiology and decreased visual acu-
ity. Ancillary tests consisting of ultrasonography, fl uorescein 
angiography (FA), OCT, computed tomography (CT), 
 magnetic resonance imaging (MRI), electroretinography 
(ERG), and visual evoked potential (VEP) can all be helpful 
in evaluating PFV. 

 PFV can be classifi ed as anterior or posterior depending 
on the intraocular structures involved. The most common 
complications are seen anteriorly and are frequently associ-
ated with abnormal regression of the tunica vasculosa lentis. 
Common manifestations include cataract formation with 
associated lens swelling and risk of induced angle closure 
glaucoma. Frequently, engorgement of iris vessels, pain, and 
microphthalmia are also present. Posterior PFV, most com-
monly associated with abnormal regression of the vasa hya-
loidea propria, is much less common. It presents with a 
tractional retinal detachment and adherent preretinal mem-
branes emanating from a persistent stalk, which places trac-
tion on the retina. Accompanying retinal dysplasia and optic 
nerve abnormalities can be seen. As with anterior PFV, 
microphthalmia and leukokoria may be present. 

   A.    Anterior Persistent Fetal Vasculature 

   1.  Persistent Pupillary Membrane 
 Noted in approximately 95 % of healthy newborns, a persis-
tent pupillary membrane consists of fi ne vessels along the 
pupillary margin. They are non-pathologic and almost always 
disappear shortly after birth [ 99 ]. When associated with cata-
ract or retrolental membranes, they should clue the diagnosti-
cian to the possibility of other manifestations of PFV.  

   2.  Iridohyaloid Blood Vessels 
 Iridohyaloid blood vessels connect the posterior tunica vas-
culosa lentis to the pupillary membrane vessels. Normal 
regression of these vessels is required for the development of 
the zonule at the equator of the lens [ 100 ]. The presence of 
iridohyaloid vessels often manifests as a subtle pupillary 
sphincter notch [ 101 ] or a prominent superfi cial iris vessel. A 
severe manifestation would be ectopia lentis et pupillae 
[ 102 ].  

   3.  Mittendorf’s Dot 
 Mittendorf’s dot is a remnant of the primary vitreous that 
corresponds to the location of previous junction of the hya-
loid artery to the tunica vasculosa lentis and is almost always 
on the inferior and nasal posterior lens capsule. It is usually 
asymptomatic and can be seen in 0.7–2 % of the population 
[ 103 ] (Figure  III.A-10 ).

      4.  Muscae Volitantes 
 Latin for “fl ying fl ies,” muscae volitantes are vitreous rem-
nants of the regressed vasa hyaloidea propria [see chapter   I.D    . 
Proteomics of fetal hyaloid vasculature regression]. They are 
usually found fl oating in the anterior vitreous. Sometimes, 
small corkscrew remnants are seen attached to the posterior 
capsule. Associated visual symptoms are rare, but fl oaters 
would be the only clinical manifestations [see chapter   V.B.8    . 

  Figure III.A-9    Artist’s rendering of longitudinal section of Cloquet’s 
canal and the contained hyaloid artery. The condensation between primary 
and secondary vitreous is seen forming the wall of Cloquet’s canal. 
(adapted from Ida Mann [ 89 ], p. 174 – Figure 147)       
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Floaters and vision – current concepts and management 
paradigms].  

   5.  Retrolental Membrane 
 Associated with persistence of the posterior tunica vasculosa 
lentis, these membranes are variable in presentation, ranging 
from 1.0 mm to more extensive, covering the entire posterior 
surface of the lens [ 104 ]. They result from fi brovascular tis-
sue that attaches to the ciliary processes and draws them to 
the center of the pupil. They are most commonly seen with 
corresponding radially oriented blood vessels that are seen 
clearly on fl uorescein angiography and distinguish PFV 
from Coats disease, retinoblastoma, or stage 5 
ROP. Frequently, abnormalities in lens development are also 
present (Figure  III.A-11 ).

       B.    Posterior Persistent Fetal Vasculature 

   1.  Bergmeister’s Papilla 
 First described by Austrian Ophthalmologist O. Bergmeister, 
Bergmeister’s papilla arises from the center of the optic disk 
and consists of a small tuft of fi brous tissue that at one time 
ensheathed the hyaloid artery.  

   2.  Persistent Hyaloid Artery 
 Most commonly seen as a fl accid vascular remnant attached to 
the posterior pole of the lens, this occurs when the hyaloid 
artery fails to involute completely. Normally, the hyaloid artery 
cleaves near its center, with both ends retracting and regressing 
completely [ 105 ] [see chapter   II.A    . Development and 
Developmental Disorders of Vitreous]. Very rarely, the entire 
hyaloid artery may persist from the optic nerve head and extend 
to the posterior lens capsule or into the anterior vitreous with 

branches of the vasa hyaloidea propria present. Rarely, a persis-
tent hyaloid artery is associated with vitreous hemorrhage.  

   3.  Congenital Nonattachment 
of the Retina and Retinal 
Detachment 

 Retinal detachments have been noted in 56 % of patients 
with PFV [ 106 ]. Two different mechanisms are believed to 
contribute to retinal detachment. In the fi rst, adhesion of the 
primary vitreous and its blood vessels from one portion of 
the optic cup prevents the secondary vitreous from forming 
between the primary vitreous and the retina [ 107 ]. This 
causes traction and detachment of the retina as the eye 
enlarges. Later, a continuous stalk of hyaloidal tissue can be 
seen to extend from the optic disk to the posterior lens or cili-
ary body. Contraction of the stalk or growth of the eye results 
in tractional retinal detachment. In these cases the retina may 
be adherent to the ciliary body, dragged centrally, or drawn 
anteriorly and elevated around the optic nerve.  

   4.  Globe Malformations 
 Microphthalmos and microcornea are two common malfor-
mations associated with PFV. However, variations in the size 
and shape of the globe, cornea, or lens can be seen. In the 
presence of leukokoria, corresponding microphthalmos or 
microcornea can be helpful in diagnosing PFV.  

   5.  Macular Abnormalities 
 Often subtle macular changes can be associated with poste-
rior PFV. Most commonly the result of traction, there is 
failure of the foveal pit to develop and irregularities in retinal 
layers can occur. Often these changes are noted on optical 
coherence tomography (OCT).  

  Figure III.A-10    Mittendorf’s dot – Mittendorf’s dot located on poste-
rior lens capsule at the site of the former anastomosis of the tunica 
vasculosa lentis to the hyaloid vasculature. It is almost always located 
inferonasally without associated visual dysfunction (Courtesy of Dr 
Parag Shah)       

  Figure III.A-11    Prominent retrolental membrane obscuring the entire 
visualized posterior lens capsule with associated iridohyaloid vessel 
(Courtesy of Dr David Dries, Moran Eye Center)       
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   6.  Optic Nerve Head Abnormalities 
 Optic nerve head hypoplasia and dysplasia are believed to 
result from abnormal traction associated with PFV.   

   C.    Genetics 

 Most cases of PFV are sporadic, but autosomal recessive 
and autosomal dominant patterns of familial transmission 
have been documented. Defects in the  NDP  and  FZD4  
genes have been identifi ed in cases of unilateral and bilat-
eral PFV. These genes are also associated with familial 
exudative vitreoretinopathy (see below) and Norrie dis-
ease. These genes are associated with the Wnt signaling 
pathway, and experimental evidence exists to support Wnt 
signaling in the development of PFV [ 108 ]. In addition, 
mice with defects in genes,  Atoh7  and  Lama1 , responsible 
for the genesis of retinal ganglion cells, have a high inci-
dence of phenotypes similar to PFV [ 109 ,  110 ]. Also, 
transgenic mice lacking tumor suppressor genes  arf  [ 111 ], 
 p53  [ 112 ], and  frizzled - 5  [ 113 ] or overexpressing  vegf -
 a188  [ 114 ] have also been shown to develop a PFV pheno-
type similar to human PFV. Finally, PFV has also been 
reported in association with trisomies 13, 15, and 18. If 
bilateral disease is suspected, Norrie disease and trisomy 
13 should be ruled out. In general, infants presenting with 
unilateral PFV and no other developmental anomalies are 
not subjected to testing for other conditions unless other 
symptoms are present.  

   D.    Treatment of Persistent Fetal 
Vasculature 

 Surgical intervention to clear media opacities, to relieve trac-
tional forces, or simply to preserve the globe from the natural 
course of PFV can be helpful. In eyes with visual potential, 
visual rehabilitation is important, and the need for careful 
follow-up must be conveyed to parents. Studies have demon-
strated that the eyes with anterior disease have a greater 
chance of achieving form vision than eyes with posterior 
malformations. Posterior PFV, microphthalmia, glaucoma, 
and amblyopia are known to limit visual acuity outcomes 
even after aggressive intervention. In our experience, trac-
tional effects on the lens or retina due to a stalk can often be 
relieved with surgical division of the stalk. This can release 
traction and allow subsequent fl attening of the retina, which 
is particularly important as the eye lengthens during devel-
opment. In cases of cataract, a limbal-based surgical approach 
is preferred to removal of the lens during vitrectomy, because 
the pars plicata/pars plana area can be abnormal, and there is 
risk of creating a tear in the peripheral retina when the media 
are too cloudy for direct visualization. Also, the peripheral 

 retina can be drawn anteriorly into the retrolental membrane. 
In cases with clear lenses, a pars plana/pars plicata approach 
can be performed with  careful examination of the ora serrata 
to avoid injury to the retina. Relieving the traction on the 
stalk is usually suffi cient, and complete amputation of the 
stalk is neither necessary to allow the retina to reattach nor 
safe, since the peripapillary retina can also be drawn into the 
stalk and tissue. Complete removal of the stalk may then lead 
to retinal injury and inoperable retinal detachment. These 
cases are complicated and often require expertise and train-
ing in the procedure.   

   IV.  Familial Exudative Vitreoretinopathy 

 Familial exudative vitreoretinopathy (FEVR) is a vitreoreti-
nal dystrophy that was fi rst described in 1969 by Criswick 
and Schepens [ 115 ] when they noted retinal changes similar 
to retinopathy of prematurity (ROP) in children and adoles-
cents who had no risk factors for ROP. They described bilat-
eral involvement, although often asymmetric, of peripheral 
neovascularization with thick fi brovascular membranes 
causing traction on the retina and distorting the macula and 
optic disk. Some eyes were noted to develop peripheral sub-
retinal exudates with associated exudative and traction 
 retinal detachments. Since that time, many studies have iden-
tifi ed tremendous variability in the presentation, course, and 
even inheritance pattern of FEVR. When severe, FEVR can 
be a lifelong retinal vascular disease with variable periods of 
quiescence. 

   A.    Clinical Presentation 

 Due to its rarity and many variable manifestations, the diag-
nosis of FEVR can be challenging and is likely underdiag-
nosed. FEVR has been described in all ethnic groups. In a 
recent review by Ranchodetal [ 116 ], only 41/145 or 28 % of 
patients referred to their practice with FEVR had been cor-
rectly diagnosed prior to referral. Many were misdiagnosed 
as having unspecifi ed retinal detachment, persistent fetal 
vasculature syndrome (PFV), ROP, retinal folds, or Coats 
disease. Of note, the average age at presentation for patients 
in this study was 6 years. Young patients with FEVR can also 
be referred with a diagnosis of leukokoria, poor vision, retro-
lental plaque, strabismus associated with a positive angle 
Kappa, cataract, or even premacular membrane with pucker. 
Other diseases not already mentioned that should be consid-
ered in the differential diagnosis of FEVR include the Norrie 
disease, retinoblastoma, incontinentia pigmenti, sickle cell 
disease, and toxocariasis. 

 FEVR can present with various combinations of macular 
dragging, radial retinal folds, retinal neovascularization, pre-
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retinal vitreous organization, vitreous hemorrhage, tractional 
retinal detachment, and subretinal exudation [ 117 ] 
(Figure  III.A-12 ). The most prominent feature is the abrupt 
cessation of peripheral retinal vessels, commonly at the 
 temporal equator; however, they can extend 360° [ 118 ]. 
These vessels take on a scalloped pattern that is often referred 
to as a “brush border” when seen on fl uorescein angiography 
and frequently demonstrate vascular buds at the junction of 
avascular and vascularized retina. Subretinal exudates are 
often present and can be massive resembling the Coats dis-
ease. Partial or total retinal detachment due to exudative and 
fi brovascular proliferative tractional forces can be seen. 
Miyakubo et al. [ 119 ] and van Nouhuys [ 120 ] noted that 
approximately 20 % of patients with FEVR developed reti-
nal detachments and almost all within the fi rst decade of life. 
Benson [ 117 ] noted that children presenting in the fi rst 3 
years of life had a worse prognosis than those presenting 
later in life. In his review of FEVR, Trese [ 121 ] also noted a 
poor prognosis in infants presenting in the fi rst year of life. 
The presence of bilateral fi ndings can also be helpful in the 
diagnosis of FEVR. Pendergast [ 122 ] reported that 85 % of 
eyes had bilateral involvement in FEVR and only 15 % had 
unilateral involvement.

      B.    Clinical Classifi cation 

 Different systems have been used to classify FEVR. The 
most recently recommended system parallels the International 
Classifi cation of Retinopathy of Prematurity (ICROP) guide-
lines with fi ve stages ranging from avascular retina to total 
retinal detachment [ 121 ]. They are defi ned as:

   Stage 1: Avascular periphery  
  Stage 2: Retinal neovascularization

   2A Without exudates  
  2B With exudates     

  Stage 3: Extramacular retinal detachment
   3A Without exudates  
  3B With exudates     

  Stage 4: Macula-involving retinal detachment, subtotal
   4A Without exudates  
  4B With exudates     

  Stage 5: Total retinal detachment     

   C.    Genetics 

 The most common mode of inheritance of FEVR is autosomal 
dominant (AD); however, many individuals with autosomal 
dominant FEVR are asymptomatic due to reduced penetrance. 
In addition, there are known lines of X-linked and autosomal 
recessive inheritance, as well. In the review by Ranchod et al. 
[ 116 ], 18 % of patients had a diagnosed family history of 
FEVR upon referral and 37 % had histories consistent with 
FEVR but had not been diagnosed. Mutations in one of three 
genes are known to be responsible for the autosomal domi-
nant FEVR.  FZD4  encoding the protein frizzled- 4,  LRP5  
encoding low-density lipoprotein receptor- related protein 5, 
and  TSPAN12  encoding tetraspanin-12 are responsible for 
fewer than 50 % of autosomal dominant FEVR cases. Another 
locus, EVR3, has been mapped, but the gene is unknown at 
this time. Molecular genetic testing for mutations in  FZD4 , 
 LRP5 , and  TSPAN12  is available at this writing. However, 
more than 50 % of the time, a known genetic mutation will 
not be detected in patients presenting with clinical features of 
FEVR.  NDP  encoding the Norrie disease protein is associated 
with X-linked inheritance, and  LRP5  is also associated with 
autosomal recessive inheritance [ 123 ]. Genetic counseling 
can be very helpful as offspring of a patient with autosomal 
dominant FEVR will have a 50 % risk of inheriting the muta-
tion, and prenatal testing is currently available. Molecular 
genetic testing should begin with the sequence analysis of 
 FZD4 ; if the pathologic mutation is not identifi ed, then 
sequence analysis of  LRP5  and then  TSPAN12  should be per-
formed in that order. All genes associated with AD FEVR 
have not been identifi ed, so failure to identify a mutation in 
the above genes does not rule out the diagnosis. 

   1.  Ancillary Testing 
 The diagnosis of FEVR is based on typical clinical fi ndings 
in the absence of prematurity or other risks of ROP. A posi-
tive family history is helpful. In suspicious cases of asymp-
tomatic stage 1 or 2 FEVR, examination of parents, siblings, 
and children can help in the diagnosis. Shukla et al. [ 124 ] 
noted in a review that 41 % of patients with FEVR were in 

  Figure III.A-12    A 10-year-old female presented with vitreous hemor-
rhage. Following clearing of the hemorrhage, fi brovascular changes 
were noted with traction on the retina and preretinal hemorrhages 
(Optos)       
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the mild end of the spectrum with normal vision and only a 
sector of peripheral retinal avascularity noted. Wide-angle 
fl uorescein angiography is helpful to identify avascular 
 retina and vascular abnormalities that may be otherwise 
missed. Depending on patient cooperation, this can be per-
formed in clinic or while under anesthesia for an examina-
tion. Contrasts between peripheral avascular and vascularized 
retinas are clearly highlighted with fl uorescein angiography, 
and characteristic straightening of peripheral vessels in a 
“brush border” pattern can be identifi ed. Fluorescein angiog-
raphy is very useful to detect the vascular/avascular junction 
and identify leakage of  capillaries (Figure  III.A-13 ). ERG 
changes other than possible mild reductions in b-wave ampli-
tude are not seen with FEVR.

      2.  Systemic Associations 
 Individuals with AD FEVR and mutations in  LRP5  have 
been noted to have reduced bone mass [ 125 ]. This does not 
appear with other forms of FEVR. Reduced bone mass is 
often only evident upon examination with dual x-ray absorp-
tiometry and leaves affected patients predisposed to 
fractures.   

   D.    Treatment 

 As noted with many vitreoretinopathies, early intervention 
often results in better vision for patients. Screening with 
wide angle fl uorescein angiography of family members of 
patients with known disease is important as is the need to 
emphasize that the course of FEVR can wax and wane, and 
lifelong follow-up is pivotal. Currently, we recommend treat-
ing the peripheral avascular retina of stage 2 or greater FEVR 
with near-confl uent laser to the avascular retina, regardless 

of whether exudates are present (Figure  III.A-14 ). In 
 addition, FEVR may progress with new capillary involve-
ment resulting in avascular retina later in life. Therefore, 
until more is known about this condition, patients should be 
examined regularly throughout their lives.

   Vitreous plays a major role in the pathogenesis of FEVR 
and, specifi cally, often leads to formation of retinal folds or trac-
tion retinal detachment through fi rm attachment of the posterior 
vitreous cortex to the retina. With this in mind, vitrectomy might 
be useful in the eyes with severe FEVR [ 118 ,  122 ,  126 ,  127 ]. 
Ikeda et al. [ 126 ] noted in their case series that peripheral vitreo-
retinal adhesions overlying avascular retina caused iatrogenic 
breaks during surgery in 22 of 28 eyes. In all their cases, biman-
ual technique with vitreous scissors and forceps was required to 
dissect the posterior vitreous cortex from the retinal surface. 
Vitrectomy was then combined with a lensectomy and scleral 
buckle placement to help relieve residual vitreoretinal traction. 
Utilizing these techniques, they successfully reattached the ret-
ina in 86 % of cases and improved visual acuity in 71 %. Others 
report success using similar bimanual techniques for vitrec-
tomy, but reserving the scleral buckle for eyes with a rheg-
matogenous component to their retinal detachment [ 122 ,  128 ]. 
However, vitreous is very adherent to the retina in youth, and 
care must be exercised to avoid creating retinal breaks. 

 Recent reports advocate using autologous plasmin to assist 
with pharmacologic vitreolysis [ 129 ,  130 ] [see chapters   VI.D.1    . 
Pharmacologic    vitreolysis with plasmin: basic science studies 
and   VI.D.2    . Pharmacologic vitreolysis with plasmin: clinical 
studies. Pharmacologic vitreolysis with plasmin]. Wu et al. 
[ 130 ] noted that a combination of reduced suction and a high 
cutting rate made it possible to remove sheets of vitreous off the 
retina but that a clean retinal surface was almost impossible to 

  Figure III.A-13    Left eye of patient in Figure  III.A-12 . Note the leak-
age of capillaries at the junction of vascular and avascular retina (Optos)       

  Figure III.A-14    Fluorescein angiogram of same eye as Figure  III.A-12  
after vitrectomy and extensive laser applied over multiple sessions to 
treat recurring vitreous hemorrhages (RetCam Image, Clarity). Persistent 
avascular retina extends to fovea       
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achieve by mechanical dissection only. They propose that plas-
min can remove  vitreous from the retinal surface and silicone 
oil can then be used to stabilize the eye by providing long-term 
tamponade and reducing the stimulus for vascular leakage. As 
described above, promising results have been seen recently in 
the treatment of some forms of ROP with injection of forms of 
anti- vascular endothelial growth factor (anti-VEGF) agents to 
reduce abnormal neovascularization. Anti-VEGF agents have 
been reported for a patient with vitreous hemorrhage and neo-
vascularization attributed to FEVR [ 131 ]. However, in our 
experience, new-onset iris neovascularization can occur in eyes 
treated with intravitreal anti-VEGF (personal observation, 
MEH 01/13) (Figure  III.A-15 ). Therefore, much further study 
is needed before recommending anti- VEGF at this point.

     1.  FEVR Treatment Outcomes 
 It can be diffi cult to accurately quantify successful surgical 
outcomes in FEVR due to its progressive nature and associ-
ated periods of waxing and waning. Success rates of retinal 
reattachment range from 96 to 63 % [ 118 ,  122 ,  126 – 128 ]. 
Some authors feel that silicone oil decreases the frequency of 
recurrence and may be considered in eyes that have previously 
undergone vitrectomy and still show signs of activity [ 121 ].      
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 Key Concepts 

     1.    Vitreous gel liquefaction without vitreoretinal 
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full- thickness attachment of the vitreous to the pos-
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   I. Introduction 

 Alterations in the molecular composition, organization, 
and structure of the human vitreous body are an inevitable 
consequence of aging. Complete and innocuous posterior 
vitreous detachment (PVD) is the most common ultimate 
consequence of vitreous aging [see chapter   II.C    . Vitreous 
aging and PVD], but this can often be disturbed by anoma-
lies in this complex process. Insuffi cient dehiscence at the 
vitreoretinal interface, excessive gel liquefaction, or both 
can result in an  anomalous PVD (APVD), sometimes associ-
ated with vitreoschisis (VS), which is a lamellar split in the 
posterior vitreous cortex. APVD and VS are associated with 
various clinical pathologies. A detailed analysis of vitreous 
pathophysiology that leads to APVD and VS will enable a 
better understanding of vitreoretinal disease pathogenesis, 
improve diagnostic acumen, and provide new directions for 
therapeutic approaches that will ultimately lead to effective 
preventative strategies.  

   II. Vitreous Biochemistry 

 Vitreous has a high content of water, but its consistency is 
mainly determined by the structural macromolecules colla-
gen [see chapter   I.A    . Vitreous proteins] and hyaluronan [see 
chapter   I.F    . Vitreous biochemistry and artifi cial vitreous]. 
Extracellular matrix components and miscellaneous com-
pounds further contribute to vitreous morphology especially 
at the vitreoretinal interface [see chapter   II.E    . Vitreoretinal 
interface and ILM]. 

 Collagen is the major structural protein, and type II col-
lagen comprises the largest part of the total collagen content 
in the human vitreous [ 1 ]. Type II collagen combines with 
types IX, and V/XI collagen to form fi brils. It is believed that 
collagen fi brils are spaced apart by hyaluronan via interac-
tion with the chondroitin sulfate chains of type IX collagen 
[ 2 ]. Other proteoglycans and likely other components (like 
opticin) further stabilize this macromolecular network that 
constitutes gel vitreous. With aging, chondroitin sulfate, 
opticin, and/or other components are lost or altered promot-
ing aggregation of vitreous collagen fi brils into visible fi bers, 
both  in vivo  at the slit lamp and in vitro by dark-fi eld slit 
microscopy. These extend from the vitreous base to the pos-
terior vitreous cortex in an anteroposterior direction, some-
what concentric with the globe peripherally (Figure  III.B-1 ).

   The areas adjacent to these large fi bers have a low density of 
collagen fi brils and higher concentration of hyaluronan (HA) 
molecules with water [ 3 ], resulting in less light scattering. This 
process advances with aging, and hyaluronan–collagen mol-
ecules further dissociate resulting in profound liquefaction and 
ultimate collapse of the vitreous body [ 3 ]. This is driven by liq-
uid vitreous, which dissects a plane between the  posterior vit-

reous cortex and the inner limiting membrane of the retina. If 
there are no abnormal adhesions at this interface, an innocuous 
PVD is the result [see chapter   II.C    . Vitreous aging and poste-
rior vitreous detachment]. Liquefaction without dehiscence at 
the vitreoretinal interface causes anomalous PVD. This chap-
ter will describe the current understanding of anomalous PVD 
as a unifying concept in vitreoretinal diseases.  

   III. Aging 

 Throughout life, changes in the composition and organiza-
tion of the molecular components of vitreous play an impor-
tant role in alterations of vitreous structure and very likely 
physiologic functions. This primarily consists of changes 
within the vitreous body, where the gel transforms to liquid, 
and at the vitreoretinal interface. The biochemical manifes-
tations of aging are described in chapters   I.A    . Vitreous pro-
teins;   I.F    . Vitreous biochemistry and artifi cial vitreous;   II.C    . 
Vitreous aging and posterior vitreous detachment.  

   A. Vitreous Body Aging 

 After the age of 40 there is a signifi cant decrease in the gel 
volume and concurrent increase in the volume of liquid vitre-
ous, primarily centrally [ 1 ,  2 ] (Figure  III.B-2 ).

   Within the vitreous body these changes ultimately form 
pockets of liquid vitreous, called “lacunae.” While it was 
 previously held that a posterior lacuna is solely a manifes-
tation of age-related liquefaction, recent studies [ 4 ,  5 ] have 
identifi ed a premacular area of low collagen density (mostly 
HA and water, hence minimal light scattering) that probably 
corresponds to Worst’s premacular bursa [ 6 ] and may be 
important in various physiologic and pathologic processes 
(Figure  III.B-3 ).

     1. Pathogenesis of Liquefaction 
 The gel state of the vitreous primarily results from the inter-
action of vitreous collagen fi brils and HA. Changes can occur 
in HA–collagen interaction, either as a result of changes in 
collagen structure, the conformation of HA and/or other com-
ponents such as the minor glycosaminoglycans and chon-
droitin sulfate profi le of the vitreous [ 7 ] or reactive oxygen 
species generated by metabolism and/or photons. These pro-
mote dissociation of collagen and HA [ 8 – 11 ] with subsequent 
cross- linking and aggregation of vitreous collagen fi brils into 
bundles that are visible at the slit lamp and by dark-fi eld slit 
microscopy (Figure  III.B-4a ). Ultrastructural studies have 
confi rmed the collagenous nature of these fi brous structures 
(Figure  III.B-4b ). Concurrently, HA, which is very hydro-
philic, pools and draws water forming liquid vitreous [ 12 ,  13 ] 
visible as dark spaces or lacunae by dark-fi eld slit microscopy.

J. Sebag et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_9
http://dx.doi.org/10.1007/978-1-4939-1086-1_6
http://dx.doi.org/10.1007/978-1-4939-1086-1_1
http://dx.doi.org/10.1007/978-1-4939-1086-1_9
http://dx.doi.org/10.1007/978-1-4939-1086-1_11
http://dx.doi.org/10.1007/978-1-4939-1086-1_6
http://dx.doi.org/10.1007/978-1-4939-1086-1_1
http://dx.doi.org/10.1007/978-1-4939-1086-1_9


243

  Figure III.B-1    Vitreous structure. Dark-fi eld slit microscopy of the 
human vitreous demonstrates that the posterior vitreous in middle age 
features a hole in the pre-papillary posterior vitreous cortex (small cir-
cle to left in ( a )) and the dehiscence in the premacular posterior vitreous 
cortex (   b ) through which fi bers extrude into the retro-cortical (preretinal) 

area ( c ,  d ). Vitreous structure in adults is characterized by macroscopic 
fi bers with an anteroposterior orientation ( c ,  e ), inserting into the poste-
rior vitreous cortex ( e ,  f ) and the vitreous base ( h ). Cloquet’s canal is 
shown in ( g ) imaged in a 32 year old woman (note lens at bottom) 
(Reprinted with permission from Sebag [ 25 ])         

a b

c d

e f

g h
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       2. Structural Changes 
 Liquefaction and vitreous collapse (syneresis) are the pre-
dominant morphologic changes of aging vitreous. On the 
one hand there is a progressive increase in liquefi ed spaces 

and on the other an increase in optically dense areas. This 
results in a transition from a clear gel in youth to a fi brous 
structure in adults (Figure  III.B-4 ). In old age advanced 
 liquefaction with thickening and tortuosity of  vitreous 
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  Figure III.B-2    Age-related rheologic changes in human vitreous. The 
volume of gel vitreous increases during growth and development, 
remains constant during young adulthood, then decreases signifi cantly 

during old age. The volume of liquid vitreous appears to increase 
steadily throughout life (Reprinted with permission from Balazs and 
Denlinger [ 27 ])       

T N

  Figure III.B-3    SS-OCT imaging of perifoveal PVD with persistent central adhesion. p precortical pocket, C Cloquet’s canal, N nasal, T temporal; 
arrows indicate the posterior vitreous cortex (Courtesy of Hirotaka Itakura, MD, via Ron Silverman, PhD)       
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  Figure III.B-4a    Aging changes in human vitreous structure. ( a ) Dark-
fi eld slit microscopy of fresh unfi xed whole human vitreous body with 
the sclera, choroid, and retina dissected off the vitreous body, which 
remains attached to the anterior segment. A slit lamp beam illuminates 
from the side, creating a horizontal optical section with an illumination–
observation angle of 90°, maximizing the Tyndall effect. The anterior 
segment is below and the posterior pole is above in all specimens.  Top 
row : the vitreous bodies of an 11-year-old girl ( left ) and a 14-year-old 
boy ( right ) demonstrate a homogeneous structure with no signifi cant 
light scattering within the vitreous body, only at the periphery where the 
vitreous cortex is comprised of a dense matrix of collagen fi brils. The 

posterior aspect of the lens is visible at the  bottom  of each image. 
 Middle row : vitreous structure in a 56-year-old ( left ) and a 59-year-old 
( right ) subject features macroscopic fi bers in the central vitreous body 
with an anteroposterior orientation. These form when hyaluronan mol-
ecules no longer separate collagen fi brils, allowing cross-linking and 
aggregation of collagen fi brils into visible fi bers.  Bottom row : in old age 
the fi bers of the central vitreous become signifi cantly thickened and 
tortuous, as demonstrated in the two eyes of an 88-year-old woman. 
Adjacent to these large fi bers are areas of liquid vitreous, at times form-
ing pockets, called lacunae       
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  Figure III.B-4b    Ultrastructure of human vitreous fi bers. Transmission 
electron microscopy of human vitreous detected bundles of collagen 
fi brils shown longitudinally in the  upper image  and in cross section in 

the  lower image . The inset in the  upper image  is a high-magnifi cation 
view of the bundle of fi brils demonstrating their collagenous nature 
(From Sebag and Balazs [ 126 ])       
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fi bers goes along with syneresis. Postmortem studies 
found syneresis in 70 % of subjects in the eighth decade 
[ 14 ,  15 ]. Syneresis occurs earlier and is more extensive in 
myopic eyes and is accelerated with infl ammation, trauma, 
and arthro-ophthalmopathies [ 14 – 16 ] [see chapter   I.C    . 
Hereditary vitreo-retinopathies].   

   B. Aging of the Vitreoretinal Interface 

 The collagen fi brils of the posterior vitreous cortex are orga-
nized in sheets or lamellae (Figure  III.B-5 ). During youth, there 
is strong adhesion between the posterior vitreous cortex and 
the inner limiting membrane (ILM) of the retina, primarily at 

a

b

  Figure III.B-5    ( a ) The lamellar structure of the mammalian posterior 
vitreous cortex is demonstrated in an adult monkey eye stained with 
fl uorescein-conjugated ABA lectin stain. The vitreoretinal interface is 
shown with the vitreous above and the retina below. The ILM ( arrow-
heads ) is the intensely bright horizontal line across the image. Above 
the ILM is the posterior vitreous cortex whose lamellar structure is 
clearly evident at higher magnifi cation (image to the  right ). These 
potential cleavage planes can separate during anomalous PVD or dur-
ing vitrectomy surgery with membrane peeling, in each instance leav-
ing a layer of vitreous attached to the macula. The  arrow  is pointed to a 

hyalocyte embedded in the posterior vitreous cortex (Courtesy of Greg 
Hageman, PhD; original magnifi cation = 400×). ( b ) 3D OCT imaging 
of the vitreoretinal interface in a normal adult demonstrates a multila-
mellar structure. In this image at least three layers of the posterior vitre-
ous cortex can be discerned ( large white arrow ). During anomalous 
PVD there can be splitting between these lamellae leaving the outer-
most layer attached to the retina. This can also occur during surgery, 
accounting for some cases of failed surgery (Courtesy of Carl 
Glittenberg, MD, and Professor Susanne Binder of Vienna, Austria)         
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  Figure III.B-6    Human vitreoretinal interface in youth. ( a ) Dark-fi eld 
slit microscopy of posterior vitreous in a 14-year-old boy after dissec-
tion of the sclera, choroid, and retina. A cap of tissue adheres to the 
vitreous with a hole corresponding to the optic disc, linear structures 
resembling retinal vessel patterns ( black arrows ), and the fovea ( white 
arrow ). ( b ) Scanning electron microscopy of tissue shown in ( a ). 
Mueller cell ( MC ) end plates inserted onto the inner limiting membrane 

(labeled here as  ILL ) of the retina. ( c ) Transmission electron micros-
copy identifi es the tissue as the inner limiting membrane the retina ( R ) 
attached to the posterior vitreous cortex ( V ), with the broken inner seg-
ments of Mueller cells adherent to the posterior aspect of the inner lim-
iting membrane (Courtesy of the Eye Research Institute of Retina 
Foundation, Boston MASS; reprinted with permission from Sebag 
[ 17 ])         

a b

c

the vitreous base and at the posterior pole [ 17 – 19 ]. However, 
rather than focal adherences at the disc, fovea, and along reti-
nal blood vessels, vitreoretinal adhesion at the posterior pole 
appears to be more fascial (Figure  III.B-6 ). In a study of 59 
dissected human eyes, age- related differences in vitreoretinal 
adhesions were investigated using dark-fi eld slit and electron 
microscopies. In 40 % of young eyes the ILM remained adher-
ent to the vitreous cortex in an area that involved the macula, 
temporal arcades, and the peripapillary posterior pole [ 17 ]. 
Teng and Chi found that the width (in the radial dimension) of 
the vitreous base posterior to the ora serrata increases with age 
to over 3.0 mm [ 20 ]. Similarly Wang et al. reported a clear wid-
ening of the posterior vitreous base with increasing age. In addi-
tion they described the slowly evolving vitreoretinal adhesions as 
a result of retinal synthesis of collagen fi brils, which penetrate 
the ILM and become incorporated into the basal vitreous cortex 
[ 20 ,  21 ]. Whether the posterior migration of the vitreous base 
with age is greater nasally than temporally is being discussed 
[ 22 ,  23 ]. Gartner additionally found “lateral aggregation” of the 
collagen fi brils in the vitreous base of older individuals [ 24 ].

       IV. Posterior Vitreous Detachment 

 Complete PVD is a separation between the posterior vitreous 
cortex and the ILM of the retina, usually occurring without 
clinically relevant pathologies. It can be localized, partial, 
or total (throughout the entire posterior pole up to the poste-
rior border of the vitreous base) [ 3 ,  17 ,  25 ,  26 ]. For PVD to 
occur without complications, two different processes are ini-
tiated simultaneously and develop to a similar extent: weak-
ening of vitreoretinal adhesion and vitreous liquefaction. 
Regarding the former, there must be suffi cient weakening of 
 vitreoretinal adherence, so when the critical amount of liq-
uefaction has formed, the collapsing vitreous separates away 
from the retina, and a PVD occurs without untoward conse-
quences [ 25 ,  27 – 29 ]. Regarding the latter, there are many 
theories as to the cause of gel liquefaction [ 30 ]. Whether due 
to age- related changes in collagen structure, HA conforma-
tion and/or concentration, light-induced or metabolically 
derived free radicals, hormonal effects, or combinations of 
all these factors [ 25 ,  31 ], there is a disruption of the normal 
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HA–collagen  association transforming the gel vitreous to 
liquid. Dissolution of the ILM to vitreous cortex adhesion 
at the posterior pole allows this liquid vitreous to dissect a 
retro- cortical plane, resulting in the collapse of the vitreous 
body [ 25 ,  32 ,  33 ]. 

   A. Diagnosis of PVD 

   1. Ultrasound 
 B-scan ultrasonography is an established method to detect 
and characterize PVD. This application is still superior 
to  biomicroscopy and OCT, especially in the presence of 
opacities, such as cataract, hyphema, hypopyon, and vitre-
ous hemorrhage [ 34 – 36 ] [see chapter   II.F    . Imaging vitreous]. 
Typically, the posterior vitreous cortex can be easily imaged 
by ultrasound when separated from the retina (Figure  III.B-
7 ), but rarely when it is attached. Oksala used clinical ultra-
sound to detect echoes from gel–liquid interfaces in 444 
human eyes [ 37 ]. He confi rmed that the vitreous body is 
homogeneous in young eyes with increasing incidence of 
inhomogeneity in age. Ultrasound is also very helpful to 
visualize lacunae as a sign of age-related vitreous lique-
faction [ 38 ]. Liquefaction and the resulting PVD infl uence 

intraocular biomechanics and therefore change the tractional 
forces exerted by the posterior vitreous cortex on the retina. 
Walton et al. quantifi ed those effects with kinetic B-scan 
ultrasound using a grading system based upon the movement 
of the speckle density (hyperrefl ective areas in the vitreous) 
relative to the angle of the eye [ 39 ]. Zimmerman evaluated 
the rheologic state of the vitreous using ultrasound and con-
cluded that the gravitational effect dominates the elastic 
torque following head movement [ 40 ].

   Besides conventional B-scan, high-frequency ultrasound 
complements  in vivo  imaging of the eye. It has higher reso-
lution with the limitation of reduced depth of fi eld due to 
short wavelength. The latest development represents the 
 pulse- encoded ultrasound [ 41 ]. Silverman et al. demon-
strated an improved characterization of vitreous mobility 
with multielement probes and synthetic focusing device 
(pulse-encoded US). With higher sensitivity and resolution, 
it may provide a better visualization of the formed and fl uid 
components of the vitreous [ 36 ,  42 ].  

   2. Optical Coherence Tomography (OCT) 
 OCT imaging provides extremely good retinal details, less 
detail at the vitreoretinal interface, and the least detail within 
the vitreous body itself. 

  Figure III.B-7    Ultrasound B-scan image of anomalous posterior vitreous detachment with axial vitreomacular traction ( white arrow )       
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   a. Vitreoretinal Interface by OCT 
 Conventional time domain OCT is able to detect vitreo-
macular adhesions, but with relatively low resolution 
[ 43 – 46 ]. Combined OCT-SLO (scanning laser ophthal-
moscopy) imaging, multi-depth scanning with spectral 
domain-OCT (SD-OCT), or the use of broadband light 
sources provide a more detailed delineation of the pos-
terior vitreous cortex and the inner limiting membrane 
(ILM) [ 47 ,  48 ]. On OCT the vitreoretinal interface appears 
as a hyperrefl ective line separating the neurosensory retina 
from the vitreous. A useful feature in both time domain 
and SD-OCT is en face imaging that enables topographic 
visualization of the retinal surface. Instead of providing 
single images from longitudinal scans, three- dimensional 
reconstructions and visualization of the retinal surface fol-
lowing the concavity of the posterior pole of the eye allow 
topographic characterization of alterations in vitreoretinal 
relationship [ 49 ]. In macular pucker, for example, this type 
of imaging identifi ed multiple foci of retinal contraction 
that correlated with disease severity [ 47 ]. Furthermore, 
the topographic and structural features of this and other 
forms of imaging have contributed considerably to a better 
understanding of the pathogenesis of macular holes (MH) 
and macular pucker (MP) by detecting and characterizing 
anomalous PVD [see chapter   III.F    . Vitreous in the patho-
biology of macular pucker]. Using combined OCT- SLO, 
Sebag et al. found vitreoschisis in half of their investigated 
population with MP and MH, which is likely to be related 
to the underlying multilamellar structure of the posterior 
vitreous cortex [ 50 ].  

   b. Vitreous Body Imaging by OCT 
 Within the vitreous body, Itakura et al. were able to detect and 
describe a large lacuna, called the posterior vitreous pocket 
(PVP), in the precortical posterior vitreous on SD-OCT 
[ 4 ]. They classifi ed PVD stages on the basis of the poste-
rior wall of the lacuna. The lacuna initially  encompasses the 

 paramacular area and extends to the perifoveal area, induc-
ing a perifoveal PVD. Once the vitreous detaches from the 
optic disc, a complete PVD can be seen [ 51 ,  52 ]. Mojana 
et al. used SD-OCT combined with scanning laser ophthal-
moscopy (SLO) in patients with PVD symptoms [ 53 ]. They 
identifi ed a strong correlation for a complete PVD between 
clinical examination and OCT, but a partial PVD was 
detected more frequently by OCT. Furthermore they could 
demonstrate high agreement between ultrasound and OCT 
in a small subset. 

 Swept source-OCT (SS-OCT) represents the latest 
development in vitreous imaging. Since it has long coher-
ence length and adjustable frequency sweep range, it 
enables integration of multiple ophthalmic applications 
(such as Doppler OCT angiography) in a single instru-
ment. Besides wide fi eld retinal and vitreoretinal interface 
delineation, it gives a comprehensive volumetric data of 
the entire eye and vitreous body. Furthermore it improves 
image quality in combined anterior and posterior segment 
OCT, which usually needs different wavelengths (1,310 
and 840 nm). Using a light source of 1,060 nm, it reduces 
vitreous absorption [ 54 ,  55 ]. SS-OCT seems to be a prom-
ising instrument in describing the state of PVD based on 
its high resolution and capability to provide a detailed 
view on the vitreoretinal interface [ 4 ] (Figures  III.B-3  
and  III.B-8 ).

        B. Conditions Predisposing to PVD 

   1. Cataract Surgery 
 With removal of the lens comes loss of one of the three 
anchors of the vitreous body, the vitreous base and optic disc 
being the other two. As a result, all regions of vitreoretinal 
adherence, both physiologic and pathologic, experience a 
greater amount of torsional force for any given movement. 
The loss of the ring of vitreous attachment at Egger’s line 

  Figure III.B-8    SS-OCT imaging of the posterior pole in an eye with a 
full-thickness macular hole. This modality enables simultaneous imag-
ing of the anterior optic nerve and macula. Posterior vitreous structure 

is seen quite well, including the lamellar confi guration of the posterior 
vitreous cortex (white arrow) (Courtesy of Dr. Michael Engelbert, New 
York, NY)       
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adds to the increased workload for the remaining vitreo-
retinal attachments [ 56 ,  57 ]. Lens extraction has also been 
shown to result in a reduction in vitreous hyaluronan 
concentration [ 58 ], attributed to facilitated diffusion into the 
anterior chamber due to disruption of the anterior vitreous 
face and the absence of the lens and posterior capsule [ 58 , 
 59 ]. With the loss of hyaluronan comes decreased stability 
of the vitreous on a molecular level, resulting in decreased 
viscosity [ 60 ] and shock-absorbing ability; loss of vitreous 
“lag and slack,” with exaggeration of vitreous currents; and 
a resultant increase in forces transmitted to remaining vitreo-
retinal attachments during saccades. An intact posterior lens 
capsule is thought to prevent this loss of hyaluronan by pos-
ing a barrier to diffusion into the anterior chamber [ 58 ]. This 
is supported by owl monkey studies that demonstrated dra-
matic differences in vitreous hyaluronan concentration fol-
lowing intracapsular and extracapsular cataract extraction, 
with a rapid 90 % reduction in hyaluronan concentration 
after ICCE and almost no change in hyaluronan concen-
tration after ECCE and an intact posterior capsule [ 58 ]. 
Osterlin further analyzed the vitreous from human aphakic 
eyes and found a 63 % reduction of hyaluronan concentra-
tion after intracapsular surgery, but only a 16 % reduction 
after extracapsular surgery with an intact posterior capsule 
[ 61 ]. Clinically, the removal of the crystalline lens results in 
a higher incidence of complete PVD [ 62 ,  63 ]. The role of an 
intact posterior capsule was determined in 201 consecutive 
aphakic and pseudophakic eyes studied postmortem [ 64 ]. 
PVD was present in 84 % of eyes following ICCE and 76 % 
of eyes following ECCE and surgical capsular discission, but 
only 40 % of eyes following ECCE with an intact posterior 
capsule. Clinical studies have claimed that the frequency of 
PVD in aphakic eyes is 66–100 % [ 65 ,  66 ]; however post-
mortem studies have shown that while the incidence of PVD 
is clearly increased in aphakic eyes, PVD is overdiagnosed 
clinically, in part, because of erroneous diagnosis in eyes 
with large central lacunae [ 67 ].  

   2. Myopia 
 PVD occurs more often in individuals with axial myopia [ 68 –
 70 ] [see chapter   II.B    . Myopic vitreopathy]. In 2004, Hayreh 
and Jonas confi rmed in a hospital-based study of 2,962 eyes 
that there was a high frequency of complete PVD correlating 
with myopia and concluded that over a lifetime the onset of 
complete PVD occurs earlier with increasing myopic refrac-
tive error [ 71 ]. The study was performed without OCT, and 
therefore not all complete PVDs may have been detected, 
and a stage-dependent PVD classifi cation was thus also not 
possible. Although the Beijing Eye Study consists of a dif-
ferent design (population-based) and demographic (Chinese 
vs Whites), their fi ndings in 3,468 eyes that were examined 
for PVD in a stage-dependent manner by OCT seemed to 
confi rm Hayreh’s fi ndings [ 72 ]. Interestingly, they concluded 

that the prevalence of an incomplete PVD is correlated 
with hyperopia but that the different OCT-defi ned stages of 
incomplete PVD are then associated with myopia [ 72 ,  73 ].  

   3. Trauma 
   a. Blunt Trauma 

 Blunt trauma may be transmitted to the retina in a “coup/
contrecoup” fashion, resulting in concussive forces and 
commotio retinae during the “coup” phase and a variety 
of  rhegmatogenous sequelae [ 74 ] during the “contrecoup” 
phase. Dialysis at the anterior border of the vitreous base 
typically occurs inferonasally. Less common are avulsion of 
the vitreous base and retinal dialysis at the posterior border 
of the vitreous base. Circular macular folds with a sub-ILM 
schisis cavity containing serosanguinous material [ 75 ] and 
vitreous detachment with ILM throughout the fundus, espe-
cially at the vitreous base, and peripapillary hemorrhage are 
typical of shaken baby syndrome.  

   b. Penetrating Trauma 
 Wound healing at the perforation site allows fi brocellular 
proliferation into the eye, inducing traction retinal detach-
ment. Histopathologic studies revealed cyclitic and peri-
retinal membranes [ 76 ]. Intraocular proliferation starts 2–4 
days after injury [ 77 ], PVD develops at 1–2 weeks [ 78 ], 
and  traction retinal detachment occurs at 7–11 weeks. 
Proliferation can be prevented by vitrectomy [ 79 ], less haz-
ardous after 2 weeks because of the development of PVD 
[ 80 ,  81 ] and more effective if complete [ 82 ]. Yet, Miller et al. 
[ 83 ] found that the vitreous plays a role in normal healing of 
retinal wounds.     

   V.  Anomalous Posterior Vitreous 
Detachment (APVD) 

 Anomalous PVD (APVD) occurs when gel liquefaction 
exceeds the degree of weakening of vitreoretinal adherence 
and traction is exerted at this interface. There are various 
possible consequences of APVD, depending upon where the 
gel is most liquefi ed and where the posterior vitreous cortex 
is most fi rmly adherent to the retina (Figure  III.B-9 ).

     A. Etiology of Anomalous PVD 

 The aforementioned aging changes are the most common 
cause of gel liquefaction, followed by myopia, diabetes, and 
several less common conditions. If the degree of vitreoreti-
nal dehiscence is suffi cient to allow syneresis (collapse), the 
vitreous body pulls away from the retina without untoward 
sequelae. When there is insuffi cient vitreoretinal dehis-
cence, the destabilized, liquefi ed vitreous cannot pull away 
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cleanly, resulting in APVD. This process can happen as full- 
thickness APVD, meaning the entire posterior vitreous cor-
tex stays attached to an area of the retina, or partial-thickness, 
which means that there is a split in the posterior vitreous 
cortex, called vitreoschisis (VS). APVD with VS leaves the 

outer layer of the posterior vitreous cortex attached to the 
retina. 

 There are various causes for this imbalance between the 
degree of gel liquefaction and weakening of vitreoretinal 
adhesion. Inborn errors of collagen metabolism, such as 
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  Figure III.B-9    Schematic diagram of anomalous PVD. This unifying 
concept explains the pathogenesis of several vitreoretinal diseases that 
were previously considered very disparate but are actually all manifes-
tations of the same underlying pathophysiology – anomalous PVD. 
Note that vitreo-papillary adhesion and traction can cause primary optic 
neuropathy but also play a role in facilitating/promoting cell migration 
and proliferation during pathologic neovascularization of the disc. 

Additionally, vitreo-papillary adhesion seems to alter the vector of tan-
gential forces exerted by a membrane (in some cases full-thickness pos-
terior vitreous cortex and in some cases the outer layer of the posterior 
vitreous cortex left attached to the macula after vitreoschisis). While not 
all cases of macular holes have vitreoschisis, they feature vitreomacular 
adhesion and traction almost always with vitreo-papillary adhesion 
(VPA)       
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those present in Marfan, Ehlers-Danlos, and Stickler syn-
dromes [ 84 ] result in extreme gel liquefaction at an early 
age with persistent vitreoretinal adherence [see chapter   I.C    . 
Hereditary vitreo-retinopathies]. Systemic conditions such 
as diabetes induce biochemical [ 85 ] and structural [ 86 ] 
 alterations in the vitreous. The result is diabetic vitreopathy 
[ 87 ], an important contributor to the pathobiology of pro-
liferative diabetic vitreo-retinopathy and diabetic macular 
edema [see chapter   I.E    . Diabetic vitreopathy]. Changes asso-
ciated with myopia can similarly be considered as myopic 
vitreopathy, where there is excess vitreous liquefaction for 
the degree of vitreoretinal adhesion, resulting in anomalous 
PVD and undue traction at the vitreoretinal interface [see 
chapter   II.B    . Myopic vitreopathy].  

   B. Retinal Effects of Anomalous PVD 

 As a result of abnormal traction at the vitreoretinal interface, 
there can be deleterious effects upon the retina as well as 
the vitreous. Depending on where persistent vitreoretinal 
 adhesions are located, various pathologies can develop in a 
variety of locations in the fundus [ 26 ,  88 ]. 

   1. Peripheral Retinal Effects of APVD 
 Autopsy studies found that PVD is associated with retinal 
breaks in 14.3 % of all cases. A degree of vitreous hemor-
rhage occurs in 13–19 % of cases with PVD, and, when 
patients suffer a severe vitreous hemorrhage that obscures 
the view of the fundus on ophthalmoscopy, there is a high 
incidence of retinal tears (67 %) and retinal detachments 
(39 %) [ 85 ]. Retinal holes unrelated to PVD were observed 
in 326 (13.9 %) of 2,334 autopsy cases by Foos et al. [ 89 ]. 
Retinal tears can also result from vitreous fl uid movement 
[ 90 ]. When the vitreous remains attached to the posterior 
margin of a retinal fl ap, this may be avulsed leaving a round 
or oval hole. The fl ap of retina remains attached to the poste-
rior surface of the detached vitreous, forming an operculum. 
Large detached fl aps may form a cystic structure [see chapter 
  III.H    . Peripheral vitreo-retinal pathology]. 

 The clinical incidence of retinal tears [ 91 ] varies from 
7.2 % [ 92 ] to 5.8 % [ 93 ] with a high of 13.75 % [ 94 ] and 
a low of 0.59 % [ 19 ]. Postmortem incidences were 3.9 % 
[ 20 ], 8.6 % [ 95 ], 4.7 % [ 96 ], 8.8 % [ 97 ], 3.7 % [ 89 ], and 
7.3 % [ 89 ]. Although the role of retinal tears in causing 
RD is undisputed, management is controversial [see chap-
ter   V.B.4    . Prophylaxis and cure of retinal detachment]. 
Byer [ 98 ] concluded that prophylactic treatment is not 
justifi ed for asymptomatic retinal breaks in phakic eyes. 
However, in a natural history study of 166 eyes with retinal 
breaks, Rutnin [ 94 ] observed that 31 (18 %) progressed to 
RD. Neumann and Hyams [ 99 ] reported that 2 % of 153 
eyes with retinal breaks developed RD. The incidence of 

retinal tears is much greater than RD, which varies between 
nine (0.009 %) [ 100 ] and 24.4 (0.02 %) per 100,000 per 
year [ 101 ]. Benson [ 102 ] promoted patient education, while 
Combs and Welch [ 103 ] concluded that  prophylactic treat-
ment of acute horseshoe tears with vitreous traction sig-
nifi cantly reduces the incidence of retinal detachment [see 
chapter   V.B.4    . Prophylaxis and Cure of Rhegmatogenous 
Retinal Detachment]. A particularly high-risk group are 
patients with vitreous hemorrhage that obscures fundus 
visualization (see above). Ultrasound may be an effective 
means of identifying retinal tears in such eyes [ 104 ], but 
misdiagnosis at presentation bodes poorly, since there is 
67 % incidence of retinal tears [ 105 ].  

   2. Macular Effects of Anomalous PVD 
   a.  Full-Thickness Vitreomacular Traction 

   i. Vitreomacular Traction (VMT) 
 VMT is defi ned as vitreomacular adhesion with structural 
alteration of the underlying neural retina [ 106 ]. There is 
often perifoveal vitreous cortex detachment from the reti-
nal surface with persistent adhesion of the vitreous cortex 
within a 3-mm radius of the fovea. VMT can be classifi ed 
by the size of the vitreous attachment (focal, if less than 
1,500 μm, or broad, if greater than 1,500 μm), associated 
with intraretinal structural changes, and/or elevation of the 
fovea above the RPE, but no full-thickness interruption of all 
retinal layers [ 106 ,  107 ]. Recently, an international panel of 
experts (International Vitreomacular Traction Study Group, 
IVTS) convened to develop a new classifi cation system of 
vitreomacular traction based upon anatomic criteria alone, 
primarily the fi ndings on OCT evaluation. To determine 
the presence of VMT requires that the following anatomic 
criteria be in evidence on at least one B-mode OCT scan: 
(1) evidence of perifoveal vitreous cortex detachment from 
retinal surface, (2) macular attachment of the vitreous cortex 
within a 3-mm radius of the fovea, and (3) association of 
attachment with distortion of the foveal surface, intraretinal 
structural changes, elevation of the fovea above the RPE, or a 
combination thereof [ 106 ] [see chapter   III.D    . Vitreomacular 
traction and holes (pseudo, lamellar and full-thickness macu-
lar holes].  

   ii. Age-Related Macular Degeneration 
 Full-thickness vitreomacular adhesion/traction may also be 
important in patients with age-related macular degenera-
tion (AMD). Recent studies have identifi ed that true PVD 
is protective against wet AMD, while anomalous PVD with 
persistent vitreomacular adhesion may promote choroidal 
neovascularization. Krebs et al. investigated the state of 
the posterior vitreous using ultrasound and OCT in exu-
dative AMD with nonexudative and controls. Eyes with 
exudative AMD had signifi cantly lower rates of detached 
vitreous compared to the nonexudative eyes and controls 
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[ 108 ]. OCT found signifi cantly higher rates of vitreomac-
ular adhesion in wet AMD. These fi ndings are supported 
by Robison et al. [ 109 ], who reported similar fi ndings in a 
study that also ruled out genetic and environmental factors. 
Anomalous PVD was determined to be a risk factor for the 
development of exudative AMD, and several hypothetical 
mechanisms were proposed [see chapter   III.G    . Vitreous in 
AMD] [ 110 ,  111 ].  

   iii.  Cystoid Macular Edema (CME) 
and Macular Cysts 

 CME can be associated with VMT and can occur in cases of 
unifocal vitreo-foveal traction arising from partial PVD [ 112 ]. 
Broad areas of attachment with traction can cause generalized 
thickening of the macula, vascular leakage on fl uorescein 
angiography, macular schisis, and CME. Macular cysts that 
result from chronic edema need to be distinguished from the 
cystoid spaces created by vitreous traction in macular holes 
(lamellar and full-thickness) and macular pucker with vitreo-
papillary adhesion [ 113 ] [see chapter   III.E    . Vitreo-papillary 
adhesion/traction]. The presence of macular traction cysts is 
usually associated with decreased vision (acuity and distor-
tion), but generally resolves quickly after the release of trac-
tion with little remaining visual defi cit [ 114 ].  

   iv. Diabetic Macular Edema 
 Systemic conditions such as diabetes induce biochemi-
cal [ 85 ] and structural [ 86 ] alterations in the vitreous. The 
result is diabetic vitreopathy [ 87 ] [see chapter   I.E    . Diabetic 
vitreopathy], an important contributor to the pathobiology 
of proliferative diabetic vitreo-retinopathy. Histopathologic 

fi ndings showed that retinal traction by “shrinking” of the 
vitreous body may result in a combination of retinoschisis 
and retinal detachment (Figure  III.B-10 ). Ultrasound [ 115 ] 
and histopathology [ 116 ] studies have shown that patients 
with proliferative diabetic retinopathy have clear evidence 
of vitreoschisis. OCT studies have found vitreoschisis in dia-
betic macular edema [ 117 ], which is the most common cause 
of vision loss in diabetic patients.

       b.  Partial-Thickness Vitreomacular 
Traction (Vitreoschisis) 

 Posterior vitreous detachment (PVD) is associated with vit-
reous cortex remnants at the fovea in 44 % of human eyes 
studied at autopsy with scanning electron microscopy [ 33 ]. 
When these remnants are a layer or sheet of posterior vitre-
ous cortex, the term  vitreoschisis  is employed. The prolif-
eration of hyalocytes and migration of glial cells result in 
a cellular membrane that is often referred to as an “epireti-
nal” or “ERM.” This term is inappropriate, however, because 
“epi” refers to a location next to or beside the retina; thus, 
the term “epiretinal” could refer to a subretinal as well as 
preretinal location. Following vitreoschisis the membrane 
location is in front of the retina, thus the prefi x “pre” is 
more accurate than “epi.” Furthermore, vitreoschisis with 
membrane formation is most often clinically relevant in the 
macula; thus, the term “premacular membrane,” or “PMM,” 
is the more precise term than “epiretinal membrane,” or 
“ERM.” The term “macular pucker” should be used to refer 
to one (but not the only)  clinical consequence of an abnormal 
 premacular membrane, i.e., the distortion or puckering of the 
macula. Furthermore, the term “idiopathic ERM” is no longer 

  Figure III.B-10    Gross pathology of shrunken vitreous body (synere-
sis), which is detached in most areas. Anomalous PVD with persistent 
adherence of the posterior vitreous cortex ( PHM ) to the retina results in 
two phenomena of vitreoretinal traction in the same location – a trac-
tional retinal detachment with subretinal fl uid ( SRF ) and a tractional 
retinoschisis (see image to right). Material is found beneath the detached 

retina as well as in the split retina. Higher magnifi cation ( right image ) 
of the transition from the attached retina to the elevated retina also 
shows some small areas of tractional retinoschisis ( VD  vitreous detach-
ment,  R  retina,  C  choroid,  S  sclera) (Reprinted with permission from 
Faulborn and Ardjomand [ 127 ])       
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appropriate, since we now know that this condition is not 
idiopathic and that vitreous is the cause. 

 On clinical examination, the inner wall of the vitreoschi-
sis cavity may be clinically confused with a PVD when the 
posterior layer of the split vitreous cortex remains attached to 
the ILM of the retina. Ultrasonography can, at times, detect 
the split layers in vitreoschisis depending upon the thick-
ness of the layers (Figure  III.B-11 ). Vitreoschisis has been 
detected by ultrasound in 20 % of eyes with proliferative 
diabetic retinopathy [ 115 ], and optical coherence tomogra-
phy detected vitreoschisis in about one-half of patients with 
macular pucker and macular holes [ 118 ], but is also present 
in other vitreomaculopathies (Figure  III.B-12 ).

      i. Anterior vs. Posterior Split 
 The partial-thickness aspect of vitreoschisis can have 
varying effects on the vitreoretinal interface, depending 

upon the level of the split (Figure  III.B-13 ) and whether or 
not there is persistent vitreo-papillary adhesion [see chap-
ter   III.E    . Vitreo-papillary adhesion/traction]. Concerning 
the former, the split can occur at various levels within 
the vitreous cortex since this tissue is composed of mul-
tiple layers or lamellae. Recall that the posterior vitreous 
cortex contains mononuclear phagocytes called hyalo-
cytes embedded in a monolayer approximately 50–75 μm 
anterior to the inner limiting membrane of the retina [see 
chapter   II.D    . Hyalocytes]. If the vitreoschisis split occurs 
anterior to the level of the hyalocytes, vitreoschisis leaves 
a relatively thick, cellular membrane attached to the mac-
ula. Inward (centripetal to the fovea)  contraction of this 
membrane induces macular pucker. A vitreoschisis split 
posterior to the hyalocytes leaves a relatively thin and 
hypocellular premacular membrane. Outward (centrifugal 
from the fovea) tangential traction can induce a macular 

  Figure III.B-11    Ultrasonography of vitreoschisis. B-scan ultrasound 
of vitreoschisis in a human demonstrates the inner ( I ) and outer ( P ) 
walls of a split posterior vitreous cortex. The  arrow  indicates the schisis 

cavity created by the split (Courtesy of Ron Green, MD; Reprinted with 
permission from Sebag [ 25 ])       
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hole, especially in the presence of vitreo-papillary adhe-
sion, found in 88.2 % of cases [ 119 ].

      ii. Macular Pucker 
 Following APVD with vitreoschisis, premacular mem-
branes can contract and cause signifi cant visual impairment 
and metamorphopsia, sometimes necessitating surgical 
 intervention (Figure  III.B-14 ). Studies of excised tissue 

have demonstrated the presence of astrocytes and retinal 
pigment epithelium (RPE) cells, but there can likely be other 
cells that can have similar appearances – such as hyalocytes 
[see chapter   II.D    . Hyalocytes]. Zhao et al. examined surgi-
cally gained histologic ILM specimens from 79 eyes with 
macular pucker or vitreomacular traction syndrome and 
found that hyalocytes constitute one of the major cell types 
of  premacular cell proliferation [ 120 ]. It has been hypoth-

  Figure III.B-12    Vitreoschisis. ( a ) Spectral domain-optical coherence 
tomography combined with scanning laser ophthalmoscopy demon-
strates the split in the posterior vitreous cortex, known as vitreoschisis. 
The inner and outer walls of the vitreoschisis cavity rejoin to form full-
thickness posterior vitreous cortex in two locations ( arrows ). 
Considerable traction is exerted upon the retina in these two locations, 
enough to lift the retina on one side (to the  left ) to create tractional reti-
noschisis. ( b ) OCT imaging of vitreoschisis demonstrating that the trac-
tional force generated at the point of rejoining by the inner and outer 

walls of the vitreoschisis into full-thickness posterior vitreous cortex is 
suffi ciently strong to induce an underlying foveal cyst. Note, this patient 
also has age-related macular degeneration (Courtesy of Jay S. Duker, 
MD). ( c ) Spectral domain-optical coherence tomography combined 
with scanning laser ophthalmoscopy demonstrates that there can be 
multiple levels of vitreoschisis due to the fact that there are multiple 
lamellae comprising the posterior vitreous cortex. Signifi cant traction is 
placed upon the retina at the point of reunifi cation by two of the three 
vitreoschisis layers seen in this case         

a

b
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esized that macular pucker results when vitreoschisis splits 
the vitreous cortex anterior to hyalocytes leaving a thick and 
cellular membrane attached to the macula. Furthermore, 
recent studies [ 47 ] have identifi ed that nearly one-half of all 
eyes with macular pucker have more than one site of retinal 
contraction. There is a higher incidence of intraretinal cysts 
and signifi cantly more macular thickening with increasing 
foci of retinal  contraction [ 47 ].

      iii. Macular Hole 
 Full-thickness macular hole (FTMH) is defi ned as a foveal 
lesion with interruption of all retinal layers from the internal 
limiting membrane (ILM) to the retinal pigment epithelium 
and is usually detected by OCT. There have been various 
theories of FTMH pathogenesis, such as primary (vitreous 
traction) or secondary causes (trauma, foveal degeneration, 
high myopia, exudative AMD, and involutional thinning with 
PVD). Recently, the International Vitreomacular Traction 
Study Group differentiated FTMHs based on size (small 
≤250 μm; medium ≥250 to ≤400 μm; large ≥400 μm), sta-
tus of the vitreous (with or without vitreomacular traction), 
and associated conditions (primary or secondary) [ 106 ]. 
This classifi cation is important, as the hole size and presence 
or absence of vitreomacular traction are predictive of ana-
tomic and functional success after pharmacologic or surgical 
 treatment [ 107 ]. 

 It is clear from recent surgical experience [ 121 ] that 
APVD is the cause of FTMH. Johnson and Gass [ 122 ] for-
mulated the tangential traction theory by suggesting that 

shrinkage of the perifoveal vitreous induces FTMH for-
mation in four stages. While the Gass classifi cation has 
been used in the past, OCT-based data have added much 
to our understanding of the pathogenesis and the progres-
sion of FTMH in the last two decades. Thus the IVTS clas-
sifi cation system, which is OCT-based, should now be the 
standard system routinely employed [see chapter   III.D    . 
Vitreomacular traction and holes (pseudo, lamellar and 
FTMH)]. There are three possible mechanisms of tangential 
vitreous traction: fl uid vitreous movements and countercur-
rents, cellular remodeling of cortical vitreous, and contrac-
tion of a cellular membrane on the tapered cortical vitreous 
after vitreoschisis [ 26 ,  123 ,  124 ]. OCT-SLO imaging found 
vitreoschisis in half of eyes with MH [ 50 ]. In the remaining 
half of the cases, it is plausible that there is full-thickness 
separation of the vitreous from the retina peripherally with 
persistent adhesion of full-thickness vitreous cortex poste-
riorly exerting traction on the macula. In an ultrastructural 
study of premacular tissue removed during vitrectomy for 
impending macular holes, Smiddy et al. [ 125 ] observed cor-
tical vitreous in all eyes. 

 Vitreo-papillary adhesion (VPA; see chapter   III.E    . Vitreo- 
papillary adhesion/traction) may play an important role, as 
this is present in 88.2 % of MH eyes (Figure  III.B-15 ). VPA 
is also prevalent in eyes with intraretinal cystoid spaces in 
both lamellar macular holes and macular pucker [ 119 ]. These 
cystoid spaces are not the result of exudation, but the conse-
quence of tangential traction; thus they are “ cystoid spaces” 
and not “cysts.” VPA infl uences the vector of tangential 

c

Figure III.B-12 (continued)
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Macular hole vitreoschisis splits posterior to hyalocytes
          Hypocellular membranes that are thinner than 
          macular pucker membranes

Macular pucker - vitreoschisis splits anterior to hyalocytes
They remain attached to ILM and recruit cells from retina and blood 
            hypercellular membranes, highly contractile

a

b

  Figure III.B-13    Vitreoschisis. ( a ) Histopathology of vitreoschisis. 
Histopathology of surgical specimen from a patient with vitreoschisis and 
macular pucker. Image to the upper left is stained with periodic acid Schiff 
to demonstrate the split ( purple arrow ) in the premacular membrane 
removed at surgery. Embedded in this tissue are two hyalocytes ( black 
arrows ), consistent with the concept that this tissue is the posterior vitre-
ous cortex (Courtesy of N Rao, MD; magnifi cation = 225×). Image to the 
upper right is the tissue from the same subject showing positive staining 
with alcian blue, confi rming its identity as the posterior vitreous cortex 
(Courtesy of N Rao, MD; magnifi cation = 300×) (From Gupta et al. [ 118 ]). 

( b ) Ultrastructure of vitreoschisis. Transmission electron micrograph dem-
onstrates a human hyalocyte embedded in the dense collagen matrix of the 
posterior vitreous cortex (original magnifi cation, ×11,670). The anterior 
aspect of the posterior vitreous cortex is above, and the posterior aspect is 
below. Depending upon the level of the vitreoschisis split, a hypercellular 
and thick membrane can be left on the macula following anomalous PVD, 
if the split occurs anterior to the hyalocytes ( large dashed line below the red 
arrow ). If the split occurs posterior to the level of the monolayer of hyalo-
cytes ( dotted dashed line above the blue arrow ), then a thin and hypocel-
lular membrane is left attached to the macula (Modifi ed from Sebag [ 25 ])       
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  Figure III.B-15    OCT-SLO imaging of foveal region illustrating full-thickness macular hole with tangential vitreous traction. The persistent adhe-
sion of full-thickness vitreous cortex posteriorly exerts traction on the macula. Vitreoschisis is evident on the right side of the image       

  Figure III.B-14    SLO ( left ) and OCT images of the vitreoretinal interface illustrate the two walls of vitreoschisis in macular pucker (inner wall is 
anterior, toward the  top  of the photo; outer wall is posterior, toward the  bottom ) (From Gupta et al. [ 118 ])       

forces on the macula and induces outward ( centrifugal)  trac-
tion opening a central dehiscence. In macular pucker, there 
is usually no VPA, and the vector of tangential traction is 
inward ( centripeta l), causing a macular pucker. As  indicated 

in Figure  III.B-9 , there may be cases of FTMH that do not 
involve vitreoschisis. It is nonetheless likely that these cases 
have vitreo-papillary adhesion infl uencing the vector of 
forces at play during and following anomalous PVD.              
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 Key Concepts 

     1.    Anomalous PVD with vitreoschisis plays a major 
role in allowing cells to grow on the ILM and a 
layer of vitreous cortex collagen left behind as a 
result of vitreoschisis. These cells undergo myofi -
broblastic transdifferentiation leading to contractile 
cellular membranes.   

   2.    While glial cells can cross the ILM and form cell 
proliferations on the vitreal side of the ILM, these 
do not cause retinal distortion and thus are not likely 
prominent players in pathogenesis. In contrast, hya-
locytes embedded in the vitreous cortex and left 
behind after anomalous PVD are the major cellular 
part of premacular membranes causing visual 
disturbances.   

   3.    Vitreomacular traction is generated by alpha-SMA- 
mediated contraction following transdifferentiation 
of glial cells and in particular by hyalocytes.     
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          I. Introduction 

 The hallmark of vitreomaculopathies is traction exerted onto 
the macula. This traction is generated by tension forces 
between the vitreous, in particular the posterior vitreous cor-
tex, and the inner limiting membrane (ILM) of the retina. In 
theory, traction arising from vitreomacular adhesions can 
either be tangential to the retinal surface or perpendicular 
(axial). In reality, both pathologies are frequently found in 
combination, forming characteristic pathologic features of 
clinical diseases such as macular pucker, macular hole, and 
vitreomacular traction syndrome. 

 Attachments of vitreous to the macula are a rare fi nding in 
pathology specimens. As mostly causing no symptoms, no 
therapy is performed and no surgical specimen is available. 
In enucleated eyes, pathology is often changed markedly, 
including the vitreoretinal interface, and the observer’s atten-
tion is drawn to other pathologies, such as a tumor or changes 

following phthisis bulbi. This does, however, not mean that 
vitreomacular adhesions are rare. Modern imaging tech-
niques such as optical coherence tomography (OCT) fre-
quently demonstrate these vitreomacular adhesions which 
cannot be detected by biomicroscopy alone. In contrast, rem-
nants of the vitreous cortex can frequently be found in 
pathology specimens. Given their transparency and thinness, 
they are often not visible in light microscopy. However, they 
can be seen by scanning electron microscopy (Figure  III.C-1 ).

   The literature contains frequent reference to epiretinal 
membranes (ERM). This term is inaccurate for two reasons: 
The term “epi-” refers to a location next to or beside a struc-
ture, in this case the retina. Thus, the term “epiretinal” could 
refer to a subretinal and preretinal location. In all of the situ-
ations discussed herein, the membrane location is in front of 
the retina; thus, the prefi x “pre-” is more accurate and will be 
used instead of “epi-.” Furthermore, all of the conditions 
 discussed herein are maculopathies, not retinopathies. Thus, 

  Figure III.C-1    Remnants of the vitreous cortex on the ILM. Scanning electron microscopy showing a dense network of collagen fi brils. 
Magnifi cation 3,600× (With permission from Gandorfer et al. [ 1 ])       
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the term “premacular membrane (PMM)” is the more precise 
terminology and will be employed herein to refer to what has 
previously been described as “ERM.” The term “macular 
pucker” will be used to refer to one clinical consequence of 
an abnormal premacular membrane. Furthermore, the term 
“idiopathic” ERM is no longer an appropriate term to refer to 
macular pucker, since we now know that vitreous is the cause 
of this condition, as discussed below [see chapter   III.F    . 
Vitreous in the pathobiology of macular pucker].  

   II. Vitreomacular Traction Syndrome 

 If vitreomacular adhesions exert traction onto the macula 
over a prolonged period of time, macular function can be 
disturbed and the patient becomes symptomatic. The pathol-
ogy of vitreomacular traction syndrome had been researched 
by several investigators, who described the histopathology 
and ultrastructure of surgical specimens. It is important to 
differentiate between specimens of premacular membranes 
removed by localized peeling and those of en bloc peelings. 
In the fi rst case, when the premacular membrane is removed, 
a conclusion regarding the relationship between the vitreous 
cortex, premacular cells, and ILM of the retina is limited to 
areas where the ILM had been removed unintentionally. In the 
case of en bloc peeling, the specimen can be investigated by 
serial sectioning and reliably refl ects the interaction between 
the vitreous, premacular cells, and ILM. En bloc specimens 
demonstrate attachments of the vitreous cortex to the ILM in 
eyes with vitreomacular traction syndrome. Ultrastructural 
analysis reveals native vitreous collagen with a character-
istic fi bril diameter of 8–15 nm and a regular arrangement 
of fi brils. In our experience, these vitreomacular adhesions 
are a consequence of incomplete posterior vitreous separa-
tion, described by Sebag as  anomalous posterior vitreous 
detachment  [ 2 ], often combined with splitting of the vitre-
ous cortex, so-called vitreoschisis as previously described 
clinically [ 3 ] and histopathologically [ 4 ] [see chapter   III.B    . 
Anomalous PVD and vitreoschisis]. 

 Cell proliferation is a common fi nding in vitreomacular 
traction syndrome, forming premacular membranes which 
are not always seen by biomicroscopy (Figure  III.C-2 ). The 
cellular membranes typically grow along the vitreomacular 
attachment from the retinal surface onto the posterior surface 
of the detached part of the vitreous cortex. If a layer of native 
vitreous collagen is sandwiched between the premacular 
membrane and the ILM, the cells grow along the inner sur-
face of the vitreoschisis cavity. In both situations, the cellular 
membranes create a fi rm attachment between the vitreous 
and the retina and cement the vitreomacular adhesion by cel-
lular proliferation.

   In 2002, we published a consecutive series of surgical 
specimens from patients with vitreomacular traction 

 syndrome who had been peeled en bloc [ 5 ]. Due to this tech-
nique, this was the fi rst study demonstrating the in situ 
arrangement of cellular proliferation, the vitreous cortex, 
and the ILM in a systematic manner (Figure  III.C-3 ). Half of 
the eyes showed mostly single cells or a cellular monolayer 
covering the vitreal side of the ILM, resulting neither in a 
biomicroscopically detectable premacular proliferation nor 
in wrinkling of the vitreomacular interface. The other half of 
the eyes revealed premacular fi brocellular tissue which was 
separated from the ILM by a layer of native vitreous collagen 
(Figure  III.C-4 ), resembling the clinical features of macular 
pucker from premacular membranes in the eyes with com-
plete posterior vitreous detachment.

       III. Macular Pucker 

 Premacular membranes from the eyes with macular pucker 
were the fi rst surgical specimens investigated following the 
advent of vitrectomy [ 7 ]. The eyes undergoing surgery 
showed advanced pathology in terms of marked premacular 
cellular proliferation with macular distortion and vision 
loss. These studies aimed at describing the cells contribut-
ing to preretinal proliferation [ 8 ,  9 ]. In brief, the following 
cells varied in quantity depending on the underlying dis-
ease, but in terms of quality, premacular membranes from 
the eyes with macular pucker showed uniform ultrastruc-
tural features. Five morphologically distinguishable cell 
types were observed in 56 premacular and vitreous mem-
branes obtained surgically from the eyes with various ocular 
diseases: (1) retinal pigment epithelial (RPE) cells, evident 
only in association with retinal detachment; (2) macro-
phages; (3) fi brocytes; (4) fi brous astrocytes, which were 
characteristic of all disease groups; and (5) myofi broblast-
like cells that had mostly the characteristics of fi brocytes 
and, occasionally, of RPE cells or fi brous astrocytes. The 
combination of cell types varied in different types of 
premacular membranes, but the formation of collagen and 
the development of cells with myofi broblast-like properties 
were common features and seemed to be within the capacity 
of several cell types. These two common features seem to be 
the basis for the contractile properties of premacular and 
vitreous membranes [ 8 ,  9 ]. Since then, cells in premacular 
membranes have been classifi ed according to their ultra-
structural features. 

   A. Cell Types 

     1.     Fibrous astrocytes  are characterized by masses of intracy-
toplasmic intermediate-type 10 nm fi laments, junctional 
complexes of the adherence type, and polarization with 
basement membrane production.   
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   2.     Myofi broblasts  are characterized by rough endoplasmic 
reticulum, a fusiform nucleus and cell body, the 
absence of intracytoplasmic intermediate-type 10 nm 
fi laments or basement membrane, but aggregates of 
5–7 nm subplasmalemmal cytoplasmic fi laments with 
fusiform densities.   

   3.     Fibrocytes  are characterized by abundant rough endo-
plasmic reticulum and a prominent Golgi complex, 
fusiform shape of the cell body and nucleus, and 

absence of intracytoplasmic fi laments or basement 
membrane.   

   4.     Hyalocytes  are described as resembling macrophages that 
usually possess a lobulated nucleus, a well-developed Golgi 
complex, a rough and smooth endoplasmic reticulum, and 
many large lysosomal granules and phagosomes. They are 
embedded in the vitreous cortex situated 20–50 μm from the 
ILM at the posterior retina, belong to the macrophage/
monocyte system, and are bone marrow derived [ 10 ].      

  Figure III.C-2    Vitreomacular traction syndrome. A cellular multilayer is situated on vitreous cortex covering the ILM, growing along the vitreous 
strand. Magnifi cation 1,800× (With permission from Gandorfer et al. [ 5 ])       
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   B. Cell Locations 

 In the early studies, cell proliferation was marked due to 
advanced disease chronicity, and the ILM was removed 
unintentionally in more than half of the cases, not because 
of aggressive peeling, but caused by the infoldings of the 
ILM in advanced premacular proliferation. However, these 
specimens gave insight into the arrangement of cells in 
relation to the ILM of the retina. In most instances, a layer 
of vitreous collagen was sandwiched between the cells and 

the ILM. This was confi rmed by subsequent studies, when 
the premacular membrane was intentionally peeled en bloc 
together with the ILM [ 11 ]. As mentioned, the relationship 
between the vitreous and premacular membranes was not 
primarily addressed in early studies, as modern imaging 
techniques did not exist and vitreous removal preceded 
premacular membrane removal. In addition, no dye was 
available to stain the different structures of the vitreomac-
ular interface. Dye-assisted macular surgery, called chro-
modissection [ 12 ] [see chapter   V.A.3    . Chromodissection 

  Figure III.C-3    Premacular membrane on a layer of native vitreous collagen. Magnifi cation 4,800× (With permission from Gandorfer et al. [ 6 ])       
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in vitreo-retinal surgery], enables us to investigate premac-
ular tissue with the understanding that “what we see we 
will get,” i.e., what we’ve stained and removed during sur-
gery, such as vitreous cortex, premacular proliferation, and 
ILM, we will fi nd again in ultrastructural evaluations [ 13 , 
 14 ]. This offers a clear distinction which tissue had been 
removed and makes a separate investigation of premacular 
membranes and the ILM possible. Together with interfer-
ence and phase-contrast microscopy of fl at-embedded 

surgical specimens, a conclusion regarding the quantity of 
cells removed or left behind at the ILM can now be drawn. 

 In 2012, we published a paper on sequential peeling of 
premacular membranes and the pathology features seen in 
the removed specimens [ 15 ] (Figure  III.C-5 ). In roughly one 
third of the cases, the premacular membrane and the ILM 
were removed together. In these specimens, cellular prolif-
eration was seen directly growing on the ILM. In two thirds 
of the eyes, however, the ILM was still present at the macula 

  Figure III.C-4    Native vitreous collagen on the ILM. Higher magnifi cation from Figure  III.C-3 . Regular arrangement of collagen fi brils typical for 
native vitreous cortex collagen. Magnifi cation 40,000× (With permission from Gandorfer et al. [ 6 ])       
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after membrane removal and contained an average of 20 % 
of the total cell count which would have been left behind if 
the ILM had not been peeled in addition. In the majority of 
the eyes, premacular membrane removal resulted in splitting 
of the vitreous cortex with subsequent creation of vitreoschi-
sis, leaving cells and collagen attached to the macula. The 
cells left behind were mainly glial cells and hyalocytes. The 
fi ndings of these studies are interesting in two respects. (1) 
Premacular membranes grow either on a layer of vitreous 

collagen following anomalous posterior vitreous detachment 
with vitreoschisis or directly on the ILM if PVD was com-
plete. (2) The origin of cells and subsequently the composi-
tion of premacular membranes as well as their impact on 
macular function seem to differ between the two types and 
refl ect the distinction Foos and others have made previously, 
when speaking of “simple” premacular membranes without 
visual disturbances compared with those impairing visual 
function [ 16 ] (Figure  III.C-6 ).

a b

c d

  Figure III.C-5    Transmission electron microscopy of ERM and ILM 
specimens. ( a ,  b ) are from the sequential peeling group. ( a ) Premacular 
membrane specimen shown in Figure  III.C-6 . A continuous cellular 
proliferation is present on a collagenous layer. ( b ) Higher magnifi cation 
reveals a multilayered membrane composed of cells and collagen. Note 
that no ILM is present. ( c ,  d ) belong to the complete peeling group. 

( c ) The ILM was removed together with a thin collagenous layer and 
cellular proliferation on top of it. A single cell is present close to the 
ILM. ( d ) A multilayered cellular membrane in direct contact with 
the ILM. Note that there is no collagen between the cells and the 
ILM. Magnifi cation: ( a ) 31,000×; ( b ) 31,600×; ( c ) 31,800×; ( d ) 33,000× 
(With permission from Gandorfer et al. [ 15 ])       
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a b

c d

e f

  Figure III.C-6    Sequential premacular membrane peeling .  ( a ) Fundus 
photograph of a 48-year-old patient with PMM formation. 
( b ) Premacular membrane removal resulted in dissection of the premac-
ular cellular membrane on a thick layer of collagen. ( c ) Flat-mount 
preparation of the membrane shows the premacular membrane as it was 
in situ. ( d ) 4′,6-Diamidino-2-phenylindole staining reveals 6,000 cells 
corresponding to a cell density of 1,040 cells per mm 2 . ( e ) The ILM was 

peeled consecutively. Flat-mount preparation shows 500 cells that were 
left behind at the vitreomacular interface after premacular membrane 
removal (8 % of total cell count). ( f ) Interference microscopy reveals 
cellular protrusions and interconnections, forming cell clusters. 
Magnifi cation: ( b ) 3,400×; ( c – e ) 350×; ( f ) 3,200× (With permission 
from Gandorfer et al. [ 15 ])       
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       C. Cell Origins 

 The origin of the cells causing premacular proliferation is 
still a matter of debate. It is only clear in the case of retinal 
pigment epithelial cells, but they only play a role in retinal 
detachment and proliferative vitreoretinopathy (PVR) or in 
traction maculopathies combined with retinal tears [see 
chapter   III.J    . Cell proliferation at VRI in PVR and related 
disorders]. The majority of cases undergoing macular sur-
gery, however, don’t show RPE cells in surgical specimens. 

  Hyalocytes  are bone marrow-derived sessile vitreous cor-
tex cells. It is not entirely understood whether they reach the 
vitreous body via the vascular system or via the ciliary body 
[see chapter   II.D    . Hyalocytes] (Figure  III.C-7 ).

    Fibrous astrocytes  are derived from retinal glia. They re-
present the source of “simple” premacular membranes with-
out causing retinal distortion [ 17 ]. Proliferating glial cells 
have also been found on the retinal side of the ILM removed 
from a patient with cellophane maculopathy [ 18 ]. It has been 
previously proposed that fi brous astrocytes enter the vitreous 
body via pores in the ILM. Although this can certainly hap-
pen, the question arises how much they contribute to premac-
ular membranes causing visual disturbances [ 17 ]. This 
skepticism is supported by a recent study when we looked at 
ILM pores in the macular hole eyes in a systematic manner 
(Figure  III.C-8 ). In that study we investigated 112 ILM spec-
imens from the macular hole eyes undergoing surgery and 
performed serial sectioning to detect pores in the ILM [ 19 ]. 
Only three pores were found. Although undoubtedly glial 
cells can cross the ILM, there is no evidence to assume that 
they account for the majority of cells in premacular 

 membranes causing visual disturbances. Hyalocytes are a 
much more reasonable source of premacular proliferation, as 
will be shown by immunohistochemical fi ndings in the 
following.

       IV. Macular Hole 

 Since the advent of ILM peeling in the 1990s, we have rou-
tinely removed the ILM in macular hole eyes and processed 
the specimens for ultrastructural analysis [ 20 ]. Early stud-
ies aimed at demonstrating the feasibility of surgical ILM 
removal, up to the year 2000 without chromodissection, 
afterwards with the use of indocyanine green (ICG) and 
later with the application of trypan blue or brilliant blue 
G. These studies showed that it was the ILM that had been 
removed and, moreover, that premacular cell proliferation 
was frequently present in macular hole eyes [ 21 ,  22 ]. The 
majority of specimens demonstrated mono- or multilayers of 
fi brous astrocytes with single macrophage- or fi brocyte-like 
cells. The vitreous and newly formed collagen occupied the 
space between the ILM and the cells [ 21 ]. Obviously, the 
similar ultrastructure of premacular membranes associated 
with macular holes and “simple epiretinal membranes” as 
described by Foos shared a common pathogenesis. 

 In a larger series of one hundred consecutive eyes with en 
bloc removal of the ILM and premacular tissue performed by 
one surgeon, 218 specimens were processed for light and 
transmission electron microscopy, coming from 80 eyes with 
stage III macular holes and 20 eyes with stage IV macular 
holes [ 23 ]. Given that many of the specimens had been 
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  Figure III.C-7    Overview of cells contributing to premacular cell proliferation and their origin       
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removed before the availability of OCT, the classifi cation 
whether stage III or stage IV was solely based on intraopera-
tive fi ndings, i.e., total PVD in stage IV macular holes. 
Fibrocellular proliferation at the vitreal side of the ILM was 
found in 57 cases. Native vitreous collagen (NVC) was 
attached to the ILM in 36 eyes. The presence of NVC was 
considerably more frequent in the eyes with stage IV (70 %) 
than in the eyes with stage III macular holes (26 %). Mono- 
and multilayered cellular membranes were seen more fre-
quently in stage IV macular holes. It is of note that NVC, if 
present, was always associated with fi brocellular prolifera-
tion. In 39 eyes with stage III and in four eyes with stage IV 
macular holes, the ILM was devoid of any cells and collagen. 
We concluded that fi brocellular proliferation was a second-
ary event instead of a primary feature in macular hole devel-
opment. Two issues are obvious from this study: (1) The 
severity of fi brocellular proliferation is associated with the 

presence of native vitreous collagen, emphasizing the 
 importance of vitreoschisis in promoting cell proliferation. 
(2) Incomplete vitreoretinal separation contributes to the 
development of premacular membranes in eyes with idio-
pathic macular holes. 

 In 2008, we introduced a new method to investigate the 
vitreoretinal interface of surgical ILM specimens [ 24 ]. In 
contrast to conventional cross section techniques, such as 
light or transmission electron microscopy, fl at-mount prepa-
ration was established and combined with interference and 
phase-contrast microscopy and with in situ immunocyto-
chemistry. Compared with conventional microscopy, phase- 
contrast and interference microscopy of fl at-mounted ILM 
specimens gives new insights into the distribution of cellu-
lar proliferations at the vitreomacular interface and allows 
for determination of the cell density at the ILM. Given that 
the entire ILM peeled is seen en face, these techniques offer 

  Figure III.C-8    ILM pore .  Flat-mount preparation showing the ILM pore surrounded by single cells. Magnifi cation 200× (With permission from 
Gandorfer et al. [ 19 ])       
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a more reliable method to investigate the vitreoretinal inter-
face in terms of cellular distribution. Moreover, it allows for 
in situ immunocytochemistry and characterization of cellu-
lar antigens with precise determination of cell localization. 
With these techniques, we were able to demonstrate the cell 
distribution on the ILM in macular hole eyes and investi-
gated the macular hole rim both en face and cross-sectioned 
in ultrastructural and immunohistological terms [ 25 ]. 
Premacular cell proliferation was found in all ILM speci-
mens, irrespective of the stage of the macular hole. Cell den-
sity showed a broad range. There were single cells, cell 
clusters, and continuous cellular proliferations. The cell 
clusters seemed to form the nidus for continuous cell mem-
branes (Figure  III.C-9 ). Even if a continuous cellular prolif-
eration covered the ILM, the macular hole rim was spared, 
and the cells did not reach the edge of the macular hole 
(Figure  III.C-10 ).

    In immunocytochemistry, collagen type II was pres-
ent surrounding the macular hole rim. This was con-
firmed by transmission electron microscopy, where the 
vitreous cortex collagen was a continuous layer cover-
ing the foveal ILM and spreading beyond the edge of 
the foveal dehiscence, thus representing the vitreomac-
ular attachment, which is now  frequently seen in OCT, 
and indicating an abnormal vitreofoveal adhesion in 
macular hole eyes leading to foveal dehiscence and 
macular hole development (Figure  III.C-11 ). Again it 
was obvious that anomalous PVD was responsible for 
disease development and its sequelae. Vitreomacular 
adhesion caused a dehiscence in the fovea and the pres-
ence of a layer of vitreous cortex collagen on the ILM 
promoted cellular proliferation, growing along the vit-
reous adhesion and cementing the adherence of the vit-
reous to the retina.

  Figure III.C-9    Nidus of cell proliferation. Flat-mount preparation and interference microscopy show a cluster of cells on the ILM. 
Magnifi cation 100×       
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  Figure III.C-10    Macular hole rim fl at mount .  ( a ) Flat-mount preparation of 
the ILM from a 69-year-old woman with a stage IV macular hole. The area 
of the ILM peeled is 16.62 mm 2 . ( b ) DAPI staining of cell nuclei shows 
6,729 cells attached to the ILM. ( c ) Phase-contrast microscopy of the macu-
lar hole rim. The macular hole aperture measures 380 μm. ( d ) DAPI staining 
of cell nuclei surrounding the macular hole rim. The edge of the macular 
hole is indicated by the  gray line . There are only a few cells ( n  = 13) in close 

proximity to the macular hole rim. ( e ) Interference microscopy of the area 
surrounding the macular hole rim. The rim of the macular hole shows a fl at 
ILM with single cells only. Proliferation is located distant from the macular 
hole rim. The distance between the edge of the macular hole and prolifera-
tion is between 80 and 370 μm. ( f ) From thereon, phase-contrast microscopy 
shows a continuous network of cells. Magnifi cation: ( a ,  b ) 10×; ( c ,  d , and  f ) 
200×; ( e ) 400× (With permission from Gandorfer et al. [ 25 ])       
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     A. Immunocytochemistry 

 In the past, glial fi brillar acidic protein (GFAP) was believed to 
be unique to glia. Therefore, immunolabeling against this inter-
mediate fi lament protein appeared to be specifi c for detecting 
glial cells in premacular membranes. However, retinal Müller 
cells are known to upregulate (GFAP) in response to retinal 
injury and cell activation, although they do not label with anti-
GFAP under normal conditions except at their end feet [ 17 ,  26 ]. 
Regarding premacular cells being immunoreactive for GFAP 
but not for hyalocyte cell markers, it is conceivable that these 
cells constitute activated and migrated retinal glial cells [ 17 ]. It 
was assumed that all glia- derived cells in premacular tissue 
would be GFAP positive and that GFAP-negative cells would 
not be of glial origin. However, more recent studies demon-
strated positive GFAP staining in cell populations other than 
glia, in particular in hyalocytes [ 27 ,  28 ]. 

 Hyalocytes were shown to be immunoreactive for CD45 
and CD64, to belong to the monocyte/macrophage lineage, 

and to derive from bone marrow. By immunocytochemistry 
of fl at-mounted ILM specimens, we found a proportion of 
premacular cells showing simultaneous expression of GFAP 
and hyalocyte cell markers, such as CD45 and CD64 [ 19 ,  29 ] 
(Figure  III.C-12 ).

   Concerning the co-localization of GFAP and hyalocyte 
cell markers, it remains questionable whether these cells, 
presumably hyalocytes, are immunoreactive due to an endog-
enous expression of GFAP or due to phagocytosis of GFAP- 
positive debris or apoptotic cells. If GFAP labeling in 
hyalocytes results from endogenous expression, one might 
hypothesize that these cells have some progenitor potential. 
If GFAP labeling results from phagocytic activity, these cells 
may have engulfed Müller cell end feet, activated Müller 
cells, apoptotic microglia, or astrocytes. 

 Transdifferentiation of cells with changes in pheno-
type and antigen expression further complicates the 
 determination of cell type and cell origin (Figure  III.C-13 ). 
 Myofi broblast-like transdifferentiation with positive 

a

b c d

  Figure III.C-11    Transmission electron microscopy of the macular hole 
rim .  ( a ) The macular ILM ( asterisk ) attenuates toward the fovea. The 
foveolar ILM is only several nanometers thick ( arrowheads ). Collagen 
fi brils are covering the retinal side of the specimen and extend beyond 
the ILM ( arrow ). ( b ) Collagen fi brils are 16 nm in diameter and are 
regularly arranged, indicating native vitreous collagen. ( c ) At the end of 

the foveal ILM representing the macular hole edge, native vitreous col-
lagen fi brils are directly inserting into the collagen network of the ILM. 
( d ) A multilayered premacular membrane is present distant from the 
macular hole edge.  Asterisk  marks the ILM. Magnifi cation: ( a ,  d ) 
4,800×; ( b ,  c ) 28,000× (With permission from Gandorfer et al. [ 25 ])       
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  Figure III.C-13    Ultrastructural observations of diverse cell morphol-
ogy by SEM .  ( a ) Single, round cells with sparse cytoplasm separately 
distributed on the vitreal side of the ILM. ( b ) Premacular single cell 
with irregular short processes near strand-like cell processes embedded 
in vitreous cortex collagen fi brils. ( c ) Premacular multilayer of fl at, 

polygonal cells with broad interdigitating processes and some small 
microvilli. ( d ) A single, stretched cell of irregular shape and numerous 
elongations on the vitreal side of the ILM. Original magnifi cation: 
( a ) 600×; ( b ) 2,000×; ( c ) 1,500×; ( d ) 10,000× (With permission from 
Schumann et al. [ 29 ])       

  Figure III.C-12    Macular hole immunocytochemistry .  Correlation of fl at-
mount preparation with serial sectioning preparation procedures. Specimen 
of the ILM removed from a patient with stage III macular hole. ( a – d ) One 
half of the specimen was processed for phase-contrast microscopy, interfer-
ence microscopy, and immunocytochemistry. ( e – h ) The other half was 
embedded for conventional light microscopy and transmission microscopy. 
( a ) Cell nuclei staining by DAPI showed large cell count and homoge-
neously distributed cells at the ILM.  Arrowheads : cutting line. ( b ) Only a 
small cell cluster was positively marked by immunocytochemical staining. 
( c ) A cell cluster labeled with anti-GFAP and anti-CD45 in co-localization, 
but negative for anti-CK8. All other cells outside of the cluster were not 
labeled at all by this antibody combination. ( d ) Phase- contrast microscopy 
combined with DAPI presents same detail as image ( c ). ( e ) Light  micrograph 

of the ILM prepared by serial sectioning shows the ILM ( asterisk ) with 
epiretinal cell proliferation ( arrowhead ) and interposition of collagen strand 
( arrow ). ( f ) Transmission electron micrograph demonstrates the vitreal side 
of the ILM ( asterisk ) with native vitreous collagen ( arrow ) and premacular 
cell proliferation ( arrowheads ). ( g ) Epiretinal cell multilayer predominantly 
composed of myofi broblasts ( arrowhead ) characterized by aggregates of 
subplasmalemmal cytoplasmic fi laments ( white arrowhead , higher magnifi -
cation  inset ). ( h ) Multilayered cell proliferation situated on a collagen strand 
( arrow ) composed of fi broblast-like cells with abundant rough endoplasmic 
reticulum and mitochondria and absence of intracytoplasmic fi laments. 
 Arrowhead , higher magnifi cation  inset : rough endoplasmic  reticulum. 
Original magnifi cation: ( a ,  b ) 50×; ( c ,  d ) 400×; ( e ) 1,000×; ( f ) 1,800×; ( g ,  h ) 
4,800× (With permission from Schumann et al. [ 29 ])         

 

 

III.C. Pathology of Vitreomaculopathies



280

alpha- SMA expression was shown for both hyalocytes 
and glial cells [ 29 ]. Ultrastructural examinations revealed 
confl uent multilayers of glial cells by scanning electron 
microscopy and myofi broblast-like appearance of premac-
ular cells by transmission electron microscopy.

   Moreover, we frequently found alpha-SMA-positive cells 
in direct proximity, but rarely in co-localization, with GFAP 
and with hyalocyte cell markers, such as CD45 and CD64. 
This is consistent with other studies reporting a loss of GFAP 
with concurrent gains of alpha-SMA immunoreactivity. 
Since we found alpha-SMA immunoreactivity in all macular 
hole stages, transdifferentiation appears to take place early in 
 disease  development. Based on our fi ndings of glial cells and 

hyalocytes as predominating cell types in macular holes, we 
presume that both glial and hyalocyte cell populations are 
 possible candidates for  myofi broblast-like transdifferentia-
tion (Figure  III.C-14 ).

   In a recent study of premacular membranes, we found co- 
localization of anti-alpha-SMA with the hyalocyte marker 
anti-CD163 [ 30 ]. Co-localization of anti-CD163/alpha-SMA 
further indicates that hyalocytes can transdifferentiate into 
myofi broblast-like cells (Figure  III.C-15 ). In essence, 
myofi broblast- like transdifferentiation with positive alpha- 
SMA expression has been shown for both glial cells and hya-
locytes, both in the eyes with premacular membranes and in 
the eyes with macular holes.

  Figure III.C-14    Interference microscopy of polygonal cells with interdigitating processes forming cell clusters on the ILM. Magnifi cation 200× 
(With permission from Gandorfer et al. [ 15 ])       
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   Myofi broblast-like cells, being immunoreactive for 
 alpha- SMA, represent the contractile elements of premacu-
lar tissue as a consequence of cell transdifferentiation. In a 
recent study on premacular membranes with various forms 
of PVD, including anomalous PVD and vitreomacular trac-
tion  syndrome (VMTS), alpha-SMA-positive cells were 
more  frequently found in specimens from VMTS and macu-
lar pucker with anomalous PVD than in those from macular 
pucker with complete PVD [ 30 ]. This emphasizes the role of 
anomalous PVD in the development of vitreomacular trac-
tion and shows that the completeness of vitreomacular sepa-
ration modulates the cellular composition of premacular 
membranes and their ability to exert traction by expression 
of contractile fi laments (Figures  III.C-16  and  III.C-17 ).

    CD68 was demonstrated in VMTS and macular pucker 
with incomplete PVD. CD68 was not found in specimens 
from premacular membranes with complete PVD [ 30 ]. 
There is no cell-specifi c marker to differentiate between 
 vitreous- derived macrophages and retinal microglia. 
There is, however, an obvious difference between the 
eyes with  complete PVD and those with incomplete PVD 
in  immunocytochemical terms, indicating that anoma-
lous PVD supports hyalocyte proliferation and transdif-
ferentiation into  alpha-SMA-positive myofi broblast-like 
cells exerting traction at the vitreomacular interface 
(Figure  III.C-18 ). Figure  III.C-19  summarizes these 
observations and interpretations.   

  Figure III.C-15    Alpha-SMA-positive cells ( red ) are of similar shape and morphology as cells shown in Figures  III.C-14  and  III.C-13c . They have 
undergone myofi broblastic transdifferentiation and are able to exert traction forces. Magnifi cation 400×       
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  Figure III.C-16     Vitreoschisis  enables the ILM to form infoldings and outfoldings of the vitreoretinal interface caused by contraction of premacu-
lar membranes. Magnifi cation 1,800× (With permission from Gandorfer et al. [ 5 ])       
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  Figure III.C-17    The native vitreous collagen forms the basis of vitreoschisis after splitting of the vitreous cortex. Inset box in Figure  III.C-16 . 
Magnifi cation 28,000×.  Asterisk  marks the ILM (With permission from Gandorfer et al. [ 5 ])       
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  Figure III.C-18    Vitreoschisis immunocytochemistry .  Flat-mount 
preparation shows the ILM stained with anti-collagen type IV ( green ) 
and a continuous layer of vitreous collagen type II ( orange ) on top of it. 

Some cells are embedded in the vitreous cortex. Their nuclei are stained 
 blue  by DAPI. Magnifi cation 400×       
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 Summary 

   1.    Premacular cell proliferation is a unifying  pathologic 
feature in vitreomaculopathies.   

   2.    Anomalous PVD plays a major role in promoting cell 
proliferation and myofi broblastic transdifferentiation, 
leading to contractile cellular membranes.   

   3.    In case of vitreoschisis, the cells grow on a layer of vit-
reous cortex collagen left behind at the ILM after incom-
plete PVD.   

   4.    If focal or broad vitreomacular adhesions persist, cells 
grow along the adhesion from the retinal surface onto 
the vitreous strand, thereby cementing the vitreomacular 
attachment.   

   5.    Persistent vitreomacular attachments promote 
 transdifferentiation of cells to myofi broblasts with 
 expression of alpha-SMA, indicating their contractile 
potential.   

   6.    Both glial cells and hyalocytes are capable of myofi bro-
blastic transdifferentiation.   

   7.    Cell proliferation is a continuous process of cell migra-
tion and proliferation, from single cells to cell clusters 
which can then become confl uent and form continuous 
cellular membranes.   

   8.    Glial cells can cross the ILM and form cell prolifera-
tions on the vitreal side of the ILM without causing reti-
nal distortion and thus are not likely prominent players 
in pathogenesis.   

   9.    Hyalocytes embedded in the vitreous cortex and left 
behind after incomplete PVD have the potential to 
 represent the major cellular part of premacular 
 membranes causing visual disturbances.   

   10.     Traction is generated by alpha-SMA-mediated contrac-
tion following transdifferentiation of glial cells and in 
particular by hyalocytes.    
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 Key Concepts 

     1.    Anomalous posterior vitreous detachment causes a 
variety of vitreo-maculopathies with signifi cant 
impacts on central vision.   

   2.    The various pathologic manifestations of vitreo-mac-
ular traction can be classifi ed solely on the basis of 
anatomical changes (not clinical symptoms or fi nd-
ings) as imaged by optical coherence tomography.   

   3.    The International Vitreomacular Traction Study 
(IVTS) classifi cation provides a useful method to char-
acterize vitreo-maculopathies for proper case selection 
to undergo surgery or pharmacologic vitreolysis.     
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           I.  Pathophysiology and Classifi cation 
of Vitreo-Macular Adhesion (VMA) 
and Vitreo-Macular Traction (VMT) 

   A.   Pathophysiology of Posterior Vitreous 
Detachment (PVD) and Effects on 
the Vitreo-Macular Interface (VMI) 

 Vitreous consists of approximately 98 % water and 2 % struc-
tural macromolecules [ 1 ,  2 ]. It is attached to all contiguous 
structures of the inner eye, including the inner limiting mem-
brane (ILM) of the retina. The ILM is primarily composed 
of type IV collagen. The interface between the ILM and 
posterior vitreous cortex contains a macromolecular attach-
ment complex, which is composed of fi bronectin, laminin, 
and other extracellular components such as glycoproteins 
and several collagen types [ 3 – 5 ]. This complex, along with 
the chondroitin sulfate present throughout the vitreo- retinal 
interface, plays a major role in vitreo-retinal adhesion [see 
chapter   II.E    . Vitreo-retinal interface and ILM]. Chondroitin 
sulfate may also play a role in mediating hyaluronan- collagen 
interaction in the gel vitreous [ 6 ,  7 ]. 

 Posterior vitreous detachment (PVD) is an age-related, 
synchronized process of liquefaction of the gel and progres-
sive posterior vitreous cortex separation from the retina, 
which ultimately leads to complete vitreous separation with-
out pathology. This may or may not be symptomatic for the 
patient. The process of vitreo-retinal separation is initiated 
concurrently at the perifoveal macula and at multiple sites 
throughout the peripheral fundus [ 8 – 11 ]. The fi nal separa-
tion of the vitreous from the macula and optic nerve may 
take up to several years. Using optical coherence tomogra-
phy (OCT), a staging system for PVD has been proposed 
with four distinct stages:
•    Stage 0 = absence of PVD  
•   Stage 1 = focal perifoveal PVD with persistent attachment 

to the fovea, optic nerve head, and mid-peripheral retina  
•   Stage 2 = perifoveal PVD across all quadrants, with per-

sistent attachment to the fovea, optic nerve head, and mid- 
peripheral retina  

•   Stage 3 = detachment of the posterior vitreous cortex from 
the fovea, with persistent attachment to the optic disc  

•   Stage 4 = complete PVD, with biomicroscopically identi-
fi ed detachment of the posterior vitreous cortex with Weiss 
ring [ 10 ] [see chapter   II.C    . Vitreous aging and PVD]    
 Abnormalities in this process can result in an anomalous 

PVD with the potential of consequent vitreo-macular inter-
face (VMI) pathology. Several anomalous macular condi-
tions, such as premacular membrane with macular pucker, 
lamellar hole, and full-thickness macular hole, can result 
from this anomalous adhesion of the posterior vitreous cor-
tex to the ILM. Other contributing factors, including high 
myopia, blunt trauma, infl ammation, and previous  intraocular 

surgery, may play a role in the pathological progression of 
anomalous PVD at the VMI. 

 Over the past two decades, OCT technology has allowed 
ophthalmologists to visualize and understand VMI patholo-
gies and monitor the progression of the ensuing disorders. 
Combining these imaging capabilities with advances in sur-
gical and medical management of the VMI pathologies has 
allowed us to better defi ne and classify these disorders.  

   B. Defi nition and Classifi cation of VMA 

 At birth, most eyes have complete vitreo-macular attachment 
throughout the fundus. This is represented by stage 0 in the 
above classifi cation system. Vitreo-macular adhesion (VMA) 
is a term that represents a specifi c stage of vitreo-retinal sep-
aration in which partial detachment of the vitreous in the 
perifoveal area has occurred, without retinal abnormalities. 
This stage is the equivalent of a stage 1 PVD in the PVD 
classifi cation schemes [ 8 – 11 ] and is an asymptomatic part of 
the normal process of separation. On OCT, VMA is charac-
terized by an elevation of the cortical vitreous above the reti-
nal surface, with the vitreous remaining attached within a 
3-mm radius of the fovea (defi ned arbitrarily). The angle 
between the posterior vitreous cortex and the inner retinal 
surface is acute. Importantly, the retina displays no change in 
contour or morphology on OCT. 

 An OCT-based classifi cation scheme has allowed us 
to categorize VMA according to size of adhesion into 
either: (1) focal (≤1,500 μm) or (2) broad (>1,500 μm) 
(Figure  III.D-1 ) widths. This measurement is taken to 
encompass the width of the adhesion roughly parallel to 
the retinal pigment epithelium (RPE) in a single B-scan 
image on OCT. The 1,500-μm cutoff used in this classi-
fi cation scheme was chosen because it is a known area of 
increased vitreous adhesion to the central macula. In addi-
tion, this size has been routinely used to distinguish focal 
from broad VMA in the vitreo-retinal literature and at most 
OCT reading centers [ 12 ,  13 ]. It is unclear if this distinc-
tion between focal and broad adhesion has any clinical or 
prognostic signifi cance. When VMA is the only abnormal-
ity seen, it is considered “isolated VMA,” whereas if there 
are other associated abnormalities such as age-related mac-
ular degeneration (AMD), retinal vein occlusion (RVO), or 
diabetic macular edema (DME) are present, it should be 
termed “concurrent VMA.”

   Patients with VMA report no visual symptoms. Although 
it is generally considered to be part of the natural course of 
PVD, a recent observational cohort study showed that VMA 
released spontaneously in only 30 % of patients, while 53 % 
remained stable and 16 % progressed from VMA to develop 
vitreo-macular traction (VMT) or full-thickness macular 
hole (FTMH) [ 14 ].  

M. Englander et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_9
http://dx.doi.org/10.1007/978-1-4939-1086-1_11


289

   C. Defi nition and Classifi cation of VMT 

 Vitreo-macular traction (VMT) occurs when the progression 
of a PVD causes enough traction on the macula to result in 
anatomical changes. Unlike VMA, VMT is often symptom-
atic. The focal area of traction can lead to various pathologic 
changes including distortion the foveal surface, elevation of 
the foveal fl oor, and pseudocysts within the central macula. 
These structural changes lead to diminished visual acuity and 
visual distortion. Diagnosis of VMT can easily be made with 
OCT. It may also be identifi ed using fl uorescein angiography, 
ultrasonography, as well as intraoperatively. It is important 
to recognize VMT and distinguish it from other pathologies 
in order to provide the patient with appropriate management. 

 On OCT, VMT is characterized by perifoveal vitreous cor-
tex detachment from the retinal surface with macular attach-
ment of the vitreous cortex within a 3-mm radius of the fovea 
with associated distortion of the foveal surface, intraretinal 
structural changes, and/or elevation of the fovea above the 
RPE, but no full-thickness interruption of all retinal layers. 

Vitreo-retinal adhesion in VMA is identical to VMT, but 
is distinguished by the absence of retinal changes. VMT is 
VMA plus changes of the retina identifi ed on OCT. In more 
advanced cases of VMT, persistent vitreous attachment may 
appear abnormally thickened or even multi- laminate, sug-
gestive of vitreoschisis [ 15 ]. 

 Similar to VMA, VMT is subclassifi ed as either focal 
(≤1,500 μm) or broad (>1,500 μm) and isolated or concur-
rent (Figure  III.D-2 ). Unlike VMA, the differentiation is 
clinically signifi cant. Broad areas of attachment with traction 
can cause generalized thickening of the macula, vascular 
leakage on fl uorescein angiography, macular schisis, and 
cystoid macular edema (CME). Focal areas of vitreous 
attachment with traction can cause distortion of the foveal 
surface, elevation the foveal fl oor, and/or formation pseudo-
cysts within the central macula. Occasionally, spontaneous 
PVD occurs with VMT release, regression of symptoms, and 
return of the normal foveal contours [ 16 ].

   In some instances, even with the progression of a PVD, 
the vitreous may remain adherent to the retina, resulting 

a b

  Figure III.D-1    ( a ) OCT of broad vitreo-macular adhesion (VMA) (>1,500 μm). ( b ) OCT of focal vitreo-macular adhesion (VMA) (<1,500 μm)       

a b

  Figure III.D-2    ( a ) OCT of broad vitreo-macular traction (VMT) (>1,500 μm). ( b ) OCT of focal vitreo-macular traction (VMT) (<1,500 μm)       
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in  vitreoschisis [ 15 ]. The cells embedded within residual 
 vitreous, primarily hyalocytes, can proliferate and result in the 
formation of a premacular membrane. Hyalocytes also stimu-
late the migration and proliferation of circulating monocytes 
and retinal glial cells, as well as occasional RPE cells [see 
chapters   II.D    . Hyalocytes;   III.F    . Vitreous in the pathobiology 
of macular pucker]. These cells attach to a scaffold of pos-
terior vitreous cortex remnants on the inner retinal surface. 
Contraction and thickening of the premacular membrane can 
cause macular abnormalities that may be diffi cult to distin-
guish on OCT from an attached posterior vitreous cortex. 
The diagnosis of vitreoschisis can occasionally be made with 
B-scan ultrasonography, but has been more reliably identifi ed 
with OCT, which found vitreoschisis in 53 % of full-thickness 
macular holes and 43 % of macular pucker cases [ 17 ,  18 ].   

   II.   Pathophysiology and Classifi cation 
of Macular Holes 

   A. Pseudohole 

 A macular pseudohole is difficult to distinguish from a 
true full-thickness hole on clinical examination alone, 
hence the term pseudohole. On clinical exam, it appears 

as a discrete, reddish, round, or oval lesion in the fovea 
that is typically 200–400 μm in diameter and similar in 
clinical appearance to a small- or medium-sized full-
thickness hole. The appearance of a pseudohole involves 
anatomical changes of the vitreo-macular interface 
(VMI), namely, the formation of premacular membrane 
(Figure  III.D-3 ). The presence of a defect in the prefo-
veolar portion of a premacular membrane may simulate 
the appearance of a full-thickness macular hole. This 
appearance is due to a defect in the premacular tissue 
itself, as well as of the anterior and central displacement 
of the perifoveolar retina during contraction of the 
premacular membrane. Unlike eyes that have true macu-
lar holes, those with pseudoholes are usually minimally 
symptomatic and have normal or near-normal visual 
acuities.

   OCT can readily distinguish between full-thickness mac-
ular holes and pseudoholes. Characteristically, there is no 
loss of foveal tissue, and the central foveal thickness is usu-
ally normal or slightly thin. The main features of a pseudo-
hole on OCT include invaginated or heaped foveal edges, 
concomitant premacular membrane with central opening, 
steep macular contour to the central fovea with near-normal 
central foveal thickness, and most importantly, no loss of 
retinal tissue (Figure  III.D-4 ).

  Figure III.D-3    OCT of premacular membrane (PMM; previously called ERM)       
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      B.  Lamellar Hole 

 Lamellar macular hole was originally described by Gass as a 
macular lesion resulting from cystoid macular edema [ 19 ]. 
Prior to OCT, the term lamellar hole was used to describe an 
abortive process in full-thickness macular hole development 
where the patient had relatively preserved visual acuity 
(20/40 or better) and the clinical exam consisted of a stable, 
round, and well-circumscribed reddish lesion, but no full- 
thickness hole [ 9 ,  15 ,  19 – 24 ]. With the advent of OCT, dis-
tinguishing a lamellar hole from similar, but distinct, macular 
conditions became easy. This distinction is important since 
the various conditions have different treatment implications. 

 On OCT, a lamellar macular hole has the following fea-
tures (Figure  III.D-5 ):
•     Irregular foveal contour; a defect in the inner fovea (may 

or may not have actual loss of retinal tissue)  
•   Intraretinal splitting (schisis) that typically occurs 

between the outer plexiform (OPL) and outer nuclear lay-
ers (ONL)  

•   Maintenance of an intact photoreceptor layer    
 The presence of an intact photoreceptor layer separates 

this condition from full-thickness macular hole. The separa-
tion of the inner from the outer retinal layers occurs typically 
either between the high-backscattering OPL and the low- 
backscattering ONL or only within the OPL. Often spanning 

this separation are strands of retinal tissue, which may 
 signify Müller cell processes and/or photoreceptor axons 
(Henle fi bers). Müller cell strands spanning the separation 
between the inner and outer retina may help to prevent dehis-
cence of the outer retinal layers [ 25 ]. 

 There may be several etiologies for the formation of 
a lamellar hole. Premacular membrane is a common fi nd-
ing on OCT of eyes with lamellar holes. Contraction of 
the premacular membrane is postulated to contribute to the 
formation of lamellar holes. In a study by Haouchine et al. 
[ 21 ], pseudopercula, suggestive of an aborted macular hole, 
were observed on OCT in 24 % of patients. The presence 
of vitreo- papillary adhesion (VPA), where the vitreous 
remains attached to the optic disc and peripapillary retina 
with peripheral detachment is observed in approximately 
50 % of patients, suggesting that outward (centrifugal from 
the fovea) tangential traction by the posterior vitreous cortex 
plays a role as well [ 26 ,  27 ].  

   C. Full-Thickness Macular Hole (FTMH) 

 Full-thickness macular hole (FTMH) is an anatomic defect 
in the fovea, characterized by interruption of all neural reti-
nal layers extending from the ILM to the RPE. Although the 
pathogenesis remains incompletely understood, there may be 

  Figure III.D-4    OCT of pseudohole       
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several mechanical possibilities, including the formation of 
tractional foveal cystoid space, breakdown and elevation of 
central photoreceptors, and traction on the inner retina. The 
edge may also be thicker than neighboring retinal tissue due 
to accumulation of intraretinal fl uid (the result of tangential 
traction, not an exudative process) and may appear slightly 
elevated from the RPE plane. The vitreous may or may not 
be seen as attached to the edge of the macular hole, but it is 
very likely that this is present case in all cases. 

 While the majority of the holes are primary, several 
pathologic processes, such as blunt trauma, cystoid macu-
lar edema, premacular membrane, vitreo-macular traction, 
rhegmatogenous retinal detachment, inadvertent exposure 
to laser energy, Best’s disease, high myopia with posterior 
staphyloma, lightning strike injury, hypertensive retinopathy, 
and proliferative diabetic retinopathy, can induce a FTMH 
[ 28 – 31 ]. These cases should be considered secondary. 

 Gass proposed a classifi cation system based on biomi-
croscopic observations. It was based on clinically observed 
appearances of macular holes and their precursor lesions 
[ 22 ,  23 ,  32 ]. In a stage 1 macular hole, no true neural reti-
nal defect is present, the photoreceptor layer is intact, and no 
vitreo-foveal separation has occurred. Stage 1 holes are fur-
ther divided into stage 1a and stage 1b, based on the clinical 
appearance. In a stage 1a macular hole, a small central yellow 
spot is seen on ophthalmoscopy. The fovea may be thickened 

along with a loss of the normal foveal contour. In a stage 1b 
macular hole, a yellow ring is visible in the foveal area. With 
continued shrinkage of the perifoveal vitreous cortex, a stage 
1 hole advances to a stage 2 hole. Stage 2 holes have a small 
(100–200 μm), full-thickness neural retinal defect, either cen-
trally or eccentrically. During this stage, a pseudoperculum, 
which represents condensed vitreous, may overlie the hole. As 
the vitreo-foveal traction on a stage 2 hole continues to a stage 
3, the hole is developed and consisting of around 350–600-μm 
full-thickness neural retinal defect with smooth edges and a 
small, surrounding, doughnut- shaped rim of subretinal fl uid. 
Yellow deposits can be seen in the base of the defect, and peri-
foveal cystic retinal changes are present. In this stage, vitreo-
foveal separation still has not occurred. A stage 4 macular hole 
has all the features of a stage 3 hole, but with complete poste-
rior separation of the vitreous from the fovea. 

 While the Gass classifi cation is still widely used, OCT- 
based anatomic images have added much to our understand-
ing of the pathogenesis and progression of macular holes. 
Moreover, using an OCT-based system, FTMH can be ana-
tomically defi ned, quantitatively, and reproducibly. It can also 
help predict the success of treatment with either medications or 
surgery [ 33 – 37 ]. OCT classifi cation system of FTMH is based 
on hole size, the presence or absence of VMT, and the cause. 

 OCT-based anatomic classifi cation systems have catego-
rized full-thickness macular holes by aperture size into 

  Figure III.D-5    OCT of lamellar hole       
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small, medium, or large FTMH. The aperture size is defi ned 
as the minimum hole width measured as a line drawn 
roughly parallel to the RPE at the narrowest hole point in the 
mid-retina. A small hole is defi ned as an aperture size less 
than 250 μm (Figure  III.D-6 ). This cutoff was chosen due to 
the fact that although these holes rarely close spontaneously, 
they have very high success rate with surgical and pharma-
cological treatments [ 34 ,  35 ]. A medium hole is defi ned as 
aperture size ranging from 250 to 400 μm. These holes have 
slightly lower success rate with vitrectomy and pharmaco-
logic vitreolysis [ 33 ,  34 ,  36 ,  37 ]. A large hole is defi ned as 
an aperture size greater than 400 μm (Figure  III.D-7 ). 

Vitrectomy alone for these holes has a lower success rate, 
but the rate increases to 90–95 % if ILM peeling is included 
[ 38 ]. Anatomical success is exceedingly low pharmacologi-
cally in these large holes [ 35 ].

    In the OCT-based anatomic system, FTMHs are sec-
ondarily categorized according to the absence or presence 
of  vitreous traction. The reason for this is that only macu-
lar holes with concurrent VMT should be considered for 
pharmacologic vitreolysis (Figure  III.D-8 ). Finally, FTMH 
can be further classifi ed as primary or secondary. Primary 
holes, also referred to as idiopathic holes, are due to VMT 
from an anomalous PVD. A secondary FTMH is caused by 

a b

  Figure III.D-6    ( a ) OCT of small full-thickness macular hole (FTMH) (<250 μm) with traction on edge of hole. ( b ) OCT of small full-thickness 
macular hole (FTMH) (<250 μm) without traction       

  Figure III.D-7    OCT of large full-thickness macular hole (FTMH) (>400 μm)       
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a different mechanism and by defi nition does not exhibit 
VMT. Secondary causes of FTMH include blunt trauma, 
cystoid macular edema, rhegmatogenous retinal detachment, 
inadvertent exposure to laser energy, Best’s disease, high 
myopia with posterior staphyloma, lightning strike injury, 
hypertensive retinopathy, proliferative diabetic retinopathy, 
macular schisis, macular telangiectasia type 2, macroaneu-
rysm, and surgical trauma [ 39 – 46 ]. In addition, FTMH can 
occur concomitantly with macular edema that is associated 
with a variety of retinal diseases, including DME, AMD, reti-
nal vascular occlusions, and uveitis [ 47 – 49 ]. Some of these 
cases should be classifi ed as primary macular holes if VMT 
is shown to play a role.

       Conclusion 

 Abnormalities in the process of vitreous detachment can 
result in an anomalous PVD with subsequent vitreo-mac-
ular interface (VMI) pathology leading to pathologic 
macular conditions such as VMT, macular pucker, lamel-
lar hole, and FTMH. VMA, VMT, and FTMH can now be 
defi ned by anatomic criteria that are present on OCT and 
classifi ed by size of attachment or lesion and the presence 
of concomitant retinal or vitreo-retinal conditions 
(Table  III.D-1 ). It is solely anatomically based, regardless 
of symptoms or visual acuity. This new classifi cation 
 system [ 50 ] allows for  standardization of the diagnosis 
and management of pathologies of the VMI.

  Figure III.D-8    OCT of small full-thickness macular hole (FTMH) with traction       
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   Table III.D-1    The IVTS classifi cation of vitreo-maculopathies   

 VMA   Defi nition  
 Evidence of perifoveal vitreous cortex detachment from the retinal surface 
 Macular attachment of the vitreous cortex within a 3-mm radius of the fovea 
 No detectable change in foveal contour or underlying retinal tissues 
  Classifi cation  
  By size of attachment area 
   Focal (≤1,500 mm) 
   Broad (>1,500 mm, parallel to RPE and may include areas of dehiscence) 
  By presence of concurrent retinal conditions 
   Isolated 
   Concurrent 

 VMT   Defi nition  
 Evidence of perifoveal vitreous cortex detachment from the retinal surface 
 Macular attachment of the vitreous cortex within a 3-mm radius of the fovea 
 Association of attachment with distortion of the foveal surface, intraretinal structural changes, and/or elevation of 
the fovea above the RPE, but no full-thickness interruption of all retinal layers 
  Classifi cation  
  By size of attachment area 
   Focal (1,500 mm) 
   Broad (>1500 mm, parallel to RPE and may include areas of dehiscence) 
  By presence of concurrent retinal conditions 
   Isolated 
   Concurrent 

 LMH   Defi nition  
 Irregular foveal contour 
 Defect in the inner fovea (may not have actual loss of tissue) 
 Intraretinal splitting (schisis) between the outer plexiform and outer nuclear layers 
 Maintenance of an intact photoreceptor layer 

 Macular pseudohole   Defi nition  
 Invaginated or heaped foveal edges 
 Concomitant premacular or epiretinal membrane with central opening 
 Steep macular contour to the central fovea with near-normal central foveal thickness 
 No loss of retinal tissue 

 FTMH   Defi nition  
 Full-thickness foveal interruption of all macular layers from the ILM to the RPE 
  Classifi cation  
  By size (horizontal measure of width across hole at narrowest point, not ILM) 
   Small (250 mm) 
   Medium (>250 and ≤400 mm) 
   Large (>400 mm) 
  By presence or absence of VMT 
  By cause 
   Primary (initiated by VMT) 
    Secondary (directly due to associated disease or trauma known to cause macular hole in the absence of prior 

VMT) 

  Adapted/Modifi ed from: Duker et al. [ 50 ] 
 Abbreviations:  FTMH  full-thickness macular hole,  ILM  internal limiting membrane,  IVTS  International Vitreo-macular Traction Study,  LMH  
lamellar macular hole,  RPE  retinal pigment epithelium,  VMA  vitreo-macular adhesion,  VMT  vitreo-macular traction  
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          I. Introduction 

 Vitreo-papillary adhesion (VPA) is characterized by persis-
tent adhesion of the posterior vitreous cortex to the optic 
disc as a direct consequence of anomalous posterior vitreous 
detachment (PVD) [see chapter   III.B    . Anomalous PVD and 
 Vitreoschisis]. The signifi cance of this pathology has gained 

      Vitreo-Papillary Adhesion 
and Traction 

           Michelle     Y.     Wang      ,     Alfredo     A.     Sadun      , and     J.     Sebag     

III.E.

        M.  Y.   Wang ,  MD      •    J.   Sebag ,  MD, FACS, FRCOphth, FARVO      (*) 
  VMR Institute for Vitreous Macula Retina,  
  7677 Center Avenue, suite 400 ,  Huntington Beach , 
 CA   92647 ,  USA    

  Doheny Eye Institute ,   Los Angeles ,  CA   USA   
 e-mail: michellewusc@gmail.com; jsebag@VMRinstitute.com   

    A.  A.   Sadun ,  MD, PhD, FARVO      
  Doheny Eye Institute/UCLA ,   Los Angeles ,  CA   USA   
 e-mail: alfredo.sadun@gmail.com  

Outline

I. Introduction

II. Anatomy
A. Vitreo-Retinal Interface
B. Vitreo-Papillary Interface

III. Pathology
A. Vitreo-Papillary Adhesion and Traction
B. Retinal Disorders

1. Macular Diseases
2. Intraretinal Cysts
3. Vascular Disorders

a. Peripapillary, Subretinal, and Intrapapillary 
Hemorrhage

b. Diabetic Vitreo-Retinopathy
c. Central Retinal Vein Occlusion

C. Optic Neuropathies
1. Non-arteritic Anterior Ischemic Optic Neuropathy
2. Gaze-Evoked Amaurosis
3. Optic Nerve Pit

Conclusion

References

 Keywords   
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 Key Concepts 

     1.    The vitreo-papillary interface is different from the 
vitreo- retinal interface, as there is no inner limiting 
membrane and no posterior vitreous cortex, but 
there is fi rm adhesion of the peripapillary cortex to 
the rim of the optic disc.   

   2.    Vitreo-papillary adhesion may contribute to a wide 
spectrum of maculopathies by altering the vector of 
tangential forces at the vitreo-macular interface, 
inducing intraretinal cystoid spaces as well as 
lamellar and even full- thickness macular holes.   

   3.    Anomalous posterior vitreous detachment with 
 vitreo- papillary traction may disturb the cellular 
architecture of the optic disc inducing or contribut-
ing to optic neuropathies via the membrane of 
Elschnig and/or pathologic attachments.     
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increasing attention in the medical literature as traction at the 
adhesion site can lead to various pathologies depending on 
the directions of the force vector. As a result, VPA has been 
implicated in a wide range of retinal disorders such as macu-
lar holes and macular puckers, intraretinal cysts, and vascu-
lar disorders including peripapillary/subretinal/intrapapillary 
hemorrhages, proliferative diabetic vitreo-retinopathy, and 
central retinal vein occlusion. Due to direct traction on the 
optic disc, it may also play a role in a number of optic neu-
ropathies such as non-arteritic anterior ischemic optic neu-
ropathy, gaze-evoked amaurosis, and optic nerve pit. Optical 
coherence tomography (OCT) provides direct visualization of 
the vitreo-papillary interface, allowing us to better understand 
the underlying pathophysiology of vitreo-papillary adhesion 
and traction.  

   II. Anatomy 

   A. Vitreo-Retinal Interface 

 The vitreo-retinal interface consists of the posterior  vitreous 
cortex, the inner limiting membrane (ILM) of the retina, and 
an extracellular matrix of fi bronectin, laminin, and other 
components. It was once thought that the vitreous cortex 
was directly affi xed to the retina. However, more recent 
studies support existence of an extracellular matrix between 
the vitreous and retina, causing fascial adhesion rather than 
focal attachments [ 1 – 3 ] [see chapter   II.E    . Vitreo-retinal 
interface and ILM]. In youth, this  fascial adherence of vitre-
ous to the retina and optic disc is strong, indeed stronger 
than the Müller cells themselves (Figure  III.E-1 ).

a

c

b

  Figure III.E-1    Human vitreo-retinal interface. Vitreous adherence to 
the retina is mediated by an extracellular matrix “glue” that results in 
strong fascial adhesion throughout the posterior pole as well as strong 
focal adhesion at the optic disc. Early studies [ 80 ] investigated vitreo- 
retinal interface anatomy by peeling the retina off the vitreous body. In 
all adults, the separation between vitreous and retina occurred between 
the inner limiting membrane of the retina and the posterior vitreous cor-
tex of the vitreous body. In 40 % of individuals younger than 20 years of 
age, there was a different cleavage plane due to strong vitreo-retinal 
adherence. ( a ) Postmortem dark-fi eld slit microscopy of the  vitreous 

body in a 4-year-old subject reveals the typical appearance of the poste-
rior vitreous cortex with embedded hyalocytes in the mid-peripheral 
fundus ( arrowheads ). However, in the posterior pole, there appeared to 
be an additional cap of tissue ( arrow ). ( b ) Scanning electron microscopy 
identifi ed a layer of tissue attached to the posterior vitreous. ( c ) 
Transmission electron microscopy identifi ed this tissue as the inner lim-
iting membrane of the retina with the inner segments of Müller cells still 
attached to the posterior aspect of the ILM ( top  of image c), which was 
fi rmly adherent to the posterior vitreous cortex ( below ). Note the dense 
matrix of collagen fi brils in the posterior vitreous cortex       
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   Posterior vitreous detachment (PVD) results from 
weakening of the vitreous cortex and ILM adhesion in 
conjunction with liquefaction of the vitreous body, 
allowing the posterior vitreous cortex to detach from 
the inner limiting membrane [see chapter   II.C    . Vitreous 
aging and PVD]. However, when the extent of vitreous 
gel liquefaction exceeds the degree of vitreo-retinal 
dehiscence, anomalous PVD occurs. This imbalance 
leads to an abnormal traction at the vitreo-retinal 
 interface and is associated with a wide spectrum of 
 disorders depending on the site of the strongest adhe-
sion [ 4 ,  5 ] [see chapter   III.B    . Anomalous PVD and 
vitreoschisis].  

   B. Vitreo-Papillary Interface 

 The ILM of the retina is not present over the optic disc but is 
delineated at the rim of the disc; however, the basement mem-
brane continues as the membrane of Elschnig [ 6 ] (Figure  III.E-2 ). 
This membrane is believed to derive from the basal lamina of the 
astroglia in the optic nerve head, measuring 50 nm in thickness. 
The center of the membrane, known as the central meniscus of 
Kuhnt, is only 20 nm in thickness and consists of glycosamino-
glycans without collagen. The ILM of the retina functions to 
 prevent passage of cells [ 7 ]. Hence, the lack of ILM and thin 
composition of the central meniscus of Kuhnt may explain the 
frequent cellular proliferation at or near the optic disc.

a b

c

  Figure III.E-2    Human vitreo-papillary interface .  ( a ) Scanning elec-
tron micrograph of human inner limiting membrane with an oval-
shaped structure corresponding to the vitreo-papillary interface 
( white arrows ). It can be seen that this area is not a hole devoid of 
tissue, but has a thin membrane known as the membrane of Elschnig 
(see  c ). This specimen was prepared by peeling the retina and optic 
disc off the posterior vitreous and then mounting and processing for 
scanning electron microscopy of the peripapillary retina/disc 
 complex. The large  black arrow  indicates the region that was 

 examined at higher magnifi cation in  b . ( b ) The vitreo-retinal inter-
face at the edge of the optic disc has a thick fi brous structure that is 
sometimes torn away during posterior vitreous detachment making 
the Weiss ring discernible. The  star  indicates the region that was 
examined by higher power in c. ( c ) Scanning electron microscopy at 
high magnifi cation demonstrates that the center of the vitreo-papil-
lary interface has thin tissue known as the membrane of Elschnig 
and central meniscus of Kuhnt       
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       III. Pathology 

   A. Vitreo-Papillary Adhesion and Traction 

 Vitreous attachment to the optic disc may be fortifi ed by epi-
papillary membranes [ 8 ], which form due to the relative lack of 
inhibition against cell migration and proliferation mentioned 
above, and this attachment may persist after PVD elsewhere 
[ 9 ]. If following PVD, peripapillary tissue tears away from the 
retina/disc junction and remains attached around the prepapil-
lary hole in the posterior vitreous cortex anterior to the optic 
disc, a Vogt or Weiss ring can be visualized by ophthalmoscopy 
(Figure  III.E-3 ). Vitreo-papillary adhesion itself cannot usually 
be visualized in this manner, but requires imaging, such as 
with ultrasound or optical coherence tomography (OCT) 
(Figure  III.E-4a ). Due to a lack of methods to measure trac-
tional forces inside the eye, traction can in truth only be sur-
mised based upon the appearance on imaging.(Figure  III.E-4b ).

    Vitreo-macular traction syndrome has been well docu-
mented in the literature; however, very few studies have inves-
tigated vitreo-papillary traction. In 1954, Schepens described 
the histopathology of “pseudopapilledema” with incomplete 
PVD from the optic disc and vitreo-papillary traction [ 10 ]. 
This condition is characterized by a contracted fi brocellular 
posterior vitreous membrane (at its  origin the posterior vitre-
ous cortex) causing tractional force at the optic disc. PVD with 
persistent adhesion to the optic disc, called vitreo-papillary 
adhesion (VPA), constitutes a manifestation of anomalous 
PVD, which may contribute to a wide spectrum of diseases 
such as macular holes [ 11 ], maculopathies with intraretinal 
cystoid spaces [ 12 ], hemorrhage [ 13 ], exacerbation of neovas-
cularization in proliferative diabetic vitreo-retinopathy [ 14 ], 
non-arteritic anterior optic neuropathy [ 15 ], and gaze-evoked 
visual disturbances [ 16 ]. Vitreo-papillary traction appears to 
play a role in papillopathies, retinopathies, and some vitreo- 
maculopathies. In children and young adults, vitreous  adhesion 

  Figure III.E-3    Weiss ring .  Fundus photograph of Weiss ring ( arrows ), visible following PVD that tore away peripapillary fi brous tissue demon-
strated in Figure  III.E-2b        
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at the posterior pole is strong and distributed in a diffuse, 
sheetlike confi guration encompassing the macula and peripap-
illary region [ 17 ] (Figure  III.E-1 ). This strong interface 
includes VPA, predisposing individuals to pathologic vitreo- 
papillary traction (Figure  III.E-4b ). Similar to the vitreo- 
retinal interface, however, VPA weakens with aging.  

   B. Retinal Disorders 

   1. Macular Diseases 
 VPA has been shown to be far more prevalent in full- 
thickness macular holes (MH) than lamellar holes (LH) and 
macular puckers (MP) [ 11 ,  12 ] (Figure  III.E-5 ). The reason 

a b

  Figure III.E-4    Vitreo-papillary adhesion (VPA) .  ( a ) A composite (inter-
secting planes) longitudinal OCT image ( color ) with scanning laser 
ophthalmoscopy imaging of the optic disc ( grayscale )  demonstrating 
persistent VPA following anomalous posterior vitreous detachment. ( b ) 
Composite (intersecting planes) longitudinal OCT imaging ( color ) with 

scanning laser ophthalmoscopy imaging of the optic disc ( grayscale ) 
demonstrating severe vitreo-papillary traction elevating the optic disc 
anteriorly in a 58-year-old woman with concurrent vitreo-macular trac-
tion, both due to anomalous PVD. Note vitreoschisis on the left-hand 
side of the image       

  Figure III.E-5    The prevalence of vitreo-papillary adhesion ( VPA ) is greater in eyes with full-thickness macular holes ( MH : 87.5 %) than lamellar 
macular holes ( LH : 36.4 %) and least in eyes with macular pucker ( MP : 17.9 %) (Reprinted with permission from Wang et al. [ 11 ])       
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may relate to the effects of persistent VPA on the remaining 
tissue attached to the macula. Anomalous PVD may be the 
fi rst event in the pathophysiology of both MH and MP 
[ 18 – 20 ]. If anomalous PVD induces vitreoschisis, the outer 
layer of the split posterior vitreous cortex remains attached 
to the macula. In the absence of VPA, inward (centripetal 
towards the fovea) tangential traction by this outer layer of 
the split posterior vitreous cortex throws the underlying ret-
ina into folds, resulting in MP. However, if vitreous is still 
attached to the optic disc, the vectors of force are different, 
resulting in outward (centrifugal) tangential traction that 
induces central retinal dehiscence and MH formation. 
Figure  III.E-6  demonstrates a case where vitreoschisis 
occurred adjacent to the vitreo-papillary interface.

    Papillo-foveal traction has previously been implicated in 
the pathogenesis of MH [ 21 ]. Hence, while anomalous PVD 
may be the precipitating event, the presence or absence of 
VPA may infl uence the subsequent course and vectors of trac-
tion. In the absence of VPA, a MP is more likely to be present. 
In the presence of VPA, a MH is more likely to occur, with 
LH possibly representing an intermediate stage. Previous 

studies [ 19 ] have suggested that LHs represent an “abortive” 
process of MH formation [ 22 ] and that foveal pseudocysts 
with partial PVD become LHs if the base is preserved and 
full-thickness MHs if the outer retinal layer is disrupted [ 23 ]. 
However, many patients live for many years with lamellar 
holes that do not progress to full-thickness macular holes. 

 Three years after Wang et al. initially described the role of 
VPA in MH, LH, and macular pucker, Romano et al. evalu-
ated the role of VPA in LH and pseudohole and found that 
VPA is more prevalent in LH (37 %) compared to pseudohole 
(27 %) and that the presence of VPA is associated with worse 
visual function and impaired integrity of both outer limiting 
membrane and inner segment and outer segment junction 
[ 24 ]. The authors speculated that in the presence of vitreos-
chisis, adhesion of vitreous to the optic disc infl uences tan-
gential traction at the macula with subsequent damage to the 
outer retinal layers, leading to progression of pseudoholes 
and LH to the outer retinal layers, similar to the mechanism 
previously described for MH and MP. Furthermore, in the 
presence of VPA, surgical removal of preretinal and prepapil-
lary tissue leads to better visual outcomes.  

  Figure III.E-6    Vitreo-papillary adhesion and vitreoschisis .  Combined OCT-SLO demonstrates vitreo-papillary adhesion on both sides of the optic 
disc. On the  right side , there is evidence of vitreoschisis       
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   2. Intraretinal Cysts 
 Foveal cysts are believed to be the precursors of either full- 
thickness MHs or LHs [ 19 ,  23 ,  25 ]. MH with VPA has been 
shown to be strongly associated with perifoveal intraretinal 
cysts, more so than LHs [ 11 ], followed by MP (Figure  III.E-7 ). 
MH and LH may have more cysts compared with MP because 
the inner layers of the retina are severely disrupted. There 
was nonetheless a signifi cantly higher prevalence of cysts in 
MP when VPA was present compared with when there was 
no VPA in MP (80 % vs. 4.3 %). These cystoid spaces are 
probably different from intraretinal cyst formation in exuda-
tive maculopathies (wet AMD, diabetic macular edema, etc.) 
where the spaces are caused by fl uid, although in MP with 
cysts both mechanisms may contribute to cyst formation. Of 
course, in macular disorders with VPA, these cysts are not 
empty but contain fl uid, yet this fl uid accumulation is sec-
ondary to the pathologic tangential traction, as opposed to 
exudative maculopathies where it is the primary cause.

   When both the specifi c vitreo-maculopathy and the pres-
ence or absence of intraretinal cystoid spaces are considered 
together, VPA is more common in MH (87.5 %), than MP 
with cysts (80 %), LH with cysts, (50 %) LH without cysts 
(20 %), and MP without cysts (4.3 %) (Figure  III.E-8 ).

      3. Vascular Disorders 
   a.  Peripapillary, Subretinal, 

and Intrapapillary Hemorrhage 
 Peripapillary hemorrhages have been reported in patients 
with optic disc drusen [ 26 – 29 ], optic disc edema [ 30 – 32 ], 
peripapillary subretinal neovascular membranes [ 33 ,  34 ], 
and bleeding diatheses [ 35 ]. Cibis et al. fi rst suggested a 

casual relationship between PVD and retinal hemorrhages in 
healthy patients with moderately severe myopia based on 
biomicroscopic examination [ 13 ]. This was supported by 
another study that showed that intrapapillary hemorrhage 
with adjacent peripapillary subretinal hemorrhage is more 
common in young myopic eyes with incomplete PVD [ 36 ]. 
The hemorrhage usually resolves spontaneously without 
sequelae. Katz and Hoyt postulated that mildly dysplastic 
discs as seen in young myopic eyes may have unusual vitre-
ous attachments which predispose them to premature vitre-
ous separation except for the tenacious attachment at the 
optic disc [ 36 ]. Vitreo-papillary traction may traumatize disc 
vessels, causing hemorrhage at or near the optic disc. The 
shearing force may tear superfi cial vessels on the optic disc, 
causing intrapapillary hemorrhage, while transmission of the 
force through the retina may cause peripapillary subretinal 
hemorrhage. 

 VPA has also been hypothesized to be the inciting factor 
for hemorrhages due to the anatomically vulnerable prelami-
nar blood vessels of an elevated nasal edge of tilted optic 
discs in myopic eyes [ 37 ]. The cause may be multifactorial 
as small crowded discs are more vulnerable to vascular 
events and the vessels from the peripapillary choriocapil-
laris, choroidal branches supplying the prelaminar nerve 
head and branches of the posterior ciliary artery that traverse 
the border tissue of Elschnig in the nasal disc may all be 
prone to stretching, kinking, or compression in crowded- 
tilted optic discs [ 38 ]. An interplay of tractional forces of 
vitreous acting on a crowded-tilted optic disc, external forces 
generated by eye movements, and thinning of the sclera may 
all contribute to hemorrhage from the area around 

  Figure III.E-7    The prevalence of intraretinal cystoid spaces is greater in full-thickness macular holes ( MH : 100 %) than lamellar holes ( LH : 
54.5 %) and macular pucker ( MP : 17.9 %) (Reprinted with permission from Wang et al. [ 11 ])       
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 morphologically predisposed optic discs. The presence of 
myopia, nasal location of the hemorrhage, crowded and 
tilted disc, incomplete PVD, and preservation of visual acu-
ity characterize this benign condition.  

   b. Diabetic Vitreo-Retinopathy 
 Diabetes is known to have biochemical and structural effects 
that contribute to liquefaction and destabilization of vitreous 
that can cause diabetic vitreopathy [ 39 ] [see chapter   I.E    . 
Diabetic vitreopathy]. This process might promote the 
migration and proliferation of the cells that form neovascular 
complexes arising from the optic disc [ 40 ]. By liquefying 
vitreous without weakening adhesion at the vitreo-papillary 
interface, diabetic vitreopathy can induce pathologic traction 
at the optic disc. VPA has been investigated in eyes with and 
without diabetic retinopathy and may be part of the natural 
course of diabetic retinopathy [ 36 ,  41 – 44 ]. Some have sug-
gested that VPA may damage the anterior optic nerve by 
decreasing axoplasmic fl ow (neurogenic theory) and/or 
mechanical reduction of perfusion in the posterior ciliary 
arteries (vasogenic theory), leading to reversible changes as 
demonstrated by improvement in visual acuity, visual- 
evoked potential (VEP) latency, and amplitude following 
surgical removal of VPA [ 14 ]. However, irreversible optic 
nerve atrophy can result in the long run. In proliferative dia-
betic vitreo-retinopathy, VPA was mostly commonly found 
localized to the nasal side of the optic disc. Tractional forces 
on the optic disc may elongate the nerve fi bers, distort the 
normal anatomy, and interrupt the axoplasmic transmission, 

resulting in impairments of visual acuity and VEP. The 
abnormal contour of nerve fi bers may reduce the diameter of 
the blood vessels, causing ischemia of the optic nerve head. 
Early vitrectomy may be helpful in eyes with VPA that is due 
to proliferative diabetic vitreo-retinopathy. 

 Diffuse macular edema, unresponsive to laser treatment, 
can be seen in some eyes with proliferative or nonproliferative 
diabetic retinopathy associated with VPA [ 45 ]. Two patterns 
of diffuse macular edema were described: one with maximum 
VPA thickness adjacent to the elevated optic nerve head and 
the other at the fovea. Contraction of the posterior vitreous 
cortex was thought to cause elevation and traction of the optic 
disc. This elevation may result in stretching and kinking of 
ganglion cell axons and negatively affects the prelaminar 
blood fl ow, leading to peripapillary detachment or diffuse disc 
edema. It was thought that posterior detachment of the vitre-
ous begins in the macula superiorly and continues nasally 
towards the optic disc [ 46 ]. OCT demonstrated that age-related 
PVD occurs initially as a focal detachment in one quadrant of 
perifoveal region with persistent attachment to the fovea and 
optic nerve head [ 47 ]. The detachment process occurred 
slowly for years with the vitreo-papillary adhesion being the 
last thing to separate. Vitrectomy was found benefi cial in some 
of the eyes with diabetic macular edema and without macular 
traction [ 48 ], suggesting that there might be other factors such 
as VPA playing a role in the underlying pathophysiology. 
Vitrectomy at the optic disc should be performed meticulously 
to avoid inadvertent damage to the axons that would cause 
permanent loss of visual acuity or visual fi eld loss [ 49 ].  

  Figure III.E-8    The prevalence of vitreo-papillary adhesion ( VPA ) 
is greater in eyes with full-thickness macular holes ( MH : 87.5 %) 
than macular pucker with cysts ( MP : 80 %), lamellar macular holes 

with cysts ( LH : 50 %), and LH without cysts (20 %) and least in 
eyes with MP and no cysts (4.3 %) (Reprinted with permission from 
Wang et al. [ 11 ])       

 

M.Y. Wang et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_5


307

   c. Central Retinal Vein Occlusion 
 VPA has been reported in patients with ischemic central reti-
nal vein occlusion (CRVO), resulting in secondary serous 
retinal detachment involving the macula [ 50 ]. The thickened 
peripapillary tissue may be due to the growth of peripapillary 
fi brous tissue following the hemorrhagic CRVO. Lysis of 
vitreo-papillary and epipapillary adhesions by subretinal 
administration of tissue plasminogen activator, vitrectomy, 
and peripheral photocoagulation improved vision in a case 
with CRVO [ 43 ]. Release of VPA may be benefi cial in some 
resilient cases of chronic CRVO. Vitrectomy with radial 
optic neurotomy has also been developed as a treatment for 
CRVO [see chapter   V.A.6    . Surgery of arterial and venous 
retino-vascular diseases].    

   C. Optic Neuropathies 

   1.  Non-arteritic Anterior Ischemic 
Optic Neuropathy 

 Non-arteritic anterior ischemic optic neuropathy (NAION) is 
characterized by acute loss of vision with an associated affer-
ent pupillary defect, an altitudinal fi eld defect, and an optic 
disc edema [ 51 – 53 ]. The “disc at risk” is typically character-
ized by a small cup-to-disc ratio [ 54 – 56 ]. Cardiovascular 
diseases that might reduce perfusion pressure or increase 
resistance to fl ow within the optic nerve head, such as hyper-
tension and diabetes, are the major risk factors. Acute sys-
temic hypotension, obstructive sleep apnea, migraine, optic 
disc drusen, vasculitis, idiopathic vaso-occlusive disease, 
hyperopia, smoking, erectile dysfunction drugs, and hyper-
lipidemia have been proposed as potential risk factors [ 57 –
 63 ]. After the initial episode, about a third of cases 
demonstrate modest spontaneous improvement of visual 
acuity (three or more Snellen lines) [ 52 ]. By 6 weeks, the 
optic disc starts to become atrophic. 

 VPA has been described in a case of NAION that included 
the usual manifestation of afferent pupillary defect, optic 
disc elevation with blurring of the disc margin, and inferior 
altitudinal defect [ 64 ]. VPA was confi rmed on three- 
dimensional spectral domain OCT. It was hypothesized that 
the eyes with small crowded discs may be more vulnerable to 
the distorting force of vitreous traction. The disc elevation 
may be asymptomatic initially and resolve if the posterior 
vitreous detaches from the optic nerve head. However, if 
VPA persists, the microvascular circulation and/or axoplas-
mic fl ow may result in dysfunction and swelling of the optic 
nerve, leading to the clinical picture of NAION. This was 
initially proposed by Hoyt as an important cause of NAION 
[ 36 ]. Modarres et al. performed vitrectomy on 16 patients 
with vitreo-papillary traction and NAION, and this resulted 
in ≥3 lines of improvement in visual acuity for 56 % as com-
pared to 39.5 % in the nontreatment group in the Ischemic 

Optic Neuropathy Decompression Trial [ 15 ], confi rming that 
VPA may have a causative role in some cases of NAION and 
its removal may be benefi cial in such cases.  

   2. Gaze-Evoked Amaurosis 
 Gaze-evoked amaurosis (GEA) is a rare condition described 
as transient obscuration of vision occurring during and 
 precipitated by eccentric positions of gazes [ 65 – 69 ]. GEA 
most often is a result of intraconal pathology such as optic 
nerve sheath meningiomas and cavernous hemangiomas, 
but it can also be caused by extraorbital processes that exert 
pressure on the orbit and optic nerve. The common etiology 
appears to be compromise of the retinal or optic nerve circu-
lation by disruption of the central retinal artery or optic 
nerve microvasculature [ 70 ]. Although historically GEA 
was associated with an orbital mass, it has infrequently been 
associated with non-orbital mass such as idiopathic intracra-
nial hypertension (IIH) [ 71 ,  72 ]. Eccentric eye movements 
may cause pressures to increase within an already tensely 
dilated optic nerve sheath in IIH, precipitating amaurosis. 
GEA has also been associated with incomplete PVD and 
vitreo-papillary traction [ 16 ]. Katz et al. reported four 
patients with gaze-evoked GEA who had disc edema associ-
ated with VPA. The authors speculated that the initiating 
vitreous separation is incomplete with persistent juxtapapil-
lary adherence, which tugs at the optic disc and elevates the 
optic nerve head. This may represent one phase of a slowly 
evolving vitreous separation with some temporary VPA and 
traction to the peripapillary retina, disc, and nerve fi bers. 
The transient visual phosphenes noted by patients and pre-
cipitated by eye movements may be caused by traction 
transmitted from the vitreous to the superfi cial nerve fi bers 
of the optic disc. Furthermore, the inertial drag induced by 
the posterior vitreous may cause physical deformation of 
the nerve fi bers and interfere with the transmission of axo-
nal discharge either in an anterograde or retrograde direc-
tion. This may serve as a mechanically induced transient 
blockade of sensory neuroretinal signal and induce transient 
GEA [ 73 ]. All patients who present with GEA should be 
carefully evaluated for underlying orbital processes. 
Although VPA is a rare cause, patients with otherwise unex-
plained GEA should also undergo evaluation of the vitreo-
retinal interface. 

 VPA can cause optic nerve head elevation, which can lead 
to obscuration of the optic disc margins, peripapillary hem-
orrhage, and disc leakage on fl uorescein angiography, simu-
lating optic disc edema or papilledema [ 74 ], which may 
confound the diagnosis. In such cases, OCT can help make 
the correct diagnosis and avoid unnecessary expensive and 
more invasive procedures such as contrast neuroimaging and 
lumbar puncture [ 75 ,  76 ]. 

 Meyer et al. described a case of chronic visual impair-
ment induced by VPA [ 77 ]. The authors reported immediate 
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functional improvement after surgical release and speculated 
that physical deformation, via stretching and thinning of the 
retinal nerve fi ber layer, reduced the axoplasmic fl ow. They 
felt that this produced a sensory blockade as evidenced by 
visual-evoked potentials. Mechanical restrictions of the cen-
tral retinal blood vessels may have also decreased the pre-
laminar blood fl ow. This and similar reports suggest that 
vitrectomy may be a reasonable treatment strategy in some 
cases with VPA.  

   3. Optic Nerve Pit 
 An optic nerve pit is a rare condition typically presents uni-
laterally in the inferotemporal segment of the optic disc, fre-
quently associated with serous detachment of the macula or 
cystoid retinal edema. Many have considered optic nerve pits 
as a variant of optic disc coloboma secondary to incomplete 
closure of the optic fi ssure during development. However, 
the pathophysiology of optic nerve pits remains controver-
sial due to the unilateral and sporadic nature as well as lack 
of systemic association. Lincoff et al. documented the natu-
ral progression of optic nerve pits based on stereoscopic 
transparency studies of 15 eyes with optic pits in 1988 [ 78 ]. 
Initially, fl uid from the pit leads to elevation of the nerve 
fi ber layer, resulting in schisis-like separation of the internal 
layers of the retina. Beneath the inner layer, an outer macular 
hole develops, which eventually leads to an outer layer 
detachment around the macular hole due to movement of the 
fl uid. Later, the outer layer detachment increases, resembling 
serous detachment. Optic nerve pits are usually asymptom-
atic unless the macula is involved. 

 There is no standardized single treatment for optic nerve 
pits. More recently, the release of vitreous traction has become 
an important factor in the management of those patients [see 
chapter   V.B.9    . Rare indications for vitrectomy: tumor exci-
sion, optic nerve pits, malignant glaucoma]. Hirakata et al. 
studied the outcome of pars plana vitrectomy without gas 
tamponade or laser photocoagulation in eight patients with 
unilateral macular detachment associated with optic disc pit 
[ 79 ]. Complete retinal reattachment was achieved in seven 
of eight eyes without recurrence. Postoperative OCT dem-
onstrated a reduction in the retinal elevation adjacent to the 
optic disc and a decrease in the inner retinoschisis-like sepa-
ration, followed by slow but complete resolution of macu-
lar detachment. Hence, VPA- induced traction alone appears 
to be an important factor in the pathogenesis of optic disc 
pit maculopathy. The OCT analyses suggest that VPA may 
create a passage for fluid to enter the retina through the pit, 
resulting in schisis-like separation seen in optic disc pit mac-
ulopathy. Vitrectomy alone, by removing the traction around 
the entrance cavity, can be an effective treatment for optic 
disc pit maculopathy.    

   Conclusion 

 The vitreo-retinal interface and its role in retinal diseases 
have recently gained considerable attention. However, 
VPA and its role in a wide spectrum of diseases are still 
insuffi ciently recognized. It is important for clinicians to 
understand that the vitreo-papillary interface consists of 
many intricate cellular relations and that anomalous PVD 
with persistent VPA may induce distortion of cellular 
architecture. Stretching and thinning of the retinal nerve 
fi ber layer, reductions in axonal transmission, and impair-
ment of the peripapillary microvascular supply may all 
contribute to visual loss. OCT is an important tool to visu-
alize the vitreo-papillary interface and detect VPA, allow-
ing us to detect previously unrecognizable diseases in a 
noninvasive manner. Visualization of the vitreo-papillary 
interface helps elucidate the pathogenesis of various dis-
eases characterized by VPA and allows for a more cogent 
approach to treatment.        
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   I. Introduction 

 First described in 1865 by Iwanoff [ 1 ], macular pucker has 
been extensively studied and researched under a variety of 
names, including  cellophane maculopathy ,  epiretinal mem-
brane ,  preretinal fi brosis ,  epiretinal fi brosis , and  surface 
wrinkling retinopathy  [ 2 ,  3 ]. Macular pucker can be defi ned 
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 Key Concepts 

     1.    Macular pucker pathogenesis begins with anoma-
lous posterior vitreous detachment and vitreoschi-
sis, leaving the outer layer of the posterior vitreous 
cortex attached to the macula, forming a relatively 
thick premacular membrane.   

   2.    The vitreoschisis split occurs anterior to the level of 
hyalocytes, leaving these cells attached to the retina 
while the rest of the vitreous cortex detaches away 
from the macula and optic disc. Hyalocytes elicit 
cell migration from the circulation and retina to 
form hypercellular membranes with contractile 
properties in a tangential plane.   

   3.    Visual disturbance in macular pucker is due to dis-
ruption in multiple layers of the retina. Quantifying 
distortions will provide a useful means for clinical 
assessment of disease severity and an outcome 
measure for therapeutic intervention.     
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as a premacular, avascular, fi brocellular membrane with 
folds and striae in the underlying inner retina and disturbed 
cytoarchitecture in the outer retina [ 4 ,  5 ]. The term “epireti-
nal membrane (ERM)” is most often employed, although it is 
not as accurate as the term “premacular membrane (PMM).” 
One reason why PMM is more accurate is that the membrane 
is always anterior to the retina, while the term “epiretinal” 
means adjacent to the retina and can refer to subretinal mem-
branes. Further, the membrane is only clinically relevant 
when attached to the macula. Thus, the preferred terminolo-
gies are “premacular membrane (PMM)” to refer to the 
pathologic membrane itself and “macular pucker (MP)” to 
refer to the effects of this membrane on the macula. This 
chapter will review the prevailing theories of pathophysiol-
ogy and the mechanism(s) of visual impairment caused by 
macular pucker.  

   II. Epidemiology 

 Macular pucker is quite common. With approximately 30 
million people affected in the US alone, it ranks as one of 
the most common vitreoretinal disorders. In the general 
adult population, the overall prevalence of macular pucker 
is between 6 and 11.8 % [ 6 – 8 ]. Over the age of 70, the 
prevalence has been reported as high as 15.1 % [ 8 ]. In a 
population of healthy adults over age of 50, the 5-year 
incidence of developing macular pucker may be as high 
as 5.3 % [ 3 ]. 

 Risk factors for the development of macular pucker 
include both modifi able and non-modifi able characteristics. 
The greatest risk factor is advanced age, with most cases of 
MP diagnosed after the age of 50 [ 9 ,  10 ]. However, macular 
pucker has also been described in people under 30 [ 11 ,  12 ]. 
Other documented risk factors include high cholesterol, dia-
betes (even without retinopathy), smoking, and recent eye 
surgery, especially scleral buckling [ 2 ,  6 ,  13 ]. There does not 
appear to be a gender preference in adults [ 6 ,  8 ], but among 
pediatric cases, boys are preferentially affected [ 13 ]. 
Regarding ethnicity, Asians (specifi cally Chinese) may have 
a higher prevalence than do Caucasians, African Americans, 
or Hispanics [ 2 ].  

   III. Anatomy 

 As is the case throughout the body, macular pucker’s appear-
ances are the consequence of the underlying anatomy, in this 
case involving both vitreous and the macula. Figure  III.F-1  
presents a schematic of vitreous anatomy, but a more thor-
ough discussion of vitreoretinal interface anatomy can be 
found elsewhere in this book [see chapter   II.F    . Vitreo-retinal 
interface and ILM].

     A.  Vitreoretinal Interface 

 To fully understand macular pucker pathobiology requires an 
appreciation of vitreoretinal interface anatomy, which con-
sists of three parts: the inner limiting membrane (ILM), pos-
terior vitreous cortex (PVC), and the intervening extracellular 
matrix (ECM). [see chapter   II.E.     Vitreo-retinal interface and 
inner limiting membrane]. 

 The ILM is the innermost layer of the retina. Its embryo-
logic origin is the neural ectoderm that enters the eye during 
the invagination of the optic vesicle. In effect, it is the basal 
lamina for the interface between the retina and the vitreous 
[ 14 ]. Structurally, it is composed mainly of type IV collagen 
and associated glycoproteins. It has a lamina rara that is 
immediately adjacent to the Müller cells of the retina and is 
between 0.03 and 0.06 μm thick, which is consistent through-
out the fundus. Anterior to the lamina rara is the lamina 
densa, which borders the posterior vitreous cortex. It can be 
as thick as 3.2 μm in some areas, but is thinnest (only 0.01–
0.02 μm) around the fovea. Knowing the relative thickness of 
the ILM is important, because numerous studies have dem-
onstrated that the vitreous is more adherent to the retina in 
areas where the ILM is thinnest, i.e., in the perifoveal region 
[ 15 ,  16 ]. In the posterior pole the posterior aspect of the ILM 
is irregular with interdigitating glial cells, while the anterior 
surface is smooth [ 17 ] (Figure  III.F-2 ). The ILM ceases at 
the edge of the optic disc where the basal lamina of the optic 
nerve astroglia form the inner limiting membrane of Elschnig 
[ 18 ] [see chapter   III.E    . Vitreo-papillary adhesion/traction].

   The posterior vitreous cortex (PVC) extends posteriorly 
from the posterior border of the vitreous base and is com-
posed mostly of vitreous collagen fi brils and hyaluronan. The 
thickness of the PVC is fairly constant between 100 and 
110 μm except in the macula where it thins considerably. 
Embedded within the PVC are numerous hyalocytes approxi-
mately 20–50 μm from the ILM (Figure  III.F-3 ). Hyalocytes 
are oval-shaped mononuclear phagocytes that are members 
of the reticuloendothelial system [ 19 ]. One of their main 
functions in vitreous is to help maintain transparency via their 
phagocytic and anti-migratory/proliferative activity. Equally 
important is their role as sentinel cells. Residing at the vitreo-
retinal interface, these cells are the fi rst to be exposed to any 
noxious stimuli and respond by eliciting monocyte migration 
from the circulation into the region. This accounts for the 
hypercellularity of a variety of disorders at the vitreoretinal 
interface. Additionally, hyalocytes likely play a key role in 
the development and contraction of premacular membranes 
inducing pucker [ 20 – 22 ] [see chapter   II.D    . Hyalocytes].

   Between the ILL and PVC is the extracellular matrix 
(ECM), which serves as the “glue” that anchors vitreous to 
the ILL and in turn to the retina. Components of this ECM 
include fi bronectin, laminin, chondroitin sulfate, heparin sul-
fate, and opticin among others [ 22 ,  23 ]. Further  characterizing 
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  Figure III.F-1    Schematic diagram of vitreous anatomy [ 40 ]       

  Figure III.F-2    Transmission electron micrograph demonstrating the 
smooth anterior surface and the irregular, undulating posterior surface 
of the human inner limiting membrane (ILM). This confi guration is 

only seen in the posterior pole. At the equator, both anterior and poste-
rior aspects of the ILM are smooth, without undulations       
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these extracellular components is crucial because they serve 
as therapeutic targets for a new treatment modality known as 
pharmacologic vitreolysis [ 24 – 30 ] that is intended to liquefy 
the gel vitreous and weaken vitreoretinal adhesion [see chap-
ter   VI.A    . Pharmacologic vitreolysis].   

   IV. Pathology 

 Given the aforementioned prevalence of macular pucker and 
the frequent and growing incidence of surgical correction, 
there has been ample opportunity to study the histopathology 
of macular pucker in both human autopsy specimens and tis-
sue removed at surgery. 

   A.  Structure and Composition of Macular 
Pucker Membranes 

 The original studies on ultrastructure of simple premacular 
membranes responsible for macular pucker were performed by 
Foos [ 4 ,  31 ] in the early 1970s. His microscopic examinations 
concluded that the membranes are made exclusively of astro-
glial cells and their long fl at processes. Each individual glial 
cell could cover a distance of up to 300 μm along the surface of 
the retina. Additionally the glial cells could be stacked verti-

cally several cells thick or are thin as only two cells in some 
places. According to his studies, the vitreous fi bers only rarely 
intermingled with the glial cell process. Instead, the vitreous 
was simply adjacent to, but not mixed in with, the premacular 
membrane [ 31 ]. This is in contrast to epipapillary membranes 
where the vitreous was found to interdigitate more frequently 
[ 32 ], perhaps related to the strong adhesion between vitreous 
and the optic disc and immediate peripapillary retina. Foos 
concluded that the cells were derived from accessory glia in the 
retina that had migrated through microbreaks in the retina, 
although such breaks were only rarely found in the samples 
studied [ 4 ,  31 ]. Further studies by this group went on to describe 
the nature of more complex premacular membranes. The term 
“complex” was used to describe membranes associated with 
the production of a novel basement membrane and underlying 
retinal wrinkling [ 33 ]. Snead and colleagues [ 34 ] have coined 
the term “laminocytes” to describe the main cellular compo-
nents of premacular membranes. Immunohistochemistry was 
positive for glial fi brillary acidic protein (GFAP) confi rming 
their glial origin (Figure  III.F-4 ). Laminocytes also stained 
positively for cytokeratin marker AE1/AE3 which can indicate 
epithelial cell origin, but is also broadly reactive and very non-
specifi c. Indeed, histologically, laminocytes are the same cells 
described by Foos as astroglial cells [ 35 ] and thus the term 
“ laminocytes ” has not found widespread acceptance and use 
[ 36 ] and will not be employed herein.

  Figure III.F-3    Human hyalocytes  in situ  visualized with postmortem dark-fi eld slit microscopy of the whole vitreous body from a 59-year-old 
male. Hyalocytes appear as small white dots in the posterior vitreous cortex. Large dots are debris       
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   While these early studies did not implicate a role for vitre-
ous, other studies showed a higher degree of vitreous involve-
ment with the premacular membranes [ 37 ]. Indeed, the 
immunofl uorescence studies of Snead et al. showed positive 
staining for type II collagen inside the cells [ 34 ,  35 ]. Similar 
results were seen on studies examining premacular mem-
branes from macular holes [ 38 ]. The most recent studies of 
premacular membranes have identifi ed other important cells. 
Hyalocytes, known to reside in the posterior vitreous cortex 
[ 39 ,  40 ], have been implicated as important in the early stages 
of macular pucker [ 41 – 44 ]. These cells have many of the 
known synthetic functions that are consistent with theorized 
function of cells in simple premacular (epiretinal) membranes 

[ 21 ,  45 ]. Additionally, studies have shown that hyalocytes 
have the potential to transdifferentiate into myofi broblasts 
under the right conditions, thus explaining the contractile 
nature of premacular membranes [ 41 ]. Also, as a member of 
the reticular endothelial system, hyalocytes may recruit 
monocytes from the circulation and glial cells from the retina 
into the premacular membrane. 

 Finally, Hiscott and colleagues characterized structural 
changes in premacular membranes over time. In their study, 
membranes from surgical specimens were divided into two 
categories, those that were removed in less than 4 months 
from time of diagnosis and those older than 4 months. The 
younger membranes had more cellular components but less 

ba
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  Figure III.F-4    Postmortem specimens from a case of macular pucker. 
Hemotoxylin and eosin stain ( a ) and DPAS stain ( b ) of retina showing 
hyperconvolution of the ILM ( arrows ). GFAP positivity is demon-

strated as well ( c ), confi rming the glial cell origin of these cells. 
Original magnifi cation ( a ) 100×; ( b ) 200×; ( c ) 400× [ 34 ]       
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collagen. Older membranes had increased production of col-
lagen and progressive cell death. The authors related these 
fi ndings as being similar to that of a healing scar from a skin 
wound [ 5 ].   

   V. Pathophysiology 

 The pathophysiologic mechanism(s) of macular pucker is a 
topic of much debate. Proposed theories have ranged from 
trauma [ 46 ] to ocular angiospasm [ 47 ]. Earlier theories 
focused on the retina and largely ignored the important role 
of vitreous. The two modern theories, retinal breaks with 
glial cell migration and anomalous posterior vitreous detach-
ment, both underscore and integrate the importance of vitre-
ous into their explanations of premacular membrane 
formation in macular pucker. Common to both theories is the 
critical role of posterior vitreous detachment [PVD] [see 
chapter   II.C    . Vitreous Aging and PVD]. 

 PVD can be defi ned as vitreous separation away from the 
retina with the plane of dissection at the level of the ECM 
between the posterior vitreous cortex and the ILM. PVD can 
be complete or partial and innocuous or anomalous, as 
described in chapter   III.C    . Even in complete and innocuous 
PVD, vitreous remains attached in the peripheral fundus due 
to particularly strong adhesion at the vitreous base. The fi rst 
evidence that PVD is important in macular pucker comes 
from the fact that it is documented in 80–95 % of all macular 
pucker cases [ 9 ,  16 ,  48 – 51 ]. This is signifi cantly higher than 
the 53 % prevalence of PVD in the general population over 
age 50 or even the 63 % by age 70 [ 52 ,  53 ]. 

 Posterior vitreous detachment is the result of a process of 
age-related changes in the vitreous resulting in gel liquefac-
tion and weakening of vitreo-retinal adhesion. In youth, the 
vitreous is a gel-like structure that is 98 % water with the rest 
composed largely of collagen and hyaluronan. Collagen 
fi brils are stabilized in a lattice-like pattern by the hydrophilic 
hyaluronan [ 19 ,  54 ]. Liquefaction begins as early as 4 years 
of age [ 55 ], but by the 8th decade of life may account for over 
50 % of the total vitreous volume [ 52 ]. Congenital defects in 
type II collagen metabolism, such as Marfan’s, Ehlers-
Danlos, or Stickler’s syndromes, can lead to early vitreous gel 
liquefaction [see chapter   I.C    . Hereditary vitreo- retinopathies]. 
With advanced age, pockets of liquid vitreous, or “lacunae,” 
form. The second critical component in the development of 
PVD is weakening of vitreoretinal adhesion. Because the 
exact source of adhesion is not known, it is diffi cult to say 
what causes weakened adhesion. Progressive weakening at 
the vitreoretinal interface allows for extravasation of liquefi ed 
vitreous into the retrocortical (preretinal) space. This often 
begins via the prepapillary hole or through the perifoveal vit-
reous cortex. The perifoveal vitreous cortex is a likely site 
because vitreous is thinnest and the adhesions are inherently 

weakest there (while remaining strongest directly over the 
fovea as mentioned above) [ 19 ,  55 – 58 ]. The liquefi ed vitre-
ous then dissects through the remaining vitreoretinal interface 
to progress from a partial PVD to complete PVD. 

 The fi rst popular theory on the pathogenesis of retinal 
contraction centers in macular pucker rests on the idea that 
microbreaks in the retina result from PVD (or trauma) and 
create pores through which glial cells of the inner retina 
migrate. Once these glial cells gain access to the preretinal 
space, they migrate and proliferate along the retinal surface. 
This theory is supported by the fact that the cells in mem-
branes strongly resemble glial cells in both structure [ 31 ] and 
immunofl uorescence staining pattern [ 34 ]. The evidence 
against this theory is that retinal breaks are not usually docu-
mented on histological examination. 

 The second theory on the origin of the premacular mem-
branes in macular pucker more directly implicates vitreous. 
Originally proposed by Jaffe and Tanenbaum [ 59 – 62 ] in the 
1960s and later refi ned by Sebag [ 43 ,  54 ], this theory involves 
the concept of anomalous PVD (APVD), which is defi ned as 
vitreous liquefaction without suffi cient concurrent vitreoretinal 
interface dehiscence to allow vitreous separation from the ret-
ina. When this occurs, segments of the vitreous remain adherent 
to the retina despite other portions of the vitreous pulling away. 
According to this theory, variations in the exact location and 
nature of the anomalous PVD help explain the pathogenesis of 
not only macular pucker but also macular hole, vitreo-macular 
traction syndrome, and numerous other vitreo-retinal diseases 
[ 63 ] [see chapter   III.B    . Anomalous PVD and Vitreoschisis]. 

 One manifestation of anomalous PVD is vitreoschisis. 
First proposed by Balazs [ 64 ] and later Schepens et al. [ 65 ], 
vitreoschisis refers to splitting of the posterior vitreous cor-
tex into layers. It is well documented that the posterior vitre-
ous cortex has a lamellar structure (Figure  III.F-5 ). Each 
layer of the cortex runs tangential to the retina with the out-
ermost layer connected to the ILM in a fascial manner via the 
extracellular matrix. Surgical and in vivo imaging studies 
have demonstrated that the vitreous can split along any of 
these layers leaving behind a portion of vitreous during 
APVD [ 42 ,  66 ]. In fact, OCT documentation of vitreoschisis 
has been seen in 53 % of macular hole and 42 % macular 
pucker eyes [ 67 ]. Additionally, 80 % of macular pucker eyes 
have evidence of vitreoschisis during surgery [ 66 ]. The 
APVD theory states that vitreoschisis during APVD leaves 
the outermost layer of the posterior vitreous cortex attached 
to the macula and that this is the seminal event of premacular 
membrane formation in macular pucker.

   The idea that portions of the posterior vitreous cortex are 
a structural component of premacular membranes in macular 
pucker has support in histological studies. Messmer and 
Heilskov documented native vitreous collagen between the 
premacular and the retina [ 38 ,  68 ]. Also, Kishi showed in 
multiple studies that the vitreous is heavily interspersed into 
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the premacular membrane [ 49 ,  69 ]. The APVD theory fur-
ther states that the hyalocytes embedded in the posterior vit-
reous cortex are responsible for the hypercellularity of the 
premacular membrane. As described above, hyalocytes are 
cells present in the posterior vitreous cortex that have both 
phagocytic functions and transdifferentiation potential. 
Hyalocytes are known to not only secrete collagen, which is 
found the premacular membranes, but can also transdifferen-
tiate into myofi broblasts [ 44 ,  70 ]. A study by Kohno and col-
leagues [ 41 ] demonstrated this unique potential by exposing 
cultured hyalocytes to transforming growth factor beta-2 
(TGF-β2). In the presence of TGF-β2 the hyalocytes con-
tracted and became positive for alpha smooth muscle actin 
(αSMA) and negative for GFAP on immunofl uorescence 
indicating a conversion into a myofi broblast. Other cultured 
astrocytes did not exhibit such ability. Additionally, immu-
nofl uorescence of surgically removed premacular mem-
branes showed GFAP-stained cells in non- contracted areas 
and αSMA-positive cells in areas of contraction. They 
hypothesized that TGF-β2 is secreted by the vitreous and 
induces hyalocytes to transdifferentiate into myofi broblasts 
[ 41 ] (Figure  III.F-6 ).

   Kita el al. [ 71 ] have offered a potential explanation for 
how hyalocytes-turned-myofi broblasts go on to induce mem-
brane contraction. The TGF-β2 critical in the transdifferen-
tiation process also appears to induce hyalocytes to secrete 
connective tissue growth factor (CTGF). CTGF is well 
known to cause fi brosis and collagen contraction in other 
fi brotic disorders, such as liver cirrhosis and scleroderma. 
CTGF has been shown to exist in the vitreous in higher con-
centrations when there are proliferative vitreoretinal disorders 

present [ 71 ]. Others have implicated platelet-derived growth 
factor (PDFG) working with TGF-β2 to phosphorylate myo-
sin light chain via rho kinase pattern. Myosin light chains are 
important in contraction of both muscle fi bers and non-mus-
cle cells [ 72 ]. Interestingly, by focusing on the role of hyalo-
cytes, some researchers have started developing unique 
pharmacologic treatments for macular pucker. For instance, 
blockage of the rho and rho kinase (ROCK) pathways may 
impact myosin light chain contraction. Therefore a targeted 
ROCK inhibitor could alter and possibly prevent hyalocyte-
mediated membrane contraction [ 44 ]. 

 The APVD theory proposed by Sebag has one other 
important tenet. It states that the exact layer vitreous through 
which the vitreoschisis occurs ultimately dictates the fi nal 
pathology [ 42 ]. As mentioned above (“vitreo-retinal inter-
face anatomy”), hyalocytes are embedded in the posterior 
vitreous cortex 20–50 μm anterior to the ILM. If vitreoschi-
sis splits the posterior vitreous cortex anterior to the hyalo-
cytes, they remain adherent to the macula in the premacular 
membrane and begin the process of macular pucker. Once 
this has happened, hyalocytes recruit monocytes from the 
circulation and possibly glial cells from the retina. These 
cells cause membrane contraction via the mechanisms 
described above and create an inward or centripetal tangen-
tial force on the retina. It is this action that causes an irregu-
lar retinal contour typical of macular pucker. 

 While the APVD/vitreoschisis theory is well developed 
and has numerous studies documenting many of its compo-
nents, it is not universally accepted. One issue is that the the-
ory proposes the membranes of macular hole and macular 
pucker are initially structurally different owing to the different 

  Figure III.F-5    The lamellar structure of the mammalian posterior 
 vitreous cortex is demonstrated in an adult monkey eye stained with 
fl uorescein- conjugated ABA lectin stain. The vitreoretinal interface is 
shown with vitreous above and retina below. The ILM ( arrowheads ) 
is the intensely bright horizontal line across the image. Above the 
ILM is the posterior vitreous cortex whose lamellar structure is clearly 

evident at higher magnifi cation (image to the  right ). These potential 
cleavage planes can separate during anomalous PVD or during vitrec-
tomy surgery with membrane peeling, in each instance leaving a layer 
of vitreous attached to the macula. The  arrow  is pointed to a hyalocyte 
embedded in the posterior vitreous cortex (Courtesy of Greg Hageman, 
PhD; original magnifi cation = 400×)       
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location of the split during vitreoschisis. However, studies 
have shown that late in the natural history of disease, the mem-
branes of macular hole and macular pucker are quite similar on 
an ultrastructural level [ 38 ]. Another issue is that studies have 
failed to correlate the location of retained cortical vitreous 
after PVD to the location of premacular membrane formation. 
Chen and colleagues showed in all seven of the patients in 
their study who developed premacular membranes after PVD, 
none of them had retained cortical vitreous in the area of mem-
brane formation [ 73 ]. Whether it is glial cell migration through 
retinal breaks or hyalocyte- mediated membrane contraction, 
both theories underscore the important role the vitreous plays 
in the pathogenesis of macular pucker. Clearly, posterior vitre-
ous detachment, anomalous or not, is a critical event in initiat-
ing this vitreoretinal disorder and disturbing vision. 

   A.  Pathophysiology of Visual 
Disturbance in Macular Pucker 

 While  on the surface  macular pucker appears to be a disorder 
solely of the inner retina where distortions induce 
 metamorphopsia and blurred vision, the true mechanism of 
visual disturbance is likely more complicated. Clearly, con-
traction of the premacular membrane with subsequent wrin-
kling of the inner retina is a necessary event for visual 
impairment. Even very early researchers recognized that a 
simple membrane which exerted no force onto the retina 
rarely caused symptoms. The more diffi cult question, how-
ever, is how does such wrinkling actually affect vision. 

 One of the earliest and most prevalent theories on the 
underlying cause of vision changes is retinal edema. It is 

a
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  Figure III.F-6    ( a ,  c ) Whole mount of premacular membrane from a 
case of macular pucker demonstrating both glial fi brillar acidic protein 
(GFAP) in  red  and alpha-smooth muscle actin (αSMA) in  green . The 
 yellow boxes  indicate the areas shown to the right in higher magnifi ca-

tion ( b ) Higher magnifi cation of thick αSMA cells with large amounts 
of cytoplasm compared to ( d ) the elongated GFAP + cells. No double-
stained cells where documented on any section [ 41 ]       
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well documented that premacular membranes frequently 
cause an increase in central retinal thickness and even intra-
retinal cysts [ 74 ,  75 ] (Figure  III.F-7 ). With the advent of 
OCT in the 1990s, researchers were able to accurately quan-
tify this change. Early studies did show correlation between 
central retinal thickness and visual acuity [ 74 ]. More recent 
studies, however, have shown that retinal thickening alone, 
while often correlated with visual acuity, is unlikely to 
explain the entire process [ 76 ,  77 ].

   Another popular theory on the pathophysiology of the 
visual changes is that the photoreceptor inner segment/outer 
segment (IS/OS) junction is affected. The IS/OS junction is 
a hyper-refl ective line just anterior to the retinal pigment epi-
thelium, which is identifi able on OCT. Disturbances of this 
line on OCT correspond to anatomical changes in the photo-
receptors (Figure  III.F-8 ). The theory that alterations in IS/
OS junction integrity affect visual function originates from a 
study by Niwa that showed a predominance of a-wave altera-
tion on electroretinogram in patients with epiretinal mem-
branes. Since the a-wave represents the activity of the 
photoreceptors and off-bipolar cells, dysfunction in the inner 

retina was hypothesized [ 77 ]. Later studies, using OCT, con-
fi rmed that IS/OS junction disruptions strongly correlated 
with either visual acuity or metamorphopsia scores. Oster 
and colleagues showed that the IS/OS junction was a statisti-
cally signifi cant predictor of poor visual acuity. In their study 
patients with IS/OS junction disruptions were almost seven 
times more likely to have a visual acuity of 20/50 or worse 
than those without disruptions [ 78 ]. Similar results were 
seen by other studies [ 76 ].

   IS/OS junction further appears to predict surgical out-
comes. One study of 120 patients with idiopathic epiretinal 
membranes showed that patients who had IS/OS junction dis-
ruptions preoperatively had statistically signifi cantly less 
visual recovery postoperatively than those with intact junc-
tions at baseline. Additionally, this study showed that eye with 
preoperative disruptions rarely had intact junctions postopera-
tively. This suggests that IS/OS junction disruptions are not 
only important in the pathophysiology of visual disturbance 
but are also largely irreversible if not treated promptly [ 79 ]. 

 Other studies have looked at additional OCT parameters 
to gauge clinical severity in macular pucker. Movement of 

  Figure III.F-7    Spectral domain OCT imaging combined with scanning 
laser ophthalmoscopy of an eye with macular pucker demonstrating 
marked retinal thickening and multiple intraretinal cystoid spaces, 

probably the result of tangential traction, but at times also due to exuda-
tion from distorted retinal blood vessels       
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retinal vessels has been suggested as a possible marker of 
disease severity. One study showed that over time, eyes with 
worsening visual acuity had more tangential movement of 
the retinal vessels underlying the premacular membranes 
[ 80 ]. Similarly, retinal contraction in general may correlate 
with the degree of metamorphopsia [ 81 ]. Other factors that 
have been shown to affect visual acuity or severity of meta-
morphopsia include inner nuclear layer thickness and overall 
thickening of the outer retina [ 76 ,  82 ]. 

 Although the premacular membrane, which is the primary 
cause of macular pucker, is conceived of only having clini-
cally relevant effects at the surface of the macula, its effects 
are felt throughout the entire thickness of the macula. Indeed, 
macular pucker is a prime example of how vitreoretinal 
interface pathologies are dynamic diseases that can affect 
multiple layers of the retina [see chapter   II.C    . Vitreous aging 
and PVD].   

   VI. Clinical Presentation 

 Macular pucker has a broad clinical spectrum ranging from 
completely asymptomatic to legal blindness. The earliest 
form of macular pucker, sometimes referred to as cellophane 
maculopathy, is often asymptomatic [ 2 ,  3 ,  7 ,  83 ]. Initially the 
membrane is thin, transparent, and minimally contracted. In 
this early stage superfi cial vessels in the retina cast a shadow 
on the membrane to create an area of irregular refl ection on 
exam that has been described as a “cellophane macular 
refl ex” [ 7 ,  51 ]. Later in the clinical course, when the mem-
brane thickens and contracts, symptoms frequently develop. 
This more advanced form of premacular membrane forma-
tion has been referred to as preretinal macular fi brosis [ 7 ,  10 , 
 51 ], often featuring retinal striae (Figure  III.F-9 ). The most 
common complaints are metamorphopsia and decreased 
visual acuity, although micropsia and monocular diplopia 
have also been documented [ 84 ]. At presentation, however, 

fewer than 15 % of cases will have visual acuity less than 
20/70 [ 85 ]. Although many cases at presentation are unilat-
eral, within 5 years 13.5 % of patients will develop bilateral 
symptoms [ 3 ]. Overall, the prevalence of bilateral involve-
ment is between 19.5 %[ 3 ] and 31 % [ 7 ] of cases. 

 Grading systems exist for staging macular pucker, the 
most widely used being the Gass criteria. Grade 0 is a simple 
translucent membrane without any retinal folds. In Grade 1 
the membrane causes irregular folds in the inner retinal layer. 
The most severe stage, Grade 2, has an opaque membrane 
with vascular and/or retinal distortions in all layers of the 
retina [ 83 ]. In general, the central macular thickness is 
increased and visual acuity decreases with the higher Gass 
classifi cation [ 86 ]. While these criteria are of limited use in 
the clinical care setting, they have gained some acceptance 
for staging purposes in clinical research studies [ 87 ,  88 ]. 
Other staging protocols have been proposed that utilize more 
advanced imaging criteria, but none have gained widespread 
acceptance as of yet [ 89 ]. 

 Another important clinical consideration is whether or 
not the membrane is primary (previously called “idiopathic”) 
or secondary to another cause. The term “idiopathic” is prob-
ably no longer appropriate insofar as it is now known that 
these cases result from anomalous posterior vitreous detach-
ment (PVD) with vitreoschisis, and thus “primary” is a better 
term. Primary premacular membranes tend to occur in older 
individuals who have reasonable visual acuity [ 86 ]. They can 
also be associated with other vitreo-retinopathies, in particu-
lar, macular holes. Approximately 40 % of macular holes 
will have associated eccentric macular pucker that does not 
directly impact upon foveal vision. In these cases the area of 
retinal contraction is generally smaller than with primary 
macular pucker and no macular hole [ 42 ]. It is important to 
appreciate that in these cases both the macular hole and the 
macular pucker result from anomalous PVD. 

 Within the secondary membrane category, the predomi-
nant causes are diabetes, vein occlusion, retinal detachment, 

a b

c

  Figure III.F-8    Optical coherence tomography imaging of macular 
pucker. ( a ) demonstrates premacular membrane ( short arrow ) and com-
pletely intact inner segment/outer segment (IS/OS) junction ( arrow-
head ) throughout the macula. ( b ) demonstrates distinct disruption of 

the IS/OS junction ( long arrow ) in the macula. ( c ) Another example of 
a premacular membrane ( short arrow ) and completely intact inner seg-
ment/outer segment (IS/OS) junction ( arrowhead ) throughout the 
macula       
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postoperative (particularly cataract extraction, scleral buckle, 
incomplete vitrectomy), post-laser, and sickle cell disease [ 3 , 
 86 ,  90 – 93 ]. In a pediatric population trauma is the leading 
cause of secondary macular pucker [ 13 ]. In general, macular 
puckers due to secondary membranes have a greater central 
macular thickness than idiopathic membranes and worse 
visual acuity. Additionally only about 6 % of primary mem-
branes have associated cystoid macular edema, while this is 
present in 42 % of secondary membranes [ 86 ]. Also, second-
ary premacular membranes are more likely to have areas of 
focal adhesion, while primary membranes tend to have 
global and more fascial adherence pattern [ 94 ]. This fi nding 
is consistent with the concept that the cause of primary mac-
ular pucker is the outer layer of the posterior vitreous cortex 
that remains attached to the macula following anomalous 
PVD with vitreoschisis. 

 Large prospective population-based studies have detected 
a variable rate of progression in macular pucker. The Blue 
Mountain Eye Study followed a cohort of 3,654 people over 
5 years. In that group, of the 7 % with macular pucker (either 
cellophane maculopathy or preretinal macular fi brosis) at 
baseline, 28.6 % progressed in terms of the area of macular 
involvement, while 38.8 % remained stable and 25.7 % actu-
ally improved. However, of the cases that began with the 
more severe preretinal fi brosis, only 16.1 % progressed. In 
terms of visual acuity, no change was seen in eyes that began 
with preretinal fi brosis, but the study was not adequately 
powered to detect such a change [ 3 ]. Other studies have doc-
umented that 13–29 % of cases have deterioration of vision 
over 2– 4 year follow-up period [ 50 ,  85 ]. Overall, less than 
5 % of cases will progress to a visual acuity of 20/200 or 
worse [ 51 ]. A separate study looking at a population of 
patients younger than 20 years old showed that of those with 

baseline visual acuity better than 20/50, only 30 % pro-
gressed over a mean of 3.7-year follow-up [ 13 ] In rare cases, 
however, macular pucker has been known to progress  rapidly. 
These are often associated with retinal tears and have mem-
branes with a higher propensity to contract [ 95 ]. 

 While clinical exam fi ndings, such as an increased vitreo- 
macular interface (cellophane) refl ex described above, are 
important for diagnosis, optical coherence tomography 
(OCT) is useful to fully characterize vitreo-macular morphol-
ogy [ 96 ]. Aside from visualization of the premacular mem-
brane itself, especially regarding vitreoschisis, the classic 
OCT fi nding is retinal thickening which can range from mini-
mal to extreme [ 86 ,  97 ]. Another key fi nding is multifocality 
of retinal contraction sites or centers, a feature found in nearly 
half of all cases (Figure  III.F-10 ). Intraretinal cysts, which 
occur in about 36 % percent of all cases, are seen in over 66 % 
of cases that have three or more contraction centers. 
Additionally, there was a statistically signifi cant relationship 
between increased number of contraction centers and a 
thicker central retinal thickness. Identifying cases with multi-
focal retinal contraction is therefore important, because it 
may be an indicator of more severe retinal damage [ 48 ]. Other 
studies [ 75 ,  98 ] have shown an increased prevalence of cysts 
in cases of macular pucker that have vitreo-papillary adhe-
sion, suggesting that the direction and force of traction exerted 
by the contracting membrane are critical in cyst development. 
Vitreoschisis, or splitting of the vitreous, is identifi able via 
OCT in over 50 % of macular pucker cases [ 42 ,  67 ]. 
Vitreoschisis can frequently be visualized as a “lambda” sign 
where the two membranous layers of the split vitreous join in 
the shape of a  Y  (Figure  III.F-11 ). A fi nal OCT fi nding to con-
sider is inner segment/outer segment (IS/OS) junction disrup-
tion. Alterations to the hyper-refl ective line representing this 

  Figure III.F-9    Topographical features of macular pucker by coronal 
plane imaging. Grayscale scanning laser ophthalmoscopy (SLO) image 
( left image ) displays the right eye of a patient with unifocal macular 
pucker and prominent retinal striae emanating from the fovea. On the 
 right  is the coronal plane OCT image of this retinal contraction center 

with emanating retinal striae. In the  center  is an overlay (A) consisting 
of the coronal plane OCT image ( color ) superimposed upon the gray-
scale SLO image with point-to-point registration. The  arrow  identifi es 
the center of the retinal contraction in this unifocal case of macular 
pucker. [courtesy VMR Institute]       
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  Figure III.F-10    Coronal plane (en face) imaging of macular pucker 
with combined OCT-SLO. Multi-focal retinal contraction is identifi able 
with this form of imaging, especially given the ability to superimpose 
the OCT images (color) onto the SLO images (grayscale) with point-
to-point registration. ( a ) A single center of retinal contraction is present 
in the central macula (arrow). This is the predominant form, found in 
54.5 % of cases studied [ 48 ]. ( b ) Two distinct centers of retinal contrac-
tion are visible (arrows) with radiating retinal striae. This form was 
found in 25 % of cases [ 48 ]. ( c ) Three retinal contraction centers are 

identifi ed (arrows) with prominent interconnecting retinal striae. This 
manifestation of macular pucker was found in 11.4 % of cases [ 48 ]. ( d ) 
Four centers of retinal contraction (arrows) were the most rare manifes-
tation, found in only 9.1 % of cases [ 48 ]. There was a statistically sig-
nifi cant correlation between the presence of 3 or 4 retinal contraction 
centers as well as the degree of macular thickening and the presence of 
intraretinal cystoid space. This suggests that multiple centers of retinal 
contraction induce more severe effects upon the macula than just one or 
two foci of retinal contraction [ 48 ]       
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  Figure III.F-11    ( a ) Spectral domain OCT/SLO imaging of macular 
pucker demonstrating splitting of the posterior vitreous cortex, i.e., vit-
reoschisis. ( b ) The case shown in ( a ) underwent vitrectomy surgery 
with membrane peeling, and the specimen was stained with periodic 
acid-Schiff. The area designated as “split” is the site where the posterior 

vitreous cortex splits into the inner (anterior) and outer (posterior) walls 
of the vitreoschisis cavity shown in ( a ). The  arrows  indicate hyalocytes 
embedded in the posterior vitreous cortex (Courtesy of Narsing Rao, 
MD; magnifi cation = 225×; reprinted with permission from [ 67 ])       

a

b
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photoreceptor layer are frequently seen in macular pucker 
[ 30 ,  76 ,  78 ,  97 ] and have clinical signifi cance.

       A.  Distinguishing Macular Pucker 
from Vitreo- Macular Traction Syndrome 

 Recent studies [see chapter   VI.E.2    . Pharmacologic 
Vitreolysis with Ocriplasmin: Clinical Studies] have demon-
strated that the presence of a premacular (“epiretinal”) mem-
brane is a poor prognostic sign for a good response to 
pharmacologic vitreolysis with ocriplasmin, which is indi-
cated for symptomatic vitreo-macular adhesion, or vitreo- 
macular traction, either in the form of the vitreo-macular 
traction syndrome (VMTS) or the vitreo-foveal traction 
syndrome. In the latter case the attachment area is often too 
small to cause signifi cant elevation of the macula, but does 
cause a central cyst in the fovea [ 43 ]. Thus, distinguishing 
between macular pucker and VMTS is important. 

 First described by Reese in 1966 [ 99 ], VMTS is similar to 
macular pucker in that it features a premacular membrane that 
is vitreous in origin. With VMTS the membrane applies force 
on the macula in an axial manner (i.e. anteroposteriorly) 
instead of tangentially, as in macular pucker (Figure  III.F-12 ). 
This occurs due to an important difference in the nature of the 
posterior vitreous detachment in this disease. With macular 
pucker there are not only persistent adhesions of the posterior 
vitreous cortex to the ILM but also a component of vitreoschi-
sis. Because of vitreoschisis, only partial thickness posterior 
vitreous cortex remains attached to macula in macular pucker 
while the rest of the vitreous body pulls away. Due to the 
aforementioned cell migration and proliferation in macular 
pucker, the vector of the contractile forces that these cells gen-
erate is tangential with the plane of the retina, as fi rst proposed 
by Gass. In contrast, VMTS results from persistent  full - thick-
ness  vitreous cortex attached to the macula with no vitreoschi-
sis. The tractional forces on the retina in this case are axial, not 
tangential. While cells can indeed migrate and proliferate in 

  Figure III.F-12    OCT superimposed on a scanning laser ophthalmos-
copy image (SLO) demonstrating the axially directed force applied in 
vitreo- macular traction syndrome (VMTS) and the lack of vitreoschi-

sis, which is characteristic of this syndrome since there is full-thickness 
posterior vitreous cortex exerting traction upon the macula       
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VMTS membranes, they are not likely to be the main source 
of the axial traction that is the hallmark of VMTS 
(Figure  III.F-12 ; Video III.B-1). What such cells might induce, 
however, is increased vitreo-retinal adhesion. The perifoveal 
area is known to be the zone of strongest adhesion between 
the PVC and ILM. In VMTS this already robust connection 
appears to be further strengthened by fi brocellular prolifera-
tion from the retinal surface to the detached portion of the 
PVC. This increases the strength of perifoveal adhesions and 
makes spontaneous separation even less likely [ 100 ]. The 
origin of the membrane is unclear, but ultrastructural analy-
sis suggests in some cases it closely resembles the membrane 
seen in macular pucker, although the membrane in VMTS 
appears to have a higher concentration of myofi broblasts 
[ 101 ] and fewer retinal pigment epithelial cells as compared 
to macular pucker [ 99 ].

      B.  Measuring the Impact of Macular 
Pucker on Vision 

 Historically, the sole quantitative measure of how macular 
pucker impacts vision has been Snellen visual acuity. 
However, this is often an inadequate refl ection of patients’ 
complaints of distortions. Further, clinicians are often 
troubled by decision-making in a patient with relatively 
good visual acuity who has a prominent premacular mem-
brane inducing signifi cant macular pucker. Thus, addi-
tional ways to measure vision in this setting would be 
helpful. 

 Studies have shown that distortions can be quantifi ed 
using 3-dimensional threshold Amsler grid (3D-TAG) test-
ing [ 102 ,  103 ]. This testing paradigm was successful in 
characterizing differences in patients with macular edema 
caused by exudative age-related macular degeneration 
(AMD) as compared to diabetic macular edema [ 104 ]. 
Further, patients with dry AMD could be distinguished from 
those with wet AMD using 3D-TAG testing [ 105 ]. In macu-
lar pucker, 3D-TAG has been used to quantify distortions 
and improvement following vitrectomy with membrane peel 
[ 106 ]. In this study, contrast sensitivity, which has been 
shown to be a useful measure of the impact of fl oaters on 
vision [ 107 ] [see chapter   V.B.8    . Floaters and Vision], was 
also reduced preoperatively and signifi cantly improved fol-
lowing surgery.    

   Conclusion 

 Macular pucker is both common and complex. As the 
underlying pathobiology is strongly related to changes in 
the vitreous body, macular pucker underscores the inti-
mate relationship between vitreous and the retina. While 
much has already been discovered about the origins and 
nature of the premacular membranes in macular pucker, 

future research may help further clarify some of the 
remaining questions. Hopefully, as our knowledge 
advances so will our ability to treat and perhaps even pre-
vent this common vitreo-retinal pathology.   
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 Key Concepts 

     1.    Anomalous posterior vitreous detachment (assessed 
by ultrasound) and adhesion of the posterior vitreous 
(visualized by optical coherence tomography) are sig-
nifi cantly correlated to exudative AMD with 100 % 
co-localization of vitreo-macular adhesion and cho-
roidal neovascularization, often located extrafoveally. 
Vitreo-papillary adhesion and vitreoschisis are addi-
tional morphological changes providing further evi-
dence of an association if not a role for anomalous 
posterior vitreous detachment in exudative AMD.   

   2.    Vitreo-macular adhesion/traction might promote the 
development of choroidal neovascularization by low- 
grade infl ammation. Furthermore, the attached poste-
rior vitreous might prevent normal diffusion of oxygen 
(causing hypoxia) or clearing of vascular endothelial 
growth factor and other proangiogenic cytokines.   

   3.    Whereas the morphological fi ndings in neovascular 
AMD are uncontested, the interpretation of these 
changes regarding their impact on the course of the 
disease and the role in the etiology of exudative 
AMD are controversial. The favorable effect of vit-
rectomy and spontaneous posterior vitreous detach-
ment on the activity of neovascular lesions and the 
signifi cant correlation of vitreo-macular adherence 
and the response to pharmacotherapy indicate there 
is not only a pathogenic role for vitreous but also an 
infl uence of vitreo-macular adhesion/traction on 
the effect of modern anti-VEGF therapy.     
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   I. History 

 Due to the increasing importance of age-related macular 
degeneration (AMD) in the modern western world an enor-
mous number of scientifi c papers have been published con-
cerning the epidemiology, pathogenesis, morphology, and 
therapy of this disease. All these articles mainly concentrated 
on changes of the posterior part of the retina, as AMD is a 
disease of the chorioretinal interface, specifi cally the retinal  
pigment epithelium - Bruch’s membrane - choriocapillaris 
complex. In the past, only a few studies examined the rela-
tionship of the posterior vitreous cortex to the retina and 
changes at the vitreo-macular interface in eyes suffering 
from AMD. Weber-Krause et al. conducted a study based on 
B-scan ultrasound and reported a higher incidence of incom-
plete posterior vitreous detachment (PVD) in eyes with 
AMD compared to age-matched controls [ 1 ]. Similarly, 
Ondes et al. found that complete PVD was more frequent in 
eyes without AMD compared to eyes with AMD [ 2 ]. Neither 
study specifi cally evaluated the vitreo-macular relationship 
in AMD, although it was implicit that anomalous PVD may 
play a role, as it does in other conditions [see chapter   III.B    . 
Anomalous PVD and vitreoschisis]. 

 Interest was drawn to the vitreo-macular interface in 
AMD by Professor Susanne Binder [ 3 ] who performed pars 
plana vitrectomy, subretinal membrane removal, and trans-
plantation of a suspension of retinal pigment epithelial cells 
in cases of neovascular AMD. She reported very strong 
adherences of the posterior vitreous in the macular region 
with an incidence of attached posterior vitreous of 83 % in 
66 eyes of patients with a mean age of 77.8 years; in contrast 
to publications concerning age-related changes of the vitre-
ous report an increasing incidence of PVD with age, reach-
ing 63 % in the eighth decade of healthy or not selected cases 
[ 4 ]. The development of optical coherence tomography 
(OCT) enabled us to get a more detailed insight on the 
changes of the vitreo-macular interface in AMD. In exuda-
tive AMD, eyes treated with photodynamic therapy had cen-
tral vitreo-macular adherences surrounded by shallow 
detachment of the posterior vitreous. The interest aroused by 
these observations led to clinical studies, whose basis and 
fi ndings will be presented in detail in this chapter [ 5 ].  

   II.  Epidemiology of Vitreo-Macular 
Adhesion in AMD 

   A.  Posterior Vitreous Detachment (PVD) 
in AMD Study 

 Although OCT provides more detailed information concern-
ing localized adherences of the posterior vitreous, ultrasound 
is still needed to diagnose PVD. With OCT, only 1 mm 

 anterior to the retina can be examined; a total vitreous detach-
ment and localized detachments in the periphery can only be 
detected by ultrasound. Furthermore, the posterior vitreous 
cortex and the inner limiting membrane cannot be differenti-
ated by OCT; therefore, a total attached vitreous cannot be 
diagnosed by OCT. Thus, the comparative study of PVD in 
AMD [ 5 ] employed both ultrasound and OCT, to examine 
the incidence of posterior vitreous detachment and central 
adherences (Figure  III.G-1 ).

   A consecutive series of eyes at our institution with exu-
dative AMD (50 eyes), nonexudative AMD (57 eyes), and 
 age- matched controls (56 eyes) was assembled. Of the 50 
eyes with exudative AMD 34 % had a complete PVD, as 
compared to 71.9 % with nonexudative AMD ( p  = 0.00002) 
and 60.7 % control eyes ( p  = 0.014). In contrast, partial PVD 
was signifi cantly more frequent in eyes with exudative 
AMD (30 %) than in eyes with nonexudative AMD (12.3 %, 
 p     = 0.02) and control eyes (5.4 %,  p  = 0.003). These results 
indicate a high percentage of anomalous PVD in eyes with 
exudative AMD. Another sign of anomalous PVD in exuda-
tive AMD were central adherences surrounded by shallow 
detachments visualized by OCT. These adherences were 
signifi cantly more frequent in exudative AMD (36 %) than 
in nonexudative AMD (7 %) or controls (11 %),  p  < 0.0001 
and 0.002, respectively (Figure  III.G-1  presents plots of US 
and OCT results). Therefore, anomalous PVD seemed to 
play an important role in the etiology of exudative 
AMD. However, a number of confounding factors might 
infl uence the development of exudative AMD, among oth-
ers genetic and environmental factors. To properly evaluate 
the importance of anomalous PVD in exudative AMD, such 
factors should be excluded. This could be achieved by 
examining patients with exudative AMD only in one eye 
and nonexudative or no AMD in the fellow eye. In the PVD 
in AMD study, both eyes of a patient were included, 40 % of 
the patients with neovascular AMD had this diagnosis only 
in one eye, 28 % had non-neovascular AMD, and 12 % no 
AMD in the fellow eye. 22   .2 % of the patients showed dif-
ferent behavior of the posterior vitreous cortex in each eyes, 
and half of these patients had different diagnosis in each 
eye: neovascular AMD in one eye, which means that 36 % 
of the patients with neovascular AMD presented with differ-
ent status of the posterior vitreous and different diagnosis 
concerning both eyes.  

   B.  Vitreous in Unilateral Exudative AMD 
Study 

 To address the issue of confounding genetic and environ-
mental factors, a collaborative multicenter study was con-
ducted with the Department of Ophthalmology of the 
Rudolf Foundation Hospital, with Jerry Sebag, Founding 

I. Krebs et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_14


331

Director of the VMR Institute in Huntington Beach and 
Lawrence Yanuzzi’s group in New York [ 6 ]. This study 
included 39 patients with exudative AMD in one eye and 
nonexudative AMD in the fellow eye. Eyes with active 
exudative AMD confi rmed the results of the PVD in AMD 
study, as they had signifi cantly less frequent PVD 
( p  = 0.002) and more frequent vitreo-macular adhesion 
( p  = 0.008). When including only eyes with end-stage exu-
dative AMD, PVD was more frequent in exudative AMD, 
but failed to be signifi cant. To exclude another possible 
factor, which might have infl uenced the incidence of PVD, 
the status of the lens was evaluated. However, the number 
of pseudophakic eyes was not signifi cantly different 
between the groups. 

 A Korean group headed by Sung Jun Lee retrospectively 
analyzed the records of 251 patients with unilateral 

 exudative AMD [ 7 ]. This study was based on Stratus OCT, 
and therefore only the status of the vitreo-macular interface 
was evaluated. Vitreo-macular adhesions were found in 
22.3 % of the patients: 18.7 % in eyes with exudative AMD, 
only 2.4 % in fellow eyes, and 1.2 % in both eyes. In com-
parison to the data of the PVD in AMD study, vitreo-macu-
lar adherences were found less frequently in the Korean 
study. However, they were present almost exclusively in 
eyes with neovascular AMD (83 %). Including a larger 
number of patients, classifi cation of the lesions was possi-
ble: classic lesions in 38 % and occult lesions in 62 % of the 
vitreo- macular adhesion group, and in 38.3 and 61.7 %, 
respectively, in the eyes without vitreo-macular adhesions. 
Furthermore, the localization of the choroidal neovascular-
ization did not reveal any infl uence on the presence of 
vitreo- macular adherences.   

  Figure III.G-1    The plots in the 
upper part show the incidence of 
complete PVD (signifi cantly 
higher in dry AMD and controls 
than in neovascular AMD, and 
in the lower part the plots show 
that the incidence of localized 
adherences of the posterior 
vitreous is signifi cantly higher in 
neovascular AMD than in the 
other groups       
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   III.  Morphology of Vitreo-Macular 
Adhesion in AMD 

   A. Imaging 

 As previously mentioned, ultrasound is indispensible in diag-
nosing PVD. Resolution of structure at the vitreo- macular 
interface, however, is not very good. Our understanding of the 
morphology of the vitreo-macular interface in AMD has ben-
efi ted greatly from OCT imaging. Spectral domain imaging 
technology has several advantages compared to time domain 
OCT. In addition to enhancing resolution, the increased scan 
velocity considerably improved the evaluation of AMD cases. 
In Stratus OCT, only 6 (most frequently radial) lines were 
possible, and in SD OCT, the posterior pole is scanned by a 
raster of parallel lines. Different machines are on the market, 
all of them offering higher resolution and increased scan den-
sity. We have our own experiences with two of these machines, 

the Cirrus OCT (Carl Zeiss Meditec, Dublin, California) and 
the Spectralis OCT (Heidelberg Engineering, Heidelberg, 
Germany), both offering special advantages. The Cirrus OCT 
provides 128 raster scans of very good quality within sec-
onds. The built-in software offers among other tools retinal 
thickness maps, tissue layer images of the inner limiting 
membrane, and the retinal pigment epithelium. Furthermore, 
slabs of different height can be determined. The most promi-
nent advantage of the Spectralis OCT is the eye tracker. A 
second light source provides that the images are recorded on 
the correct place and on identical locations in repeated exami-
nations. The course of changes over time of retinal patholo-
gies (such as vitreo- macular adhesions) can therefore be 
visualized more accurately. Averaging of up to 100 identical 
scans provides extremely high-quality single scans almost 
without any disturbing noise. The single scans can be recorded 
with a length of 8 mm, giving the possibility to record the 
fovea and the rim of the optic disc in one scan. Figure  III.G-2  

  Figure III.G-2    Comparison of 
different generations of OCT. 
 First line : OCT of the fi rst 
generation;  Second line : time 
domain OCT (Stratus OCT); 
 Third line : spectral domain OCT 
(Spectralis OCT)       
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presents images of a neovascular AMD case recorded with 3 
generations of OCT (see below and chapter   III.E    . Vitreo-
papillary Adhesion and Traction].

     1. Three-Dimensional OCT 
 When ascertaining the relationship between choroidal neovas-
cularization and vitreo-retinal adhesion/traction, it is impor-
tant to understand the three-dimensional structures of the 
traction as they relate to the location of the neovascularization. 
It is also necessary to be able to visualize subtle structures of 
the vitreo-retinal interface. This can be done in several ways. 
First of all, it is possible to manually scrub through the B-mode 
scans of a data set in order to fi nd anatomical relationships 
(Figure  III.G-3 , Videos  III.G-1  and  III.G-2 ). This is time con-
suming and diffi cult. Secondly, it is possible to create virtual 
C-mode scans. On the Cirrus HD™ OCT, this is achieved by 
creating an RPE-fi t slab of approximately 100 micron thick-
ness and slowly scrubbing through the virtual C-mode scans in 

the  Z -axis (Figure  III.G-3 , Videos  III.G-1  and  III.G-2 ). This 
can be very helpful, but is also time consuming and diffi cult. 
With both these methods, it is diffi cult to mentally visualize 
the three-dimensional correlations between the different areas 
of the lesions. The third method would be to use three-dimen-
sional visualization. This method is hardly used either clini-
cally or for research purposes because the three-dimensional 
rendering systems available on commercial OCT equipment 
do not visualize the data in a useful way as they lack ray-traced 
shading. This leads to very washed-out, indistinct structures, 
especially when looking at subtle and small structures of the 
vitreo- retinal interface. Additionally, structures above the 
interface inside the vitreous itself tend to be lost due to bad 
signal-to- noise ratio as the conventional noise reduction algo-
rithms such as tracked averaging are prohibitively time con-
suming when dealing with large data sets. In order to have a 
viable method of analyzing these structures, new three-dimen-
sional visualization systems needed to be developed.

  Figure III.G-3    Instrument OCT review. Review of OCT data directly on 
the instrument (Carl Zeiss Meditec® HD-OCT™).  Top left : B-mode scan 
review.  Bottom and right : Virtual C-mode scan review using an RPE-fi t 

slab set at 10 μ which is slowly moved from  top to bottom  showing the 
three-dimensional structure of the lesion as well as the correlation 
between vitreo-retinal traction and the choroidal neovascularization       
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   With the goal of enhancing the clarity of subtle structures 
of the vitreo-retinal interface, two different 3D visualization 
systems were designed, each having different strengths and 
weaknesses. Both of them employ ray-traced shading which 
enhances small structures by throwing a shadow from the 
light source or light sources onto the data behind or below 
the illuminated structure, making the structure stand out 
from its surroundings and thereby increasing the contrast of 
the visualization. The fi rst system (Figure  III.G-4 , Videos 
 III.G-3  and  III.G-4 ) is voxel based and has the advantage of 
being usable on almost any computer graphics card (includ-
ing conventional laptop graphics cards). It also has relatively 
low preprocessing time and can if necessary use unprocessed 
raw data directly from the Cirrus OCT™. Additionally, the 
look-up table range and values can be interactively adjusted 
during visualization in order to adjust the coloring to specifi c 
data sets. The disadvantage is that the visualization becomes 
diffuse at extreme zoom levels. The second system 
(Figure  III.G-5 , Videos  III.G-5 ,  III.G-6 , and  III.G-7 ) is based 
on triangle-mesh representation of the data. This requires 
full nonplanar segmentation of the data, and a large amount 
of preprocessing is therefore necessary. A second drawback 
with this method is that it can only be rendered on CUDA 
( Compute Unifi ed Device Architecture )-based graphics 
cards. This limits the usability of the system to computers 
running Nvidia™ graphics processor units (GPU). Although    

the examples shown in this chapter are created from Cirrus 
HD™ data sets, any OCT data that has a dense enough scan 
pattern of approximately 50 micron or less between each 
B-mode scan, can be used for this type of visualization 
system.

    In order to achieve the fi rst, voxel-based, visualization 
system (Figure  III.G-4 ), the raw OCT data sets (512 × 128 
macular cube or 200 × 200 macular cubes) are exported to 
ImageJ™ in which they are converted into a fi le format read-
able by imaging and rendering programs. As the raw data 
sets we were using did not contain Z-alignment, this had to 
be added in postprocessing. The data was imported into 
Adobe After Effects™ where Z-alignment and noise reduc-
tion were performed (Figure  III.G-6 ). The noise reduction 
was based on a temporal fi lter, which samples empty noise 
over several frames and removes an averaged noise from the 
entire set. This increases the signal-to-noise ratio in the vitre-
ous signifi cantly without affecting the detail of actual struc-
ture, as this is not averaged (Figure  III.G-6 ). This 
noise-corrected data is imported into Cinema 4D™ and ren-
dered using a custom-made plug-in which renders the data as 
voxels with ray-traced shading and a single customizable 
light source direction.

   The second, triangle-mesh-based visualization system 
(Figure  III.G-5 ) gathers and preprocesses the data similarly 
to the fi rst method, but before the data is exported to Cinema 

  Figure III.G-4    3D voxel-based OCT rendering. Voxel-based 3D 
 visualization of OCT data using a custom   -built plug-in for Maxon® 
Cinema 4D™. This real-time  screenshot  of the interface shows how the 

visualization utilizes ray-traced shading to achieve an increased  contrast 
which in turn results in an increased visibility of the vitreous traction 
forces       
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4D™, it is converted into intensity range threshold-based 
particle clouds in Realfl ow™ (Figure  III.G-6 ). These particle 
clouds are used to create triangle meshes of the retinal struc-
tures corresponding to the intensity ranges. These meshes 
are exported to Cinema 4D™ and rendered using a CUDA 
GPU. The benefi t in rendering over the CUDA GPU instead 
of the central processing unit (CPU) on the computer’s moth-
erboard is the possibility of accessing its massive parallel 
computing capabilities. This means that instead of the 8 
computing cores that a traditional computer chip accesses, 
GPU-based computing can access 1024 CUDA cores simul-
taneously on a single graphics chip. If two graphics chips are 

used in parallel, the number of cores accessed increases to 
2048. This leads to an exponential increase in the computing 
speed. This rendering speed increase makes photorealistic 
rendering in real-time possible. It is even possible to render 
using multiple freely confi gurable light sources as well as 
HDRI (high dynamic range image)-based lighting and auto-
matic depth of fi eld (DOF). The photorealistic rendering and 
full control of lighting and shading in real time make it pos-
sible to visualize very small and subtle structures at the 
vitreo- retinal interface. 

 These two methods are very helpful in a research situa-
tion, but at this time are too cumbersome to be used effec-
tively in a clinical setting. The transfer of data between the 
different postprocessing programs needs to be automated. 
The Z-alignment, noise reduction and the point cloud seg-
mentation need to be moved away from CPU computing 
towards GPU computing in order to increase processing 
speed. As computing technology improves this type of data 
visualization will become an important aid in understanding 
the three-dimensional relationships between vitreous and 
age-related macular degeneration. Videos showing the dif-
ferent visualization methods as well as several clinical exam-
ples are accessible in the online section of this book.   

   B. Vitreo-Macular Adhesion 

 Focal adherences of the posterior vitreous to the anterior 
retina surrounded by a shallow vitreous detachment were 
identifi ed even by time domain OCT. More posterior in the 
same scans were morphological changes due to neovascular 
AMD, like fusiform thickening of the retinal pigment epithe-
lium/choriocapillaris band, detachment of the retinal pig-
ment epithelium, and intra- or subretinal fl uid. Therefore, 
correlations between the localization of adherences and the 
neovascular complex were determined. Simultaneously 
recorded video images in Cirrus OCT (in Stratus OCT, the 
video images were taken at the end of the examination) or 
even more accurate in Spectralis OCT (due to the eye tracker) 
allowed for exact localization of the changes on the retinal 
surface and at the retinal pigment epithelium within the pos-
terior pole. However, the correlation between the localiza-
tion of adherences and neovascular complex in 100 % was 
confi rmed with the help of SD-OCT presented in 
Figure  III.G- 7   [ 8 ]. Of the CNV lesions with vitreo-macular 
adherences, adhesions were located in the fovea in 43.3 % 
and juxtafoveally in 56.7 %. The high incidence of juxtafo-
veal adhesions may be related to the high percentage of 
lesions with retinal angiomatous proliferation (88 % of the 
juxtafoveal lesions). This type of neovascular lesion begins 
characteristically juxta- or extrafoveally. Whether it does so 
by proliferation of retinal capillaries or by choroidal vessel 

  Figure III.G-5    3D mesh-based OCT rendering. Graphics processor 
(CUDA) based real-time visualization of triangle-meshed OCT data 
from within Maxon® Cinema 4d™ using the Otoy® Octane Render™. 
Clearly visible are the traction force lines which orient to a point on the 
adhesion ( arrow ) under which the choroidal neovascularization is 
located       
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penetration through Bruch’s membrane and retinal pigment 
epithelium is still under discussion [ 9 – 11 ]. The juxtafoveal 
position of vitreo-macular adhesion in RAP lesions further 
confi rms the correlation between the origin of the 
 neovascularization and the adhesion of the posterior vitreous 
cortex. In early lesions, this correlation can be demonstrated 
very well, especially in the 3D animations (Videos  III.G-1 , 
 III.G- 3  ,  III.G-4 ,  III.G-5 , and  III.G-6 ). Visualization of the 
retina in slabs of 100 μm height shows very well the area of 
adhesion and corresponding neovascularization in the deeper 
layers. In more advanced lesions, the size of the adhesion is 
usually smaller than the size of the entire lesion, and the dis-
tance of the center of the adhesion and of the neovascular 
lesion correlates very well as was reported by Mojana et al. 
[ 12 ]. The course of a vitreomacular adhesion over time is 
presented in Figure  III.G-8 .

      1. Adhesion Versus Traction 
 Initial studies (PVD in AMD study (see above) and others) 
were conducted using time domain (Stratus) OCT evalua-
tions that were able to identify vitreo-macular adhesion. 
However, differentiating between adhesion and traction was 
not possible without doubt, although traction was suspected 
in a high percentage of the cases. Sharp angulation of the 
posterior vitreous cortex present at the site of adhesion or a 
localized deformation of the retinal profi le indicating trac-
tion could be detected defi nitively only with the help of spec-
tral domain imaging. The incidence of vitreo-macular 
traction was 73.3 % in eyes with neovascular AMD present-
ing with vitreo-macular adhesion [ 8 ]. With the help of 3D 
animated images, traction lines could be visualized as 
directed towards the neovascularization. In early lesions with 
small neovascular membranes, it was even more obvious that 

  Figure III.G-6    Preprocessing 
for 3D visualization.  Top : 
Adobe® After Effects™ 
Z-alignment and temporal noise 
reduction.  Bottom : Nextlimit® 
Realfl ow™ particle cloud 
formation and triangle meshing       
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the traction forces were directed to the origin of the neovas-
cular membrane. These results of our own studies and exam-
inations were confi rmed also by Mojana et al., who found an 
incidence of traction in 60 % of the cases with vitreo- macular 
adherences [ 12 ].   

   C. Vitreopapillary Adhesion/Traction 

 Vitreo-papillary adhesion (VPA) has been shown to be pres-
ent in 87.5 % of full-thickness macular holes and 80 % of 

macular pucker cases with intraretinal cysts [ 13 ,  14 ]. Based 
on these studies, it was proposed that VPA alters the vector 
of vitreo-macular traction forces inducing macular holes 
and tractional cystoid spaces [see chapter   III.E    . Vitreo-
papillary adhesion and traction]. This might also be a factor 
in the pathogenesis of exudative AMD. Indeed, in AMD 
studies, the use of Spectralis OCT has enabled observation 
of the foveal region and the rim of the optic disk in one 
single 8 mm scan of high quality in clinical practice. In a 
retrospective study of exudative AMD, vitreo-papillary 
adhesion was identifi ed in 83 % of the cases with 

  Figure III.G-7    The localization of the vitreo-macular adhesion corre-
sponds to the localization of the choroidal neovascularization even in 
cases with juxta- or extrafoveal location. In the  upper panel , a lesion 

with retinal angiomatous proliferation localized in the supero-nasal 
fovea is presented, and in the  lower panel , a juxtapapillary lesion is 
shown       
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 vitreo-macular adhesion [ 8 ]. In the remaining 17 %, the 
scans failed to show the optic disk in spite of the length of 
the scan. However, vitreo-papillary adhesions were also 
detected in the PVD in AMD study with Stratus OCT in 
nearly 60 % of the eyes with vitreo-macular adhesion, 
because radial lines through the optic disk were part of the 
study protocol (unpublished data). Obviously, the focal 
adherences in AMD cases are in the areas where vitreous is 
naturally more fi rmly attached, such as the optic disc and 
fovea. Vitreo-papillary traction is known to be present also 
in other diagnoses like proliferative diabetic vitreo- 
retinopathy and macular hole [ 13 ,  14 ]. In diabetic cases, it 
has been demonstrated that vitreo-papillary traction can 
cause possibly reversible damage to the anterior optic nerve 
combined with a decrease of distance acuity [see chapter 
  III.L    . Proliferative diabetic vitreo-retinopathy]. Whether 
vitreo-papillary adhesion might contribute to a worse out-
come of cases of AMD with vitreo-macular adhesion/trac-
tion has to be further explored.

     1. Vitreoschisis 
 Anomalous PVD in exudative AMD may not only manifest 
as vitreo-macular and vitreo-papillary adhesions but also as 

vitreoschisis, a split of the posterior vitreous cortex [ 15 ,  16 ]. 
While the incidence of vitreoschisis in AMD is not as high as 
vitreo-macular adhesion/traction, only 8 % in exudative 
AMD [ 8 ], there was more frequent vitreoschisis in cases of 
combined vitreo-papillary and vitreo-macular adhesion 
where a second layer was noted only adherent at the optic 
disk. Figure  III.G-9  demonstrates splitting of the posterior 
vitreous. Like vitreo-papillary traction, vitreoschisis is 
apparent also in other cases associated with anomalous PVD 
like macular hole, macular pucker, or proliferative diabetic 
vitreo-retinopathy [see chapter   III.B    . Anomalous PVD and 
vitreoschisis].

        IV.  Role of Vitreous in Conversion from Dry 
to Exudative AMD 

 The AREDS study defi ned the risk of dry AMD cases con-
verting to either geographic atrophy or choroidal neovas-
cularization based on the number and size of drusen and 
the presence of pigment changes. In the PVD in AMD 
study (see above), the dry AMD cases were classifi ed 
according to the AREDS classifi cation [ 17 ,  18 ]. We found 

  Figure III.G-8    The course of a very tight adherence is presented. At 
baseline ( upper left ), the vitreo-macular adhesion is broad; at month 6 
( upper right ), it is more localized; after 2 years, traction is obvious with 

incipient macular hole; and 6 months later, the pseudo-operculum and 
the detached posterior vitreous cortex are seen       
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a signifi cant  correlation between the AREDS risk to 
develop CNV in dry AMD and an attached posterior vitre-
ous (odds ratio = 0.065, 95 %-CI for odds ratio = [0.012, 
0.362],  p -value = 0.00178). Six of 57 eyes (10.5 %) with 

dry AMD developed exudative AMD (3 eyes AREDS III, 
1 eye AREDS II, 2 eyes AREDS I), and after 2 years, in 
fi ve of these six eyes, the vitreous was attached (extension 
of the PVD in AMD study) [ 5 ]. Central adhesion sur-

  Figure III.G-9    In AMD cases, the posterior vitreous cortex is frequently not a single membrane, but vitreoschisis occurs frequently (in the  upper 
image  in the foveal region, in the  lower image  peripapillary)       
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rounded by elevation of the posterior vitreous cortex on 
OCT was more frequent in high-risk nonexudative AMD 
though not signifi cant ( p -value = 0.670). 

 In a prospective study conducted at the Medical 
University of Vienna, the risk to develop exudative AMD 
in high-risk dry AMD cases was examined. This study 
was based on SD OCT fi ndings only and did not fi nd a 
signifi cant infl uence of vitreo-macular adhesions to 
develop choroidal neovascularization within a 4-year 
observation period [ 19 ]. However, ultrasound examina-
tions were not performed, and to evaluate the infl uence of 
vitreo-macular adhesions, the number of participants was 
not high enough. We therefore initiated a prospective 
study to evaluate the risk of developing  neovascular AMD 
in dry AMD cases and calculated that a study population 
of 320 is mandatory. At present, the results of this study 
are not yet available.  

   V.  Impact of Vitreous on Treatment 
of Exudative AMD 

   A. Spontaneous PVD 

 In our studies of vitreo-macular adhesion/traction (see above), 
the status of the posterior vitreous remained unchanged in the 
majority of eyes (76.7 %) up to 1 year later, in spite of anti-
VEGF treatment [ 8 ]. In 10 %, a PVD occurred with release of 
vitreo-macular adhesion. Figure  III.G-11  shows the impact of 
posterior vitreous on the course of the disease in three exam-
ples. This was associated with an increase in visual acuity and 
regression of the neovascular lesion. In contrast, an incidence 
of nearly 25 % of PVD was found within three months of 
intravitreal injections for various other conditions (including 
AMD). The impact on the activity of the disease and the 
visual acuity are not available [ 20 ].

  Figure III.G-10    Different stages of vitreo-macular and vitreo-papillary adherences are presented. In the  upper image , foveal and papillary adher-
ences are shown, and in the  lower images , only vitreo-papillary adhesions are visible in the foveal region since the vitreous is already detached       
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      B. Nonresponders 

 Modern therapy of neovascular AMD consists of intravitreal 
injection of inhibitors of vascular endothelial growth factor 
(VEGF). Pegaptanib (Macugen) and ranibizumab (Lucentis) 
are approved for the therapy of exudative AMD. A third sub-
stance bevacizumab (Avastin) is frequently used off-label for 
treatment in the eye. The effect of Avastin has been shown in 
comparative studies to be non-inferior to Lucentis [ 21 – 23 ]. 
Macugen, the fi rst substance approved, provided less favor-
able results. Whereas the effect of these substances was the 
subject of many publications, there is little information 
 concerning nonresponders in the literature. 

 In a retrospective evaluation of 287 patients who com-
pleted a 12-month examination, we evaluated distance acuity, 
retinal thickness measured with OCT, and lesion size at base-
line, months 3 and 12. Usually there is a steep increase of 
distance acuity and decrease of retinal thickness in the fi rst 3 

months of therapy, and thereafter the success is maintained. 
Therefore, we evaluated the cases at month 3 and declared 
patients exhibiting a loss of ≥3 lines distance acuity and/or an 
increase of retinal thickness and/or lesion size as nonre-
sponders. Vitreo-macular adhesion was present in 12.94 % of 
responders and 29.17 % of nonresponders. Besides distance 
acuity at baseline, vitreo-macular adhesion was the only fac-
tor signifi cantly associated with nonresponders. Demographic 
data, the presence of blood, fi brosis, and the type lesion did 
not reveal a signifi cant infl uence. Delayed response occurred 
overall in only 10 %. One of these cases was an eye with vit-
reo-macular adherence, which exhibited a spontaneous PVD 
[ 24 ]. Another study compared the outcome of anti-VEGF 
therapy of eyes with and without vitreo-macular adhesions 
and found a signifi cantly better outcome of lesions without 
adherences [ 25 ]. A possible bias by including lesions of dif-
ferent composition could not be excluded in this study, 
because lesion type and composition were not evaluated. 

  Figure III.G-11    The course of vitreo-retinal adherences in relation to 
anti-VEGF treatment is shown. At the  left side , spontaneous vitreous 
detachment occurred, and distance visual acuity improved by two lines. 

In the  middle , the adherences remained unchanged, and distance visual 
acuity improved by one line. At the  right , vitreo-macular traction 
increased, and distance visual acuity decreased by four lines       
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 There are different hypotheses, why lesions with vitreo- 
macular adhesion might have a worse response to therapy. 
Mechanical traction during eye movements may potentiate 
low-grade infl ammation [ 26 ,  27 ]. Another possible explana-
tion is the persistence of retinal edema due to traction on the 
retina. Since retinal edema promotes hypoxia and hypoxia 
causes VEGF production, it might explain the nonresponse 
in these cases. It is also plausible that vitreo-macular adhe-
sion/traction prevents fl attening of the retinal pigment epi-
thelium (RPE) in cases of RPE detachment or cause tears of 
the RPE, a feared complication of RPE detachment. Similar 
processes might be responsible for recurrences in eyes 
treated by photodynamic therapy exhibiting vitreo-macular 
adhesion/traction.  

   C.  Polypoidal Choroidal Vasculopathy 
and Retinal Angiomatous 
Proliferation 

 Until recently, the only available therapies of exudative AMD 
were argon laser photocoagulation and photodynamic ther-
apy. The success of these therapies was related much to the 
lesion type and composition. In modern anti-VEGF therapy, 
the lesion type does not play as important a role. However, in 
clinical practice, some lesion types, like polypoidal choroidal 
vasculopathy (PCV) and retinal angiomatous proliferation 
(RAP), are thought to have a worse outcome than other 
lesions [ 28 ,  29 ]. Concerning PCV, a higher incidence of PVD 
was found than in typical exudative AMD, and vitreo-macu-
lar adhesions tended to be more frequent in eyes without 
PCV. Therefore, worse outcome in eyes with PCV seems to 
be not associated with changes at the vitreo- macular interface 

[ 30 ]. In the nonresponder study, the incidence distribution of 
vitreo-macular adhesion was quite different between different 
lesion types. Occult lesions without and with detachment of 
the RPE had a low incidence of vitreo- macular adhesion (9.4 
and 11.2 %, respectively). Vitreo-macular adhesion was more 
frequent in classic lesions (18.5 %) and most frequent in RAP 
lesions (36.4 %), results presented in Figure  III.G-12 . The 
incidence of nonresponders was higher in the RAP group, but 
did not reach statistical signifi cance in contrast to the inci-
dence of vitreo-macular adhesion. The association of RAP 
lesions and vitreo-macular adhesion was also seen in another 
of our studies where 50 % of the lesions with vitreo-macular 
adhesion were RAP lesions [ 8 ].

      D. Vitrectomy 

 Further evidence of the important role of an adherent pos-
terior vitreous in exudative AMD is provided by the infl u-
ence of vitrectomy. There are two studies reporting a 
higher incidence of AMD (geographic atrophy and choroi-
dal neovascularization) in non-vitrectomized eyes com-
pared to the fellow eyes which underwent pars plana 
vitrectomy for different reasons other than AMD [ 31 ,  32 ]. 
The fi rst experiences of the effect of vitrectomy on an 
already established neovascular AMD originate from as 
early as 2000 [ 33 ]. Regression of choroidal neovascular-
ization was achieved in 6 of 12 cases with attached poste-
rior vitreous and an active neovascular lesion. In a series of 
54 eyes with vitreous hemorrhage and exudative AMD, 
regression of choroidal neovascularization was observed 
in 74 % following pars plana vitrectomy [ 34 ]. Furthermore, 
in eyes with unsuccessfully treated exudative AMD (PDT 

  Figure III.G-12    The incidence of 
vitreo-macular adhesion was 
higher in classic lesions and espe-
cially in lesions with retinal angio-
matous proliferation       
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or anti-VEGF) and vitreo-macular traction, vitrectomy and 
release of traction were accompanied by regression of the 
neovascular membrane, albeit in some cases only transient 
[ 12 ,  35 ,  36 ]. The favorable effect of pars plana vitrectomy 
is not only based on the mechanical removal of vitreo- 
macular adhesion/traction but also an increase of oxygen-
ation after vitrectomy, verifi ed in eyes with retinal vein 
occlusion and diabetic retinopathy [ 37 ,  38 ]. The better dif-
fusion and availability of oxygen after vitrectomy have 
also been demonstrated in animals and also in humans [ 39 ] 
[see chapter   IV.B    . Oxygen in vitreo-retinal physiology and 
pathology].  

   E. Pharmacologic Vitreolysis 

 Pharmacologic vitreolysis is a term used for the intravit-
real application of pharmacologic agents to induce poste-
rior vitreous detachment (vitreo-retinal separation and 
vitreous liquefaction) [ 40 ,  41 ; see chapter   VI.A    . 
Pharmacologic vitreolysis]. Concerning age-related macu-
lar degeneration, results after pharmacologic vitreolysis 
are rare so far. In 4 of 4 eyes with vitreo-macular adhesion 
that were nonresponsive to anti-VEGF treatment, a 
PVD was achieved by intravitreal injection of 0.3 mL 
of 100 % perfl uoropropane [ 42 ]. In nearly 70 % of 27 
eyes, a PVD occurred after intravitreally applied tissue 
plasminogen activator, signifi cantly more frequent than 
after intravitreal bevacizumab injection [ 43 ]. There are 
a series of studies ongoing using ocriplasmin in vari-
ous diagnoses [ 44 ]. Combined therapy of intravitreally 
applied  ocriplasmin and anti-VEGF might be favorable 
 especially in nonresponders with an attached posterior vit-
reous cortex.   

   VI.  The Putative Role of Vitreous 
in the Pathogenesis of AMD 

 Considering the importance of AMD, especially exudative 
AMD, there are understandably many studies that have been 
performed to identify the pathogenesis of this disease. 
Currently, a multifactorial etiology is suspected. A series of 
contributing factors have been identifi ed, such as genetic, 
aging, and environmental factors [ 45 ]. Morphological 
changes at the vitreo-macular interface of exudative AMD, 
summarized as anomalous PVD, have been proven in a series 
of studies, but are still only associations. While the afore-
mentioned fi ndings regarding the impact of vitreous on 
AMD, especially therapy, are highly suggestive, these are 
not studies that prove causation. Possibly, anomalous PVD 
and neovascular AMD are caused by a third, up to now 
unknown, factor. It is also plausible that the developing 

 neovascularization promotes vitreo-macular adhesion, pos-
sibly by localized infl ammation or by exudation containing 
fi brin from new vessels [ 46 ]. Certainly, this might strengthen 
localized adherences between the posterior vitreous and the 
anterior retina. However, this theory cannot explain why nor-
mal age-related PVD did not occur before choroidal neovas-
cularization developed. Furthermore, the size of the 
adherences is much smaller than the area occupied by the 
retinal or subretinal fl uid exudation [ 12 ]. In our opinion, it is 
more plausible that an anomalous PVD infl uences the devel-
opment and/or progression of exudative AMD, perhaps by 
traction, hypoxia, and/or low-grade infl ammation. 

   A. Traction 

 Traction has been detected in more than 73 % of exudative 
AMD eyes with vitreo-macular adhesion [ 8 ]. 3D animation 
visualized the direction of the traction forces from the vitre-
ous towards the retina more specifi cally towards the choroi-
dal neovascular complex. In these cases, the traction forces 
are directed from anterior to posterior. But also in eyes with 
completely attached posterior vitreous, traction forces might 
be present between areas of loose or tighter adherences [ 26 , 
 27 ]. During eye movements, tangential traction forces may 
act, further exaggerated by vitreo-papillary adhesion, as seen 
in other vitreo-maculopathies. This thesis is supported by 
cases presenting fi rst with fl at adherences and a more tangen-
tial vector of traction. In the course of the disease, the eleva-
tion of the posterior vitreous increases, and traction in an 
anterior posterior direction becomes more prominent [ 8 ]. 

 Different pathogenic consequences of traction in the 
development of neovascular AMD can be imagined. When 
the anterior part of the retina is pulled apart, the hydrostatic 
pressure in the posterior retina decreases, and fl uid and blood 
cells might enter the area of lower pressure leading to focal 
edema [ 26 ,  27 ,  47 ]. The same mechanism might also be 
responsible for the deceased responsiveness of neovascular 
lesions to treatment. Furthermore, the traction forces might 
cause chronic low-grade infl ammation, further contributing 
to the neovascular stimulus. Lastly, the distortion of struc-
tures in the outer retina could prevent the normal supply of 
nutrients and oxygen (see below).  

   B.  Low-Grade Infl ammation 

 The traction forces might cause chronic low-grade infl am-
mation. Even, when the traction is not yet visible by cur-
rently available imaging technologies, the steady stimulus 
caused by localized tighter vitreo-macular adhesion could 
be responsible for low-grade infl ammation. The importance 
of infl ammation in the development of neovascular AMD 

III.G. Vitreous in Age-Related Macular Degeneration

http://dx.doi.org/10.1007/978-1-4939-1086-1_25
http://dx.doi.org/10.1007/978-1-4939-1086-1_26


344

was supported by histopathological examinations of 
excised neovascular membranes containing infl ammatory 
cells [ 27 ]. The fi ndings of examinations of the composition 
of drusen suggested that activation of the complement sys-
tem and resultant release of infl ammatory mediators play 
an important role in the etiology of exudative AMD. This 
was further supported by genetic studies especially of poly-
morphisms of the complement regulating factor H. The 
good response of neovascular lesions to anti-infl ammatory 
therapy is additional evidence of the importance of infl am-
mation [ 48 ].  

   C.  Barrier Function 

   1. Hypoxia 
 Hypoxia is one of the most prominent drivers of angiogene-
sis and therefore promoters of exudative AMD. The outer 
two-thirds of the retina are supplied by oxygen and nutrients 
by the choroidal vasculature, the inner third by the retinal 
vessels. Oxygen diffuses through the structures of the outer 
retina and is consumed by the photoreceptors. The partial 
pressure of O 2  (PO 2 ) decreases almost linearly with distance 
from the choriocapillaris to the inner portion of the photore-
ceptors, where it reaches values of 0 [ 47 ]. Thickening of 
Bruch’s membrane, large drusen, and detachment of the reti-
nal pigment epithelium might all increase the distance 
between choriocapillaris and the photoreceptors and cause 
hypoxia at the level of the photoreceptors. Vitreous traction 
might cause localized ischemia and prevent support of the 
photoreceptors with oxygen. Furthermore, the attached pos-
terior vitreous might prevent oxygen diffusion to the meta-
bolically active cells. Due to the viscous nature of vitreous 
gel, diffusion of oxygen and other molecules is much slower 
than in saline solution. In cases of abnormal tissue at the 
vitreo-macular interface, inadequate diffusion of oxygen 
might occur comparable to inadequate diffusion through the 
thickened Bruch’s membrane causing hypoxia. 

 Further support to the theory that the attached vitreous 
plays an important role concerning the diffusion of oxygen 
to the retina was provided by studies measuring the PO 2  
before and after vitrectomy. They found an increased PO 2  
after vitrectomy compared to values before vitrectomy pre-
retinal and in the mid-vitreous cavity [ 35 ,  36 ]. Similar exam-
inations were performed before and after pharmacologic 
vitreolysis with ocriplasmin in rats and guinea pigs [ 49 ]. 
After PVD, there were increased values of PO 2  compared to 
controls with attached vitreous as well as a faster increase of 
PO 2  after exposure of 100 % oxygen by face mask. Obviously, 
oxygen is distributed faster when vitreous is detached. 
Interestingly, the increase of PO 2  failed to appear when only 

liquefaction (by injection of hyaluronidase) of the vitreous 
occurred without syneresis and PVD.  

   2. Macular Cytokine Load 
 Vascular endothelial growth factor (VEGF) is an important 
angiogenic growth factor also causing hyperpermeability. It 
has been detected in excised neovascular membranes, and its 
importance in causing neovascularization in and beneath the 
macula and other locations in the eye and the whole body 
in vivo and in vitro has been proven [ 50 ,  51 ]. The production 
of VEGF and other growth factors is regulated by oxygen. 
Hypoxia increases the upregulation of VEGF, which causes 
neovascularization and retinal edema. Retinal edema increases 
the distance between choriocapillaris and photoreceptors and 
therefore also increases hypoxia, resulting in a vicious circle 
[ 47 ]. Posterior vitreous attachment can increase local levels of 
VEGF and cytokines by preventing egress anteriorly. Due to 
the large size of the VEGF molecule, diffusion might be con-
siderably slowed by the high density of collagen in the poste-
rior vitreous cortex. Vitreous detachment and also vitrectomy 
can facilitate a higher clearance rate of these substances from 
the macula [ 39 ]. Besides these physiological considerations, 
VEGF might also be bound by age-altered vitreous collagen 
fi brils in the posterior vitreous cortex. 
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 Key Concepts 

     1.    Vitreous is involved in peripheral fundus diseases; 
however, its role is unclear due to the lack of ade-
quate imaging of the peripheral vitreous and vit-
reoretinal interface, limiting our ability to develop 
pathogenic concepts. Future imaging modalities 
should address this defi ciency to improve diagnosis 
and management.   

   2.    Anatomic as well as epidemiologic studies help us 
to understand normal and pathological entities of 
the vitreoretinal periphery. A review of the knowl-
edge about known structures in health and disease 
reveals a complex interaction of acellular vitreous, 
embryonic remnants, connective tissue, and neuro-
nal cells with retinal circulation manifesting in a 
variety of (sometimes rare) diseases.   

   3.    There are well-defi ned peripheral lesions that are 
visible by indirect ophthalmoscopy with scleral 
depression whose relationship to sight-threatening 
disease has been well characterized, enabling 
proper selection of those lesions in need of treat-
ment and those that can be safely observed without 
treatment.     
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C. Therapy
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      I. Structure 

 Vitreous occupies about four-fi fths of the volume of the eye 
and weighs approximately 4 g. The vitreous body is some-
what spherical with slight fl attening meridionally and has a 
cup-shaped depression anteriorly, known as the patellar fossa. 
The vitreous body is attached to all contiguous structures, but 
the fi rmness of the attachment varies with topography and age 
[ 1 – 3 ]. It is most fi rmly attached at the vitreous base, a 
3-dimensional doughnutlike structure that is 3–6 mm wide 
and straddles the ora serrata. The vitreous base includes the 
posterior 2 mm of the pars plana and from 1 to 4 mm of the 
anterior retina posterior to the ora serrata. The posterior bor-
der of the vitreous base is located farther posteriorly in older 
individuals [ 4 ] and is more anterior nasally than temporally 
[ 5 ], which may underlie the greater frequency of retinal tears 

temporally than elsewhere in the peripheral retina [ 4 ]. The 
density of vitreous collagen is greatest within the vitreous 
base, and the collagen fi bers are oriented perpendicular to the 
retinal plane, whereas elsewhere the orientation is tangential 
to this plane. The vitreous base contains remnants of the fetal 
hyaloid vasculature, and it has been suggested that fetal anti-
gens in this region of the vitreous [ 6 ] or degenerative products 
of the vitreous [ 7 ] may be immunogenic and play a role in 
ocular infl ammatory diseases, such as pars planitis. 

 Sebag and Balazs [ 8 – 11 ] performed dark-fi eld slit micros-
copy of normal human eyes from donors aged 33 weeks of 
gestation to 88 years and described that with aging there 
appeared fi bers coursing in an anteroposterior direction in the 
central and posterior vitreous which inserted into the  vitreous 
base anterior as well as posterior to the ora serrata 
(Figure  III.H-1 ). Here Gartner [ 12 ] found “lateral  aggregation” 

  Figure III.H-1    Vitreous base morphology. In this eye of a 58-year-old 
woman, postmortem studies showed vitreous fi bers that are continuous 
in their course from the posterior vitreous (at the  top  of the photo) to the 

vitreous base, where they “splay out” to insert anterior and posterior to 
the ora serrata ( arrow ) (From Sebag and Balazs [ 181 ])       
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of the collagen fi brils in older individuals, similar to aging 
changes within the central vitreous. Vitreous base collagen 
fi bers inserting anterior to the ora serrata constitute the so-
called anterior loop (Figure  III.H-2 ) that plays a role in the 
formation of anterior proliferative vitreoretinopathy (PVR) 
membranes [ 9 ] and is important in transmitting traction from 
PVR membranes to both the peripheral retina and ciliary 
body [ 13 ]. Condensed bundles of the fi bers inserted into the 
vitreous cortex in the mid-peripheral and equatorial regions 
(Figure  III.H-3 ). The areas between the bundles appear as 
spaces that are devoid of structure, but they do contain liquid 
vitreous, which is primarily hyaluronan and water.

       A. Peripheral Vitreo–Retinal Attachments 

 In the periphery, vitreous is more fi rmly adherent in all indi-
viduals at the vitreous base, along major retinal vessels, in 

areas of retinal lattice, and at retinal tufts. Acquired areas of 
fi rm vitreoretinal attachments include postinfl ammatory 
lesions, areas of degenerative remodeling [ 14 ], and some vit-
reous base lesions. 

   1. Vitreous Base 
 This 3- to 6-mm band is the area of most fi rm normal attachment 
of the vitreous gel to contiguous structures (Figures  III.H-1  and 
 III.H-2 ). Vitreous base collagen fi brils lie roughly at right angles 
to the inner surface of the ciliary epithelium and peripheral ret-
ina. The fi brils attach to the basement membrane of the nonpig-
mented epithelium of the posterior aspect of the pars plana and 
inner limiting membrane (ILM) of the peripheral retina [ 15 ], 
probably via an intervening extracellular matrix. Within the vit-
reous base, there are several anatomic variations (minor dysem-
bryogeneses) where vitreous attachments may vary in intensity 
[ 16 – 18 ]. Some of these are important because of the  tendency 
for associated retinal trophic holes and traction tears [ 19 – 21 ].  

  Figure III.H-2    “Anterior loop” of the vitreous base. Central, anterior, 
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 into the vitreous base. The “anterior 
loop” confi guration of those fi bers inserting into the vitreous base ante-
rior to the ora serrata is seen on the right side of the specimen ( AL )       
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   2. Ora Bays 
 An enclosed ora bay is a posterior indentation in the retina 
that is separated from the pars plana by retinal tissue [ 19 ] 
(Figure  III.H-4 ). A partially enclosed ora bay is a posterior 
indentation in the retina that extends more than 0.5 mm pos-
terior to the adjacent retina on both sides and has a width 
anteriorly that is less than half its maximum width posteriorly 
[ 18 ]. In 1,000 consecutive autopsy eyes, Spencer et al. [ 22 ] 
observed 40 (4.0 %) enclosed ora bays and 6 (0.6 %) partially 
enclosed ora bays. Retinal tears may occur posteriorly to and 
meridionally aligned with both types of ora bays. Posteriorly 
and meridionally aligned retinal tears at the posterior border 
of the vitreous base were observed in 16.7 % of either type of 
ora bay, associated with posterior vitreous detachment in all 
cases. Retinal tears associated with enclosed or partially 
enclosed ora bays were present in 5 (0.5 %) of the 1,000 eyes.

      3. Meridional Folds 
 Meridional folds are radially oriented, linear elevations of the 
peripheral retina that are aligned with a dentate process, an 
ora bay, or a meridional complex (Figure  III.H-4 ). These 

folds are most commonly located nasally at or above the hori-
zontal meridian and measure 0.6–6.0 mm long and 0.1–
0.6 mm high [ 18 ]. Meridional folds were observed in 52 

  Figure III.H-3    Fibers condense into bundles and insert into the vitreous cortex at the equator. Between these insertions are spaces seemingly 
devoid of structure ( arrows ) (From Sebag and Balazs [ 8 ])       

  Figure III.H-4    Meridional folds, one in line with a meridional com-
plex ( arrowhead ) and the other ( arrow ) in line with a meridional com-
plex and enclosed ora bay (EP 37408) (From Green [ 182 ])       
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(26 %) of 200 autopsy cases, were bilateral in 55 % of affected 
cases, and were observed in 80 (20 %) of the 400 eyes exam-
ined. Of the 80 affected eyes, 73 % had one  meridional fold, 
and the remainder had two to seven folds. A peripheral retinal 
excavation was present posterior to the meridional fold in 10 
(13 %) of the 80 meridional folds. Histologic features of 
meridional folds include thickened retina with variable cystic 
degeneration, occasional hyperplasia of the RPE with migra-
tion into the retina, occasional foci of ciliary epithelium and 
glial cells within and along the inner surface of the retina, rare 
zonular attachments, and rare possible foci of vitreous trac-
tion. No retinal breaks were seen associated with the meridi-
onal folds in the study of Spencer et al. [ 18 ], but these have 
been observed by others [ 23 ].  

   4. Meridional Complexes 
 A meridional complex has a confi guration in which a dentate 
process, usually with a meridional fold, is aligned in the 
same meridian as a ciliary process (Figure  III.H-4 ) and often 
has a peripheral retinal excavation posteriorly (Figure  III.H-5 ) 
[ 18 ]. This lesion was observed in 31 (16 %) of 200 autopsy 
cases, was bilateral in 58 % of affected cases, and was pres-
ent in 49 (12 %) of the 400 eyes examined. Of the affected 
eyes, 55 % had a single meridional complex, and the 
 remainder had two to fi ve complexes. A peripheral retinal 
 excavation was present posterior to the lesion in 10 (20 %) of 
the 49 complexes. No retinal breaks were associated with 
this lesion. An enclosed ora bay was occasionally associated 
with a meridional complex. Histologic features include the 
presence of disorganized retina extending over the pars 
plana. Otherwise, the features of the dentate process are sim-
ilar to those seen in meridional folds.

      5. Peripheral Retinal Excavations 
 These meridionally oriented, oval-shaped retinal depressions 
are located between 1.0 and 7.2 mm posterior to the ora 

 serrata. In younger individuals, the margins are elevated and 
rounded, but in older individuals the lesion has a cystic 
appearance. A small retinal tuft is on a rare occasion present 
in the center of the lesion. This lesion was observed in 20 
(10 %) of 200 autopsy cases, was bilateral in 43 % of affected 
cases, and was present in 32 (8 %) of 400 eyes examined 
[ 18 ]. Peripheral retinal excavations are meridionally aligned 
posterior to meridional folds or complexes (Figure  III.H-5 ) 
in 60 % of the lesions and are unassociated with any lesion in 
40 %. Spencer et al. [ 18 ] observed no retinal breaks associ-
ated with this lesion. Histologic fi ndings include a circum-
scribed area of loss or absence of the inner retinal layers. The 
outer layers of the retina and RPE are usually normal, 
although minor RPE changes may occasionally be observed. 
It is reasonable to consider that peripheral retinal excavations 
(vitreous base excavations) are probably a variant of retinal 
lattice [ 24 ].  

   6. Retinal Tufts 
 Internal projections of the peripheral retina that are located 
within the vitreous base are called retinal tufts and have been 
classifi ed as cystic, non-cystic, and zonular tufts [ 16 ]. 

   a. Non-Cystic Retinal Tufts 
 Noncystic retinal tufts are thin, short internal projections of 
fi broglial tissue that are continuous with vitreous 
(Figure  III.H-6 ). The base of the tuft is narrow and less than 
0.1 mm, and there is no associated cystic degeneration of the 
retina. Non-cystic tufts often occur in clusters. In a study of 
169 autopsy cases [ 16 ,  21 ], non-cystic retinal tufts were 
observed in 122 (72 %) of cases. The lesions were bilateral 
in 50 % of affected cases and were observed in 139 (59 %) of 

  Figure III.H-5    Peripheral retinal excavation ( arrowhead ) in line 
with a meridional complex and enclosed ora bay (EP 39305) (From 
Green [ 182 ])       

  Figure III.H-6    Non-cystic retinal tuft. Microscopic appearance of 
peripheral retina demonstrates that glial cells and some have strands of 
vitreous ( arrow ) attached (From Green [ 183 ])       
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the 312 eyes examined. The tufts occurred singly in 36 % of 
cases, and two to eleven tufts were observed in the remaining 
cases. The lesions were located in the lower quadrants in 
63 % of cases and the nasal quadrants in 79 % of cases. No 
retinal breaks or retinal detachments were associated with 
non-cystic retinal tufts [ 16 ,  21 ,  25 ].

      b. Cystic Retinal Tufts 
 Cystic retinal tufts were defi ned by Foos and Allen [ 16 ] as 
localized retinal tufts that are cystic; have a base of attachment 
that is greater than 0.1 mm in diameter; have scant pigmenta-
tion; often have condensed strands of vitreous attached to the 
apex; are often located in the same meridian as a dentate pro-
cess, meridional fold, or other lesions; and are most often 

located within the vitreous base (Figure  III.H-7 ). It is likely 
that this lesion has been described by others as granular 
patches [ 26 ], globular masses [ 27 ], granular tissue [ 28 ], and 
rosettes [ 29 ]. In a study of 169 autopsy cases, cystic retinal 
tufts were observed in 100 (59 %) of cases, were bilateral in 
39 % of affected cases, and were found in 139 (44.6 %) of 312 
eyes examined [ 16 ,  21 ]. The lesions were observed in all 
quadrants, but 78 % of lesions were located in the nasal half of 
the eye [ 16 ]. Cystic retinal tufts are probably congenital, for 
the lesions are found in newborns and are equally represented 
in all age groups [ 30 ]. Some cystic tufts are only slightly ele-
vated and have cystic changes only in the adjacent retina.

   Microscopic studies disclose haphazardly arranged cysts 
in the inner and, sometimes, middle retinal layers 

a

b

  Figure III.H-7    ( a ) Gross 
appearance of a cystic retinal tuft. 
( b ) Microscopic appearance 
demonstrates retinal thickening 
caused by cystic changes and 
glial cell proliferation 
(hemotoxylin & eosin stain; 
original magnifi cation = 220x) 
(From Green [ 182 ,  183 ])       
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(see Figure  III.H-7 ). There is loss of the photoreceptor cell 
layer and alterations in the RPE of lesions in older persons. 
The lamellar architecture is lost and replaced by cysts and 
fi broglial tissue. A layer of glial cells with dense cytoplasm 
is almost always present on the inner surface of the tuft. In 
rare instances, epithelial cells are present along the inner sur-
face. By electron microscopy, the tuft has deep crypts that 
are extensively penetrated by vitreous, and the cysts are lined 
by glial cell processes. Although no traction features were 
observed in a study of 169 autopsy cases [ 16 ], avulsion of the 
tuft by vitreous traction with or without posterior vitreous 
detachment has been observed [ 30 ]. In a clinical study of 200 
consecutive retinal detachment cases, Byer [ 19 ] attributed 
the detachment to retinal holes induced by PVD at points of 
cystic retinal tufts in 13 (6.5 %) of the cases.  

   c. Zonular Traction Tufts 
 Zonular traction tufts consist of a thin strand of tissue that 
extends to an acute angle from the peripheral retina  anteriorly 
to be continuous with a thickened zonule at the apex [ 16 ,  20 ] 
(Figure  III.H-8 ). The base of the tuft is located immediately 
posterior to the ora serrata within the vitreous base. Rarely, 
the base of the tuft may be located at the posterior border of 

the vitreous base, in which case it is longer and thicker and is 
associated with some pigmentation and cystic degeneration 
of contiguous retina. Similar, if not the same, structures were 
described as zonular insertion into crypts of the peripheral 
retina by Inomata [ 31 ] and as “bridging tooth” by Rutnin and 
Schepens [ 28 ]. Microscopically, zonular traction tufts con-
sist of fi broglial tissue that is continuous with a zonular fi ber 
[ 20 ]. Rarely, the tufts are composed of embryonal- like epi-
thelium and pigmented epithelium [ 32 ]. The retina at the 
base of the tuft is variably thickened, and the lamellar archi-
tecture is replaced by cystic degeneration and fi broglial tis-
sue. The retina may be thin, with lamellar and full-thickness 
holes with rounded margins. The subjacent RPE may be 
hypertrophic with some pigment dispersion in larger lesions 
and those with retinal holes.

   Foos [ 20 ] observed zonular traction tufts in 112 (15 %) of 
750 autopsy cases. The lesions were bilateral in 17 (15 %) 
cases involved and were present in 135 (9 %) of 1,500 eyes 
examined. Of the 135 involved eyes, 86 (64 %) had one 
lesion, 45 (33 %) had two or three, and four (3 %) had four 
or more. Of the 135 zonular traction tufts, 109 (81 %) were 
located in the nasal quadrants and 78 (58 %) in the inferior 
quadrants. Eight (6 %) were longer than 1.0 mm, and 22 

  Figure III.H-8    Zonular traction tuft. Microscopically this lesion con-
sists of an area of retinal thickening caused by cystic changes and glial 
cell proliferation. Vitreous fi bers insert into this structure, accounting 

for the traction that tears the retina during PVD (Reproduced with per-
mission from Dunker et al. [ 59 ])       
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(16 %) were based farther than 0.5 mm behind the ora ser-
rata. Foos [ 20 ] classifi ed associated changes into trophic and 
tractional. Trophic changes included partial holes in 14 
(10 %) and full-thickness holes in fi ve (4 %) of the 135 tufts. 
Traction changes included rupture of the tuft in seven (5 %) 
and full-thickness tears in three (2.2 %) of the 135 tufts. Two 
of the ruptured tufts were associated with partial-thickness 
retinal breaks. Small, lamellar, and full-thickness retinal 
holes occurring in the vitreous base area and associated with 
zonular tractional tufts generally do not predispose to retinal 
detachment. More posteriorly located tufts, however, may be 
important in the increased incidence of retinal detachment 
after cataract surgery, with small retinal tears in the nasal 
periphery [ 33 ].   

   7.  Spiculated and Nodular Pigment 
Epithelial Hyperplasia 

 Hyperplasia of the pigment epithelium often occurs within 
the vitreous base, at the ora serrata, and, to a lesser degree, in 
the posterior aspect of the pars plana in adults. At the ora 
serrata, the hyperplastic epithelium often has a spiculate 
appearance as it extends into the vitreous base and along the 
surface of the peripheral retina and posterior aspect of the 
pars plana for a short distance. Focal, tiny nodules of hyper-
plastic pigment epithelium may extend to the inner surface 
of the posterior portion of the pars plana (Figure  III.H-9 ). 
These proliferative changes have been interpreted as results 
of chronic vitreous traction [ 32 ].

      8. Retinal Lattice 
 Historical and various other aspects of this condition have 
been extensively considered in several previous reports [ 34 –
 37 ]. Widely referred to as  lattice degeneration , this readily 
visible fundus lesion features fi rm attachment of the vitreous 
to the retina at the margin of retinal lattice and thus predis-
poses to retinal tears and detachment. The association of 
 retinal lattice and high myopia is particularly important in 

the pathogenesis of retinal detachment [ 38 ]. There is little 
doubt that some form of inherited pattern exists with regular 
or irregular autosomal dominant and autosomal recessive 
patterns, but with the phenomenon of pseudodominant trans-
mission as well [ 34 ]. This and the fact that the condition is 
present in many young individuals prompt the consideration 
that the name of this condition be changed from lattice 
degeneration to retinal lattice dystrophy, since the former 
suggests a primarily age-related pathophysiology, whereas 
the latter more accurately refl ects the genetic basis of this 
condition with variable expression later in life, during early 
adulthood and not in old age. In this text, the term “retinal 
lattice” will be employed. 

 Retinal lattice lesions vary considerably in their appear-
ance, being of variable size and confi guration. Lesions may 
be round, oval (Figure  III.H-10 ), or linear. The lesions are 
located anterior to the equator and parallel to the ora serrata. 
Occasional lesions are located posterior to the equator in a 
radial paravascular pattern [ 39 ] (Figure  III.H-10 ). Most 
lesions have retinal thinning, and many are readily apparent 
on ophthalmoscopy because of associated pigmentary 
changes (Figure  III.H-10 ), the presence of retinal holes, and 
a  lattice wicker  of sclerotic vessels, although the white lines 
(lattice wicker), for which the condition was named [ 39 , 
 40 ], are not always present [ 41 ]. Byer [ 34 ] clinically 
observed white lines in only 3.3 % of patients in the 10- to 
19-year age group, but the prevalence increased to 42.9 % 
after the age of 50.

   In a study of 800 consecutive autopsy cases, Straatsma 
et al. [ 37 ] observed that retinal lattice was present in 86 
(10.7 %) of cases, was bilateral in 41 (48.1 %) of affected 
cases, and was present in 126 (7.9 %) of the 1,600 eyes 
examined. Foos [ 42 ] observed retinal lattice in 65 (20.2 %) 
of 322 autopsy cases of black subjects and in 335 (16.6 %) of 
2012 white autopsy subjects. In a clinical study of 1,300 nor-
mal patients, Byer [ 43 ] found retinal lattice in 92 (7.1 %) of 

  Figure III.H-9    Nodular hyperplasia of pigment epithelium in the pars 
plana. Hyperplastic pigment epithelium ( arrows ) is present at the inner 
surface of the pars plana (hematoxylin–eosin stain; ×250) (EP 30655) 
(From Green [ 183 ])       

  Figure III.H-10    Radial perivascular lattice with sclerotic vessel and 
hyperplastic retinal pigment epithelium, with migration into the retina 
in a paravascular location       
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patients, and this incidence was present in the second decade. 
Byer [ 43 ] further noted that the white lines were present in 
only 9 % of the lesions and suggested that the white lines and 
round retinal holes seem to be more frequent in older per-
sons. In an extensive clinical study, Byer [ 34 ] observed reti-
nal lattice in 137 (8 %) of 1,700 patients. The lesions were 
bilateral in 58 (42.3 %) of the affected cases, and 195 (5.7 %) 
of the 3,400 eyes had 393 lesions. Of the 393 lesions, 64 
(16.3 %) had round holes, and 47 (11.9 %) had white lines. 

 The histopathologic features (Figure  III.H-11 ) of retinal 
lattice include the following [ 32 ,  37 ]:
•     Discontinuity of the ILM  
•   A pocket of overlying fl uid vitreous [ 17 ]  
•   Condensation and adherence of vitreous at the margin of 

the lesions, which may be fortifi ed by hyperplasia of glial 
cells and RPE [ 17 ,  44 ]  

•   Degeneration of the inner retinal layers, which may lead 
to central atrophic hole formation  

•   Thickening of the walls and reduced cellularity of larger 
retinal vessels [ 25 ]  

•   Acellularity of the capillary bed [ 25 ] (Figure  III.H-12 )
•      Hypertrophy and hyperplasia of the RPE with migration 

into the retina, often in a perivascular distribution  
•   A tractional retinal tear with superimposed posterior vit-

reous detachment inducing traction    
 Atrophic holes were observed clinically in 18.2 % of reti-

nal lattice lesions by Rutnin and Schepens [ 23 ] and, in 
29.2 % of patients, 23.6 % of eyes, and 16.3 % of retinal 
lattice lesions in the clinical study of 1,700 patients by Byer 
[ 34 ]. In an autopsy study of 800 cases, Straatsma et al. [ 37 ] 
observed atrophic holes in 24.9 % of 125 eyes and 18.2 % of 
286 lesions, and traction tears in 3 (2.4 %) of eyes with reti-
nal lattice. In a study of 4,812 autopsy eyes, Foos [ 45 ] found 
89 (1.9 %) eyes with retinal tears. Fifteen (17 %) of those 89 
eyes with tears also had retinal lattice. Of the 29 retinal tears 
observed in those 15 eyes, only six (20.6 %) directly involved 
a retinal lattice lesion. 

 Tillery and Lucier [ 46 ] reported that during a 3-year 
period at one institution, 2.8 % of all retinal detachments 
were caused by round atrophic holes in retinal lattice. 
Further, Morse and Scheie [ 47 ] reported that 31 (13.9 %) of 
223 eyes with primary, nontraumatic, rhegmatogenous reti-
nal detachments were caused by atrophic holes occurring 
within areas of retinal lattice. However, Byer [ 34 ,  48 ] pointed 
out that given the large population of individuals with retinal 
lattice, the risk of developing retinal detachment from tro-
phic holes and traction tears is estimated at 0.3–0.5 %. In a 
prospective study, Byer [ 34 ] found tears in only three (1 %) 
of 289 eyes of patients with retinal lattice followed for 3–10 
years. Nonetheless, many opt for prophylaxis in higher-risk 
cases, especially given the benign nature of the treatment. 

 There is higher risk for retinal tears to occur at sites of reti-
nal lattice when the retinal lattice is located juxta- or extra-
basally [ 30 ,  45 ]. Lattice lesions that occur within the vitreous 
base (intrabasal) are less likely to be involved with PVD and 
retinal breaks. It is known (see above), however, that the vit-
reous base migrates posteriorly with age and, as Byer [ 34 ] 
points out, the posterior border of the vitreous base cannot 
always be identifi ed. According to Green, the best cases for 
prophylactic therapy are symptomatic tears, a history of reti-
nal detachment in the fellow eye, the presence of myopia and 
pseudophakia, or planned cataract surgery [ 34 ,  49 ].  

   9.  White-With-Pressure, 
White-Without-Pressure 

 The nature and signifi cance of these fi ndings on indirect 
ophthalmoscopy remain controversial. These terms refer to 
 geographic areas of whiteness of the mid-peripheral, equa-
torial, and peripheral fundus. When the white appearance is 
observed by indirect ophthalmoscopy without scleral 
depression, it is termed white-without-pressure [ 50 ]. When 

  Figure III.H-11    Retinal lattice. Microscopic features of retinal lattice 
include a pocket of fl uid vitreous, discontinuity of the inner limiting 
membrane ( between arrows ), condensation and adherence of vitreous 
at the margin ( arrowheads ), and sclerotic retinal vessels centrally 
(Alcian blue stain; ×55) (EP 43287) (From Green [ 183 ])       

  Figure III.H-12    Trypsin-digestion preparation of the retina discloses 
relatively acellular capillaries in area of retinal lattice ( right ) (hema-
toxylin–eosin and periodic acid–Schiff stains; ×185). (EP 43287)       
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a white refl ex is observed with scleral depression, it is called 
white-with- pressure. The fi ndings were fi rst described in 
1952 by Schepens [ 40 ] and were considered to predispose to 
retinal tears [ 51 ]. Freeman [ 52 ] noted an increased risk for 
giant retinal tears in fellow eyes with white-without-pres-
sure at the vitreous base. Others [ 53 ], however, attach no 
diagnostic or prognostic signifi cance to these refl exes. 
Eisner [ 54 ] reported that all lesions internal to the pigment 
epithelium have a whitish appearance when viewed with 
scleral depression. This was interpreted as resulting from 
variations in the angle between the light beam of the indirect 
ophthalmoscope and the structure being visualized. Another 
possible explanation is that either phenomenon is a light 
refl ex that occurs when the incident light is tangential to 
more dense bundles of vitreous collagen. Greater density of 
collagen is present at the vitreous base and in bundles that 
insert into the vitreous cortex at the equator and mid-periph-
ery. If the incident light is tangential to such aggregates of 
collagen, one sees white; if the incident light is mostly par-
allel with the collagen fi bers, no white refl ex is seen. Thus, 
when rolling the eyewall with scleral depression, one may 
alternately visualize white and no white with pressure. 
White, with and without pressure, would therefore indicate 
a zone of greater concentration of collagen fi bers in the cor-
tical vitreous, but it does not necessarily imply the presence 
of a fi rmer attachment of the vitreous to the retina. This 
theory may be inconsistent with the observation of migra-
tory white-without-pressure [ 55 ]. The cause of migratory 
white-without-pressure is unknown, but Nagpal et al. [ 55 ] 
suggested that it may be related to separation and recreation 
of vitreoretinal adhesions. 

 In a clinicopathologic study, Watzke [ 56 ] clinically 
observed an area of white-with-pressure to correspond to 
an equatorial area where vitreous remained attached to the 
retina. This area of white-with-pressure delineated the 
anterior extent of posterior detachment of the vitreous. 
Dobbie [ 50 ] observed no abnormalities by light and elec-
tron microscopy in the study of an eye with white-without-
pressure that extended into the posterior pole. Daicker [ 57 ] 
suggested that collagenic formations in the peripheral ret-
ina may account for white-with-pressure. Gartner [ 58 ] also 
suggested that irregularities of the inner limiting membrane 
and condensations of vitreous fi brils near the retinal surface 
may contribute to white-without-pressure. Other than the 
incidental association of white-with-pressure and white-
without- pressure with posterior vitreous detachment and 
traction, the signifi cance of these unusual light refl exes is 
unknown.  

   10. Verruca 
 The verruca (Figure  III.H-13 ) has a structure similar to that 
of a tree [ 59 ]. Its “roots” are embedded in the inner layers of 
the retina. Cellular elements resembling cells of the inner 
plexiform layer can be seen near the retinal surface. The 
“trunk” of this structure extends from the retina to the middle 

parts of the vitreous cortex. The “branches” of the verruca are 
intertwined with vitreous collagen fi bers. Local condensation 
of collagen fi bers exists as well as local collagen destruction 
and interruption of the inner limiting membrane of the retina. 
This structure is likely a remnant of the fetal hyaloid vascula-
ture (see tubular structure in Figure  III.H-13 ) and may have 
immunogenic properties contributing to pars planitis.

        II.  Mechanics of Peripheral Vitreo–Retinal 
Traction 

 During ocular saccades, the rotational force of the eyewall is 
transmitted to the vitreous body by way of the attachments 
described above [ 60 – 62 ]. In addition, the lens, with its poste-
rior convexity, bulges into the vitreous and exerts a “grip” or 
mechanical hold on the vitreous body, above and beyond the 
vitreolenticular attachment at Egger’s line, imparting rotational 
forces completely independent of these attachments. On initia-
tion of a saccade, the eyewall accelerates rapidly. This is fol-
lowed by a latent period before the outer vitreous begins to 
move. Once the outer vitreous begins to move, angular accel-
eration is transmitted to successively more internal layers of 
vitreous until the center is reached. At the conclusion of a sac-
cade, angular deceleration begins in the outer vitreous and is 
transmitted internally in the same fashion. This internal post-
saccadic vitreous movement is dampened by the bulging con-
vexity of the lens, reducing the torsional forces acting on the 
various vitreous attachments during deceleration. During both 

  Figure III.H-13    Verruca. On scanning electron microscopy, this struc-
ture is seen to arise from the disrupted inner limiting membrane of the 
retina ( lower arrow ) and insert into disrupted areas of the vitreous cortex 
( upper arrow ) (Reproduced with permission from Dunker et al. [ 59 ])       
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the acceleration and deceleration phases of saccades, the move-
ment of vitreous always lags behind that of the outer eyewall, 
resulting in markedly reduced velocity and acceleration of the 
vitreous body relative to the sclera and retina. This inherent 
property of vitreous, called “slack and lag,” is a function of its 
unique molecular structure and viscosity and provides another 
basic mechanism by which the amount of force present at any 
given internal vitreous attachment is dampened and reduced 
[ 61 ,  62 ]. The locations of points of greatest strain on the eye-
wall during saccades are a function of ocular anatomy. The 
optic disc occupies an eccentric position in the posterior pole, 
located nasally and slightly inferior. There is thus more vitre-
ous mass temporally and superiorly between the vitreous base 
and the disc margin than exists nasally and inferiorly. Also, 
given the shorter distance between the disc margin and ora 
nasally and inferiorly, the relief of torsional strain on equatorial 
and anterior vitreoretinal attachments by the anchor of vitreous 
attachment at the disc margin would theoretically be greater 
nasally and inferiorly, providing more relative stability in these 
zones. Accordingly, it has been postulated that the greatest tor-
sional strain on anterior and equatorial vitreous attachments 
should occur during lateral saccades, with the point of maxi-
mum strain located somewhere in the superotemporal quadrant 
[ 61 ,  62 ]. This is consistent with the observation that peripheral 
retinal tears occur most frequently superotemporally, followed 
by inferotemporally, then nasally [see chapters   III.I    . Role of 
vitreous in the pathogenesis of retinal detachment;   V.B.4    . 
Prophylaxis and cure of retinal detachment].  

   III.  Alterations of Peripheral 
Vitreo–Retinal Structure 

   A. Post-Traumatic Retinal Healing 

 Constable et al. [ 63 ] noted that after chorioretinal biopsy in 
dogs (obtained without vitreous loss) retinal glial cells and 
fi broblasts fi lled in the defect and the glial cells produced a 
new basement membrane that was complete on both the 
internal and external aspects of the defect. These fi ndings 
could be interpreted as demonstrating regeneration of the 
inner limiting membrane (ILM). However, only minimal 
 evidence of regeneration of the ILM was observed in an eye 
obtained postmortem in which previous stripping of a sec-
ondary premacular membrane with ILM had been performed 
[ 64 ]. Foos and Gloor [ 65 ] observed two processes of healing 
after mechanically induced wounds in nonvascularized rab-
bit retinas. One was “accessory gliosis,” in which accessory 
glia and their progeny migrated to the wound and differenti-
ated into fi brous astrocytes. The second was “plexiform glio-
sis,” composed of Müller cell “side branches” proliferation. 

 Miller et al. [ 66 ] studied healing of linear retinal wounds 
formed internally by a 21-gauge needle in rabbits. Findings 
included macrophages at the wound surface at 1 week, glial 
cell processes extension through the defect into the ILL at 2 

weeks, subsidence of macrophage response at 6 weeks, and 
formation of a scar of densely packed glial cells at 10 weeks. 
No regeneration of ILM was observed over the internal sur-
face of the scar, but it was observed on the undersurface of that 
portion of the scar that extended over the adjacent intact retina. 
Retinal pigment epithelium (RPE) did not contribute to heal-
ing of the wounds. After vitrectomy, however, the scars were 
irregular and hypertrophic, leading the authors [ 67 ] to suggest 
that vitreous plays a role in normal healing of retinal wounds.  

   B.  Aging Changes at the Peripheral 
Vitreo-Retinal Interface 

 Age-related thickening of the basal laminae that surround the 
vitreous is believed to be due to synthesis by subjacent reti-
nal Müller cells 2 [see chapter   II.E    . Vitreo-retinal interface 
and ILM]. Such thickening of the ILM may ultimately con-
tribute to weakened vitreoretinal adherence, a necessary, but 
not suffi cient, element in the pathogenesis of PVD [see chap-
ter   II.C    . Vitreous aging and PVD].  

   C. Retinal Breaks Unrelated to PVD 

 Retinal holes were observed in 10 (5.9 %) of 169 [ 68 ], in 111 
(3.9 %) of 2,800 [ 16 ], and in 326 (13.9 %) of 2,334 [ 42 ] 
autopsy cases. The range in prevalence of retinal breaks (rela-
tionship to PVD unknown) in eyes obtained postmortem was:
   Teng and Katzin [ 26 ] (1951): 4 (3.9 %) of 101 cases  
  Adamis [ 69 ] (1956): 3 (27 %) of 11 eyes  
  Okun [ 27 ] (1961): 12 (4.8 %) of 250 cases, 7.0 % older than 

40 years of age  
  Boniuk and Butler [ 70 ] (1968): 13 (8.6 %) of 150 cases  
  Spencer and Foos [ 71 ] (1970): 12 (4.7 %) of 252 eyes  
  Barishak and Stein [ 72 ] (1972): 11 (8.8 %) of 125 cases  
  Foos [ 45 ] (1974): 80 (3.3 %) of 2,406 cases  
  Foos [ 73 ] (1975): 88 (3.7 %) of 2,406 cases  
  Foos et al. [ 42 ] (1983): 172 (7.3 %) of 2,334 cases      

   IV. Effects of Anomalous PVD 

 Posterior vitreous detachment (PVD) is defi ned as complete 
separation of the posterior vitreous cortex from the ILM of 
the retina without damage to either. Anomalous PVD results 
from liquefaction of the gel vitreous without concurrent 
dehiscence at the vitreoretinal interface [see chapter   III.B    . 
Anomalous PVD and vitreoschisis]. The onset of vitreous 
fl oaters or a change in the pattern of fl oaters may be an impor-
tant clinical sign of PVD, which at times can be anomalous 
with effects on both vitreous and retina. In vitreous, a study 
[ 74 ] of 589 patients with fl oaters determined that diffuse dots, 
many vitreous cells, and vitreous blood were high- risk factors 
for the development of a retinal tear. Boldrey [ 74 ] observed 
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that 93 of 176 (52.8 %) of eyes with one or more of these risk 
factors had retinal tears. Spontaneous vitreous hemorrhage 
may be the result of posterior vitreous detachment and retinal 
tears [ 75 – 77 ]. Standardized echography may be an effective 
means of identifying retinal tears in eyes with spontaneous 
vitreous hemorrhage [ 78 ]. 

 Of 100 patients with symptoms of light fl ashes, fl oaters, or 
both, seen by one general ophthalmologist, 10 (10 %) were 
found to have retinal tears caused by vitreous traction [ 79 ]. 
Murakami et al. [ 80 ] used the El Bayadi–Kajiura aspherical 
lens to examine 148 eyes of patients with sudden onset of 
fl oaters. The fl oaters were attributed to acute PVD in 123 
(83 %) of the eyes, and most of those were caused by detached 
peripapillary glial tissue and minimal hemorrhage. The 25 
eyes (17 %) without PVD had central vitreous degeneration 
with fi ber-like opacities. In the patients older than 50 years of 
age, 95 % had acute PVD. Floaters are now safely cured with 
minimally invasive vitrectomy [see chapter   V.B.8    . Floaters 
and vision – current concepts and management paradigms]. 

 Novak and Welch [ 81 ] reported the results of examination 
within 3 months of the onset of fl oaters due to acute PVD in 
172 eyes of 155 patients (average age = 60 years, range 22–82 
years), followed over a 10-year period. Of the 172 eyes, 118 
(69 %) had no vitreous or retinal complications. Fourteen 
(8 %) of 172 eyes had partial (2 cases)- or full-thickness (12 
cases) retinal tears, and 36 cases (21 %) had retinal or vitre-
ous hemorrhage (or both). Avulsion of a retinal vessel and 
congenital retinal tag was observed in two eyes each, and one 
eye had cystoid macular edema. Of the 155 patients, acute 
symptomatic PVD subsequently developed in the fellow eye 
in 17 (11 %) – within 2 years in 15 of the 17 patients. The 
second eye behaved in a similar fashion to the fi rst eye in 
regard to complications of PVD. 

   A. Vitreous Traction on Peripheral Retina 

 PVD places traction on the peripheral retina at any site 
where detached vitreous reaches a point of fi rm adhesion to 
the retina. Firm vitreoretinal adhesion is known to occur at 
the peripapillary retina, at the macula, along major retinal 
vessels, at the vitreous base, and at sites of retinal lattice, 
enclosed ora bays, retinal tufts, and at points of degenera-
tive remodeling. Traction at such locations may induce reti-
nal tags, retinal folds, cystic degeneration, retinoschisis, 
traction retinal detachment, retinal pits (lamellar retinal 
tears), avulsion of retinal vessels, and retinal tears. 

   1. Retinal Tags 
 At an early stage of vitreous traction on the retina, a tiny 
inner portion of the retina may be tented up, producing a 
retinal tag (Figure  III.H-14 ). There may be a tear in the 
ILM of the associated retina. Multiple tags are usually 
aligned circumferentially along a portion of the posterior 
border of the detached vitreous at the vitreous base. Foos 

and Allen [ 16 ] observed retinal tags in 20 (11.8 %) of 169 
autopsy cases and in 21 (6.7 %) of 312 eyes examined. Eight 
eyes had a single retinal tag, and three eyes had 5 to 20 tags.

      2. Retinal Folds 
 Retinal folds related to vitreous traction are uncommon and 
occur when the vitreous is incarcerated in a corneal wound 
and has detached posteriorly to a circumferential area of 
fi rmer adherence to the retina. With subsequent fi brous tissue 
proliferation into the incarcerated vitreous and contraction, 
traction is transmitted posteriorly producing a fold of the 
retina. An unusual retinal fold associated with a condensed 
vitreous membrane in an eye with a retinal tear and fi brocel-
lular proliferation was described by Wolter [ 82 ].  

   3.  Cystic Degeneration and Peripheral 
Retinoschisis 

 Traction retinoschisis (Figure.  III.H-15 ) and traction retinal 
detachment may be produced by vitreous traction at any point 
of persistent attachment. Firmer vitreoretinal attachment 
apparently occurs along the major retinal vessels as either a 
cause or an effect of the frequent tractional changes, including 
cystic degeneration, retinal pits (lamellar retinal tears), full-
thickness retinal tears, and avulsion of retinal vessels [all 
described below]. The precise nature of the vitreoretinal 
attachments in paravascular areas is not known [see chapter 
  II.E    . Vitreo-retinal interface and ILM]. As noted earlier, there 
may be defects in the ILM over major blood vessels. Foos [ 83 ] 
proposed a sequence of events in the development of traction 
associated with retinal blood vessels that begins with develop-
mental thinning of the ILM, subsurface retinal degeneration, 
and transmigration of macrophages through small defects in 
the ILM. When complicated by vitreous incarceration, simple 
preretinal membrane formation leads to fi rm adhesion.

   Cystic degeneration occurring along the retinal vessels is 
present in the nerve fi ber layer, is seen before the vitreous is 
detached at that area, and is referred to as paravascular rar-
efaction [ 71 ]. In a study of eyes of 126 consecutive autopsy 

  Figure III.H-14    Retinal tag. Posterior vitreous detachment with trac-
tion on the retina (hematoxylin–eosin stain; ×300)       

 

J. Sebag et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_11
http://dx.doi.org/10.1007/978-1-4939-1086-1_45


359

cases of subjects 21 years or older at death, Spencer and 
Foos [ 71 ] observed retinal paravascular rarefaction in 30 %. 
The process was bilateral in 83 % of affected cases and was 
present in 25 % of the 252 eyes in the study.  

   4. Retinal Pits (Lamellar Retinal Tears) 
 In a paravascular distribution. The lesions consist of discrete 
areas where the inner retinal layers are avulsed 
(Figure  III.H-16 ) as a result of PVD and traction. Meyer and 
Kurz [ 84 ] noted the association with a sclerotic artery in two 
cases studied. Spencer and Foos [ 71 ] observed paravascular 
lamellar retinal tears (retinal pits) in 17 % of 126 consecutive 
autopsy cases. The lesions were bilateral in 27 % of affected 
cases and were present in 11 % of the 252 eyes examined. In 
the same study of 252 autopsy eyes, Spencer and Foos 
observed PVD in 96 eyes (38 %); of those, 28 (29 %) had 
retinal pits, and 12 (13 %) had one or more full-thickness 
holes. Partial- or full-thickness tears were therefore observed 
in 44 (46 %) of the 96 eyes with PVD. Spencer and Foos [ 71 ] 
noted the retinal pits were associated with both retinal arter-
ies and veins and that the signifi cance of vascular sclerosis 
was diffi cult to assess.

      5. Retinal Tears 
 Retinal tears occur when the vitreous detaches posteriorly 
and reaches a point of fi rmer attachment of the vitreous to the 
retina [ 85 ,  86 ]. Traction is also induced by fl uid movements 
against the remaining formed vitreous and may lead to a 
 retinal break [ 87 ] (Figure  III.H-17 ). Such a break typically 

a
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  Figure III.H-15    Peripheral retinoschisis. ( a ) Gross appearance of 
peripheral retinoschisis in a human eye after peeling the sclera and 
 choroid off the retina then transilluminating the specimen [Specimen 
courtesy of the New England Eye Bank]. ( b ) Cystic degeneration 

 associated with vitreous traction (hematoxylin–eosin stain; ×75) (From 
Green [ 183 ]). ( c ) Scanning electron microscopy of the same specimen 
as in ( a ) demonstrating the columnar structures that are characteristic of 
peripheral retinoschisis       

  Figure III.H-16    Retinal pits and tears. Gross appearance of eye with pos-
terior vitreous detachment, a string of retinal pits along vessels ( arrows ), 
and three horseshoe-shaped retinal tears ( arrowheads ) (From Green [ 183 ])       
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  Figure III.H-17    Peripheral retinal holes. ( a ) Mechanism of retinal hole 
formation with PVD. Retinal traction occurs at a point of fi rm vitreo-retinal 
adhesion causing a tenting up of retina ( left image ). With further traction a 
break occurs, but without adjacent vitreo-retinal traction, there is no retinal 
detachment (RD) ( center image ). With persistent traction, an operculum 
may be detached leaving a round or oval hole, but no RD ( center image ). 
Traction induces an RD ( right image ) (Modifi ed from Okun [ 184 ]). ( b ) 
Gross appearance of a peripheral retinal hole after dissecting off the entire 

sclera except around the optic disc and at the limbus. The choroid was 
dissected in a limited triangular- shaped region of the peripheral fundus. 
There is a retinal hole surrounded by a ring of pigment clumping ( arrow ). 
( c ) Dark-fi eld slit microscopy of the same specimen as in ( b ) after dissecting 
the retina up to the edge of the ring of pigment clumping surrounding the 
retinal hole. A prominent intravitreal fi ber can be seen coursing towards the 
retinal hole. Traction by this fi ber likely caused an operculum to break 
away from the peripheral retina [Courtesy VMR Institute]       

has a horseshoe shape, with the open end pointed anteriorly. 
Vitreous remains attached to the posterior margin of the 
 retinal fl ap. With further traction, the fl ap of retinal tissue 
(operculum) may be avulsed, leaving a round or oval hole. 
The detached fl ap of retina remains attached to the posterior 
surface of the detached vitreous, and large detached fl aps 
may form a cystic structure (Figure  III.H-18 ). Tears may, 
however, occur at any point and have a variety of confi gura-
tions. For example, Benson and Tasman [ 88 ] observed slit-
like paravascular retinal tears caused by vitreous traction in 
three eyes with posterior retinal detachment that resembled 
central serous retinopathy.

    The reported clinical incidence of retinal tears in patients 
with acute symptomatic PVD varies from 8 to 15 % and as 
high as 46 % [ 88 ]. It is not always clear that the authors [ 89 ] 
have distinguished between retinal tears caused by vitreous 
traction and retinal holes not necessarily related to PVD and 
vitreous traction [ 90 ]. The specifi c clinical series reporting 
the incidence of retinal tears are:
   Halpern [ 91 ] (1966): 18 of 250 patients (7.2 %)  
  Byer [ 92 ] (1967): 98 of 1,700 patients (5.8 %)  
  Rutnin and Schepens [ 93 ] (1967): 13.75 % of 102 normal 

patients (7.8 % of eyes)  
  Smith and Ganley [ 94 ] (1972): 5 of 842 patients (0.59 %)    
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 It seems likely that 15 of the 18 retinal breaks observed in 
16 eyes of 14 out of 102 patients in the Rutnin and Schepens 
[ 93 ] study were retinal holes unrelated to PVD. 

 Although the role of retinal tears in the pathogenesis of reti-
nal detachment is indisputable, the signifi cance of fi nding a 
retinal tear in a patient is not entirely clear, but some informa-
tion is available. Colyear and Pischel [ 95 ] reported that fi ve 
(20 %) of 26 patients with retinal tears developed retinal 
detachment. Byer [ 92 ] observed 98 (5.8 %) asymptomatic 
retinal breaks in 1,700 presumably normal patients and 
 concluded that prophylactic treatment of retinal breaks is justi-
fi ed only in symptomatic retinal breaks of phakic patients [ 96 , 
 97 ]. In a natural history study of 166 eyes with retinal breaks 
without detachment, Davis [ 49 ] observed that 31 (18 %) pro-
gressed to retinal detachment. Risk factors for progression 
included a symptomatic PVD, horseshoe-shaped tear, breaks 
with subclinical retinal detachment, and aphakia. It is clear 
that the incidence of retinal tears is much greater than that of 
retinal detachment; with an incidence of retinal detachment 
between nine (0.009 %) per 100,000 per year [ 98 – 101 ] and 
24.4 (0.02 %) per 100,000 [ 102 ], Byer [ 92 ] noted the preva-
lence retinal breaks and retinal detachment in a ratio of 83–1. 

 Benson [ 103 ] reviewed the pros and cons of prophylactic 
therapy of retinal breaks and pointed out that education of 
patients with high risk of retinal detachment is probably of 
equal value to cryotherapy [ 47 ] and photocoagulation in 
preserving visual acuity. Combs and Welch [ 104 ] reviewed 
the literature regarding prophylactic treatment of retinal 
tears and reported the clinical features and follow-up data 
from 277 eyes of 248 patients with retinal tears. Based on 
data from 193 eyes of 171 patients that received prophylac-

tic treatment and 84 eyes of 77 patients that received no 
treatment, Combs and Welch [ 104 ] concluded that the pro-
phylactic treatment of acute horseshoe-shaped tears with 
continuing vitreous traction signifi cantly reduces the inci-
dence of subsequent retinal detachment. The results and 
complications of prophylactic treatment of retinal tears have 
been reported by Robertson and Norton [ 105 ] and Smiddy 
et al. [ 106 ] [see chapter   V.B.4    . Prophylaxis and cure of reti-
nal detachment].    

   V. Vasculopathies of the Peripheral Fundus 

 The peripheral fundus is not visible with direct ophthal-
moscopy. Introduced by Schepens in the 1950s, indirect 
ophthalmoscopy revolutionized fundus examination, 
especially with indentation of the sclera, as it allows the 
examiner to adequately view the peripheral fundus. Higher 
 magnifi cation examination of the peripheral fundus and 
pathologic  structures can be achieved by using a three-
mirror Goldmann contact lens. In case of media opacities 
(e.g., vitreous hemorrhage), ultrasound can be used to 
identify retinal detachment or vitreous membranes induc-
ing traction. Photographic documentation of the periph-
eral fundus requires special wide-fi eld lenses, which in 
some systems enable peripheral fl uorescein angiography 
as well. 

   A. Tractional Avulsion of Retinal Vessels 

 Vitreous traction with avulsion of retinal vessels has been rec-
ognized as an important cause of vitreous hemorrhage [ 107 , 
 108 ]. Robertson et al. [ 109 ] presented 15 patients with vitre-
ous hemorrhage in association with a round retinal break and 
an avulsed, intact retinal vessel attached to an overlying oper-
culum. They considered these features to be a specifi c clinical 
entity having a predictable course of events that includes 
intermittent vitreous hemorrhage as long as the vessel remains 
attached to vitreous. In a follow-up study, Robertson and 
Norton [ 105 ] noted the occurrence of vitreous hemorrhage 
after treatment in 11 patients, fi ve with an avulsed vessel 
associated with a detached operculum. In a study of 17 cases, 
Theodossiadis et al. [ 110 ] noted that recurrent bleeding was 
related to the mobility and size of the vessel overlying the 
break. De Bustros and Welch [ 111 ] treated 17 of 19 eyes with 
avulsed retinal vessels (80 % veins) by a variety of treatment 
methods. Visual results were good in all but one eye, which 
developed a massive vitreous hemorrhage and subsequent 
phthisis bulbi. 

 Lincoff et al. [ 112 ] treated nine avulsed retinal vessels by 
laser occlusion of the vessel and temporary balloon buckle. 
The avulsed vessel was an artery in three instances and a vein 

  Figure III.H-18    Coiled-up fragment of detached operculum attached 
to the posterior surface of detached vitreous (periodic acid–Schiff stain; 
×210) (EP 34238) (From Green [ 185 ])       
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in six. The avulsed vessel was associated with a retinal break 
in six patients, of which fi ve also had a retinal detachment. 
Five of the nine vessels were occluded with one laser treat-
ment, one required two treatments, two required three treat-
ments, and one required four treatments. No recurrent 
hemorrhage occurred in follow-up periods of 6–42 months. 
Theodossiadis and Koutsandrea [ 113 ] conducted a prospec-
tive study of 87 cases with avulsed retinal vessels associated 
with retinal tears and rhegmatogenous retinal detachment. 
They described six patterns of avulsed vessels: avulsion in 
contact with aperture, arched avulsion at the level of the 
operculum, arched avulsion higher than the operculum, avul-
sion with an irregular shape, irregular break with correspond-
ing irregularity of the avulsion, and double avulsion of the 
same vessel. They further indicated that therapy is directed 
to seal the tear and occlude or immobilize the vessel. To 
these ends, they employed a fi xed episcleral silastic sponge, 
applied cryotherapy around the retinal break, released sub-
retinal fl uid, applied argon laser coagulation at a later stage 
(if necessary) to occlude the avulsed vessel, and applied 
endodiathermy with partial vitrectomy (if necessary). 
Recurrent vitreous hemorrhage occurred after therapy in six 
of the 87 cases. Anatomic restoration was achieved in 84 of 
the 87 cases, and three required a second intervention. 

 Avulsion of retinal vessels may occur without associated 
full-thickness retinal tears [ 114 – 117 ]. Hersh et al. [ 115 ] con-
ducted a clinicopathologic study of “venous traction loops” in 
an eye with background diabetic retinopathy. Light micros-
copy and scanning and transmission electron microscopy dis-
closed the loops to consist of telangiectatic retinal veins that 
had passed through a discontinuity in the ILL. The vitreous 
was detached posteriorly, except at the venous loops and at a 
few other points at which there was tenting of the ILL. 

 Chatzoulis et al. [ 114 ] reported six patients with recurrent 
vitreous hemorrhage caused by retinal vessel rupture or injury 
caused by vitreous traction. In most cases, the avulsed vessel 
was a small vein in the superior temporal quadrant. Vine 
[ 117 ] observed avulsed retinal veins in eyes of eight patients 
with a variety of concurrent conditions: resolved Eales’ 
 disease after laser therapy, one; cicatricial retinopathy of pre-
maturity, one; background diabetic retinopathy, two; resolved 
proliferative diabetic retinopathy after laser therapy, two; 
elevated preretinal gliosis adherent to contracting vitreous, 
one; and pars planitis, one. Firm attachments of the vitreous 
in the vicinity of retinal vessels are an important precursor to 
traction and avulsion of a retinal  vessel. Avulsion of retinal 
vessels is an important cause of vitreous hemorrhage.  

   B. Sickle-Cell Vasculopathies 

 Sickle-cell disease is an inherited hematologic disorder that has 
no established cure. The molecular lesion of the sickle hemo-
globin is a point mutation (GAG → GTG) in exon 1 of the 
β-globin gene [ 118 ]. This single-point mutation renders the 

sickle gene with multiple phenotypic expressions associated 
with complex genetic interactions and modifi ers that are not 
well understood [ 119 ,  120 ]. Vascular occlusions occur from 
sickling of the erythrocytes, increased viscosity, and venous 
stasis, especially in the setting of hypoxia, acidosis, and infl am-
mation [ 121 ]. The sickle syndromes have the highest incidence 
in black Africans and African-Americans but are also found in 
people from Mediterranean countries as well as Saudi Arabia 
and India [ 122 ]. About 8 % of black Americans are heterozy-
gous for hemoglobin S. Approximately 0.15 % of black chil-
dren in the United States have homozygous hemoglobin S. The 
prevalence among adults is much lower because patients with 
sickle-cell anemia have a decreased life expectancy. 

 In the retina, common fi ndings include salmon-patch 
hemorrhages, iridescent spots and black sunbursts.  Salmon - 
patch   hemorrhage  is a well-defi ned area of hemorrhage 
located within the superfi cial retina, between the sensory 
retina and its internal limiting membrane. It usually occurs in 
the mid-peripheral retina adjacent to an intermediate-sized 
arteriole [ 123 ]. Although the hemorrhage is initially bright 
red, it turns salmon colored over time because of progressive 
hemolysis. Resorption may result in a retinoschisis cavity. 
If the retinoschisis cavity contains refractile, copper-colored 
granules, it is called an  iridescent spot . Histologically, these 
deposits contain hemosiderin-laden macrophages [ 123 ,  124 ]. 
Intraretinal hemorrhages may track into the subretinal space, 
dissecting between the neurosensory retina and the retinal 
pigment epithelium. Retinal pigment epithelium migration 
into the site may occur with forming of the stellate and spicu-
late hyperpigmented lesions known as a  black sunburst . The 
black sunburst lesion appears as a fl at, black patch about 
0.5–2 mm in size. Glistening refractile granules, similar to 
those in iridescent spots, may be present [ 123 ]. A large 
amount of intraretinal and subretinal hemorrhage may rarely 
alter the extracellular matrix or fi brous component of Bruch’s 
membrane, allowing development of spontaneous choroidal 
neovascularization growing within the black sunburst lesion 
[ 125 ] (Figure  III.H-19 ).

   Nonproliferative sickle retinopathy with arteriolar 
 occlusions and arteriovenous anastomoses can progress to 
proliferative sickle retinopathy. In more advanced retinopa-
thy, occlusions can occur in any vessel within the peripheral 
 retinal vasculature and can result in new vascular formations 
characteristic of sickle-cell disease, such as sea-fan neovas-
cularization (Figure  III.H- 20 ) and hairpin loops [ 126 ] vit-
reous hemorrhage, and retinal detachment [ 127 ]. Profound 
visual loss resulting from vitreous hemorrhage and trac-
tion retinal detachment have been reported to be as high as 
10–20 % in symptomatic patients in a referral setting [ 128 ] 
but rarely found in an observational cohort study [ 129 ].

   The macular fi ndings in patients with sickle-cell dis-
ease include abnormal perfusion and an enlarged foveal 
avascular zone due to vaso-occlusive episodes. Premacular 
membranes, schisis, holes, and neovascularization may 
also occur [ 130 – 132 ]. Spectral domain optical coherence 
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  Figure III.H-19    ( a ) Salmon-patch hemorrhage with preretinal blood 
obscuring the retinal vasculature. ( b ) Two weeks later, the hemor-
rhage shown in ( a ) has a central grayish-white color as it begins to 
resolve. ( c ) Two years later, the hemorrhage shown in ( a ) and ( b ) has 
resolved, and an iridescent spot remains. ( d ) Salmon-patch hemor-
rhage with pre-, intra-, and subretinal blood. ( e ) Two months later, the 

hemorrhage shown in ( d ) has resolved, and a lightly pigmented area 
surrounded by a depigmented halo is seen. ( f ) Four years later, a well-
pigmented black sunburst adjacent to the arteriole remains from the 
salmon-patch hemorrhage shown in ( e) . ( g ) Iridescent spot with 
refractile copper-colored granules (With permission from: Gagliano 
and Goldberg [ 124 ])         
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tomography of the central retina as well as microperimetry 
are sensitive instruments for the detection of early macular 
changes due to sickle-cell-associated maculopathy. These 
anatomical changes might be detected even before they 
cause symptoms, as such in a preclinical state [ 133 ,  134 ]. 
In combination with wide-fi eld photographic imaging of 
the peripheral retina, patients at risk for developing sight-
threatening retinopathy can be detected and treated in an 
early stage. Fluorescein angiography is of great importance 
in showing the extent of non-perfusion or proliferative reti-
nal disease in this condition as well as in others, such as 
retinal vein occlusions. 

 Given the high rate of spontaneous regression and the 
lack of progression of sea fans in some eyes, indications for 
treatment of retinal neovascularization vary among different 
authors. Therapeutic intervention is usually undertaken in 
cases of bilateral proliferative disease, spontaneous hemor-
rhage, large elevated sea fans, or rapid growth of the neovas-
cular tissue or in cases in which the fellow eye has already 
been lost due to proliferative sickle-cell retinopathy [ 135 ]. If 
peripheral neovascularization exceeds 60° of the circumfer-
ence, therapy is usually implemented. Therapeutic options 
include feeder vessel photocoagulation and scatter laser 
coagulation in non-perfused areas. For proliferative disease, 
cryotherapy, pars planar vitrectomy, and scleral buckling are 
sometimes indicated. The possible role of anti-VEGF agents 
is not yet clear.  

   C. Coats’ Disease 

 Retinal abnormalities characterized by vessel dilatation of 
small- to medium-sized vessels, with irregular calibers and 
associated exudative retinal detachment in young male 
patients were fi rst described by Coats and Leber in the 
early twentieth century [ 136 ,  137 ]. Reese in 1955 showed 
the similarities between the two entities known up to that 
time as “Coats’ disease” and “Leber’s miliary aneurysms” 
[ 138 ]. Some authors see these diseases as two stages of the 
same disease, while others consider them as two different 
diseases [ 139 ,  140 ]. At the present time, the term Coats’ 
disease refers to the more peripheral retinal lesions, 
whereas Leber’s miliary aneurysm is seen as a variant of 
Coats’ disease and similar to type 1 idiopathic  juxtafoveolar 
telangiectasia [ 141 ]. 

 Coats’ disease is a sporadic disease with no association 
to other diseases and not genetically determined. Coats’ 
disease is typically identifi ed at a median age of 5 years 
[ 142 ] with an estimated incidence of 0.09 per 100,000 in 
the general population [ 143 ]. The disease occurs almost 
always unilaterally with 75–85 % of the patients being 
male [ 142 ,  143 ]. The mean age of diagnosis is markedly 
different with differing modes of presentation. Cases 

 presenting with leukocoria or strabismus present earlier, 
while subjective visual loss presents later. A large propor-
tion of eyes (44 %) are blind at diagnosis. The great 
majority of eyes (71 %) have 6 or fewer clock hours of 
retinal exudation. More severe forms/stages of Coats’ dis-
ease are more common in the younger patients [ 144 ]. The 
course of the disease is marked by recurrences. The prog-
nosis is best for the diagnosis in early stages of the disease 
in older patients (in contrast to late stages in younger 
patients). 

 The clinical classifi cation of Coats’ disease according to 
Shields [ 143 ] is:
    Stage   1  is characterized by telangiectasia only.  
   Stage 2  demonstrates telangiectasias and exudation (2a) and 

is further subcategorized depending on involvement of 
the fovea (2b) (Figures  III.H-21  and  III.H-22 ).

       Stage 3  demonstrates subtotal retinal detachment (3a), also 
subcategorized based on foveal involvement (3b).  

   Stage 4  exhibits total retinal detachment (RD) with glaucoma.  
   Stage 5  is end-stage disease with a blind, painless or painful 

eye and total RD, often with cataract and eventual phthisis 
bulbi.    
 The hallmark lesion of this disease is idiopathic retinal 

telangiectasia, which manifest as “lightbulb appearance” 
on fl uorescein angiography. Other features of this disease 
include irregular retinal vessel dilatations, retinal vessel 
tortuosity, areas of capillary non-perfusion, intra- and/or 
 subretinal exudation, and retinal detachment. Macular exu-
dation may be caused by macular telangiectasia, peripheral 
retinal telangiectasia, or both [ 144 ]. Coats’ disease must be 
differentiated from several other clinical entities that  simulate 
its fundus picture, especially in children such as retinoblas-
toma, toxocariasis, persistent fetal vasculature syndrome, 
retinitis pigmentosa with Coats’-like reaction, and diseases 
with vascular changes at the vitreo–retinal interface (reti-
nopathy of prematurity, familial exudative vitreo–retinopa-
thy, incontinentia pigmenti). The most important differential 
diagnosis is retinoblastoma, which justifi es the routine use of 
ultrasound and MRI in the primary  diagnosis of the disease 
[ 145 ]. 

 Histopathological examinations of eyes with Coats’ dis-
ease show thickening of the sensory retina by homogeneous 
acellular material, typical of lipoproteinaceous exudation. 
Lipid- and hemosiderin-laden macrophages and cholesterol 
clefts are present in both the sensory retina and subretinal 
fl uid. Lipid deposition induces foreign-body granulomatous 
infl ammation [ 143 ,  146 ]. In a case study using SD-OCT 
imaging of the retina in an eye with exudative Coats’  disease, 
intraretinal exudates were identifi ed mainly in the outer plexi-
form layer of the retina [ 146 ]. Treatment options are shown 
in Table  III.H-1  and results are shown in (Figure  III.H-23 ). 
Enucleation of painful end-stage eyes is necessary in 16 % 
of cases.
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        VI. Pars Planitis 

 Pars planitis refers to infl ammation of the ciliary body, vitre-
ous base, and peripheral retina [ 153 ]. Originally, this clinical 
entity was also known as peripheral uveitis or chronic cycli-
tis [ 154 – 156 ]. However, the Standardization of Uveitis 
Nomenclature (SUN) for reporting clinical data established 
the unique name pars planitis in 2005 [ 157 ]. According to 
the SUN terminology, the term pars planitis should be used 
only for the subset of intermediate uveitis where there is 
idiopathic snowball formation (see below) in the absence of 
systemic disease, such as autoimmune disease, or infection. 
Nevertheless, the differential diagnosis has to involve a 
work-up for treatable systemic diseases: sarcoidosis, syphi-
lis, multiple sclerosis with vascular sheathing,  toxoplasmosis, 
and toxocariasis. If biomarkers are found indicating that one 
of the treatable diseases is present, it has to be treated. In this 
case, the diagnosis of pars planitis has to be considered a 

subset of intermediate uveitis. Further refi nements in the 
standardization of uveitis nomenclature are forthcoming 
[ 158 ]. Herein, the term pars planitis will be used to refer to 
the anatomical region of the pars plana that is mostly affected, 
although it could be argued that the term peripheral anterior 
vitritis might be more appropriate in some cases, given that 
vitreous may be the stimulus for infl ammation and not the 
pars plana, per se. 

 Histological studies of the peripheral retina and ciliary 
body demonstrate condensed vitreous, fi broblasts, spindle 
cells, blood vessels, and lymphocytes, often with prominent 
lymphocyte cuffi ng of retinal veins [ 159 ]. Pars plana exu-
dates appear to consist of loose fi brovascular layer containing 
scattered mononuclear infl ammatory cells and a few fi bro-
cyte-like cells adjacent to the hyperplastic nonpigmented 
epithelium of the pars plana. This fi broglial tissue consists of 
vitreous collagen, Müller cells, and probably fi brous astro-
cytes [ 160 ]. Pars planitis is associated with an increased 
frequency of effector memory CD 57+ T cells. CD 57 

  Figure III.H-20    Sickle-cell retinopathy: Fluorescein angiogram in the arteriovenous phase shows peripheral non-perfusion and sea-fan neovascu-
larization at the border of vascularized and nonvascularized retina (Optomap image courtesy of Optos, Inc.)       
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expression correlates with late immune responses and some 
pathologic conditions resulting from persistent stimulation 
of the immune system [ 161 ]. It might be that remnants of the 
regressed fetal hyaloid vasculature are the antigens that elicit 
the immune response [ 7 ] [see  chapters   I.D    . Proteomics of 
fetal hyaloid vasculature regression;   II.A    . Development and 
Developmental Disorders of Vitreous]. The intact anatomic 
correlates of these remnants are vitreous tubuli or verrucae 
(see above), although basement membrane fragments and 
other remnants of the fetal hyaloid vasculature may remain 
embedded in the vitreous base. 

   A.  Epidemiology and Clinical 
Presentation 

 The incidence of pars planitis in the Rochester Epidemiology 
Project is 2,077 per 100,000 [ 162 ]. The median age of the 

patients at onset of the disease is in the early 20 s [ 163 ,  164 ]. 
More male patients are affected than females, especially in 
childhood [ 165 ,  166 ]. In fact, intermediate uveitis (pars pla-
nitis is synonymous with intermediate uveitis in many stud-
ies) accounts for 20–30 % of all uveitis seen in children [ 167 , 
 168 ]. Patients usually present with blurred vision followed 
by red eye and ocular deviation (in children), but symptoms 
are usually minimal. In severe cases, vision loss might be 
present due to vitreous opacifi cation or macular edema [ 167 , 
 169 ,  170 ]. The anterior chamber may have signs of infl am-
mation in the form of keratic precipitates or fl are and cells, 
which are usually minimal. Basically vitritis is the character-
istic feature of patients, often seen at the slit lamp. 

 On examination of the posterior pole and the retina, vit-
reous snowballs typically are yellow–white infl ammatory 
aggregates that are found in the mid-vitreous and inferior 
periphery. Snow-banks are exudates on the pars plana, 
when present are usually found inferiorly, but may also 

  Figure III.H-21    Coats’ disease: A 7-year-old boy at primary diagnosis 
of Coats’ disease. Stage 2a according to Shields. Teleangiectasia is well 
documented in fl uorescein angiography (lightbulb appearance). In the 

late phase of fl uorescein angiography, capillary non-perfusion and leak-
age of the retinal vessels are present (Courtesy of Prof. Holz and Dr. 
Herwig of the University Eye Clinic in Bonn, Germany)       
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extend 360° of the retinal periphery. Snow-banking is usu-
ally associated with the more severe form of the disease 
and warrants aggressive therapy. Retinal changes in pars 
planitis include tortuosity in arterioles and venules, sheath-
ing of peripheral veins, neovascularization, and retinal 
detachments [ 171 – 173 ] (Figure  III.H-24 ).

      B. Sequelae 

 Pars planitis is most often a benign form of uveitis. 
Complications are due to its chronicity, and if left untreated 
can lead to blindness. The incidence of  glaucoma  in acute 
uveitis is 7.6 %, and in patients with chronic uveitis, the 
 incidence of glaucoma at 1 and 5 years is 6.5 and 11.1 %, 
respectively. Active infl ammation, steroid usage, increasing 
age, and number of years since diagnosis are signifi cantly 
correlated with elevated intraocular pressure [ 174 ]. 
 Cataracts  occur in 15–50 % of eyes. Typically they are 

located in the posterior and/or anterior subcapsular, region, 
or posterior cortex of the lens. Posterior polar cataracts 
have been reported as well. The incidence of cataracts 
increases with the duration and severity of the disease. If 
treated earlier with immunosuppression rather than cortico-
steroids, cataract  formation is less severe [ 173 ,  175 ]. 
 Macular edema  and  maculopathy are the most common 
causes of visual loss. Incidence varies from 12 to 51 %. 
Like cataract, their incidence increases with the duration 
and severity of the disease [ 173 ,  175 ]. Premacular mem-
branes with macular pucker occur in 34.6–36 % eyes, unre-
lated to duration of disease or chronic cystoid macular 
edema [ 161 ,  176 ] Retinal vasculitis in the form of  periphle-
bitis  may also occur and induce neovascularization and 
cyclitic membrane formation [ 175 ].  Exudative retinal 
detachments  develop secondary to infl ammation, while vit-
reous traction arising from long-standing vitreous infl am-
mation can cause subsequent peripheral  retinal hole 
formation [ 177 ] Peripheral  neovascularization  with and 

  Figure III.H-22    Coats’ disease: A 9-year-old boy with stage 2b disease 
(same as in Figures  III.H-21  2 years later). Macular edema is now pres-
ent: the OCT scan reveals thickening of the outer plexiform layer with 

deposits. The decision to treat was taken. Peripheral cryotherapy and 
intravitreal injection of bevacizumab were done (Courtesy of Prof. Holz 
and Dr. Herwig of the University Eye Clinic in Bonn, Germany)       
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  Figure III.H-23    Coats’ disease: 3 years after treatment with peripheral 
cryoapplication and intravitreal bevacizumab: the fovea shows no fur-
ther edema or deposits. In the periphery, there is scarring of the retina 

and some ghost vessels (Courtesy of Prof. Holz and Dr. Herwig 
University Eye Clinic Bonn, Germany)       
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without  vitreous hemorrhage  was seen in 6.5 % of cases by 
Malinowski et al. [ 176 ] Optic nerve involvement in the 
form of  optic disc edema  is seen in 3–38.6 % of eyes with 
intermediate uveitis [ 173 ,  178 ].  Optic neuritis  with or with-
out multiple sclerosis was seen in 7.4 % of eyes with pars 
planitis [ 173 ,  176 ,  178 ].  

   C. Therapy 

 Stepwise treatment of pars planitis is recommended by 
Foster [ 179 ,  180 ], as shown in Table  III.H-2 .

   Table III.H-1    Treatment options of Coats’ disease according to the classifi cation of Shields [ 143 ]   

 Laser photocoagulation  Cryotherapy  Vitreo-retinal surgery  Intravitreal triamcinolone  Intravitreal anti-VEGF 

 Stages 1–3a *   Stages 1–3b *   Late stage of the disease  Described in case studies  Described in case studies 
 Milder forms [ 143 ,  147 ]  Exudative forms [ 143 ,  148 ]  Especially in total retinal 

detachment [ 149 ] 
 Benefi cial as an adjuvant 
therapy [ 150 ] 

 See triamcinolone [ 151 ] 

 Do not combine with 
cryotherapy 

 Used in 42 % of treated eyes  Especially in macular 
edema 

 2 quadrants at a time  Similar to laser  May be used in 
combination with 
anti-VEGF 

 With 1 month between 
treatments 

 Similar to laser  May lead to traction retinal 
detachment [ 152 ] 

  * According to the classifi cation of Shields [ 145 ]   

  Figure III.H-24    Pars planitis: Snowballs in the inferior vitreous. Snowballs appear as whitish lesions. In these pictures, the camera increases the 
contrast of these lesions by using the color  green . P200C image (Optomap image courtesy of Optos, Inc.)       

   Table III.H-2    Stepwise treatment of pars planitis as recommended by Foster [ 18 ,  179 ] [ 3 ]   

 1st step  2nd step  3rd step  4th step 

 Kenalog injections (40 mg) 
peribulbar 

 Additional nonsteroidal systemic drug 
(e.g., Naprosyn, 500 mg PO BID) 

 Pars plana cryopexy  Systemic immunosuppressive 
chemotherapy (low-dose cyclosporin 
or low-dose methotrexate) 

 For 12 weeks  If still active  If still active  If still active or recurrent 
 Every other week  Alternative: pars plana vitrectomy 

 Abbreviations 

  CT    Computerized Tomography   
  ILM    Inner Limiting Membrane   
  PO    BID: Orally, Twice a Day   
  PVD    Posterior Vitreous Detachment   
  RD    Retinal Detachment   
  RPE    Retinal Pigment Epithelium   
  SD-OCT     Spectral Domain Optical Coherence 

Tomography   
  VEGF    Vascular Endothelial Growth Factor   
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 Key Concepts 

     1.    The roles of the vitreous in the pathogenesis of reti-
nal detachment are various and numerous. Factors 
involved in the maintenance of retinal apposition 
with the RPE are becoming better understood but 
are far from a complete understanding and must be 
appreciated in order to defi ne the mechanisms 
underlying retinal detachment, including the role of 
vitreous.   

   2.    The factors that mediate retinal attachment are struc-
tural adhesion between retina and RPE (including 
surface energy and electrostatic forces), hydrostatic 
and colloid osmotic pressures, and importantly, 
active fl uid transfer by the RPE.   

   3.    Exudative retinal detachment results from blood-
retinal barrier breakdown, while rhegmatogenous 
retinal detachment results from anomalous PVD 
with retinal breaks and abnormal liquid vitreous 
currents that lift the retina off the RPE.     
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          I.  Introduction 

 Normal vitreous plays important roles in the maintenance of 
retinal apposition to the retinal pigment epithelium (RPE) and 
in the prevention of retinal detachment. Conversely an abnor-
mal vitreous can contribute signifi cantly to the  development 
and evolution of retinal detachment. In this context, retinal 
detachment can be considered a failure of one or more of the 
factors that maintain retinal-RPE apposition. The forces that 
maintain retinal apposition are strong and are both active and 
passive (i.e., structural). Of these, active forces appear to play 
a major role. An understanding of these factors is of impor-
tance in the management of retinal detachment. 

 Many of the factors contributing to detachment of the 
retina are age related, and it must be appreciated that as the 
prevention of aging has long been an unrequited desire of 
mankind, the prevention of age-related changes in the vitre-
ous is an equally unlikely development in the foreseeable 
future. Removal of the vitreous and its replacement with an 
alternative with all the diverse characteristics of normal vit-
reous may be a more realizable aim but still diffi cult of 
attainment [see chapter   I.F    . Vitreous biochemistry and artifi -
cial vitreous]. Early attempts to use highly polymerized 
hyaluronic acid (using the nomenclature of the time) in the 
treatment of retinal detachment in which the author was 
involved were altogether too simplistic, although in one case 
in the 1950s, total replacement of the vitreous with hyal-
uronic acid in an only eye with a total retinal detachment 
following failed surgery had the remarkable effect of pre-
serving vision for the rest of the patient’s life.  

   II.  Maintenance of Retinal Apposition 

   A.  Structural Factors 

 As regards structural factors, the integrity of the retina is 
obviously important, for retinal breaks are major contrib-
utors to the development of retinal detachment although, 
on their own, retinal breaks do not necessarily result in 
detachment of the retina. Other structural factors include 
the fact that the photoreceptor outer segments (OS) are 
embedded among the apical villi of the RPE and to a 
degree are adherent there. In experimental retinal detach-
ment, separation of the retina from the RPE may fracture 
the OS from their inner segments and leave the OS embed-
ded in the RPE [ 1 ] (Figure  III.I-1a, b ) indicating a degree 
of structural attachment between the photoreceptor OS 
and the apical RPE. It has been reported that retinal cones 
are surrounded by an adherent matrix that extends from 
the external limiting membrane of the retina to the apical 
cell membranes of the RPE and that specialized RPE api-
cal villi are incorporated within this matrix [ 2 ]. The cone 
matrix sheath is insoluble and acts as bridge between cone 

photoreceptors and the apical RPE so  contributing to adhe-
sion between them. The interphotoreceptor matrix (IPM) 
around rods and cones may insulate photoreceptors from 
each other and the retina from the RPE (Figure  III.I-2a, 
b ), but additionally the IPM contributes to adhesion 
between the outer retina and the apical RPE [ 3 – 6 ]. After 
retinal adhesion has been weakened by treating the IPM 
with a variety of enzymes, recovery of adhesion accom-
panies the reestablishment of IPM glycoconjugates [ 7 ]. In 
the primate eye, it has been reported that galactose is an 
important constituent of the IPM glycoproteins that are 
involved in the structural adherence between the retinal 
photoreceptor OS and the apical villi of the RPE [ 8 ]. It has 
previously been shown that galactose is specifi cally taken 
up by retinal cones [ 9 ] and that the glycosaminoglycans of 
the IPM are involved in the phagocytosis of photoreceptor 
outer segment discs by the RPE [ 10 ]. Drug-induced alter-
ation of the morphology of the apical RPE causes a rapid 
but only temporary reduction in retinal adhesion attrib-
uted to actin microfi lament dysfunction [ 11 ]. In mice [ 12 ] 
it has been shown that a specifi c integrin with receptors at 
the RPE-retinal interface plays an important role in reti-
nal attachment but with a marked diurnal variation, retinal 
attachment being strongest 3.5 h after the onset of light at 
which time photoreceptor disc phagocytosis is complete. 
 In vitro  experiments in rabbits have shown that retinal 
adhesion is greater in the dark than in the light. [ 13 ] In 
rabbits, retinal adhesion is 20 % stronger in light-adapted 
eyes than in dark-adapted eyes [ 14 ].

    Although passive structural factors contribute to retinal 
attachment, active forces including metabolic activity in the 
RPE may be more important.  

   B.   Molecular Movement Within 
and from Vitreous 

 In considering the role of the vitreous in the attachment 
of the retina to its bed, one must consider the gel nature 
of the vitreous and the effect that this has on water move-
ment within and from the vitreous cavity and also the fact 
that the cortical vitreous in contact with the retina contains 
a higher concentration of collagen and hyaluronan than the 
mid- vitreous where the concentrations of each are lower [ 15 ] 
(Figure  III.I-3 ). Stabilized hyaluronan (but not hyaluronan 
in solution) has been shown to have a signifi cant inhibitory 
effect on diffusion including the diffusion of small molecules 
such as water [ 16 ].

   In experiments carried out by the author many years ago 
[ 17 ], it was shown that, in the rabbit, there was a constant 
movement of water from the vitreous, across the retina, 
RPE, and Bruch’s membrane to the choroid. Using tritiated 
water ( 3 H 2 O) injected into the mid-vitreous as a tracer and 
sampling vortex venous blood at frequent intervals over an 
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a b

c

  Figure III.I-1    The structural adhesion between photoreceptor outer 
segments (OS) and the apical RPE cell membrane relates ( a ) to inter-
digitation of the RPE apical villi with the OS. ( b ) In an experimental 

retinal detachment in the rabbit, photoreceptor inner segments remain 
attached to the detaching retina, while ( c ) OS separated from their inner 
segments remain embedded among the apical villi of the RPE       

a b

  Figure III.I-2    The interphotoreceptor matrix ( IPM ) stained for glycosaminoglycans is in close apposition ( a ) to the apical membrane of the RPE 
and its apical villi ( AV ) and ( b ) to the photoreceptor OS ( PR )       
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extended period of time (1–2 h, and exceptionally 5 h), it 
was found that the mean transit time for a water molecule 
to pass from the central vitreous to the vortex veins was 
32 ± 2 min, with half of the injected tracer leaving the vitre-
ous in 36 min (Figure  III.I-4a ). Surprisingly, some 94 % of 
injected tracer could be recovered from the vortex veins, 
some 2 % from the surface of the sclera, and up to 4 % from 
the anterior chamber. Depolymerization of vitreous hyal-
uronan by intravitreal injection of hyaluronidase speeded 
the mean transit time of tracer from the vitreous to the vor-
tex veins [ 18 ] to 19.9 ± 6.1 min compared to a control value 
of 32 ± 2 min. (Figure  III.I-4b ), thus confi rming the effect 
that hyaluronan (stabilized by a collagen framework) has 
on water movement in the vitreous and its transfer to the 
choroid. Not surprisingly silicone oil in the vitreous pre-
vented water molecules from reaching the area of retina 
overlying the oil and greatly extended the mean transit time 
for a water molecule to reach the vortex veins to more than 
300 min [ 19 ] (Figure  III.I-4c ).

   In considering water movement from the vitreous to 
the choroid across the many intervening structures (corti-
cal  vitreous, retina, IPM, RPE, Bruch’s membrane, and 
 choroidal extravascular tissue spaces), an explanation for 

the driving forces involved has to be found. Factors that 
must be considered include physical determinants of fl uid 
movement such as hydrostatic pressure differences, colloid 
osmotic pressure, diffusion, and active transfer by interven-
ing tissues. 

   1.  Hydrostatic Pressure 
 Undoubtedly there is a hydrostatic pressure difference 
between the intraocular pressure in the vitreous cavity and 
the near-atmospheric pressure in the orbit that may explain 
the fi nding in experiments on rabbit eyes that a small amount 
of intravitreal tracer such as water ( 3 H 2 O 19 ) or xenon ( 133 Xe 
[ 20 ]) could be recovered from the scleral surface. A 
 hydrostatic pressure difference between the pre-choroidal 
tissues and the orbit across a relatively permeable sclera [ 21 ] 
probably prevents choroidal detachment in the presence of a 
normal intraocular pressure [ 22 ]. Early attempts to measure 
pressures within the vitreous and in the subretinal space, 
however, failed to fi nd any measurable difference in pressure 
between these two locations [ 23 ].  

   2.  Colloid Osmotic Pressure 
 Vitreous has a low content of soluble protein as has the 
retina [ 22 ,  24 ], while there is a high concentration of solu-
ble proteins within the blood vessels of the choroid. The 
retina poses a resistance to molecular passage through it 
and more so for larger protein molecules than smaller mol-
ecules such as water [ 25 ]. It has been shown in humans that 
the outward movement of small molecules such as fl uores-
cein from the vitreous across the retina is some 30 times 
greater than their inward movement [ 26 ]. The RPE with 
its apical tight junctions between neighboring cells 
(Figure  III.I-5 ) serves as a semipermeable membrane, the 
tight junctions preventing the intercellular passage of large 
molecules in either direction but possibly being permeable 
to smaller molecules such as water [ 27 ]. The difference in 
protein concentration between the vitreous and choroidal 
blood, in the presence of intervening semipermeable mem-
branes is capable of generating an oncotic gradient in favor 
of the movement of small molecules such as water from the 
vitreous to the choroid.

   In support of colloid osmotic pressure as a factor involved 
in retinal adherence is the fi nding that the clearance of 
autologous serum [ 28 ] or isotonic sucrose [ 29 ,  30 ] from the 
subretinal space is much slower than that of saline and that 
the injection of hyperosmotic solutions into the vitreous can 
induce retinal detachment [ 31 ,  32 ]. The intravenous adminis-
tration of hyperosmotic mannitol increased retinal adhesion 
to 153 % of control values in primates and to 145 % in rab-
bits [ 33 ]. In experiments using the injection of radioactive 
tracers into the mid-vitreous [ 17 ], the intravenous injection 
of low-molecular-weight dextran, which increased blood 
volume and reduced the concentration of circulating plasma 

  Figure III.I-3    The cortical vitreous ( CV ) with its contained hyalocytes 
( Ha ), stained ( blue ) to show its high content of hyaluronan, is in close 
apposition to the inner limiting membrane of the retina       
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proteins, had an inhibitory effect on water movement from 
vitreous to choroid [ 19 ], prolonging the mean transit time for 
water molecules to reach the vortex veins to 66 min. 

 Choroidal capillaries are fenestrated (Figure  III.I-6 ) and 
allow smaller protein molecules such as albumin to egress 
into the neighboring extravascular tissue spaces. Retinol, 
which is required for visual pigment assembly in the photo-
receptors, circulates in the blood bound to an albumin 
retinol- binding protein [ 34 ]. Without fenestrations it would 
not be possible for this molecule to escape from the choroi-
dal circulation on its way to the outer retina.

   It is clear from fluorescein angiography that albumin- 
bound fluorescein leaks from choroidal capillaries into the 
surrounding choroid. The concentration of plasma proteins 
in the extravascular choroidal tissues is said to be 60–70 % 
of that in the plasma [ 22 ] although other studies have found 
large variations between differing methodologies and species 
[ 35 ]. The combination of a significant concentration of pro-
tein molecules in the extravascular choroid compared with a 
low concentration in the vitreous coupled with the reduced 

permeability of the retina and RPE is sufficient to generate a 
colloid osmotic pressure gradient between the vitreous and 
the extravascular choroid and act as a force for the movement 
of small molecules between these locations.  

   3.  Diffusion 
 In spite of the evidence that colloid osmotic pressure is 
involved in water movement from the vitreous, there remains 
the problem of explaining how colloid osmotic pressure alone 
might be suffi cient to move water from the  extravascular tis-
sues around the choriocapillaris into the lumens of these 
capillaries, considering the relatively high concentration 
of protein in the extravascular tissues. Extravascular pro-
teins will attract water across the retina into the  choroidal 
 extravascular tissues by colloid osmotic pressure, but the 
reduced oncotic pressure difference between the extravascu-
lar and intravascular choroid will adversely affect the oncotic 
transfer of water into the choriocapillaris. Mathematical 
modeling of fl uid movement in the posterior eye [ 36 ] has 
shown that this is diffusion limited, and it may well be that 
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  Figure III.I-4    The rate per unit time (mean transit time MT) that an 
intravitreal tracer ( 3 H 2 O) could be recovered from rabbit vortex veins is 
demonstrated ( a ) in a control animal and following the intravenous 
injection of a low-molecular-weight dextran that reduced the concen-
tration of circulating plasma proteins and slowed the clearance of tracer 
from the vitreous in line with a reduction in colloid osmotic pressure 
between the vitreous and the choroid. Depolymerization of vitreous 

hyaluronan by an intravitreal injection of hyaluronidase ( b ) signifi -
cantly increased the rate of clearance of tracer from the vitreous to the 
vortex vein. ( c ) The presence of a subtotal quantity of silicone oil in the 
vitreous reduced the area of retina available for the trans-retinal passage 
of water from the vitreous and greatly slowed the clearance of the tracer 
from the vitreous       
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diffusion is the fi nal force contributing to the transfer of 
water from the extravascular tissues into the choroidal capil-
laries. To achieve this, there would have to be a lower con-
centration of water in the luminal blood as compared with 
the extravascular tissues. This could be achieved by a high 
rate of blood fl ow, so that water reaching the lumen of capil-
laries was rapidly cleared from there. 

 Unlike retinal venules that have a low level of  oxygenation, 
vortex vein blood leaving the eye is known to be highly 
 oxygenated, a fact recently confi rmed in the human eye by 
spectrophotometric oximetry [ 37 ], indicating that blood fl ow 
in the choroid is in excess of that required for oxygen supply 
to the outer retina. It has been shown in monkeys that the 
choroid has the highest rate of blood fl ow per unit time of 
any other tissue [ 38 ]. .  A need to transfer water into the cho-
roidal circulation by diffusion would offer an explanation for 
the high rate of blood fl ow in the choroid. 

 Where there is a breakdown in the integrity of the inner 
blood-retinal barrier as a result of, e.g., hypoxia [ 39 ], extrav-
asation of proteins into retinal tissues will attract water into 
the retina, and the retention of protein molecules within the 
retina as a result of the barriers to diffusion of large mole-
cules posed by the plexiform layers of the retina [ 40 ] and the 
external limiting membrane [ 41 ] will result in retinal edema, 
compounded by the inability of the RPE to remove water 
from the retina in this situation [ 41 ].   

   C.  Measurement of Retinal Adhesion 

 A method to study the rate of absorption of tracers injected 
into the subretinal space was fi rst published in Japanese in 
1976 [ 42 ], and a further development to measure the actual 
pressure in the localized retinal detachment created by injec-
tion of saline into the subretinal space used a micropipette 
inserted into the injected saline to measure the pressure in 

  Figure III.I-5    Electron microscopy of the RPE shows details of the 
intercellular junctions between neighboring RPE cells ( insert ). Types of 
junction are labeled as follows: tight junction zo ( zonula occludens ), 
gap junction ( gj ), and adherent junction za ( zonula adherens ). The api-
cally situated zo is impermeable to large (e.g., protein) molecules but 
may be permeable to small molecules such as water       

  Figure III.I-6    High-power view 
of the inner (sub-RPE) wall of a 
choroidal capillary to show the 
fenestrations that allow the pas-
sage of proteins such as albumin 
into the extravascular tissue 
spaces of the choroid with a 
reduction in the oncotic pressure 
between the extravascular and 
intravascular choroid       
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this location [ 43 ]. It was found that this pressure was fi ve 
times greater than had previously been reported [ 43 ]. Other 
techniques used to measure retinal adhesion to the RPE have 
included the peeling force required to separate the retina 
from the RPE in isolated strips of eye cups from enucleated 
eyes [ 14 ] and estimation of the amount of pigment left adher-
ing to the retina after its separation from the RPE in the enu-
cleated eye [ 44 ].  

   D.   Retinal Adhesion  In Vivo  
and Post-Enucleation 

 Although it is diffi cult to separate the retina from the RPE 
in the living eye, after enucleation of the eye and before any 
detectable changes are observed, the retina separates eas-
ily from the RPE [ 45 ] indicating that following enucleation 
there is a loss of those factors present  in vivo . The loss of 
adhesion between retina and RPE following enucleation, is 
extremely rapid in the rabbit (2–3 min) and much slower in 
monkey eyes [ 46 ] and human eyes (40 min) [ 45 ]. In both rab-
bit and primate eyes, retinal attachment to the RPE is oxygen 
dependent [ 47 ,  48 ], benefi ts from low temperatures [ 44 ,  49 ], 
and is reduced by a low pH [ 45 ,  49 ] and by a reduction of 
calcium [ 50 ,  51 ] or magnesium [ 51 ]. Retinal adhesion is also 
affected by the presence of metabolically active  substances 
introduced into the subretinal space [ 52 ]. Ischemia for fi ve 
minutes or longer causes a complete loss of retinal adhesion 
in the rabbit eye but after 10 min of ischemia, adhesion can 
be restored to 80 % of its normal value by restoration of the 
circulation 5 min before enucleation [ 49 ], indicating that 
choroidal blood fl ow plays a major role in retinal adhesion 
in the rabbit eye (that lacks a separate retinal blood circula-
tion). Enucleation of the eye means a cessation of blood fl ow 
in the choroid that as already indicated is necessary for the 

outward movement of water from the vitreous and from the 
subretinal space, and this would appear to be one of the many 
factors responsible for the loss of retinal adhesion following 
enucleation. 

 Following enucleation and retinal separation from the 
RPE, cone and rod sheaths are extended [ 45 ] indicating a 
persistence of structural adherence between photoreceptors 
and the RPE in the enucleated eye. Thus, the loss of retinal 
adhesion that follows enucleation is multifactorial, and it 
appears that the factors maintaining retinal adhesion are 
qualitatively if not quantitatively similar in rabbit and pri-
mate eyes including human eyes [ 45 ]. Retinal adhesion in 
the primate eye, however, is more resistant to adhesive fail-
ure than in the rabbit eye [ 48 ]. It has been shown that the loss 
of retinal adhesion after enucleation is reversible, and while 
a low pH and low calcium/magnesium have additive effects 
in weakening retinal adhesion, a low temperature can reverse 
this and restore adhesion [ 49 ].  

   E.  Effect of pH 

 Although it has been shown in the enucleated eye that a low 
pH decreases retinal adhesion, in the living eye, systemic 
acetazolamide that lowers pH has been shown to increase 
retinal adhesion by 133 % in rabbits and by 144 % in pri-
mates compared with controls [ 33 ]. The differing effects of 
a reduced pH in enucleated eyes and in the living eye may 
be explained by the presence or absence of the choroidal 
circulation for acidosis induced by breathing carbon diox-
ide causes a signifi cant increase in choroidal and cerebral 
blood fl ow in primates [ 53 ] (Figure  III.I-7a, b ) and increased 
choroidal blood fl ow in rabbits [ 54 ]. Thus, although in enu-
cleated eyes, where there is no  choroidal blood fl ow, retinal 
adhesion may be reduced in conditions of low pH; in the 
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  Figure III.I-7    Effects in the nonhuman primate of increasing pCO 2  levels on ( a ) cerebral and ( b ) choroidal blood fl ow. In both locations,  increasing 
pCO 2  results in an increase in blood fl ow. Systemic acetazolamide has a similar effect       
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living eye with an active choroidal blood fl ow, a low pH is 
likely to increase retinal adhesion by increasing choroidal 
blood fl ow and an increased outward movement of water into 
the choroidal circulation. Increased choroidal blood fl ow has 
been suggested as an explanation (among many others) for 
the increased retinal adhesion and increased rate of absorp-
tion of subretinal fl uid demonstrated in rabbits treated with 
systemic acetazolamide [ 55 ]. Additionally, a study of the 
rate of clearance to the bloodstream of intravitreally injected 
fl uorescein in human volunteers showed an increased rate of 
clearance when subjects were treated with acetazolamide as 
compared to placebo [ 56 ]. This was attributed to an increased 
permeability of the outer blood-retinal barrier, but no consid-
eration was given to the possible effect of acetazolamide on 
choroidal blood fl ow.

      F.  Role of the RPE 

 Among remaining factors to be considered is the active 
transfer of water molecules across the RPE. RPE cells are 
metabolically active, related to the multiplicity of their many 
functions including the inward supply of metabolites to the 
retina, the phagocytosis of effete photoreceptor OS discs and 
the disposal of the products of their degradation, the recy-
cling of visual pigment between RPE and retinal photorecep-
tors, and the transfer via transporting proteins of retinol from 
the choroidal blood circulation to its destination in the pho-
toreceptor OS [ 57 – 60 ]. The RPE has the diffi cult task of 
transferring molecules required by the retina (e.g., oxygen, 
retinol, and glucose) from the choroidal blood circulation to 
the outer retina and at the same time transferring water and 
the waste products of retinal metabolism and photoreceptor 
outer segment phagocytosis in the opposite direction. There 
are thus several mechanisms involved in the transfer of ions 
and molecules across RPE cell membranes in either  direction 
with a preference for the inward transfer of retinal metabo-

lites and the outward transfer of those ions involved in trans-
cellular water movement [ 60 ]. 

 The ability of the RPE to transport water is very powerful, 
and the RPE can pump fl uid against a substantial gradient 
of hydrostatic or osmotic pressure [ 60 ]. There are homoeo-
static mechanisms for maintaining the hydration of the sub-
retinal space to maintain an appropriate relationship between 
the photoreceptor OS and the apical RPE and other mecha-
nisms removing water from the subretinal space to prevent 
an undue separation of the OS from the RPE [ 58 ,  61 ]. The 
basement membranes of RPE cells are highly convoluted 
(Figure  III.I-8a ), and this as well as the presence of villi on 
the apical surface of the RPE (Figure  III.I-8b, c ) increases 
the surface areas of the basal and apical cell membranes, 
with obvious benefi t to the inward transfer of oxygen and 
metabolites from the choroid to the retina and the outward 
movement of water and waste products of RPE metabo-
lism. Ionic movement across the apical cell membranes of 
the RPE is thought to be important in the maintenance of 
ionic homeostasis in the subretinal space. Alterations in the 
ion content (mainly K + ) of this space accompany light and 
dark adaptation [ 61 ] and may be responsible for the dif-
ferences found in the measured adherence of the retina in 
light- and dark-adapted eyes [ 14 ]. In the dark-adapted eye, 
oxygen consumption by the photoreceptors is increased with 
an increased production of CO 2  and water that are removed 
by the RPE so maintaining a normal pH in the subretinal 
space and preventing the accumulation of water that would 
alter the separation of the photoreceptor OS from the apical 
RPE [ 61 ].

   Ion movement across the apical RPE cell membrane 
involves both ingress and egress of potassium (K + ), secretion 
of sodium (Na + ) into the subretinal space, and absorption of 
Cl −  from the subretinal space and its subsequent transfer 
across the baso-lateral RPE cell membranes towards Bruch’s 
membrane and the choroid. These ionic movements are of 
importance in the outward transfer of water via the RPE from 

a b

  Figure III.I-8    The area for transmembrane transfer of ions is greatly increased by ( a ) the convolutions of the RPE basal membrane (shown by 
Indian ink injection) and ( b ) by the high density of villi on the apical RPE membranes       
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the vitreous to the choroid and are thought to involve at least 
three mechanisms in the apical membrane (a Na + -K +  pump, 
a Na + - K + - Cl −  co-transporter and barium-sensitive K +  chan-
nels that actively recycle K +  back to the subretinal space) 
[ 59 ]. The chloride pathway across the RPE appears to involve 
different mechanisms in the apical and baso-lateral mem-
branes, and HCO 3  transporters appear to play an important 
role in fl uid movement across the RPE. Inhibition of ionic 
transfer mechanisms can have a signifi cant effect on water 
movement across the RPE [ 60 ] and thus on the maintenance 
of retinal apposition with the RPE. Indirect evidence that 
active work by the RPE is involved in the outward movement 
of water from the subretinal space is the oxygen dependence 
of such movement [ 47 ], the effect that the introduction of 
metabolically active substances into the subretinal space has 
on the absorption of saline from the subretinal space [ 52 ], 
and the fact that a low temperature can maintain retinal adhe-
sion in enucleated eyes [ 44 ]. It is further claimed that active 
work by the RPE is a greater contributor to the movement of 
water from the subretinal space than that effected by oncotic 
pressure and that active ionic transport across the RPE is 
responsible for 70 % of trans-RPE fl uid movement with 
oncotic pressure responsible for 30 % [ 62 ]. In the subsequent 
transfer of water to the choroid, however, colloid osmotic 
pressure may be a more important driving force.  

   G.  Inhibition of RPE Metabolism 

 Acute toxicity of the RPE with sodium iodate has been 
shown not only to reduce retinal adhesion to the RPE but 
also to weaken adhesion of the RPE to Bruch’s membrane 
[ 63 ]. Surprisingly, in rabbits, poisoning of the RPE with 
sodium iodate in a dose suffi cient to inhibit RPE metabolism 
increased the rate at which water was transferred from the 
vitreous to the choroid (a mean rate of 24 ± 4 min as com-
pared with a control value of 36 ± 4 min) [ 19 ]. It has also 
been reported that sodium iodate speeds up the resorption of 
subretinal saline but not of serum [ 64 ]. It appears that sodium 
iodate while inhibiting active transport by the RPE also 
reduces its barrier function, allowing the colloid pressure dif-
ference between vitreous and choroid to increase the out-
ward fl ow of water from the vitreous to the choroid.  

   H.  Surface Energy and Electrostatic 
Forces 

 Other forces involved in the maintenance of retinal apposi-
tion with its bed that have received less attention but could be 
signifi cant are surface tension (or more correctly surface 
energy when considering moist membranes in contact [ 65 ]) 
and electrostatic forces that can determine the  macromolecular 

structure of tissues such as the vitreous [ 66 ]. A difference 
between a negatively charged vitreous and a positive charge 
in the apical RPE could contribute to the adhesive force 
between these tissues. The magnitude of the ocular standing 
potential that is largely generated across the RPE is an indi-
cation of the electrostatic force that could contribute to reti-
nal adhesion. In addition, there is no doubt that electrostatic 
forces can affect intracellular function and alter ocular cell 
confi guration and cell motility [ 67 ]. Lastly, although surface 
energy between membranes can generate signifi cant adhe-
sive forces [ 65 ], once again evidence that this mechanism 
plays a role in retinal adhesion is lacking.  

   I.  Flow Conductivity and Retinal 
Adhesion 

 Irrespective of the mechanism(s) responsible for water move-
ment from the vitreous, there is no doubt that a continuous 
and signifi cant movement of water from the vitreous to the 
choroid exists, and one must ask how this might contribute to 
the attachment of the retina to its bed. The answer undoubt-
edly lies in the reduced fl ow conductivity of the retina and of 
the cortical vitreous. In the case of the retina, this has been 
measured [ 68 ] and although the retina is relatively permeable 
to water, both the retina and the cortical vitreous offer a sig-
nifi cant resistance to the passage of water. With an outward 
movement of water through the cortical vitreous and retinal 
tissues and a resistance to its passage through each, water 
movement will keep the cortical vitreous in contact with the 
retina (Figure  III.I-9a ) and maintain contact between the ret-
ina and the RPE (Figure  III.I-9b ). The former will aid the 
tamponade of retinal holes by cortical vitreous, and the latter 
will be a major contributor to retinal adhesion and a signifi -
cant protection against detachment of the retina [ 68 ].

       III.  Exudative Retinal Detachment 

 As a colloid osmotic pressure difference between the vit-
reous and the choroid across the intervening tissues is an 
important factor maintaining retinal apposition, it is no sur-
prise that a breakdown in the posterior blood-retinal bar-
rier can result in an exudative (serous) retinal detachment 
with a characteristically protein-rich subretinal fl uid [ 69 ]. 
Increased permeability of choroidal vessels and damage to 
the outer blood-retinal barrier can occur in severe infl amma-
tion [ 70 ], choroidal malignancy, or the rarer uveal effusion 
 syndrome [ 71 ]. The volume of an exudative detachment is 
likely to be maintained by recruitment of water from the vit-
reous as a result of the colloid osmotic pressure difference 
between the vitreous and the protein-rich subretinal fl uid. 
Although a breakdown in the posterior blood-retinal barrier 
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is more usually the cause of an exudative retinal detachment, 
it has been suggested that some exudative retinal detach-
ments may be the result of a metabolic breakdown in the 
transport systems of the RPE [ 72 ]. 

 In long-standing rhegmatogenous retinal detachments, the 
subretinal fl uid that initially has characteristics akin to aqueous 
with a low-protein content and a high concentration of ascorbic 
acid [ 73 – 75 ] gradually becomes more like blood plasma with 
an increasing content of protein and a decreasing content of 
ascorbic acid. With subretinal fl uid resembling plasma, any 
colloid osmotic pressure acting across the retina will attract 
water from the vitreous into the subretinal fl uid, while the lack 
of an osmotic gradient between the subretinal space and the 
choroid due to the similar concentration of protein in the two 
locations will act to maintain the retinal detachment. 

 Following the surgical excision of choroidal melanomas 
with an accompanying exudative retinal detachment, the ret-
ina usually fl attens rapidly even in the absence of the RPE and 
choroid [ 76 ]. In these circumstances, a hydrostatic pressure 
difference between the vitreous and the orbit may account for 
the fl attening of the detached retina as a result of a hydrostati-
cally increased trans-scleral fl ow of water, the sclera in this 
type of surgery being reduced to half-thickness.  

   IV.  Rhegmatogenous Retinal Detachment 

 Having considered the role of the vitreous in maintaining 
apposition of the retina to the RPE and its possible protec-
tive role in the prevention of retinal detachment, 

 consideration must be given to the role of the vitreous in 
the onset and  evolution of retinal detachments. In simple 
nontraumatic rhegmatogenous retinal detachment, this is 
largely a consequence of age-related or myopia-related 
degenerative changes in the vitreous [see chapters   II.B    . 
Myopic vitreopathy and   II.C    . Vitreous aging and PVD]. 
Additionally, vitreous involvement in complicated retinal 
detachments is characterized by fi brous tissue formation 
such as occurs in proliferative vitreoretinopathy (PVR), 
proliferative diabetic retinopathy (PDR), and advanced ret-
inopathy of prematurity (ROP) and less commonly inher-
ited genetic disorders affecting the vitreous [see chapter 
  I.C    . Hereditary vitreo-retinopathies]. 

   A.  Vitreous Degeneration 

 In vitreous there are at least two mechanisms that may be 
involved in the etiology and progression of rhegmatoge-
nous retinal detachment. These are liquefaction of the vit-
reous body and vitreous traction. Age-related changes in 
vitreous include a loss or reorganization of hyaluronan 
resulting in collagen fi brils within vitreous adhering to each 
other and a loss of vitreous volume [ 77 ,  78 ] (Figure  III.I-10 ). 
Commonly, liquefaction-induced destabilization of the vit-
reous body results in a posterior vitreous detachment (PVD) 
where the vitreous severs its posterior connection with the 
inner limiting membrane of the retina and collapses towards 
the center of the eye to leave a fl uid-fi lled space between 
the detached posterior vitreous cortex and the retina 
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  Figure III.I-9    ( a ) The reduced permeability of the cortical vitreous, 
retina, and RPE to the outward fl ow of small molecules such as water 
ensures that the cortical vitreous remains in close contact with the 
inner limiting membrane of the retina and that the retina remains in 

contact with the RPE and the RPE in contact with Bruch’s membrane 
and choroid. ( b ) Electron microscopy to demonstrate the close apposi-
tion of the cortical vitreous ( CV ) to the inner limiting membrane ( MC  
Müller cell,  GC  ganglion cell)       
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(Figure  III.I-11 ). The prevalence of PVD increases with 
increasing age being unusual before the age of 30 years and 
universal in those aged 70 years or more [ 79 ,  80 ]. Apart 
from aging, myopia is a risk factor for PVD, the prevalence 
of PVD increasing in line with the severity of the refractive 
error [ 79 ]. PVD develops earlier (estimated as 10 years ear-
lier) in myopic eyes as compared with emmetropic or 
hyperopic eyes [ 79 ,  80 ].

       B.  Vitreous Traction 

 Collapse of the posterior vitreous can cause traction 
on the retina [see chapter   III.B    . Anomalous PVD and 

 vitreoschisis]. As the posterior attachments of the vitre-
ous are strongest in the vicinity of the optic nerve head 
(Figure  III.I-10 ) and the macula (Figure  III.I-11a, b ), a 
collapsing vitreous exerts most traction at these two 
locations and is responsible for the occurrence of the 
vitreo-macular traction syndrome in the case of the for-
mer [ 81 – 83 ] and pseudo-papilledema in the latter case 
[ 84 ]. Vitreo-macular traction in turn is an important etio-
logical factor in the development of macular holes [ 85 , 
 86 ]. Vitreous traction on the macula is also a common 
cause of increased vascular permeability at the site of the 
traction and the development of cystoid macular edema 
or localized retinal elevation [ 87 – 89 ] (Figure  III.I-12 ). 
Occasionally, spontaneous separation of the vitreous from 

  Figure III.I-10    Vitreous syneresis in an elderly human eye. The col-
lagen fi brils that are normally invisible have coalesced together to form 
large visible vitreous opacities. There is a large posterior vitreous 

detachment ( PVD blue arrows ) but an adhesion between the detached 
vitreous and the optic nerve head persists ( white arrow )       
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its retinal attachment may lead to spontaneous relief of 
 vitreo- macular traction [ 90 ,  91 ].

   In the management of retinal detachment, volume- 
reducing operations (encerclage or plombage) or alterna-
tively vitrectomy may each in their own way reduce 
vitreoretinal traction with benefi t to the outcome of surgery. 
Volume-reducing surgery may additionally redistribute a 
detached vitreous body within the vitreous cavity to bring it 
into contact with an increased area of retina [ 19 ] and allow 
tamponade of any previously detected or undetected periph-
eral retinal holes with benefi t to the cure of the detachment or 
prevention of its recurrence. An additional benefi t from 
volume- reducing surgery is a reduction in vitreous fl uid cur-
rents (see below), thus mitigating the risk of continuing 
accumulation of subretinal fl uid. 

   1.  Macular Holes 
 Because of the optical clarity of vitreous and the absence of 
visible abnormality in the vicinity of macular holes, the 
cause of macular holes was for a long time a mystery. The 
advent of OCT, and particularly OCT capable of providing 
high-defi nition images, has revolutionized the understanding 
of the factors leading to macular hole formation and has 
established the critical role of vitreous in their development 
[ 92 – 94 ]. Anteroposterior vitreous traction was thought to be 
the major etiological factor in macular hole formation until 
Gass [ 95 ] not only developed a classifi cation for macular 
holes based on their progressive worsening but introduced 
the concept of tangential traction and the role of contracting 
adherent cortical vitreous and premacular membrane forma-
tion in the development of macular holes. The use of more 
recently developed high-defi nition OCT has reestablished 
anteroposterior vitreous traction as a factor in the etiology of 
macular holes. Relief of anteroposterior vitreous traction by 
vitrectomy or the use of newer pharmacologic vitreolytic 
agents [ 96 ] has revolutionized the management of macular 

holes [see chapters   VI.A    . Pharmacologic vitreolysis and 
  VI.E    . Pharmacologic vitreolysis with ocriplasmin] as has 
ILM peeling in the relief of tangential traction.  

   2.  Retinal Breaks 
 Retinal breaks without retinal detachment are commonly 
seen in postmortem human eyes [ 97 ,  98 ]. Active forces main-
taining retinal apposition may explain the absence of retinal 
detachment in these eyes, but as most of these retinal holes 
are situated in the retinal periphery, where they are in contact 
with formed vitreous, tamponade by formed vitreous may be 
an additional factor preventing retinal detachment [ 19 ,  99 ]. 
Where there is a PVD, the collapsing vitreous usually retains 
its contact with the equatorial and pre-equatorial retina. 
Traction at the interface between attached anterior  vitreous 
and detaching posterior vitreous commonly results in retinal 
breaks in this location [ 78 ]. Retinal breaks without evidence 
of active vitreous traction, including round holes with an 
avulsed operculum, seldom cause retinal detachment [ 100 ], 
while continuing traction is a risk factor for detachment [ 100 ]. 

a b

  Figure III.I-11    ( a ) In a human eye with a PVD ( black arrows ), there is 
a gross attachment between the posterior vitreous cortex and the mac-
ula ( white arrow ). ( b ) In another human eye with a PVD, the hyaluro-

nan in the detached vitreous is stained blue. There is a fi ne vitreous 
attachment to the fovea ( arrow ). Symptomatic vitreoretinal traction 
was likely in each case       

  Figure III.I-12    Gross cystoid edema resulting from vitreoretinal 
traction       
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 A location where vitreoretinal attachment is strong is in 
the vicinity of major retinal blood vessels, and traction in 
these locations may result in retinal tears of varying confi gu-
rations. Retinal tears resulting from vitreous traction are 
often accompanied by a degree of retinal and vitreous hem-
orrhage. Occasionally traction on a retinal vessel may result 
in its avulsion and a major vitreous hemorrhage [ 101 ]. Very 
occasionally an avulsed vessel may remain intact even when 
crossing a retinal tear resulting from vitreous traction. 

 In proliferative retinopathies, traction on the retina may be 
so severe as to cause widespread or total retinal detachment 
without the presence of a retinal break, a situation that can 
be challenging to manage. Secondary retinal breaks are com-
mon in such eyes and add to the diffi culties in management.   

   C.  Synchisis, Syneresis, and Vitreous 
Currents 

 Degenerative changes in aging vitreous include liquefaction 
of the vitreous gel [ 77 ,  78 ], known as “synchisis” (scatter-
ing) or “syneresis” (collapse of a gel that is partially or totally 
fl uid). Liquefaction may be localized forming lacunae or 
more generalized. As vitreous liquefaction is important in 
the etiology of retinal detachment, it is worth paying atten-
tion to its effects. The viscoelasticity of normal vitreous 

absorbs energy and  protects the retina from external injury 
[ 102 ]. Viscoelasticity also prevents short-term alterations 
in vitreous volume [ 19 ]. In addition to the loss of these 
 protective effects, liquefaction of the vitreous allows rapid 
movement of fl uid within the vitreous cavity during rotatory 
eye movements or vigorous movements of the head [ 103 ]. 

 The importance of fl uid currents within the vitreous cavity 
in the etiology of retinal detachment was recognized as early 
as 1933 by Lindner who devised a simple experiment to test 
this hypothesis [ 104 ]. He coated the inner surface of a fl ask 
with a continuous fi lm of colloidin and then fi lled it with fl uid. 
He found that no matter how vigorously he rotated the fl ask, 
the colloidin fi lm remained attached to the wall of the fl ask. 
Making a small hole in the fi lm especially if its edge was 
raised completely changed the situation so that any rotation of 
the fl ask resulting in rotational currents allowed fl uid to enter 
the hole and rapidly strip the colloidin fi lm from its attachment 
to the wall of the fl ask. The importance of vitreous currents in 
the etiology of rhegmatogenous retinal detachment is now 
well recognized [ 19 ,  105 ]. Where there is a hole in the retina 
but no detachment, adhesive forces including the outward 
movement of water through the retina surrounding the retinal 
hole will maintain the adhesion of the retina to the RPE even 
if there is an increased movement of water through the retinal 
hole itself. In the absence of vitreous traction, a retinal 
 detachment is unlikely to develop [ 19 ] (Figure  III.I-13a, b .) 
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  Figure III.I-13    ( a ) A diagram illustrates that in the absence of vitreo-
retinal traction, an open hole in a fl at retina is unlikely to cause retinal 
detachment. Water movement through the retina around the hole ( black 
arrows ) maintains retinal adhesion to the RPE. Increased water move-

ment through the hole itself does not affect this. ( b ) A fl at retina in a 
lightly pigmented eye with a very visible choroid remains attached in 
spite of the presence of an open retinal hole ( white arrow )       
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Where the edge of a retinal break is elevated by vitreous trac-
tion as occurs in operculated holes or where there is a con-
tracting preretinal membrane, a combination of vitreous 
currents and elevation of the edge of the retinal break makes 
the onset of a retinal detachment almost inevitable 
(Figure  III.I-14a ). In the case of superiorly located retinal 
breaks even in the absence of vitreous traction, gravity may 
be suffi cient to raise the edge of the retinal break and allow 
vitreous currents to detach the retina (Figure  III.I-14b ).

        V.  Developmental Abnormalities 

 Although developmental abnormalities of the vitreous includ-
ing genetically determined conditions are rare, they can have a 
devastating effect on vision and may greatly increase the risk 
of retinal detachment and render its management diffi cult. It is 
well recognized that the fetal hyaloid vascular system under-
goes regression shortly before birth [see chapters   I.D    . Vitreous 
proteomics and regression of the fetal hyaloid vasculature and 
  II.A    . Development and developmental disorders of vitreous]. 
A persistent hyaloid system is common within vitreous of pre-
mature babies, and remnants of the system such as 
Bergmeister’s papilla with glial elements extending into 
Cloquet’s canal occasionally persist in otherwise normal eyes. 
A failure of regression of the hyaloid system may be accompa-
nied by cellular proliferation as occurs in persistent hyperplas-
tic primary vitreous [see chapter   III.A    . Congenital vascular 
vitreo-retinopathies]. In this condition, there is a mass of pro-
liferating mesenchymal vascular tissue behind the lens that 
additionally is frequently cataractous. The condition is usually 
unilateral although when part of a systemic abnormality such 

as in trisomy 13, it may be bilateral [ 106 ]. Affected eyes are 
usually microphthalmic. Traction from contracting fi brous 
 tissue may result in total and inoperable retinal detachment. 

 A large number of hereditary vitreoretinopathies have 
been described [see chapter   I.C.     Hereditary vitreo- 
retinopathies]. Most are dominantly inherited genetic abnor-
malities often affecting the peripheral retina and with variable 
effects upon the vitreous that may be signifi cantly abnormal 
from the outset or become abnormal with the late develop-
ment of secondary vitreous degeneration. Some inherited vit-
reoretinopathies carry a high risk of retinal detachment from 
a combination of weakness of the peripheral retina,  vitreous 
traction on the retina, and vitreous degeneration and are 
sometimes associated with high myopia. Inherited vitreoreti-
nopathies carrying a high risk of retinal detachment include 
the  Stickler syndrome , a dominantly inherited connective tis-
sue disorder affecting hyaluronan and type II collagen [ 107 , 
 108 ]. The ocular manifestations include vitreous syneresis 
(optically empty vitreous), vitreous membranes, high myo-
pia, vitreous traction, retinal breaks including giant retinal 
tears, and a high incidence of retinal detachment in which 
vitreous abnormalities play a major role. Systemic manifesta-
tions of defective collagen synthesis also occur [ 108 ]. 

  Wagner’s disease and erosive vitreoretinopathy  [ 109 ] are 
dominantly inherited, and the affected gene is the same for each 
[ 110 ]. Ocular manifestations are similar to those of Stickler syn-
drome (but lack systemic abnormalities) and include vitreous 
syneresis, vitreous bands, and tangential vitreoretinal traction 
resulting in retinal breaks (including giant retinal tears) and a 
high incidence of rhegmatogenous retinal detachment. 

 In  familial exudative vitreoretinopathy (FEVR)  [ 111 ,  112 ], 
there is a failure of vascularization of the peripheral  retina 

a b
  Figure III.I-14    ( a ) In the pres-
ence of vitreous traction ( small 
arrow ), the elevated edge of a reti-
nal tear allows vitreous currents 
( long arrow ) to strip the retina 
from its bed leading to retinal 
detachment. ( b ) In the upper ret-
ina, gravity ( small arrow ) may be 
suffi cient to elevate the edge of a 
retinal break and in the presence of 
vitreous currents ( long curved 
arrow ) may cause a retinal 
detachment       
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and an abnormally strong adhesion between the vitreous and 
the abnormal retina. Vitreoretinal traction accounts for a sig-
nifi cant incidence of juvenile retinal detachment although in 
many cases, the condition may be nonprogressive. 

 In  lattice degeneration  (more appropriately called  retinal 
lattice  since this is more likely a dystrophy than a degenera-
tion), which carries an increased risk of retinal detachment, 
there is an abnormal localized liquefaction of the vitreous 
over the site of the lesion and adherent vitreous at its edges 
[ 113 ]. Investigations, however, have failed to fi nd associa-
tions between the vitreous abnormalities in this condition 
and the development of retinal detachment [ 114 ]. A recent 
Cochrane review also failed to fi nd any evidence that cur-
rently used prophylactic interventions are benefi cial [ 115 ].  

   VI.  Effects of Retinal Detachment 
on Vitreous and Other Ocular Tissues 

 Having considered vitreoretinal interactions that contribute 
to the pathogenesis of retinal detachment, it may be appropri-
ate to consider what effects retinal detachment may have on 
the vitreous. The pathological changes that occur following 

detachment of the retina include progressive degenerative 
changes in the retina itself and signifi cant abnormality in the 
RPE. In long-standing retinal detachments, there is a gradual 
loss of neural elements affecting the outer retina initially 
and all retinal layers eventually [ 116 ]. Concerning the RPE, 
shortly after the creation of an experimental retinal detach-
ment, the appearance of the RPE is normal with intact api-
cal villi and retention of a largely hexagonal arrangement of 
RPE cells (Figure  III.I-15a ). Very soon, however, RPE cells 
become swollen (Figure  III.I-15b ), lose contact with their 
neighboring cells, and become mobile (Figure  III.I-15c ), 
some showing proliferation and others the condensation of 
nuclear chromatin that denotes apoptosis [ 117 ]. Following 
experimental retinal detachment, the RPE shows loss of 
 apical villi and increasing polymorphism [ 118 ] (Figure  III.I-
15d ). In rabbits experimental retinal detachment is followed 
by acute changes in the morphology of the apical RPE [ 119 ]. 
In long-standing retinal detachment in humans (Figure  III.I-
16a ) and in rabbits (Figure  III.I-16b ), gross abnormality is 
seen in the RPE, probably contributing to the poor prognosis 
for surgery in such cases. Accompanying this is a progressive 
reduction in the amplitude of the electroretinogram and of 
the electrooculogram until each is extinguished [ 120 ,  121 ].

a b

c d

  Figure III.I-15    ( a ) In a recent experimental retinal detachment (4 h) in 
a rabbit, the RPE retains a normal appearance with equally sized hex-
agonal cells and retention of apical villi. ( b ) In cross section, RPE cells 
are swollen but apical villi are retained. ( c ) In an experimental retinal 
detachment of longer duration (4 weeks), RPE cells have rounded up 

and are becoming mobile and separated from Bruch’s membrane. These 
are the cells that can give rise to proliferative vitreoretinopathy (PVR). 
( d ) In an eye with a retinal detachment of 4 weeks duration, the RPE 
shows gross cellular pleomorphism       
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  Figure III.I-16    In a human eye ( a ) and a rabbit eye ( b ) each with a 
long-standing retinal detachment (1 year +), the RPE has lost its normal 
morphology and in the case of ( b ) has no recordable ERG or electro-
oculogram (EOG) and a very reduced response of the EOG to stimula-

tion with sodium azide. The probability is that the role of the RPE in 
helping to maintain retinal attachment has been irretrievably lost greatly 
worsening the prognosis for surgical reattachment       
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    In eyes with retinal detachment, the subretinal fl uid con-
tains cells of varying origin including glial cells of astrocytic 
origin and Müller cells [ 122 ], but most frequently modifi ed 
RPE cells [ 123 ] that can undergo morphogenesis into macro-
phages or fi broblasts [see chapter   III.J    . Cell proliferation at 
the vitreo-retinal interface in PVR and related disorders]. 
These cells may not only lay down a subretinal fi brocytic 
membrane [ 124 ] but can induce fi brosis within the retina or 
invade the vitreous cavity via retinal breaks or by invasion 
through the retina itself [ 74 ]. Within the vitreous cavity, they 
may create preretinal membranes or proliferate along the sur-
faces of a detached vitreous to create proliferative vitreoreti-
nopathy (PVR). Contraction of fi brous tissue beneath, within, 
or on the surface of the retina and within the vitreous cavity 
can lead to end-stage usually untreatable retinal detachment 
with its characteristic funnel-shaped confi guration. 
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 Key Concepts 

     1.    Proliferative vitreoretinopathy is the undesired for-
mation of fi brous contractile membranes at the vit-
reoretinal interface and on both surfaces of the 
retina that results from the proliferation of retinal 
pigment epithelial cells, hyalocytes, and glial cells 
in the vitreous and on the retinal surface following 
rhegmatogenous retinal detachment.   

   2.    At the time of retinal break formation, retinal pig-
ment epithelial cells are released and migrate into 
the vitreous and onto the retinal surface along with 
fi broblasts, glial cells, and macrophage hyalocytes. 
Transforming growth factor-β released by retinal 
pigment epithelial cells stimulates production of 
collagen and fi bronectin which in turn stimulates 
additional cell migration and proliferation, thus 
continuing the vicious cycle.   

   3.    Under the infl uence of cytokines, these cells form 
contractile membranes leading to recurrent retinal 
detachment. Much research is being conducted on 
the specifi c cytokines and cells involved in this 
complex pathophysiological process, and it is hoped 
that additional therapeutic and preventative options 
will be available in the future.     
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   I.  Introduction 

 Proliferative vitreoretinopathy (PVR) refers to the prolifera-
tion of retinal pigment epithelial cells, hyalocytes, and glial 
cells at the vitreous and on the retinal surface in rhegmatoge-
nous retinal detachment (RRD). Seen in 5–10 % of all cases of 
RRD [ 1 ] and found in 75 % of all recurrent retinal detachment 
cases [ 2 ], PVR is the most common reason for failure of reti-
nal reattachment surgery. PVR results from the dispersion, 
migration, and proliferation of cells into the vitreous as well as 
the outer and inner surface of the retina. The cell types involved 
in the process of PVR formation include retinal pigment epi-
thelial (RPE) cells, fi broblasts, macrophages, hyalocytes, and 
glial cells [ 3 ]. Cytokines such as fi bronectin and platelet-
derived growth factor (PDGF) have also been implicated in the 
process of PVR formation [ 4 ]. These cells and cytokines lead 
to membrane formation and contraction of the vitreous and 
retina resulting in recurrent retinal detachment [ 4 ].  

   II.  Clinical Features of PVR 

   A.  Risk Factors of PVR 

 Multiple factors have been identifi ed that increase the risk of 
developing PVR. Increased risk has been observed in patients 

with large retinal tears, multiple retinal tears, longer duration 
of retinal detachment, and high levels of vitreous protein 
such as occurs in vitreous hemorrhage and intraocular 
infl ammation [ 5 ]. Presence of preoperative PVR, aphakia, 
and ocular trauma have also been associated with increased 
risk of PVR [ 5 ]. 

 A model known as the PVR score has been used by 
many to determine the risk of developing PVR, where PVR 
score = 2.88 × (grade C PVR) + 1.85 × (grade B PVR) + 2.92 
× (aphakia) + 1.77 × (anterior uveitis) + 1.23 × (quadrants of 
 detachment) + 0.83 × (vitreous hemorrhage) + 23 × (previous 
cryotherapy) [ 6 ] with one added to the total score if retinal 
fi brosis is present. A patient is considered high risk if the 
score is greater than 6.33 [ 7 ].  

   B.  Clinical Signs and Staging of PVR 

 The earliest signs of PVR are the presence of fl are, haze, and 
pigment within the vitreous. As PVR evolves, wrinkling of 
the inner retinal surface can be seen with vessel tortuosity 
and rolled edges of retinal breaks. Later states include fi xed 
retinal folds (Figure  III.J-1 ), macular pucker (Figure  III.J-2 ), 
star folds of the retina (Figure  III.J-3 ), and subretinal fi brotic 
bands (Figure  III.J-4 ). As the membranes contract, localized 
detachments can also be seen (Figure  III.J-5 ), which  typically 

  Figure III.J-1    This 53-year-old 
man with high myopia and a his-
tory of rhegmatogenous retinal 
detachment repaired with scleral 
buckle and vitrectomy presented 
3 months following surgery with 
fi xed retinal folds       
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  Figure III.J-2    A preretinal membrane due to proliferative vitreoreti-
nopathy causing macular pucker       

  Figure III.J-3    This 6-year-old boy presented with a left exotropia for 
several months duration and was found to have a rhegmatogenous reti-
nal detachment with proliferative vitreoretinopathy manifesting as star 
folds of the retina and a macular pucker       

  Figure III.J-4    An 11-year-old 
boy failed a school vision screen-
ing and was found to have a rheg-
matogenous retinal detachment 
with proliferative vitreoretinopa-
thy. Fundus examination showed 
an inferior rhegmatogenous retinal 
detachment and diffuse subretinal 
fi brotic bands       
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take on a concave shape versus the convex shape of a rheg-
matogenous retinal detachment. Other associated but non-
specifi c signs include fl are in the anterior chamber, 
neovascularization of the iris from ischemia, and hypotony 
resulting from total retinal detachment (Figures  III.J-6  and 
 III.J-7  top) [ 3 ], as well as traction by the anterior loop of the 

vitreous case upon the ciliary body [see chapter   III.H    . 
Peripheral vitreo-retinal pathology].

         Two main classifi cation systems have been utilized in the 
staging of PVR. The fi rst, more widely used classifi cation sys-
tem, was initially proposed by the Retina Society in 1983 and 
is organized based on severity and location of ocular fi ndings 

  Figure III.J-5    This 26-year-old 
man with a history of a rheg-
matogenous retinal detachment 
and proliferative vitreoretinopa-
thy treated with scleral buckle, 
vitrectomy, lensectomy, and sili-
cone oil presented 4 months fol-
lowing surgery with inferior 
proliferative vitreoretinopathy 
and recurrent inferior retinal 
detachment under silicone oil       

a b

  Figure III.J-6    Anterior PVR occurs in the collapsed vitreous base, 
demonstrated by  arrows  in gross ( a ) and microscopic ( b ) sections. 
Traction from the vitreous base may lead to incorporation and later pro-

liferation of elements from the peripheral retina and ciliary body, thus 
eventually resulting in hypotony and phthisis (b. H&E, 2×)       
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(Table  III.J-1 ) [ 8 ]. Grade A is presence of haze and pigmented 
cells within the vitreous. Grade B is wrinkling seen at the edge 
of the retinal tear or at the inner retinal surface, and grade C is 
the presence of fi xed retinal folds. Three subtypes of grade C 
PVR exist depending on the location of the PVR: posterior, 
anterior, or both. The second classifi cation system was pro-
posed by the Silicone Study Group, which categorizes based on 
type of contraction and location (Table  III.J-2 ) [ 6 ].

       C.  Histopathology of PVR 

 D. Schwartz et al. studied transmission electron microscopy 
characteristics of PVR membranes removed from 20 human 
eyes and noted membranes were composed of RPE cells, 
fi brous astrocytes, fi brocytes, macrophages (some probably 
hyalocytes), and cells with myoblastic differentiation [ 9 ]. In 
addition, extracellular matrix consisting of collagen and 
fi brin was also found in the PVR membranes. We have found 
a similar composition of PVR membranes at our institution 
(Figure  III.J-8 ).

      D.  Pathophysiology of PVR 

 An understanding of the pathogenesis of PVR is critical in 
the prevention and treatment of this disease. The develop-
ment and progression of PVR is a complex interaction 
between the different cells, infl ammatory cytokines, and 
growth factors leading to fi brous membrane formation [ 10 ]. 
The cycle begins with the dispersion of retinal pigment epi-
thelial cells at the time of retinal break formation [ 11 ]. Scleral 
depression and cryotherapy can cause further release of RPE 
cells into the vitreous cavity [ 12 ]. In addition, RPE cells can 
migrate through the retinal break into the vitreous and onto 
the retinal surface, along with other cell types such as fi bro-
blasts, glial cells, and macrophages [ 13 ]. The presence of 
cytokines such as fi bronectin and platelet-derived growth 
factor can stimulate further cell migration and proliferation 
[ 14 ]. Cytokines may be  present from vitreous hemorrhage, 
intraocular infl ammation, or breakdown of the blood-retinal 
barrier as occurs following cryotherapy [ 12 ]. RPE cells can 
release transforming growth factor-β which can stimulate 
production of collagen and fi bronectin which in turn stimu-
lates additional cell migration and proliferation thus continu-
ing this vicious cycle [ 15 ]. Hyalocytes are mononuclear 
phagocytes (macrophages) that reside in the posterior vitre-
ous cortex [see chapter   II.D    . Hyalocytes] that would be 
exposed to all these cytokine stimuli. Under the infl uence of 
the cytokine stimuli, all these cells migrate, proliferate, and, 
because they form membranes at the vitreoretinal interface, 

  Figure III.J-7    Anterior proliferative vitreoretinopathy consists of cili-
ary nonpigmented epithelium ( arrow ), gliotic fi brocellular tissue 
( arrowhead ), and fi brovascular tissue (*) incorporated into the vitreous 
base (H&E, 63×)       

   Table III.J-1    The Retina Society classifi cation of PVR   

 Grade  Clinical fi ndings 

 A  Vitreous haze 
 Cells within vitreous 
 Pigment deposition on retina inferiorly 

 B  Wrinkling seen in retina 
 Vessel tortuosity 
 Irregular edge seen at tear 

 C  Presence of retinal folds 
 Ca  Folds within anterior vitreous 
 Cp  Folds within posterior vitreous 

   Table III.J-2    Classifi cation of proliferative vitreoretinopathy used in the Silicone Oil Study   

 Type  Type of contraction  Location  Clinical fi ndings 

 1  Focal  Posterior  Star fold seen in retina 
 2  Diffuse  Posterior  Confl uent irregular retinal folds present in posterior retina 
 3  Subretinal  Posterior  “Clothesline” elevation of retina; “napkin ring” around the disc 
 4  Circumferential  Anterior  Irregular retinal folds present in the anterior retina; peripheral retina within the vitreous base 

drawn centrally 
 5  Perpendicular  Anterior  Circumferential retinal fold seen at insertion of posterior vitreous cortex 
 6  Anterior  Anterior  Circumferential retinal fold at insertion of posterior vitreous cortex drawn forward; ciliary 

processes stretched with possible hypotony; iris retracted 
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can contract and pull on the dense collagen matrix of the 
posterior vitreous cortex [see chapter   II.E    . Vitreo-retinal 
interface and ILM]. Eventually, this results in contraction of 
the PVR membranes in the posterior vitreous that mediates 
traction upon the retina leading to recurrent retinal 
detachment. 

   1. Cell Types in PVR 
 The main cell types involved in PVR formation are RPE 
cells, macrophages (including hyalocytes), fi broblasts, and 
glial cells [ 13 ], all noted to migrate into the vitreous and 
along the vitreoretinal interface following breakdown of the 
blood-retinal barrier (Figure  III.J-9 ). Their response, typi-
cally seen in wound healing, leads to matrix and membrane 
formation, which leads to increasing traction on the retina 
and detachment.

     a. Retinal Pigment Epithelial (RPE) Cells 
 RPE cells are postmitotic cells and serve the role of support-
ing photoreceptor cells. Following a retinal break, RPE cells 
migrate into the vitreous and form undifferentiated cells 
within the extracellular matrix (ECM) at the vitreoretinal 
interface. The RPE neural retinal adhesions and ECM adhe-
sions are lost in the transformation process, and the RPE 
cells can undergo epithelial-mesenchymal transition and 
migrate into the vitreous, and also undergo metaplastic 
transformation [ 16 ]. This change of the RPE cells is infl u-

enced by the change in environment and the rich abundance 
of growth factors and cytokines within the vitreous, such as 
PDGF, FGF, and IGF-1 produced by other cells such as 
Muller cells, macrophages, and fi broblasts which enter the 
vitreous via the retina break [ 17 ]. The transformed RPE cells 
lay down fi brotic membranes that form a thick contractile 
membrane, which leads to contraction and traction of the 
retina and to a recurrent retinal detachment (Figure  III.J-10 ) 
[ 18 ]. Membrane peeling is usually needed in order to relieve 
traction and successfully reattach the retina [see chapter 
  V.B.5    . Surgical management of retinal detachment with 
PVR]. Furthermore, the loss of RPE cells also causes loss of 
support for the photoreceptors, leading to photoreceptor 
destruction [ 19 ].

      b. Macrophages/Hyalocytes 
 Macrophages, including hyalocytes, have also been found to 
play a key role in the development of PVR (Figure  III.J-11 ) 
[ 20 ]. Studies in rabbits have found that the injection of mac-
rophages into the eyes of rabbits led to an infl ammatory 
response similar to that seen in PVR and also the formation 
of fi brous membranes [ 20 ]. Macrophages are thought to play 
a multifactorial role, both through the secretion of cytokines 
and differentiation into fi broblast-like cells [ 20 ,  21 ]. 
Hyalocytes elicit monocyte migration from the circulation, 
which is augmented by the breakdown in the blood-ocular 
barrier that is well documented in PVR, further increasing 

  Figure III.J-8    Proliferative vitreoretinopathy (PVR) is composed of 
fi brocellular tissue ( arrow, top left ) on the inner surface of the retina. 
There may be up to fi ve cell types in the tissue as shown, including RPE, 
fi brous astrocytes containing intermediate fi laments (*) and patches of 
basement membrane ( arrows, top right ), fi brocytes including rough 

endoplasmic reticulum and centrioles ( between brackets in the lower 
left hand image ), myofi broblasts containing intracytoplasmic fusiform 
densities ( arrows ), and macrophages with intracytoplasmic inclusions 
of varying electron density ( arrows, lower right ) ( top left , H&E 63×; 
other images uranyl acetate lead citrate 2,000× with insets 25,000×)       
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the cell population that forms PVR membranes. The cyto-
kines produced such as platelet-derived growth factor 
(PDGF) cause a change in the overall vitreous structure, 
leading to proteolysis and development of fi brous mem-
branes [ 14 ]. The transformation of macrophages into 
fi broblast- like cells leads to further fi brosis and infl amma-
tory changes within the vitreous.

      c. Glial Cells 
 The glial cells mentioned above are actually activated 
Mueller cells. The initial retinal break which triggers the 
proliferative and infl ammatory response also activates 
Muller cells, the supporting cells of the retina. Activated 
Muller cells migrate into the vitreous and undergo prolif-
eration and transformation at the vitreoretinal interface, 

a

b

  Figure III.J-9    ( a ) Clinical appearance of PVR causing fi xed retinal 
folds, star folds, and a tractional retinal detachment. ( b ) Excised PVR 
membrane from patient shown in A demonstrates chord-like prolifera-
tions of cells that form gland-like structures in areas (H&E, 100×)       

  Figure III.J-10    Retinal    pigment epithelium (RPE) is present on the 
 surface of this PVR membrane. The RPE contains intracytoplasmic 
lancet-shaped melanin pigment granules and exhibits surface microvil-
lous processes ( black arrowhead ). There are fi brocytes and collagen in 
the sub-RPE tissue (*) (uranyl acetate, lead citrate 2,000×)       

a

b

  Figure III.J-11    ( a ) Endothelial-lined vascular channels surrounding a 
central lumen (*), sometimes surrounded by pericytes, may be found in 
PVR. ( b ) Macrophages may also be present in PVR. Macrophages con-
tain intracytoplasmic inclusions of varying electron density ( arrows ) 
(uranyl acetate, lead citrate, 2,000×)       
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causing an increase in glial fi brillary acid protein (GFAP) 
and vimentin [ 22 ]. Activated Muller cells also have an 
increase in PDGFR-α production, a key cytokine in the 
pathogenesis process that will be discussed later. Muller 
cells have the plasticity and capacity to transform pheno-
types, and this dedifferentiation and transformation helps 
to contribute to a change to the vitreous’ overall environ-
ment and structure.  

   d. Myofi broblasts 
 Myofi broblasts also migrate into the vitreous following a 
break in the blood-retinal barrier. Possessing both contractile 
and fi broblast properties, myofi broblasts lead to an increase 
in the expression of α smooth muscle actin, imparting great 
contractile properties [ 23 ]. Myofi broblasts are also able to 
produce and secrete an extracellular matrix, especially col-
lagen, that mediates the contractile properties within the pro-
liferative membranes to the retina.  

   e. Immune Cells 
 There has, as it is basically an infl ammatory response typi-
cally seen in wound repair also been speculation as to 
whether the immune system plays a role in PVR following 
injury anywhere in the body. However, studies using mouse 
models have found that PVR develops in mice in the absence 
of B or T cell immunity [ 24 ]. Thus, the immune system is 
not essential for the development of PVR, but the related 
cells and infl ammatory/immune cytokines play essential 
roles.   

   2. Cytokines of PVR 
 The inciting event of the retinal break in PVR causes the 
retinal cell layer to come into contact with the vitreous, trig-
gering RPE proliferation and migration into the vitreous. 
The transformation allows the activated RPE cells to secrete 
numerous proteins, components of the extracellular matrix, 
and cytokines. This different cytokines that are released into 
the vitreous and their roles in creating an infl ammatory and 
fi brotic environment within the vitreous are discussed 
herein. 

   a. Tumor Necrosis Factor-α (TNF-α) 
 TNF-α is one of the cytokines released by the activated RPE 
cells and macrophages. Typically a marker in infl ammation 
and wound healing, it activates the endothelial cells in the 
retina to produce leukocyte adhesion molecules, facilitating 
the infl ux of cells and the infl ammatory response. Study has 
shown that TNF-α was found in the preretinal membrane of 
22 out of 26 patients with PVR, and staining detected its 
presence within the extracellular matrix, showing its promi-
nence and thus represents a potential subject for further 
research [ 25 ].  

   b.  Transforming Growth Factor-β 
(TFG-β) 

 TFG-β is another cytokine that is found in elevated levels in 
the vitreous after retinal detachment. The second isoform 
TFG-β2 is the most predominant form present and can ele-
vate up to three times the normal amount in PVR. It is 
secreted into the vitreous by numerous cells, such as the cili-
ary body, macrophages, migrated RPE cells, and Muller cells 
[ 26 ]. TFG-β2 helps to induce the epithelial-mesenchymal 
transformation of RPE cells into fi broblastic cells and also 
induces collagen synthesis in the transformed RPE cells. In 
addition, it increases RPE-mediated contraction leading to 
increase in fi brosis [ 15 ]. As discussed earlier, RPE cells play 
a crucial part in initiating fi brosis and formation of vitreoreti-
nal membranes, and TFG-β2 helps to induce RPE cells to 
take on fi broblastic characteristics and induce fi brosis.  

   c.  Platelet-Derived Growth Factor 
Receptor-α (PDGFR-α) 

 PDGFR-α is garnering much attention in the fi eld, since 
PDGFR-α is a key cytokine that is triggered in ocular injury. 
A chemoattractant and mitogen, it acts as a mediator of cel-
lular contraction for RPE cells. There are 4 isoforms, with 
PDGFR-αC being the most predominant [ 27 ]. It is activated 
by PDGF but also by non-PDGR molecules such as insulin, 
epidermal growth factor (EGF), and hepatocyte growth fac-
tor (HGF). The activation of the receptor leads to suppres-
sion of P53, a key tumor suppressor gene, and increased 
proliferation, membrane formation, contraction, and sur-
vival. Research has shown that PDGFR-α is found in large 
quantities in rabbit models of PVR and that RPE and Muller 
cell interaction lead to a further upregulation of PDGFR-α 
and increased pathogenicity of Muller cells [ 28 ]. In addition, 
recent research has demonstrated that inhibition of PDGFR-α 
prevented PVR formation in a rabbit model [ 29 ]. Thus, tar-
geting inhibition of PDGFR-α may lead to potential thera-
peutic agents in the future.  

   d. Miscellaneous Cytokines 
 Various other cytokines have also been shown to have roles 
in the proliferative and infl ammatory processes. Activated 
RPE cells express  hepatocyte growth factor (HGF) , which 
stimulates RPE migration [ 30 ]. Signifi cantly elevated levels 
of  osteoponin, high-mobility group box-1 (HMBGB1), and 
connective tissue growth factor (CTGF)  have also been 
found in PVR [ 31 ]. CTGF has been shown to be a potent 
stimulator of hyalocyte activity, particularly the induction of 
membrane contraction [see chapter   II.D    . Hyalocytes]. 
HMBGB1 has been shown to have angiogenic and fi bro-
genic effects. In vitro studies have shown that HMGB1 
stimulated proliferation and migration of fi broblasts [ 32 , 
 33 ]. CTGF is a downstream mediator of TGF-β and is a 
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mitogen and stimulated the formation of extracellular 
matrix. Potential therapeutic agents targeting this cytokine 
have also been found [ 34 ,  35 ]. Elevated levels of  pigment 
epithelium-derived factor (PEDF)  have also been found in 
the vitreous of patients with PVR compared to patients 
without PVR [ 31 ]. PEDF inhibits migration of endothelial 
cells which may account for the avascular nature of PVR 
membranes [ 31 ], a phenomenon observed in the human 
fetal vitreous during regression of the hyaloid vasculature 
[see chapter   I.D    . Vitreous proteomics and regression of the 
fetal hyaloid vasculature]. 

  Monocyte chemotactic protein-1 (MCP-1)  has also been 
found at elevated levels in patients with PVR compared to no 
PVR [ 36 – 38 ]. Experimental retinal detachment induces 
increased MCP-1 expression in Müller cells and increased 
numbers of macrophages and microglial in detached retina 
[ 39 ]. MCP-1 also stimulates human RPE cell migration 
in vitro [ 40 ]. Mice with gene defi ciencies in MCP-1 or the 
use of a MCP-1 blocking antibody greatly reduces macro-
phage and microglial response as well as photoreceptor 
apoptosis from the retinal detachment [ 39 ].     

   III.  Treatment of PVR 

   A.  Surgery of PVR 

 Currently the mainstay treatment for retinal detachment 
from PVR is surgery [see chapter   V.B.5    . Surgical manage-
ment of retinal detachment with PVR]. Although successful 
reattachment occurs in 60–80 % of all cases, re-detachment 
is very common. [ 41 ] The main principles of treating 
 recurrent retinal detachment from PVR include closing all 
retinal breaks, decreasing retinal traction, reattaching the 
retina, and minimizing recurrent traction. Decreasing trac-
tion on the retina can be achieved in several ways by mem-
brane peeling, scleral buckling, debulking of the vitreous 
base, relaxing retinectomies [see chapter   V.B.6    . Retinectomy 
in recalcitrant retinal detachments], and internal tamponade. 
Often times, successful retinal reattachment requires a com-
bination of the above techniques [see chapter   V.B.5    . Surgical 
management of retinal detachment with PVR].  

   B. Pharmacotherapy of PVR 

 Several studies are underway to identify patients at high risk 
for developing PVR so as to prevent PVR. Biomarkers are 
currently being utilized to study a myriad of disease pro-
cesses. Studies have demonstrated that the use of a biomarker 
panel has the potential to predict PVR and having a favorable 
versus unfavorable outcome [ 42 ]. The panel of biomarkers 

CCL22, IL-3, and MIF have been shown to have great poten-
tial in identifying patients at high risk for PVR with unfavor-
able outcomes [ 42 ]. Identifying high-risk groups is important, 
as early application of the agents discussed below to high- 
risk eyes may in fact prevent the development of PVR 
and subsequent need for multiple surgeries and visual 
compromise. 

 Several pharmacologic agents are being investigated in 
efforts to minimize recurrent retinal traction [see chapter 
  IV.F    . Pharmacotherapy of PVR]. Current research is being 
conducted to study potential targets in the infl ammatory 
pathway, and different medications are being tested in ani-
mal trials and small human trials. Antibodies targeting the 
PDGFR pathway have been used in rabbit models, but yield-
ing mixed results, as PDGF has been shown to be inhibited 
but not PVR [ 43 ]. However,  n-acetylcysteine (NAC) , an anti-
oxidant against reactive oxygen species, has been shown to 
prevent the activation of PDGFR in rabbit models and 
reduced the overall infl ammatory response seen in prPVR 
[ 1 ]. Overall, results showed that NAC suppressed PDGFR 
receptor activation and retinal detachment, making it a 
potential candidate for pharmacological therapy. 

 Existing medications have also been studied for their 
potential in preventing or decreasing PVR.  5-FU 
(5- fl uorouracil) , a chemotherapy agent, has been shown to 
inhibit fi broblast formation. Human trials using 5-FU for 
PVR have yielded mixed results thus far [ 44 ]. The effi cacy of 
 low-molecular-weight heparin (LMWH)  has also been stud-
ied [ 45 ]. LMWH has been shown to bind to fi bronectin, FGF, 
and PDFGR. One study of 174 high-risk patients found the 
combination of 5-FU and LMWH reduced the incidence of 
PVR and reoperation rate, but had no change in overall visual 
acuity [ 44 ]. Although these results are very promising, the 
combination is currently not widely used in the clinical 
setting. 

  13-cis-retinoic acid  is another agent currently being stud-
ied as a potential agent against PVR. In vitro studies have 
shown that 13-cis-retinoic acid is capable of inhibiting RPE 
proliferation [ 46 ]. A recent clinical trial of 35 patients 
showed that the use of retinoic acid in the treatment group 
resulted in signifi cantly lower rates of macular traction and 
pucker and better visual acuity compared to the control 
group [ 47 ]. 

  Nutlin 3  is another agent studied. This molecule is known 
to inhibit the MDM2/p53 interaction and thus preventing 
P53 decline [ 48 ]. Studies have shown that the application of 
nutlin to cells isolated from the PVR membranes of patients 
prevented cell contraction [ 29 ]. Suppression of P53 has been 
found to be required in the PDGFR-α activation, which 
results in contraction of cells and infl ammatory changes. 
Thus, P53 is thought to be a checkpoint in PVR and is 
becoming an area of active research within the fi eld. 
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 Recent studies have also focused on new routes of deliv-
ery of medications and antimetabolites into the retina for 
prevention of PVR. A study using porcine eyes showed that 
the use of aerosolized nanoparticles during vitrectomy is a 
potential method for delivering antimetabolites to the retina 
in the future [ 49 ].     
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 Key Concepts 

     1.    Vitreous is a reservoir for different growth factors 
and cytokines involved in the development of mac-
ular edema in retinal vein occlusions and diabetic 
retinopathy. Pro- infl ammatory factors are involved 
in the breakdown of the blood-retinal barrier. 
Growth factor and cytokine levels are increased in 
the vitreous of patients with macular edema due to 
retinal vein occlusions and diabetic retinopathy.   

   2.    The structure of the vitreous plays a pathogenic role 
in the development of macular edema in diabetic 
retinopathy and retinal vein occlusion. There is evi-
dence that  vitreomacular adhesion is more common 
in those diseases in comparison to age-matched 
controls. In eyes with vitreomacular adhesion, the 
incidence of macular edema is higher.   

   3.    In diabetic vitreopathy, advanced glycation end 
products cause cross-linking of collagen, increasing 
the adhesion of the posterior vitreous cortex to the 
inner limiting membrane, which can be associated 
with neurovascular injury and contribute to diabetic 
macular edema.     

mailto: gabriele.lang@uniklinik-ulm.de


408

          I. Introduction 

   A. Retinal Vein Occlusion 

 Retinal vein occlusion (RVO), the second most common reti-
nal vascular disease after diabetic retinopathy, is a prevalent 
cause of vision loss. 

   1. Defi nition 
 Due to an obstruction of retinal veins and impaired blood 
outfl ow, vascular and tissue damage occurs upstream of the 
site of occlusion leading to retinal edema, hemorrhages, and 
ischemia. Depending on the occlusion site, central retinal 
vein occlusion (CRVO) (Figure  III.K-1a ), hemi-retinal vein 
occlusion (HRVO), and branch retinal vein occlusion 

(BRVO) are differentiated. In CRVO the retinal tissue in all 
four quadrants and often the optic nerve are affected, while 
in BRVO only part of the venous circulation according to the 
occluded branch is compromised. Typical clinical fi ndings 
are hemorrhages in the area of the occluded vessel, macular 
edema (Figure  III.K-1b ), and optic disc edema.

      2. Epidemiology 
 Globally an estimated 2.5 million are affected by CRVO and 
13.9 million by BRVO [ 1 ]. CRVO and BRVO occur in middle- 
aged and older people. The mean age of CRVO patients is 
60–70 years. Males and females are equally affected. The 
prevalence of RVO in people over 40 years of age ranges from 
0.3 to 2.1 %. RVO may occur in up to 5 % of individuals over 
80 years of age [ 2 ]. The incidence of BRVO is 0.5–1.2 % [ 3 ].  

a

b

  Figure III.K-1    ( a ) Central retinal 
vein occlusion with intraretinal 
hemorrhages and cystoid macular 
edema. ( b ) OCT: cystoid macular 
edema and posterior vitreous 
detachment       
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   3. Pathogenesis and Risk Factors 
 The primary mechanisms which lead to RVO are compres-
sion of the vein by a sclerotic artery, degenerative changes 
of the vessel wall, glial cell proliferation, and hematologi-
cal abnormalities. Numerous underlying diseases are 
known to be involved in the multifactorial pathogenesis of 
RVO, like arterial hypertension, cardiovascular diseases, 
diabetes mellitus, hyperlipidemia, hypercoagulation, 
thrombophilia, and infl ammatory diseases. Systemic risk 
factors predisposing to RVO are independently associated 
with atherosclerosis [ 3 ,  4 ]. 

 The initiating event of RVO is usually a thrombus forma-
tion in the vein, either resulting from compression by a scle-
rotic artery, degenerative or infl ammatory alterations, or 
hemodynamic disorders. This leads to an increased intralu-
minal pressure resulting in extravasation of blood compo-
nents. Secondary infl ammatory processes and overexpression 
of cytokines play an important role in the course of the 
disease.  

   4. Clinical Classifi cation 
 Two different types are distinguished angiographically, a 
perfused (non-ischemic) type and a non-perfused (ischemic) 
type. In CRVO the perfused type is any case which has less 
than 10 disc areas of non-perfusion, while in BRVO less than 
5 disc areas of non-perfusion on fl uorescein angiography is 
considered non-ischemic. If the area of non-perfusion is 
larger than 10 and 5 disc areas, respectively, it is considered 
a non-perfused type, according to the classifi cation of the 
Central Retinal Vein Occlusion Study [ 5 ] and Branch Retinal 
Vein Occlusion Study [ 6 ].  

   5. Symptoms 
 The typical symptom is blurred vision most often caused 
by macular edema (Figure  III.K-1b ). Baseline visual acu-
ity in CRVO and BRVO ranges on average from 20/40 to 
less than 20/200. In a recent study, the average visual acu-
ity in ischemic BRVO is 20/50 and in non-ischemic types 
20/60 [ 3 ].  

   6. Complications 
 The most common complications in RVO leading to visual 
deterioration are macular edema (Figure  III.K-1b ) and neo-
vascularization. Macular edema is the most common reason 
for visual loss in BRVO [ 3 ] followed by neovascularization, 
neovascular glaucoma, vitreous hemorrhage, and tractional 
retinal detachment.   

   B. Diabetic Macular Edema 

 Diabetic macular edema (DME) is a common complication 
of diabetes mellitus. It is a chronic, progressive disease and 
leads to visual impairment (Figure  III.K-2a, b ).

     1. Defi nition 
 DME is caused by accumulation of fl uid in and under the 
neurosensory retina in the macular area (Figure  III.K-2b ). It 
is caused by the disruption of the blood-retinal barrier. The 
extracellular accumulation of fl uid can lead to cystoid 
changes (Figure  III.K-2b ) especially in the chronic form of 
diabetic macular edema.  

   2. Epidemiology 
 It is estimated that up to 24 % of diabetic patients 
develop DME. According to the results of the Wisconsin 
Epidemiologic Study of Diabetic Retinopathy [ 7 ], the 
25-year cumulative incidence of DME in type 1 diabetic 
patients is 29 %. Petrella et al. [ 8 ] found in a Canadian cohort 
a prevalence of DME of 15.7 % and prevalence of visual 
impairment due to DME of 2.56 %. The overall prevalence 
for any diabetic retinopathy is 34.6 %, for proliferative dia-
betic retinopathy 6.96 %, for DME 6.81 %, and for vision 
threatening diabetic retinopathy 10.2 %. Levels are higher in 
type 1 in comparison to type 2 diabetes [ 9 ].  

   3. Pathogenesis and Risk Factors 
 The pathogenesis of DME is rather complex. Several cellular 
pathways are activated which is mediated by hyperglycemia. 
This results in microvascular damage of the retina. The major 
causes are increased formation of advanced glycation end 
products, activation of polyol pathway and protein kinase C, 
and increased hexosamine pathway fl ux. Oxidative stress 
and infl ammation also contribute to the development of dia-
betic retinopathy.  

   4. Clinical Classifi cation 
 The most common classifi cation of DME is focal and dif-
fuse; however, the terms are used differently [ 10 ]. The most 
often used terminology worldwide is based on the source of 
fl uorescein leakage. In the ETDRS, the source of fl uorescein 
leakage was graded as  focal , when ≥ 67 % of leakage was 
associated with microaneurysms,  intermediate  for 33–66 %, 
and  diffuse  for those with < 33 % [ 10 ]. Often the DME has 
features of both forms making a clear distinction diffi cult. 
Focal DME has been associated with better visual acuity, 
less macular thickening, and less severe diabetic retinopathy 
[ 10 ]. With respect to response to therapy, there are no differ-
ences between diffuse or focal DME in the subgroup analy-
ses concerning laser or anti-VEGF treatment. 

 Other classifi cations based on ophthalmoscopy, fundus 
photography, fl uorescein angiography, and optical coherence 
tomography are suggested by different groups; however, 
there is no broad consensus on these proposed classifi ca-
tions. However, with new treatment options, there may in the 
future need to be a new classifi cation system based upon 
other criteria. The extent and location of retinal thickening 
(due to intraretinal and subretinal fl uid accumulation and 
cystoid lesions) seem to be more meaningful than fl uorescein 
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a

b

  Figure III.K-2    ( a ) Diabetic 
retinopathy with cystoid macular 
edema. ( b ) OCT: cystoid macular 
edema, subretinal fl uid, posterior 
vitreous attached, premacular 
membrane       

angiographic fi ndings. Another important factor is central 
macular involvement, which leads to visual impairment. The 
vitreoretinal interface also plays an important role, espe-
cially if vitreous detachment (Figure  III.K-2b ), vitreomacu-
lar traction, or premacular membranes (Figure  III.K-3a–d ) 
are involved in the pathogenesis of DME.

      5. Symptoms 
 DME is often asymptomatic, as long as the center of the mac-
ula (fovea) is not involved. If central retinal thickening with 
intraretinal or subretinal fl uid accumulation (Figure  III.K-2a, 
b ) develops, the patients become symptomatic. Typical symp-
toms are blurred vision, metamorphopsia, and if severe, cen-
tral scotoma. Severe vision loss in DME can also be due to 
ischemic maculopathy. If massive diffuse DME is present, 
fi brosis and scarring can lead to permanent visual loss.    

   II. Role of Vitreous in RVO and DME 

 The role of the vitreous is getting increasingly into focus in 
the pathogenesis and course of retinal vein occlusions and 
diabetic macular edema and the development of complica-
tions in retinal vascular diseases. 

   A. Biochemical Role of Vitreous 

 Vitreous is a reservoir for different growth factors and cyto-
kines. This knowledge is important to understand the role of 
the vitreous in the pathogenesis of macular edema in RVO as 
well as DME and for the development of new treatment strat-
egies. For example, the upregulation of pro-infl ammatory 
factors, which are found in the vitreous, are involved in the 
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  Figure III.K-3    ( a ) Diabetic retinopathy with cystoid macular edema. ( b ) Early frame fl uorescein angiography diabetic retinopathy. ( c ) Late frame 
fl uorescein angiography, dye leakage

a b

c

leukocyte-endothelial interaction and the breakdown of the 
blood-retinal barrier. These factors are produced by retinal 
cells such as Müller cells and retinal pigment epithelial cells. 

   1.  Infl ammatory and Angiogenic 
Proteins in Vitreous 

 Inner retinal layers, which are supplied by the retinal arter-
ies, show a high sensitivity to hypoxia. RVO and diabetic ret-
inopathy are common causes of retinal hypoxia. The retinal 
tissue has protective mechanisms against ischemia like vessel 
dilation and angiogenesis. Under hypoxic condition, overex-
pressed soluble growth factors, cytokines, and  chemokines 

are secreted into the vitreous. Cytokines normally serve as 
signals between neighboring cells. They are involved in all 
biological processes including angiogenesis and infl amma-
tion. Chemokines are involved in the recruitment of leuko-
cytes to infl ammatory processes [ 11 ]. Therefore, research 
on the role of pro-infl ammatory and angiogenic proteins in 
vitreous is becoming increasingly interesting in patients with 
RVO and DME. 

 Koss et al. [ 12 ] studied human vitreous fl uids with cyto-
metric bead array (CBA) technology that provides a quanti-
tative analysis of multiple markers and requires smaller 
sample volume in contrast to enzyme-linked immunosorbent 
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assay (ELISA). CBA is cost- and time-effective. It is an ana-
lytical tool that is based on fl ow cytometry and correlates 
well to ELISA. The non-diluted vitreous samples of three 
patients with CRVO with a history of 11 ± 3 weeks and mean 
central macular thickness of 557 ± 125 μm and three patients 
with diabetic macular edema (DME) with a mean central 
macular thickness of 508 ± 108 μm and six patients with age- 
related macular degeneration (AMD) with active occult cho-
roidal neovascularization were studied. A core pars plana 
vitrectomy was performed for sample collection. A total of 

0.6 ml mid- and posterior undiluted vitreous were aspirated 
for CBA analysis, half of it being analyzed fresh and half of 
it as frozen sample. The tested cytokines were interleukin 6 
(IL-6), vascular endothelial growth factor (VEGF), and 
monocyte chemotactic protein 1 (MCP-1) [ 12 ]. In the fresh 
samples, IL-6 was highest in the CRVO group (median 
55.8 pg/mL) followed by DME (50.6 pg/mL) and lowest in 
AMD (3.1 pg/mL). VEGF also was highest in CRVO 
(447.4 pg/mL), followed by DME (3.9 pg/mL) and AMD 
(2.0 pg/mL). MCP-1 again was highest in CRVO (595.7 pg/

Scan Angle: 0° Spacing: 0,25 mm

d
Length: 6 mm

Figure III.K-3 (continued) ( d ) OCT: vitreomacular traction caused by premacular membrane         

G.E. Lang



413

mL) followed by AMD (530.8 pg/mL) and DME (178 pg/
mL). In the frozen samples, IL-6 highest median levels were 
found in DME (55.7 pg/mL), followed by CRVO (51.7 pg/
mL) and AMD (4.8 pg/mL).VEGF was highest in CRVO 
(414.7 pg/mL), followed by DME (4.6 pg/mL), and AMD 
(2.2 pg/mL). MCP-1 was highest in CRVO (601.2 pg/mL), 
followed by AMD (306.7 pg/mL) and DME (164.4 pg/mL). 
The study was primarily intended to evaluate the feasibility 
of CBA in the vitreous. The increased levels of VEGF, IL-6, 
and MCP-1 indicate their role in the pathogenesis of macular 
edema in RVO and DME [ 12 ]. 

 Different molecules in the vitreous may infl uence the 
course of RVO. Molecules of interest are vascular endothe-
lial growth factor (VEGF), soluble intercellular adhesion 
molecule 1 (sICAM-1), and pigment epithelial-derived fac-
tor (PEDF). Noma et al. [ 13 ] investigated the association 

of infl ammatory vitreous factors with macular edema in 
BRVO. They compared vitreous fl uid levels of VEGF, soluble 
VEGF receptor 2 (sVEGFR-2), interleukin 6 (IL-6), pigment 
epithelial-derived factor (PEDF), sICAM-1, monocyte che-
motactic protein 1 (MCP-1), and pentraxin 3 (PTX-3) were 
measured by enzyme-linked immunosorbent assay from vit-
reous of patients with BRVO and compared to the vitreous 
of patients with macular hole. PEDF has anti- infl ammatory 
and antiangiogenic properties in contrast to the other stud-
ied pro-infl ammatory factors. The vitreous levels of VEGF, 
sVEGFR-2, IL-6, sICAM-1, MCP-1, and PTX-3 were sig-
nifi cantly higher in the BRVO group compared to controls. 
PEDF, a protective growth factor, was signifi cantly lower in 
comparison to the control group. Vitreous levels were all sig-
nifi cantly correlated with the retinal thickness at the central 
foveal area measured by optical coherence tomography. This 
implies that these factors are correlated with the permeability 
of the retinal vessels and the severity of macular edema. 

 Noma et al. [ 14 ] also investigated whether vitreous fl uid 
levels of sVEGFR-2, sICAM-1, and PEDF were associ-
ated with the occurrence of serous retinal detachment in 
CRVO. They compared 18 eyes with serous retinal detach-
ment to 15 eyes with cystoids macular edema in CRVO 
and 18 controls with nonischemic ocular diseases. Retinal 
ischemia was signifi cantly more common in the group with 
serous retinal detachment in comparison to cystoid macular 
edema. The vitreous fl uid levels of sICAM-1 increased sig-
nifi cantly across the three groups studied from 4.98 ng/ml in 
the control group to 15.4 ng/ml in the cystoid macular edema 
group to 21.7 ng/ml in the serous detachment group. The 
same was found for sVEGFR-2 showing signifi cant increase 
across the groups. The vitreous fl uid levels of PEDF, how-
ever, showed a signifi cant decrease across the three groups 
(56.4 versus 24.3 and 16.4 ng/ml, respectively). These results 
indicate that infl ammatory changes in the retina and vitreous 
play a signifi cant role in the development of macular edema 
in CRVO. The authors also found that VEGF and IL-6 are 
involved in the development of serous detachment in CRVO 
and that ischemia was related to serous retinal detachment 
in CRVO. In addition fi ndings related to sICAM-1 were 
increased vascular permeability and more severe ischemia. 

 Koss et al. [ 15 ] analyzed undiluted vitreous cytokine lev-
els of untreated patients with CRVO, HRVO, and BRVO. 43 
BRVO, 35 CRVO, and 16 HRVO patients underwent vitrec-
tomy and application of bevacizumab and dexamethasone 
treatment for macular edema. IL-6, VEGF, and MCP-1 were 
measured with cytometric bead array (CBA). Vitreous sam-
ples from patients with premacular membranes and macular 
pucker served as control. The mean cytokine values (pg/ml) 
were highest in CRVO (IL-6 64.7, VEGF-A 211.5, MCP-1 
1015.8) followed by HRVO (IL-6 59.9, VEGF-A 211.5, 
MCP-1 938.8) and BRVO (IL-6 23.3, VEGF 161.8, MCP-1 
602.6). The values of VEGF-A and MCP-1 were signifi cantly 

a

300

200

100

0

500

400

600

F
re

sh
 s

am
p

le
s,

 p
g

/m
L

CRVO
DME
ARMD

55.8 50.6

3.1

447.4

3.9 2.0

595.7

178.0

530.8

b

300

200

100

0

500

400

600

F
ro

ze
n

 s
am

p
le

s,
 p

g
/m

L

IL 6 VEGF MCP-1

IL 6 VEGF MCP-1

51.7 55.7

4.8

414.7

4.6 2.2

601.2

164.4

306.7

CRVO
DME
ARMD

  Figure III.K-4    Cytokine levels in human vitreous obtained from 
patients with age-related macular degeneration (ARMD), diabetic mac-
ular edema (DME), and central retinal vein occlusion (CRVO). The top 
graph ( a ) shows results for fresh vitreous samples, while the bottom 
graph ( b ) is data from frozen vitreous samples       
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higher in the CRVO or HRVO versus the BRVO group. All 
cytokine values were signifi cantly higher than those of the 
control group (IL-6 6.2, VEGF-A 7, MCP-1 253). In RVO 
older than 7 months, only MCP-1 was signifi cantly higher 
in CRVO or HRVO versus the BRVO. This indicates that 
monocyte recruitment to the vessel wall in tissue remodel-
ing after RVO is important later in the course of disease. 
Infl ammatory immune mediators in the vitreous body were 
also investigated by Yoshimura et al. [ 16 ] in 30 patients with 
BRVO and 13 patients with CRVO. 20 soluble factors in vit-
reous specimen were measured by multiplex bead analysis. 
IL-6, IL-8, and MCP-1 were signifi cantly elevated in BRVO 
and CRVO. VEGF was signifi cantly elevated only in CRVO. 

 Noma et al. [ 17 ] studied the correlation of infl ammatory 
factors and electroretinographic fi ndings in 19 patients with 
BRVO. During vitrectomy vitreous samples were obtained 
to measure VEGF, sICAM-1, IL-6, and MCP-1. The implicit 
time and amplitude of the a-wave cone, b-wave cone, and 
30 Hz fl icker were calculated and correlated to the four 
infl ammatory factors. IL-6 and MCP-1 were signifi cantly 
correlated with the implicit time of the b-wave cone. Vitreous 
levels of all four factors signifi cantly correlated with the 
implicit time of the 30 Hz fl icker, and the levels of all fac-
tors were signifi cantly higher in patients with an implicit 
time ≥ 30 ms. The results suggest that the implicit times of 
the b-wave cone and 30 Hz fl icker can detect patients with 
high risk of ischemia in BRVO. 

 Okunuki et al. [ 18 ] studied infl ammatory aspects in 
patients with BRVO by measuring different infl ammatory 
factors in the vitreous and aqueous humor using fl ow cytom-
etry. In vitreous samples obtained during vitrectomy, they 
found high concentrations of VEGF, IL-8, and monokine 
induced by interferon γ (MIG) signifi cantly correlated to 
macular thickness before and after surgery. 

 Noma et al. [ 19 ] evaluated the association between the lev-
els of infl ammatory factors in the vitreous fl uid samples and 
macular edema measured by optical coherence  tomography 
in 30 CRVO patients and compared it to vitreous samples 
of 29 controls with macular hole. Vitreous fl uid levels of 
VEGF, soluble VEGF receptor 2, sICAM-1, IL-6, MCP-1, 
and pentraxin 3 (PTX3) were signifi cantly higher in CRVO 
patients than in the control group. Vitreous levels of VEGF, 
sICAM-1, IL-6, MCP-1, and PTX3 signifi cantly correlated 
with the central foveal thickness, indicating the importance 
of cytokines in the vitreous fl uid in the mechanisms of macu-
lar edema development in CRVO patients. 

 Pfi ster et al. [ 20 ] assessed the levels of angiogenic and 
infl ammatory cytokines in undiluted vitreous fl uid from 43 
treatment-naïve patients with macular edema due to non-
ischemic BRVO with fl ow cytometric bead array (CBA). 
The results were correlated with SD-OCT parameters. The 
vitreous samples from 28 patients with idiopathic vitreous 
fl oaters served as controls. The BRVO eyes were divided into 

a recent onset group (mean duration after onset 4.1 months) 
and an older group (mean duration 11.6 months). The mean 
IL-6 was 23.2 ± 48.8 pg/mL, MCP-1 602.9 ± 490.3, and 
VEGF 161.8 ± 314.3, and this was higher than in the control 
group (IL-6 6.2 ± 3.4 pg/mL ( p  = 0.17), MCP-1 253.2 ± 73.5 
( p  < 0.0000001), VEGF 7.0 ± 4.9 (0.003). VEGF was the only 
cytokine that correlated signifi cantly with the SD-OCT thick-
ness of the neurosensory retina ( r  = 0.31). In the older BRVO 
group, there was a positive correlation between the cytokines 
IL-6, MCP-1, and VEGF, whereas in the fresh group, there 
was only a correlation of IL-6 with MCP-1. The assessed 
cytokines are elevated in the vitreous of patients with BRVO, 
and they correlate with each other. Only VEGF correlated 
with morphological changes. 

 Bertelmann et al. [ 21 ] examined intravitreal functional 
plasminogen in vitreous samples of 13 consecutive patients 
with recent onset of CRVO and compared it to 10 cases in 
whom vitrectomy was performed because of macular surgery 
or fl oater removal. Vitreous taps were extracted in the central 
vitreous body and plasminogen was determined in a new 
ultrasensitive p-nitroanilide reaction after activation with 
streptokinase. Patients with recent onset CRVO revealed sig-
nifi cantly higher intravitreal plasminogen (2.19 ± 1.89 N) in 
comparison to controls (0.20 ± 0.21 %N) ( p  < 0.001). Due to 
the signifi cantly increased intravitreal plasminogen in patients 
with recent onset of CRVO, intravitreally administered tissue 
plasminogen activator might be an option to achieve enzy-
matic vitreolysis to induce posterior vitreous detachment in 
CRVO patients. This is interesting because the prevalence of 
vitreomacular adhesion is more common in retinal vascular 
diseases and might play a role in the development of macular 
edema.  

   2.  Crystallin in Vitreous After Ischemia- 
Reperfusion Injury 

 Crystallins are major proteins in the vitreous body. Ischemia- 
reperfusion injury of the retina leads to apoptosis. Sudden 
hypoxic stress causes an increase in oxygen-free  radicals. 
Crystallins have an antiapoptotic effect. Ischemia-reperfusion 
injury is a common pathogenic mechanism in ocular infl am-
mation and in RVO, resulting in a damage of the blood- retinal 
barrier. Hong and Yang [ 22 ] studied ischemia-reperfusion 
injury in Sprague–Dawley rats by clamping the optic nerve 
for thirty minutes and then releasing it. The vitreous bod-
ies of the study rats and a control group were obtained 24, 
48, and 72 h after the injury. The total amount of αA and 
β crystallins and the phosphorylation of αB crystalline, as 
a type of heat shock protein, signifi cantly increased 48 h 
after the ischemia-reperfusion injury, presumably to medi-
ate pro- and anti-infl ammatory reactions. Phosphorylation 
of ERK1/2 showed the greatest decrease at 48 h and then 
recovered. Damage to the ganglion cell layer of the retina 
was also most severe after 48 h after injury. However, there 
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was a subsequent recovery at 72 h. The results suggest that 
during ischemic and oxidative stress, phosphorylation of αB 
crystalline inhibits renin-angiotensin system (RAS), result-
ing in the inactivation of extracellular- regulated kinase 1 and 
2 (ERK1/2). This may be associated with the infl ammatory 
suppression in the vitreous via the ischemia-reperfusion 
injury and that this may play a role in retinal vein occlusions.   

   B. Structural Role of Vitreous 

   1. Vitreous Attachment in RVO 
 Jackson et al. [ 23 ] studied the role of vitreous attachment in 
retinal diseases. The prevalence of posterior vitreous detach-
ment in CRVO was 30 %, in BRVO 31 % versus 25 % in 
controls. Observational studies suggest that in retinal vascu-
lar diseases, the prevalence of vitreomacular adhesion is 
more common than in age-matched controls. 

 Takahasi et al. [ 24 ] determined the relationship between 
macular edema associated with BRVO and the vitreous con-
dition. They retrospectively studied 58 patients who under-
went vitreous examination. The eyes were classifi ed as 
having vitreomacular attachment (VMA) or vitreomacular 
separation (VMS) and were divided into two groups based 
on the mean age of the patients (group 1 ≤ 64 years of age, 
group 2 > 65 years of age). Macular edema was found in 39 
(67 %) of the eyes. The prevalence of VMA was 81 % (22 
of 27 eyes) in group 1 and 45 % (14 of 31 eyes) in group 2. 
Although no signifi cant relationship was found, 77 % (17 of 
22) of the eyes with VMA in group 1 had macular edema. The 
incidence of macular edema was signifi cantly higher in eyes 
with VMA (93 %, 13 of 14) than in eyes with VMS (41 %, 7 
of 17, P = .009) in group 2. The authors’ fi ndings suggest that 
VMA may infl uence the presence of macular edema associ-
ated with BRVO. Hikichi et al. [ 25 ] retrospectively investi-
gated the role of the vitreous in eyes with central retinal vein 
occlusion, especially in relation to neovascularization and 
macular edema. They analyzed the vitreous condition of 150 
patients (150 eyes) with CRVO. Based on fl uorescein angi-
ography fi ndings and color photographs, eyes with CRVO 
were classifi ed as ischemic or non-ischemic. In ischemic 
cases, retinal or optic disc neovascularization, or both, devel-
oped in eight (57 %) of 14 eyes without complete posterior 
vitreous detachment. The prevalence of neovascularization 
was signifi cantly higher than in eyes with complete posterior 
vitreous detachment (0 %, 0/43) ( p  < 0.01). In non-ischemic 
cases, the prevalence of no posterior vitreous detachment 
or partial posterior vitreous detachment with vitreomacu-
lar adhesion was signifi cantly higher in eyes with macular 
edema (76 %, 28/37) than in eyes without it (23 %, 13/56) 
( p  < 0.01). Complete posterior vitreous detachment may pro-
tect against retinal or optic disc neovascularization in eyes 
with severe central retinal vein occlusion. Vitreomacular 

adhesion may cause persistent macular edema in eyes with 
mild central retinal vein occlusion. 

 Ascaso et al. [ 26 ] investigated the role of vitreo-vascular 
traction in BRVO by SD-OCT in a case–control study. As the 
occlusion in BRVO typically occurs at an arteriovenous 
crossing site, the role of vitreoretinal traction at the obstruc-
tion site was studied prospectively in 32 consecutive patients. 
25 % of the BRVO patient revealed traction at the point of 
the occlusion. An association with an adherence of the pos-
terior vitreous cortex without traction was found in 44 %, 
whereas 31 % of eyes showed no vitreous adherence or trac-
tion. In the fellow eye at the corresponding vessel segment, 
no vitreo-vascular traction was found, and 37.5 % of the fel-
low eyes presented vitreoretinal adherence. Thus, vitreo- 
vascular traction in the occlusion site was signifi cantly 
associated with BRVO. In addition ultrasonography B-scans 
revealed that the posterior vitreous cortex remains attached 
more frequently in BRVO eyes compared to healthy fellow 
eyes. Thus, vitreo-vascular traction and attached posterior 
vitreous cortex may play a role in the pathogenesis of BRVO.    

   III.  Role of Vitreous in Diabetic 
Macular Edema  

   A. Structural 

   1.  Vitreous Detachment 
and Vitreoschisis in DME 

 Posterior vitreous detachment (PVD) is an age-related pro-
cess originating usually in the posterior pole (macula), pro-
gressing to the papilla and gradually extending up to the 
vitreous base in the late stage [see chapter   II.C    . Vitreous 
aging and PVD]. Processes that precede the PVD are pro-
gressive liquefaction and weakening of vitreoretinal adhe-
sion. Anomalous PVD can occur in accelerated liquefaction 
of the gel vitreous without concurrent weakening of vitreo-
retinal adhesion. This may result in vitreoschisis caused by 
splitting of the multi-lamellar posterior vitreous cortex where 
fi rm vitreoretinal adherence undergoes traction by the 
detaching vitreous [see chapter   III.B    . Anomalous PVD and 
vitreoschisis]. This can lead to the development of premacu-
lar membranes [ 27 ] which in DME can result in cystoid for-
mation primarily due to exudation but also as a consequence 
of tractional forces by the vitreoschisis membrane 
(Figure  III.K-3a–d ). 

 In cadaveric normal eyes, remnant of the posterior vitre-
ous cortex was found in 44 % after spontaneous vitreous 
detachment including eyes that were clinically considered  to 
have complete posterior vitreous detachment (Kishi et al. 
[ 28 ]). Vitreoschisis was found in 42 % of eyes with macular 
pucker by Sebag et al. [ 29 ]. In diabetic patients, vitreoschisis 
is one manifestation of diabetic vitreopathy. Vitreo-papillary 
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adhesion, which infl uences the vector of force on the macula, 
has a similarly high prevalence and may be involved in the 
development of diabetic macular edema [ 30 ]. Gaucher et al. 
[ 31 ] studied 49 eyes with and without DME aged 60 years or 
older and found a prevalence of completely attached poste-
rior vitreous in 38.8 and 69.4 %, respectively. Incomplete 
posterior vitreous detachment was present in 55.0 and 
22.4 %, respectively, and total posterior vitreous detachment 
in 6.2 % in both groups [ 31 ].  

   2. Vitreo-Retinal Interface in DME 
 There is evidence that the abnormalities in the vitreoretinal 
interface and vitreous changes might be involved in the 
pathogenesis of DME. In the macula, the inner limiting 
membrane, which is the basement membrane of the Mueller 
cells, and vitreous have the tightest attachment [see chapter 
  II.E    . Vitreo-retinal interface and ILM]. The disrupted inner 
blood-retinal barrier plays an important role in the pathogen-
esis of DME [ 32 ]. However, altered vitreomacular interface 
may also contribute to the progression of DME. It might 
exacerbate due to accumulation of cytokines in the premacu-
lar vitreous. 

 Due to the infi ltration of the posterior vitreous cortex with 
glial and infl ammatory cells, the cortex thickens. A glisten-
ing, taut membrane can also occur over the macula in dia-
betic patients, which consists of a taut thick posterior vitreous 
cortex that is attached to the fovea and exerts horizontal and 
vertical traction. On fl uorescein angiography, diffuse leakage 
is found in the late phases with diabetic macular edema. A 
thickened and taut posterior vitreous cortex may adhere to 
the inner limiting membrane in diabetic eyes and lead to trac-
tion and macular thickening. Since the diabetic retina is com-
promised due to microvascular damage, it may be particularly 
vulnerable to increased exudation caused by traction. 

 DME has a signifi cantly higher prevalence in patients 
with attached posterior vitreous. There are reports that DME 
improves after spontaneous PVD. Before PVD, however, the 
posterior vitreous cortex induces vitreomacular traction. If 
vitreoschisis occurs, residual vitreous cortex persists after 
PVD [ 33 ]. After PVD a premacular membrane can develop 
leading to vitreomacular traction (Figure  III.K-3d ). Due to 
tractional forces, DME can deteriorate (Figure  III.K-3a–d ). 
The protein kinase C (PKC) pathways can enhance vitreous 
gel contraction [ 32 ]. 

 In patients with diffuse diabetic macular edema, the pos-
terior vitreous cortex removed at surgery showed on electron 
microscopy with immunocytochemical staining cytokeratin 
and glial fi brillary acidic protein in the premacular region 
[ 34 ]. Cytokeratin is usually found in the retinal pigment epi-
thelial cells and glial fi brillary acidic protein in the astrocytes 
and Müller cells. In addition hyalocytes and macrophages 
were also found in the cortical vitreous.   

   B. Biochemistry of Vitreous in DME 

 Cytokines and chemokines play an important role in the 
development of DME. VEGF, fi broblast growth factor-2, and 
PKC pathways promote proliferation of hyalocytes and 
astrocytes that are found in the posterior vitreous cortex. 

   1.  Advanced Glycation End Products 
in DME 

 Spontaneous PVD (Figure  III.K-4 ) is caused by liquefaction 
of vitreous gel and dehiscence at the vitreoretinal interface. In 
diabetic patients, accumulation of advanced glycation end 
products (AGE) in vitreous leads to increased cross- linking of 
collagen and other proteins in the posterior vitreous cortex, 
inner limiting membrane of the retina, and intervening extra-
cellular matrix. This increases the adhesion of the posterior 
vitreous to the inner limiting membrane and strengthens vit-
reomacular adhesion (Figure  III.K-4 ) even if changes in vitre-
ous lead to PVD. The vitreous cortex, however, can show a 
persistent attachment to the retina leading to vitreomacular 
traction and development or progression of DME [ 32 ].

   Hyperglycemia can also contribute to the destabili-
zation and liquefaction of the vitreous [see chapter   I.E    . 
Diabetic vitreopathy]. A posterior precortical vitreous pocket 
(Figure  III.K-5 ) can occur within the temporal vascular 
arcades due to an incomplete PVD. The posterior wall con-
sists of a thin layer of vitreous cortex closely adherent to the 
macula. This plays an important role in the formation of a 
fi brovascular ring found in the macular area and the vascu-
lar arcades with traction at the vitreomacular interface caus-
ing DME and tractional detachment of the retina in diabetic 
patients.

   Accumulation of advanced glycation end products in the 
vitreous and at the vitreoretinal interface is associated with 
neurovascular injury in diabetic retinopathy. Indeed, the lev-
els of AGE are 10–20 times more abundant in the vitreous of 
diabetic patients than of controls [ 35 ]. The removal of vitre-
ous and associated AGEs may contribute to the improvement 
of ischemia and reduction of vasopermeabiltiy [ 36 ].  

   2.  Infl ammatory Factors in Vitreous 
of DME 

 There is a large body of evidence that pro-infl ammatory fac-
tors contribute to the development of DME. Vitreous changes 
provide information on pathophysiological events and transla-
tional research of the key molecules that are involved in the 
development of diabetic retinopathy and DME. Diabetes causes 
infl ammatory reactions. In the retina of diabetic patients, fea-
tures of infl ammation are found with an increase of infl amma-
tory molecules also in the vitreous [ 37 ]. Infl ammation involves 
multiple mediators like cytokines, chemokines, and adhe-
sion molecules that initiate the interaction of leukocytes with 
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endothelial cells [ 37 ]. Diabetic retinopathy is associated with 
the increase of  pro- infl ammatory cytokines and chemokines. 
IL-1ß, caspase 1, and chemokines are signifi cantly increased 
in the vitreous. The number of neutrophils is elevated in retinal 
vessels and associated with capillary closure. In rodent diabetic 
models, there is an increase in leukocyte adherence to the reti-
nal vasculature along with the progression of diabetic retinopa-
thy. This might be due to increases in ICAM-1 and integrins 
in endothelial cells in leukocytes leading to leukostasis. There 
is evidence that low-grade chronic infl ammation is part of the 
pathogenesis of diabetic macular edema leading to an increase 
in infl ammatory molecules in the vitreous [ 37 ]. 

 Factors secreted into the vitreous are associated with the 
pathologic processes and give insight in underlying biological 
mechanisms suggesting that common pathways are activated 
in different diseases. DME causes as secondary event a reactive 
local infl ammation. A variety of factors, especially cytokines, 
are secreted in the vitreous. Infl ammatory immune mediators 
in the vitreous body were investigated by Yoshimura et al. [ 16 ] 
in 92 patients with DME. Twenty soluble factors in vitreous 
including nine cytokines, six chemokines, and fi ve growth fac-

tors were measured by multiplex bead analysis. IL-6, IL-8, and 
MCP-1 were signifi cantly elevated in DME and correlated 
with each other. VEGF was not elevated in DME but in prolif-
erative diabetic retinopathy in comparison to controls. In pro-
liferative diabetic retinopathy, levels were higher than in 
DME. The multifunctional cytokine IL-6 induces the expres-
sion of VEGF. It may also directly increase the permeability of 
endothelial cells. IL-8 is produced in the ischemic retina by 
glial and endothelial cells. MCP-1 upregulation may stimulate 
the infi ltration of infl ammatory cells. VEGF is upregulated by 
hypoxia [ 16 ]. IL-1ß levels are higher in the vitreous of diabetic 
patients in comparison to nondiabetic patients. IL-6 can 
increase endothelial cell permeability in vitro. Stromal cell- 
derived factor 1 (SDF-1) concentration is increased in the vitre-
ous of patients with DME suggesting that SDF-1 also plays a 
role in diabetic macular edema. TNFα is also elevated and 
known to increase retinal endothelial permeability [ 38 ]. 

 Infl ammatory cytokines are upregulated in the serum, vit-
reous, and aqueous humor of patients with diabetic retinopa-
thy [ 39 ]. Key infl ammatory molecules involved in the 
development of DME due to blood-retinal barrier breakdown 

  Figure III.K-5    Partial posterior vitreous detachment with vitreous adhesion and vitreous pocket/lacuna       
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appear to be increased expression of endothelial adhesion 
molecules like ICAM1, VCAM1, platelet endothelial cell 
adhesion molecule 1 (PECAM-1), and P-selectin. Further 
events involved in the development of diabetic retinopathy 
are adhesion of leukocytes to the endothelium; infi ltration of 
leukocytes into the neural retina; release of infl ammatory 
cytokines, chemokines; and alteration of the tight junction 
proteins [ 40 ] of the retinal endothelial cells. 
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          I. Introduction 

 This chapter reviews the pathogenesis of proliferative dia-
betic vitreoretinopathy (PDVR) and presents recommenda-
tions for its clinical staging. Although numerous biochemical 
mediators may be responsible for the pathogenesis of PDVR, 
there is no consensus about the biochemical pathway(s) 
responsible for the progression of PDVR. Among the known 
and most studied mediators is vascular endothelial growth 
factor (VEGF) [ 18 ]. Since the thickened posterior vitreous 
cortex is one of the main components in proliferative  diabetic 
retinopathy (PDR) causing the subsequent development of 
retinal proliferations, shrinkage of the diabetic posterior vit-
reous cortex leads to traction retinal detachment. Although 
several classifi cations are described in the literature, the 
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 classifi cation suggested herein is important in the clinical 
assessment of disease severity, communication about the dis-
ease state, and the evaluation of therapy. A new morphologi-
cal classifi cation of PDVR is presented which emphasizes 
the role of vitreous, hence the name PDVR. Moreover, this 
classifi cation reliably predicts the surgical outcome in 
advanced stages of PDVR. 

   A. Diabetes 

 Diabetes is a metabolic disease that affects juvenile (type I) or 
adult patients (type II) throughout their lives, and is increasing 
worldwide [ 21 ,  22 ,  23 ,  36 ]. Several clinical trials in Europe and 
North America like EURODIAB Prospective Complication 
Study 1998; WESDR ( Wisconsin Epidemical Study of Diabetic 
Retinopathy ) [ 27 ]; DCCT ( Diabetes Control and Complication 
Trial )  1996 ,  UKPDS United Kingdom Prospective Diabetes 
Study ) [ 62 ,  63 ]; ETDRS ( Early Treatment Diabetic Retinopathy 
Study ); and a Japanese group [ 39 ] demonstrated that the most 
important risk factor for the beginning and progression of dia-
betic retinopathy (DR) is the level and duration of hyperglyce-
mia over years. Additional factors for the progression of DR 
are elevated blood pressure, especially an increased systolic 
blood pressure. Elevated lipids, microalbuminuria, and high 
ocular perfusion pressure also infl uence the progression of dia-
betic angiopathy [ 60 ]. Further, growth hormones stimulate the 
production of insulin-like growth factor, which may play a role 
in the pathogenesis of DR [ 5 ,  69 ]. 

 At disease onset, diabetes remains predominantly a meta-
bolic disease. However, after approximately fi ve years, or in 
childhood after puberty, severe secondary changes in the 
vessels of the brain, heart, kidneys, inferior extremities, and 
especially in the eyes may occur, leading to dramatic compli-
cations either isolated or multiple in the affected organs [ 30 , 
 31 ]. If the eyes of a diabetic patient become affected, the 
vascular changes start in the retina with signs of DR, less 
seldom are changes in the iris such as rubeosis iridis or iris 
neovascularization. However, vitreous changes occur even 
earlier in the natural history of disease [see chapter   I.E    . 
Diabetic vitreopathy].  

   B. Diabetic Retinopathy 

 The broad spectrum of clinical signs in diabetic retinopathy 
(DR) ranges from biomicroscopic changes of intraretinal 

capillaries to severe proliferation of new vessels out of the 
retina into the vitreous, leading to vitreous hemorrhage and 
traction retinal detachments, which may cause severe loss of 
sight (Figure  III.L-1 ). DR has traditionally been subdivided 
into nonproliferative diabetic retinopathy (NPDR) and 
 proliferative diabetic retinopathy (PDR). While NPDR is 
characterized by a retinal microangiopathy with intralumi-
nal, intramural, and extramural pathologies, PDR is pre-
dominantly characterized by proliferation of vessels onto 
the retinal surface and into the posterior vitreous cortex. 
Concurrent with these retinal changes is a separate set of 
pathologic changes in vitreous, known as diabetic vitreopa-
thy [ 46 ] [see chapter   I.E    . Diabetic vitreopathy]. Since, PDR 
develops only if the vitreoretinal interface is partially or 
completely attached to the retinal surface to provide a scaf-
fold for new vessel proliferation, we recommend including 
the impact of vitreous in clinical nomenclature and call this 
stage “proliferative diabetic vitreoretinopathy” (PDVR).

     1.  Nonproliferative Diabetic 
Retinopathy (NPDR) 

 NPDR usually appears 5 years after the beginning of the met-
abolic disorders, in juvenile diabetes mellitus typically shortly 
after puberty. Pathogenic mechanisms include increased 
aggregation of erythrocytes and platelets, elevated fi brinogen 
activity, and thickening of the retinal capillary basement 
membranes, presumably due to an accumulation of glycosyl-
ated proteins. Loss of pericytes outside and a loss of endothe-
lial cells inside the retinal capillaries are the fi rst changes in 
the retina weakening of the vessels wall, resulting in microan-
eurysms, venous abnormalities, intraretinal hemorrhages, and 
leakages of serum, leading to hard exudates and an accumula-
tion of lipoproteins in retinal layers. Finally, there are so-
called intraretinal microvascular abnormalities (IRMAs), 
characterized as arteriovenous shunts in areas of occluded 
retinal capillaries and early intraretinal neovascularization. 

 Clinical classifi cation of these retinal abnormalities [ 7 ] is 
important for prognosis (45 % of patients with severe NPDR 
as defi ned by the University of Wisconsin 4:2:1 rule [ 9 ] 
progress to PDVR within one year) and to defi ne indications 
for laser therapy [ 9 ]. It is currently not known whether dia-
betic vitreopathy plays a role in NPDR, but future research 
should be directed to address this question. It is suspected, 
however, that vitreoschisis [ 50 ] plays a role in diabetic mac-
ular edema [ 52 ], the most common cause of vision loss in 
diabetes [see chapter   III.K    . Vitreous in retino-vascular dis-
eases and diabetic macular edema].  
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  Figure III.L-1    ( a ) DR (diabetic retinopathy) mild; ( b ) DR moderate, ( c ) DR severe       
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   2.  Proliferative Diabetic 
Vitreoretinopathy (PDVR) 

 There is general agreement that the progression from NPDR 
to PDVR occurs approximately 15–20 years after the onset 
of uncontrolled diabetes, in 5–10 % of patients with type II 
diabetes and in 30 % of patients with type I diabetes [ 27 ]. 
Furthermore, diabetic patients with PDVR in one eye are at 
high risk of developing neovascularization in the second eye 
over a 5-year period, so close follow-up and early treatment 
are highly recommended [ 17 ,  65 ].    

   II. Role of Vitreous in PDVR 

 The progression from NPDR to PDVR is marked by two dif-
ferent processes:
    I.    In early stages, there is thickening of the posterior 

 vitreous cortex, a change seen only in diabetic eyes 
(Figure  III.L-2 ) [ 19 ]. Since the healthy vitreous contains 
antiangiogenic properties, vessels are absent in health 
[ 40 ,  69 ]. Thickening of the posterior vitreous cortex is 
believed to alter these properties and promote the 
ingrowth of proliferating vessels out from the retinal sur-
face into the thickened posterior vitreous cortex itself 
[ 11 ,  14 ,  29 ,  37 ].

      II.    In a second set of events, the altered and thickened pos-
terior vitreous cortex begins to shrink, possibly induced 
by factor 13 of the hematopoietic system [ 2 ], leading to 
traction and rupture of proliferating vessels inducing 
intravitreal hemorrhage or even traction retinal 
detachment.     
 The healthy posterior vitreous cortex consists of a dense 

matrix of collagen fi brils which are attached to the retina via 

an extracellular matrix [ 42 ,  53 ] [see chapter   II.E    . Vitreo-
retinal interface and inner limiting membrane]. This tight 
attachment is mediated by extracellular matrix proteins, 
mainly fi bronectin and laminin [ 20 ] (Figure  III.L-2 ). Long-
standing diabetes alters proteins throughout the entire body 
including in vitreous. Sebag et al. were the fi rst to show the 
increased levels of advanced glycation end products in 
human diabetic vitreous as compared to controls [ 43 ,  45 ]. 
These biochemical abnormalities induce structural changes 
within the vitreous body [ 44 ] and likely at the vitreoretinal 
interface, perhaps similar to what has been identifi ed during 
aging [ 42 ]. There is also a breakdown of the blood-retinal 
barrier. Serum proteins like fi bronectin accumulate up to ten-
fold between the posterior cortex and the inner limiting 
membrane (ILM) of the retinal surface, especially in the tem-
poral and nasal quadrants [ 20 ,  70 ]. At the same time, 
increased levels of laminin and type I and type IV collagen 
become apparent [ 4 ]. These accelerate the thickening of the 
vitreoretinal interface, leading to an additional metabolic 
barrier between retina and vitreous [see chapter   IV.A    . 
Vitreous physiology]. 

 Several clinical and experimental investigations have 
clearly demonstrated that the thickened posterior vitreous 
cortex together with the thickened extracellular matrix at the 
vitreoretinal interface (see chapter   II.E    . Vitreo-retinal inter-
face and inner limiting membrane] plays a key role in angio-
genic pathogenesis [ 10 ]. The fi rst step involves angiogenic 
growth factors activating the endothelial cells to release spe-
cifi c protease enzymes, which promote the breakdown of 
basement membranes [ 66 ], allowing the endothelial cells to 
leave the vascular wall, migrate into the adjacent extracellu-
lar matrix where they proliferate, and build neovascular for-
mations (Figure  III.L-3 ). Initially, the endothelial cells of the 

Vitreous

Fibronectin
Laminin
Collagen

ILM

Müller cells

  Figure III.L-2    Vitreoretinal inter-
face: the vitreoretinal interface is 
believed to play a key role in the 
development of PDVR       
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retinal capillaries penetrate predominantly affected ischemic 
retinal areas mainly by the action of proteolytic enzymes 
upon the basal membrane of diabetic vessels. This early 
 proteolytic process is followed by a proliferation through the 
ILM onto the retinal surface and further through the vitreo-
retinal interface into the posterior vitreous cortex, taking 
advantage of adhesive molecules, such as adjacent integrins. 
There are also many additional cofactors, which are respon-
sible for this process such as growth factors, e.g., vascular 
endothelial growth factor (VEGF) [ 32 ,  33 ], transforming 
growth factor (TGF ß), platelet-derived growth factor 
(PDGF), endothelial growth factor (EGF), interleukin 1 (IL- 
1), angiotensin II, or somatostatin) [see chapter   IV.C    . 
Vitreous and iris neovascularization]. In this context, it has 
been demonstrated that Müller cells release a large amount 
of VEGF in ischemic areas [ 68 ] and in the presence of 
advanced glycation end products [ 12 ,  13 ,  43 ]. At this stage, 
the posterior vitreous cortex appears on biomicroscopy as a 
thickened preretinal membrane, especially around the optic 
disk and along the temporal retinal vessel arcades [ 70 ]. This 
scaffold facilitates additional formations of proliferating ves-
sels in this ongoing PDVR process [ 10 ].

   The second step in PDVR development starts with shrink-
age of the altered posterior vitreous cortex, possibly via cross-
linking of collagen fi brils. Akiba et al. [ 2 ] postulated that 

factor 13 (transglutaminase) of the hematopoietic system 
might trigger this collagen cross-linking. These advanced 
changes of the vitreoretinal interface by means of thickening 
and shrinkage lead to a potentially fateful course for the dia-
betic eye: the shrinking vitreous induces traction on proliferat-
ing retinal vessels inducing severe hemorrhages into the 
vitreous body. Additionally, vitreous shrinkage in combina-
tion with fi rm vitreoretinal adhesions may induce vigorous 
forces leading to severe traction retinal detachments, vitreo- 
papillary traction [ 25 ,  34 ], and foreshortening of retina leading 
to a proliferative vitreoretinopathy (PVR)-like confi guration. 
The combination of fi rm vitreous traction and PVR may cause 
retinal tears and severe combined traction/rhegmatogenous 
retinal detachments. 

 To prevent progression from NPDR to PDVR, one can 
perform panretinal laser photocoagulation (PRP). One 
therapeutic effect of this treatment is the destruction of 
retinal cells in areas of retinal hypoxia, especially Müller 
cells which are responsible for upregulation of VEGF 
[ 57 – 59 ]. Another therapeutic effect of PRP laser therapy 
is the induction of posterior vitreous detachment (PVD). 
Clinical studies [ 41 ] have shown a higher incidence of 
PVD following PRP. Progression of PVD can be observed 
3–6 months following PRP [ 28 ]. These benefi ts of PRP 
give further  support to the concept that vitreous plays a 

  Figure III.L-3    Vascular endothe-
lium crossing two basement 
membranes       
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role in the  progression of severe NPDR to PDVR. It is of 
further interest to consider cases of NPDR that do not 
progress:
•    Eyes with high myopia (> − 10 diopters) rarely develop 

PDVR [ 70 ], since PVD frequently occurs long before dia-
betic retinopathy develops in elderly eyes with type II 
diabetes.  

•   Eyes with previous rhegmatogenous retinal detachment, 
usually due to PVD, do not develop PDVR. Conversely, 
diabetic patients with NPDR rarely develop rhegmatoge-
nous retinal detachments, as their posterior vitreous fre-
quently remains attached.  

•   Vitrectomized diabetic eyes rarely develop PDVR.    

   A. Classifi cation of PDVR 

   1. Airlie House Classifi cation 
 In the late 1960s, the fi rst classifi cation for diabetic reti-
nopathy, the Airlie House Classifi cation, was established 
[ 35 ]. Since vitrectomy was not yet introduced at that time, 
only the results of photocoagulation or laser coagulation 
therapy could be assessed by this classifi cation. This as 
well as the classifi cation of Sevin et al. [ 54 ] and the modi-
fi ed Airlie House Classifi cation of the  Diabetic 
Retinopathy Study Research Group  [ 7 ] were only applied 
to diabetic eyes with vascular changes in or just outside 
the retina. All these  classifi cation systems were used for 
major multicenter studies in the 1970s and 1980s to evalu-
ate the benefi ts mainly of laser coagulation treatments, 
 primarily the Diabetic Retinopathy Study  ( DRS ) and  the 
Early Treatment Diabetic Retinopathy Study  ( ETDRS ). 
Vitreous abnormalities, however, were not considered in 
these classifi cations systems. When vitrectomy became 
available, vitreous was indirectly taken into consideration 
when studies such as the Diabetic Retinopathy Vitrectomy 
Study (DRVS) and ETDRS evaluated the positive effect of 
this new surgical option [ 3 ]. However, both study groups, 
especially the ETDRS group, classifi ed the proliferative 
form of DR only into early, high-risk, and severe prolif-
erative diabetic retinopathy, based on the criteria of the 
Airlie House Classifi cation. Different forms of retinal 
detachments, either traction or rhegmatogenous compo-
nents, were considered during this classifi cation. The 
ETDRS grouped all severe cases with retinal detachments, 
traction, iris neovascularization or fundus obscurations 
under “advanced PDR” without further subclassifi cation. 
In 1983, Shea proposed the approach of an “early vitrec-
tomy” in patients with diabetic retinopathy in order to 
improve surgical outcome and preservation of useful 
sight, without indicating the exact threshold for  therapeutic 
intervention [ 8 ].  

   2.  International Clinical Diabetic 
Retinopathy Severity Scale 

 At the turn of the century, Wilkinson et al. established 
another classifi cation called the “International Clinical 
Diabetic Retinopathy Severity (ICDRS) Scale” during a 
workshop in 2003 [ 67 ]. A result of the American Academy 
of Ophthalmology Diabetes 2000 initiative, this classifi ca-
tion system defi ned mild, moderate, and severe nonprolif-
erative diabetic retinopathy (see Table  III.L-1 ). There was 
also a stage for “no retinopathy” and a classifi cation for 
“proliferative diabetic retinopathy.” Numerous studies used 
the ICDRS scale to report comparable results among differ-
ent centers. Zehetner et al. [ 71 ] evaluated the reliability of 
this classifi cation and correlated the stage of the diabetic 
retinopathy with the concentrations of glycosylated hemo-
globin (HbA1c) and VEGF level in blood plasma samples. 
They determined that poor glycemic control was positively 
correlated with increased VEGF plasma levels in patients 
with type II diabetes. The highest individual VEGF mea-
surements were found in patients with severe forms of pro-
liferative DR. Quellec et al. [ 38 ] used a modifi ed automated 
ICDRS scale algorithms and confi rmed a high intraobserver 
agreement (κ = 0.769) among young and experienced clini-
cians, making this classifi cation reliable and applicable. 
However, this severity scale still did not propose subdivid-
ing proliferative disease into further subgroups for the pro-
liferative diabetic retinopathy as diabetic vitreopathy was 
still not considered.

      3. Kroll’s Classifi cation 
 In 1987 Kroll fi rst proposed a classifi cation system 
with  subdivision of proliferative diabetic retinopathy accord-
ing to the proliferative vitreoretinopathy (PVR) classifi cation. 
This was further specifi ed in greater detail in 2007 
(Figure  III.L-4a–c ). This classifi cation is easy to understand, 
can be easily explained to patients and their relatives, and 
helps to communicate disease progression among retinal spe-
cialists. It also helps to defi ne thresholds for therapeutic inter-
vention, i.e., whether laser therapy is still indicated or if 
vitrectomy, especially an early vitrectomy, should be per-
formed. It furthermore serves as a predictor of surgical out-
comes and can be useful for evidence-based approaches to 
clinical research and care [ 15 ].

   Since the thickened posterior vitreous plays an important 
role in the pathogenesis of the proliferating form of diabetic 
retinopathy, the term  proliferative diabetic retinopathy  has 
been modifi ed into the more precise term proliferative diabetic 
vitreoretinopathy (PDVR) [ 24 ,  26 ,  47 ]. Four stages are defi ned:
    Stage A  (Figure  III.L-5a, b ) denotes a completely attached 

retina, with a thickened posterior vitreous cortex. 
Remarkable in this stage are the proliferating vessels 
emanating from the retina into the posterior vitreous 
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 cortex, especially near the optic disk reaching to the nasal 
side of the posterior pole of the eye [ 26 ], but also in the 
area of the superior and inferior temporal arcade retinal 
vessels.

      Stage B  (Figure  III.L-6a–c ) is characterized by shrinking of 
the vitreous cortex and traction retinal detachments either 
in the nasal (n) ( stage B n ) or temporal side (t), in the area 
of the temporal arcade vessels, ( stage B t ) or at the optic 

   Table III.L-1    Comparison of different classifi cations of nonproliferative and proliferative diabetic retinopathy and important studies with various 
stages for their inclusion criteria       

International Clinical Diabetic Retinopathy Disease Scale according to AAO

No

retinopathy

Mild

NPDR

Moderate

NPDR

Severe

NPDR

PDR

Clinical disease severity scale of diabetic retinopathy according to ETDRS criteria

No

retinopathy

Mild

NPDR

Moderate

NPDR

Severe

NPDR

Early

PDR

High 

risk

PDR

Severe

PDR

Severity of PDVR according to Kroll

No

retinopathy

Mild

NPDR

Moderate

NPDR

Severe

NPDR

PDVR A PDVR Bt

PDVR Bn

PDVR 

C1 - 4

DDCT type 1 DM

UKPDS type 2 DM

DRS

ETDRS DRVS

   PDVR  proliferative diabetic vitreoretinopathy,  DM  diabetes mellitus 
 The upper part of the table shows three classifi cation systems of diabetic retinopathy. The lower part lists important studies dealing with various 
stages of diabetic retinopathy. All studies have an evidence of 1b. The Diabetes Control and Comparison Trial (DCCT) and the United Kingdom 
Prospective Diabetes Study (UKPDS) investigated with mild and moderate cases of nonproliferative diabetic retinopathy (NPDR), the diabetic 
retinopathy study (DRS) with severe NPD to high- risk proliferative diabetic retinopathy (PDR). The Early Treatment Diabetic Retinopathy Study 
(ETDRS) on the other side investigated cases of mild, moderate, and severe NPDR and cases of early PDR. Finally the Diabetic Retinopathy 
Vitrectomy Study (DRVS) was performed on patients with high-risk and severe PDR  
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a b

c

  Figure III.L-4    ( a – c ) Stages A, B, C       
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A

a b

  Figure III.L-5    ( a ,  b ) Stage A Figure  III.L-2 . PDVR, stage A: this stage is characterized by proliferative changes in vitreous and retina, especially 
around the optic disk and in the posterior vitreous cortex. The retina is still totally attached       

  Figure III.L-6     PDVR     , stage B : this ( a ) stage is characterized by 
shrinkage of the posterior vitreous cortex. In places where the 
vitreous adheres to the retina, circumscribed retinal detachments 
are found

a
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disk. Very important for the functional prognosis in this 
stage is the fact that the macula remains unaffected and 
the visual acuity, depending on additional diabetic 
changes in the macular area, may be normal.

      Stage C  (Figure  III.L-7a–e ): Increased shrinkage of vitreous 
induces vigorous traction leading to traction retinal 
detachment. With further progression, the macula 
becomes involved. Corresponding with the four quadrants 
of the fundus, this stage is divided into four subgroups: 
 stage C 1 , traction RD in one quadrant;  stage C 2 , traction 
RD in two quadrants;  stage 3 , traction RD in three quad-
rants; and  stage 4 , traction RD in all 4 quadrants. In stage 
C, visual acuity is dramatically decreased, since in all 
cases the macula is involved. In all stages, additional 
hemorrhages may occur, since vitreous traction can also 
rupture proliferating blood vessels.

           III. Therapeutic Considerations 

 In a retrospective review of 563 patients, Hesse et al. [ 15 ] 
evaluated the prognostic value of Kroll’s classifi cation with 
respect to the postoperative visual outcome after vitreoreti-
nal surgery. In 179 out of 563 eyes (31.7 %), repeat vitrec-
tomy (including silicone oil removal) was required, and in 51 
eyes (9.1 %), more than one reoperation was performed. 
Silicone oil tamponade was used in 22 out of 253 eyes 

(8.7 %) classifi ed as  stage A , in 27 out of 201 eyes (13.4 %) 
of  stage B , and in 17 out of 78 eyes (21.8 %) of  stage C . The 
mean postoperative visual acuity after vitreoretinal surgery 
was signifi cantly better in  stage A  compared to  stage C  
(p < 0.01). Postoperative increase of visual acuity of more 
than 3 lines was signifi cantly less frequent in  stage B  
(p < 0.014) and  stage C  (p < 0.039) as compared to  stage A . 
The authors concluded that Kroll’s classifi cation for PDVR 
has a high prognostic value for postoperative visual outcome 
and the level of surgical risk management. 

 All of these clinical observations and experimental inves-
tigations point to the fact that the vitreous plays a key role in 
the development of a PVDR [ 6 ]. Therapeutic aims must 
therefore either prevent diabetic vitreopathy or eliminate vit-
reoretinal adhesion. As long as the retina is still attached, 
PRP may be effective if PVD can be achieved. However, 
PRP cannot often be administered early enough in the natu-
ral history of PDVR, and in other cases, PRP is simply not 
effective due to robust vitreoretinal adhesion and traction. In 
the presence of vitreous hemorrhage and traction retinal 
detachment, only the surgical release of traction via vitrec-
tomy can save the diabetic eye. In recent years, the option 
of inducing PVD via pharmacologic vitreolysis [ 48 ,  49 , 
 51 ,  56 ,  61 ,  64 ] has become available [see chapter   VI.A    . 
Pharmacologic vitreolysis]. A recent review outlines how 
pharmacologic vitreolysis can be used to treat diabetic 
retinopathy [ 6 ].  

b c

Bn Bt

Figure III.L-6 (continued) ( b ) If a tractive detachment is  nasal  to the optic disc, this is described as stage Bn. ( c ) Proliferative and tractive changes 
in the area of the  temporal  superior and inferior vascular arcade, which may be followed by a macular detachment, are categorized as stage Bt       
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  Figure III.L-7    ( a – e ) PDVR, stage C. Stage C is – similarly to the PVR classifi cation – characterized by a traction retinal detachment, which 
includes the macula. PDVR, stage C. According to the number of quadrants involved, stages C1–C4 are distinguished         

a

b c

C1 C2
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   IV. Summary 

 While the underlying pathogenesis of NPDR has a multifac-
torial origin consisting of intraluminal and extraluminal fac-
tors of the retinal vessels and biochemical components of 
growth factors and especially advanced glycation end prod-
ucts, PDVR appears to refl ect a different etiology. The vit-
reoretinal interface, especially the posterior vitreous cortex, 
plays a key role in the pathogenesis of PDVR. This vitreo-
retinal interface is thickened tenfold and becomes a meta-
bolic barrier between retina and vitreous, leading to an 
accumulation of VEGF, expressed mainly by the Müller 
cells, which explains the proliferation of pathologic new ves-
sels out of the retina into the posterior vitreous cortex. With 
progression toward PDVR, shrinkage of the posterior vitre-
ous cortex with its tight adhesions to the retina results in the 
dramatic changes of traction retinal detachment. The classi-
fi cation for NPDR, established by the ETDRS in 1981 [ 7 ], 
has been confi rmed by the International Clinical Diabetic 
Retinopathy Severity Scale in 2003. However, these classifi -
cations did not consider the role of diabetic vitreopathy [see 
chapter   I.E    . Diabetic vitreopathy] in the course of the prolif-
erating forms of diabetic retinopathy and the status of the 
vitreoretinal interface [ 16 ]. Therefore, a morphological clas-
sifi cation has been established, which combines the severity 
of the retinopathy with the status of diabetic vitreopathy. For 
this reason, the accurate and more precise term PDVR should 
be used instead of the more generalized term PDR. This clas-
sifi cation system serves:

    1.    To document morphological fundus changes in PDVR   
   2.    To grade the severity of the PDVR   
   3.    To improve communication between ophthalmologists as 

well as patients   
   4.    To indicate all forms of therapy: laser treatments, as long 

as the retina is attached; pars plana vitrectomy for removal 
of tractional vitreous, hemorrhages and attach the retina; 
and probably in the near future pharmacologic vitreolysis 
treatments   

   5.    To predict the success of any treatment   
   6.    To predict the further course of the diabetic fundus 

changes   
   7.    To serve for retro- and prospective studies of any outcome 

of treatments or other defi ned studies of diabetic 
retinopathy    

  Abbreviations  

 AAO    American Academy of Ophthalmology   
  DCCT    Diabetes Control and Complication Trial   
  DM    Diabetes mellitus   
  DR    Diabetic retinopathy   
  DRVS    Diabetic Retinopathy Vitrectomy Study   
  EGF    Endothelial growth factor   
  ETDRS     Early Treatment Diabetic Retinopathy Study   
  ICDRS     International Clinical Diabetic Retinopathy 

Severity   
  ILM    Inner limiting membrane   

Figure III.L-7 (continued)
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 1. Vitreous gel modulates the transport of molecules 

the gel reduces transport by convection currents 
and diffusion. With age, surgery, or pharmacologic 
vitreolysis, vitreous viscosity is reduced and the 
rate of transport of various molecules increases. 

-
sequences, some beneficial and others harmful.

vitreous physiology and the effect of treatment. 

clinical findings and correlate nicely with the effect 
of laser and other treatment modalities in the isch-
emic retinopathies.

 3. Vitrectomy and pharmacologic vitreolysis stimu-
late nuclear sclerosis cataract formation. Posterior 
vitreous detachment and vitrectomy may protect 

diabetic and other ischemic retinopathies as well as 
age-related macular degeneration.
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I.  Introduction

Untouchable, Disposable and Invisible

Well into the twentieth century, most ophthalmolo-
gists  considered the vitreous body to be sacred and that 
any  interference with this structure would have  serious 

untouchable. 
Pioneering researchers [1–7
towards the end of the century, vitreoretinal surgeons came 
to think of the vitreous gel almost as an inert substance, 
which could be freely operated, removed, and replaced for 
optical and structural reasons, with no consideration for any 
other functions of this tissue. It became disposable. At the 
same time the vitreous was practically invisible
vitreous detachment with slit lamp biomicroscopy was unre-
liable, but dramatically improved with ultrasound and opti-

II.F
the Invisible - the Quest of Imaging Vitreous]

Vitreous surgery and the removal and replacement of vit-
reous have physiological and clinical consequences for the 
eye, some beneficial and others detrimental. Several clinical 

the physiological mechanisms were reported in the early 
1980s, it is only recently that vitreoretinal surgeons have 
opened their eyes to the physiological consequences of vit-
reoretinal surgery.

-
reous surgery, some of which may be predicted from classical 
laws of physics and physiology. Understanding these physio-
logical mechanisms allows a better rationale in the management 
of vitreous surgery and its combination with laser treatment and 
drug injections. Vitreous physiology has moved the vitreous gel 
to the center of ophthalmology and not just the eye.

II.  Physiology

A.  Molecular Transport in the Vitreous

-
uefaction, or replacement are predicted by classical theories 

-
port of molecules within the vitreous chamber and the eye. 
Molecule transport within the vitreous is by two mecha-
nisms: diffusion and convection currents. Diffusion may be 
described by the laws of Fick and Stokes–Einstein and fluid 
currents by the law of Hagen–Poiseuille [8]. Fick’s law 

J, in terms of the diffusion coef-
ficient, D, and the concentration gradient of the molecule 
dC/ dx:

 J D dC dx= /  

Stokes and Einstein described the diffusion coefficient, D, in 
terms of the molar gas constant, R; the temperature in degrees 
Kelvin, T; the viscosity of medium, η; the radius of diffusing 
molecule, r; and Avogadro’s number, N:

 
D

RT

6 rN
=

πη  

D, is inversely related to the 
 viscosity of the medium, η
also inversely related to the viscosity of the medium.

J, in 
terms of the pressure difference, ΔP; the length, L; and diam-
eter, d, of a channel and the viscosity of medium, η.

 J d P 8L4= π ηΔ /  

Note that convection currents, J, are inversely related to 
the viscosity of the medium, η.

It is important to note that both diffusion and convection 
currents are inversely related to the viscosity of the medium. 

are slower in a highly viscous substance than in a less vis-
cous medium. Since vitrectomy involves the replacement of 
the vitreous with substances that have different viscosity, this 
influences the transport of molecules in the vitreous cavity. It 
is important to keep in mind that this is a general principle 
that applies to all diffusing molecules, both beneficial and 

nutrients, drugs, growth factors, and other cytokines.

1.  Viscosity of Vitreous

gel is more viscous than the saline solution that replaces it or 

eye. At the same time the silicone oil, with which we some-
times fill the vitreous chamber has higher viscosity than both 

-
firmed by science [9–11]. While the viscosity of the vitreous 
gel is variable and depends on species and measurement 
techniques, it is many times more than water, balanced salt 
solution, or aqueous humor. Lee et al. [12] found the viscos-
ity of human vitreous gel to be 300–2,000 cP, while the vis-
cosity of water is 1 cP. Gisladottir et al. [13] used a kinetic 
viscosity meter to measure the viscosity of porcine vitreous 
and found this to be bimodal; the thinner phase had viscosity 
of about 5 cP and the thicker about 180 cP (Figure IV.A-1). 

five times greater in saline than in vitreous (Figure IV.A-1). 
Similarly, Sebag et al. [14] showed that pharmacologic vitre-
olysis with ocriplasmin increases vitreous diffusion coeffi-
cients in vitro. It is reasonable to assume that the vitreolysis 
breaks down vitreous macromolecules and reduces the vis-
cosity of the vitreous gel, resulting in increased diffusion 
coefficients. Silicone oil that is used for vitreoretinal surgery 
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is available in several different viscosities, all of which are 
considerably more viscous than vitreous gel [15].

the transport of molecules within the vitreous body and 

important for the tissues surrounding the vitreous. With age, 
the viscosity changes as well as the transport characteristics, 
and this plays a role in some of the aging diseases in the lens 
and the retina.

B.  Oxygen Physiology

and Bill [16
falls gradually moving anteriorly from the surface of the 

physiological studies of vitreous surgery were published in 
the early 1980s. Stefansson et al. [17, 18] removed the vitre-

transport between the anterior and posterior segments of the 

compared to the intact eye (Figure IV.A-2
transported at a faster rate from the anterior segment, result-
ing in a significantly lower PO2 in the aqueous humor. If the 

-

more (Figure IV.A-2).
de Juan et al. [19

that proves the rule. Using silicone oil that is more viscous 
than the vitreous humor, they reported that anterior chamber 

-
vented if the vitreous chamber is filled with silicone oil 
(Figure IV.A-3
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Figure IV.A-1 (a) Diffusion of 

gel (b) Viscosity of porcine vitre-
ous comparing saline to liquid vit-
reous (thin) and gel vitreous (thick) 
(From Gisladottir et al. [13])
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PO
2 = 34.0 ± 6.8mmHg

PO2 = 22.2 ± 5.9mmHg

PO2 = 16.7 ± 4.0mmHg

Lens and
vitreous

removed

Lens and
vitreous

removed

Retinal veins
occluded

a b

c

Figure IV.A-2

tension is 34 mmHg in the intact eye (a), 22 mmHg after vitrectomy 
b

(c) (Published with permission from the American Ophthalmological 
Society)

Figure IV.A-3
VEGF; and any mole-
left) and silicone oil-

filled vitreous chamber (right
-
-

ment and well-perfused retinal areas to ischemic retinal areas. VEGF is 
cleared away from the ischemic retinal areas by diffusion and convec-

Silicone oil is more viscous than the vitreous gel, and transport of all 
molecules is slowed accordingly. It reestablishes the diffusion barrier 
between the anterior and posterior segments and reduces the risk of iris 
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-
ous humor filling.

In the late 1980s, Stefansson et al. [20] induced bilateral 
branch retinal vein occlusion (BRVO) in cats, where one eye 
had vitrectomy and the other eye not. BRVO leads to severe 

-
emic retina (Figure IV.A-4 -

lished the physiological effect of vitreous surgery on 
IV.A-5).

Blair and colleagues [21, 22] demonstrated in cats that 

23
tension in the human vitreous chamber before and after vit-
rectomy and concluded that “successful diabetic vitrectomy 
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Figure IV.A-4 Stefánsson et al. [20
tension falls with branch retinal vein occlusion (BRVO) in the intact 
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et al. [24] have confirmed in the human eye that  vitrectomy 

-

-
sumption by ascorbic acid in the vitreous gel may play a 

25] 
[see chapter IV.B
pathology]. Several investigators [26–30] have also dem-

body.
Pharmacologic vitreolysis [31, 32] also creates a physio-

logical situation with improved transport of molecules in the 
vitreous body. Sebag and colleagues [14, 31] demonstrated 
that ocriplasmin increased the diffusion coefficient of vitre-
ous in a dose-dependent fashion, presumably via breakdown 
of the macromolecules of the vitreous. Quiram et al [33] 

-
sion within the vitreous body (Figure IV.A-6).

More recently, Petropoulos et al. [34
gradients in pig eyes were similar before and after vitrec-

-
gen transport after vitrectomy were predominantly due to 
convection currents, which are greater in low-viscosity flu-
ids. Probably, convection currents are much more effective 
in transport than diffusion. In the completely still eye in an 

living mobile eye, convection currents are substantial, influ-
enced by viscosity, and influence molecular transport within 
the vitreous body.

Simpson et al. [35] used magnetic resonance imaging to 

after pars plana vitrectomy (Figure IV.A-7

-
sive measurements in animals and humans.

Figure IV.A-5 Schematic drawings showing the diffusion and convec-

(top bottom -
tively slow through the viscous vitreous in the intact eye and much 
faster when this is replaced with low-viscosity saline or aqueous. In the 

-

time, VEGF is cleared away from the retina at a faster rate. Both mecha-
nisms combine to lower VEGF levels in the retina and inhibit neovascu-
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Sín et al. [36
(Figure IV.A-8

-
pared to before (Figure IV.A-9

III.  Pathology

When vitrectomy was first introduced, the rationale was 
entirely structural. Removal of bloody and opaque vitreous 
was intended solely to restore a clear visual pathway to 

-

aging and various diseases, as well as the metabolic altera-
tions introduced by therapeutic intervention of various types.
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Figure IV.A-7

mean and error bars are SD. Reprinted with permission Simpson et al. [35]
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A.  Vitreous Aging

degeneration [see chapter . Vitreous aging and pos-
terior vitreous detachment]. Sebag describes a spectrum 
from the fully attached, homogenous vitreous gel in a 
young healthy eye, through the various stages of vitreous 
liquefaction [37] and posterior vitreous detachment, par-

38]. 
Some of the same clinical consequences of vitrectomy may 
be seen in eyes with age-related vitreous liquefaction and 

-
terior vitreous  detachment in midlife may indeed reduce 
the risk of some aging diseases of the retina in older age, 

diabetic retinopathy, while at the same time increase the 
risk of others, such as peripheral retinal tears and nuclear 

physiological perspective.

1.  Clearance of Molecules 
in the Vitreous

the medium applies to all molecules. It also applies to postop-
erative conditions following the replacement of the vitreous 
gel with saline, pharmacologic vitreolysis, and physiological 
degeneration of the vitreous gel and posterior vitreous detach-

posterior vitreous detachment, the transport of all molecules 
to and from the retina is increased (Figures IV.A-3 and IV.A-
5). Molecules that are produced in the retina, such as vascular 
endothelial growth factor (VEGF), may be cleared into the 
fluid vitreous chamber at a higher rate following vitrectomy 

VEGF concentration in the retina (Figure IV.A-5) and may be 
helpful in several diseases. Obviously, the clearance of VEGF 
and other cytokines helps prevent macular edema and retinal 

this phenomenon in age-related macular degeneration and 

or negative effect of clearance of molecules from the retina 
into the vitreous chamber following vitrectomy, vitreolysis, 
or posterior vitreous detachment needs further study in a vari-
ety of eye diseases.

Vitreous clearance of VEGF may have the same effect as 
the presence of VEGF antibodies in the vitreous body. 
VEGF, which is produced in the retina, diffuses from the 
retina into the vitreous body. If VEGF is constantly removed 
through clearance by diffusion, convection, binding with an 
antibody, or other mechanisms, the removal of VEGF from 
the retina will increase and the concentration of VEGF in 
(and under) the retina decrease.

B.  Iris Neovascularization

Soon after the invention of vitrectomy, surgeons noticed 
-

tomy in diabetic retinopathy eyes, particularly if the lens had 
also been removed [39, 40]. In light of the previously 
described vitreous physiology, this is easy to understand [see 
chapter 

24] fac-
tors/cytokines are transported faster through the vitreous 
chamber (Figures IV.A-2 and IV.A-3
by diffusion and convection from the anterior chamber 
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Figure IV.A-9 Box graphs comparing average arterial and venous sat-
uration before and 45 days after pars plana vitrectomy (PPV) measured 

box shows the distance between the 
quartiles, with the median marked as a line, and the whiskers show the 

analyses. Reprinted with permission Sín et al. [36]
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(where the PO2 is normally higher than at the retina) to the 
posterior segment, resulting in anterior segment and iris 

IV.A-2 and IV.A-3). At the same time, 
growth factors such as vascular endothelial growth factor 
(VEGF) are transported faster from the retina to the iris. 

healthy cats by removing the vitreous gel and lens and creat-

(Figure IV.A-10) [41].
Retinal laser therapy during vitreous surgery helped 

42, 17, 43–51] and VEGF produc-
tion, thus decreasing concentration gradients and transport of 

-
ments. Wakabayashi et al. [52] found a strong correlation 
between neovascular glaucoma and VEGF levels in the vitre-

vitreous hemorrhages after vitrectomy.
Silicone oil, which is highly viscous and reduces transport 

-
IV.A-3). In 1986, de Juan 

et al. [19] showed that silicone oil filling of the vitreous 
chamber reestablishes a diffusion barrier between the anterior 

-
gen and VEGF. Silicone oil filling also reduces the risk of iris 

C.  Retinal Neovascularization

Machemer and Blankenship [53] observed that diabetic 
patients who underwent successful vitrectomy did not have 

by the physiological principles stated above. In vitrecto-

20, 24
decreasing VEGF production (Figure IV.A-5). VEGF and 
other cytokines will be cleared away from the ischemic ret-

reduced both from reduced production and increased clear-
ance into the vitreous chamber (Figure IV.A-5). Retinal laser 

of remaining retinal cells and thus reducing VEGF produc-
tion [17, 23, 42–51
a rational foundation to combine treatment, as laser treat-
ment and vitrectomy have synergistic and similar effects on 
the ischemic retina (Figure IV.A-11). Vascular endothelial 
growth factor (VEGF) is an important (but not the only) 
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Figure IV.A-10
Open circles denote the clinical 

diagnosis made at the slit lamp 6–12 months after the onset of the 

shown in filled circles. In both the clinical and histologic evaluation, an 
arbitrary scale of “no-questionable-mild-moderate-marked” rubeosis 
iridis was created. Reprinted with permission Stefansson et al. [41]

Figure IV.A-11 Vascular endothelial growth factor (VEGF) is a major 

cleared away from the retina into low-viscosity fluid in the vitrecto-
-

bodies in the vitreous gel will also remove VEGF from the solution and 
HIF) 
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-
gen breathing can reduce VEGF production. VEGF can 
be cleared away from the retina into low-viscosity fluid 

-
ous detachment. VEGF antibodies in the vitreous gel also 
remove VEGF from the solution and similarly clear it away 
from the retina (Figure IV.A-11). Recent support for this the-

54] 
-

HIF-1α and VEGF, thus alleviating the progression of dia-
betic  retinopathy. Similarly, Lange et al. [55
in mid- vitreous in eyes with proliferative retinopathy, and 
these eyes also had high levels of several cytokines in the 
vitreous, including VEGF.

D.  Macular Edema

Edema is swelling of soft tissues due to an abnormal accumu-
-

water accumulation and swelling occurs within cells [56], 
whereas in vasogenic edema the water accumulates in the 
interstitial space between cells. While retinal edema may be 

vasogenic edema, which presumably is the most frequent 
and important form of edema in vascular retinopathies. With 
abnormal accumulation of water in the retina, the tissue vol-

57].

1.  Origins of Macular Edema

edema, we must understand the pathophysiology of edema, 
which follows Starling’s law [58 -
ing the formation or disappearance of edema in any tissue of 
the body was formulated in the nineteenth century by Ernest 
Henry Starling (1866–1927). In 1896, Starling described the 
transport of fluid between the microcirculation and a tissue, 
including edema formation: “…there must be a balance 
between the hydrostatic pressure of the blood in the capillar-
ies and the osmotic attraction of the blood for the surround-
ing fluids.... and whereas capillary pressure determines 
transudation, the osmotic pressure of the proteins of the 
serum determines absorption.” In other words, the hydro-
static pressure forcing fluids from the vessel into the tissue 
must be balanced by the osmotic pressure, generated by the 
colloidal protein solutions in the capillary, forcing absorp-
tion of the fluid from the tissues [59
forces that govern the transport of water between the vascu-
lar compartment and the tissue compartment are:

Hydrostatic pressure in the capillary (Pc)
Hydrostatic pressure in the tissue interstitium (Pi)

the capillary (Qc)

fluid (Qi)

net driving pressure for filtration:

 Net Driving Pressure P P Q Qc i c i= ( ) ( )− − −  

higher in the vessel than in tissue, and this drives water from 

ΔP, must be balanced by the osmotic pressure gradient, ΔQ, 
where osmotic pressure is higher in blood than in interstitial 
fluid, and this pulls water back into blood vessels. If the 
hydrostatic pressure gradient and the osmotic pressure gradi-
ent are equal, no net transport of water takes place, and 
edema is neither formed nor resolved. Starling’s law is fre-
quently shown in this form as:

 Δ ΔP Q− = 0  

which describes the steady state of the equal and opposing 
hydrostatic, ΔP, and osmotic pressure, ΔQ, pressure gradi-
ents [59].

Starling’s law has been generally accepted in medicine 
and physiology for more than a century as the fundamental 
rule governing the formation and disappearance of vasogenic 
edema in the body. It is reasonable to believe that the ocular 
tissues follow the same general laws of physiology and phys-
ics as the rest of the body, and those who believe otherwise 
should be burdened with the duty to disprove Starling’s law 
in the eye [8, 60, 61]. According to Starling’s law, edema 
will form if the hydrostatic pressure gradient between the 
vessel and tissue is increased or the osmotic pressure gradi-

blood pressure in the microcirculation rises or the tissue 

if proteins accumulate in the interstitium to increase the 
osmotic pressure in the tissue and also if the osmotic pres-
sure in the blood goes down. Osmotic pressure changes in 
the retina as a result of increased vascular leakage, which 
allows macromolecules to escape from plasma into tissue 
interstitial space. VEGF is the main instigator of vascular 
leakage.

a.  Increased Hydrostatic Pressure 
Gradient

and venules is a function of the work of the heart, arterial 
blood pressure, and resistance and pressure fall in the arteri-
oles. Arterial hypertension tends to increase the hydrostatic 
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pressure in the capillaries and is a well-known risk factor for 
diabetic macular edema [62, 63]. Diabetic macular edema 
tends to improve if arterial hypertension is successfully 
treated [64
thereby the pressure drop in the arterioles, is a function of the 

by the Hagen–Poiseuille law, where the resistance is inversely 
related to the fourth power of the vessel radius [59]. If the 

arterioles decreases, and the hydrostatic pressure in the cap-
illary bed rises [8, 17, 65 -
nopathy, where progressive dilatation of the retinal blood 
vessels has been observed during the development of dia-
betic macular edema [41, 66].

tissue is the difference between the hydrostatic pressure in 
the microcirculation and the intraocular pressure. In ocular 
hypotony, where the intraocular pressure is low, the hydro-
static pressure gradient in Starling’s law will increase. Ocular 
hypotony is associated with retinal edema, which may 
improve if the intraocular pressure increases [67–69]. 
Hydrostatic pressure in the tissue also decreases if there is 
vitreous traction on the retina, which decreases the hydro-
static tissue pressure, according to Newton’s third law 
(Figure IV.A-12). Relieving such traction will restore the tis-
sue pressure to normal and decrease the hydrostatic pressure 
gradient between the vessel and tissue.

b.  Decreased Osmotic Pressure 
Gradient

in blood is in hypoalbuminemia, which may be seen in 

edema. A more frequent cause of decreased osmotic pressure 
gradients between the vessel and tissue comes from capillary 
leakage, where plasma proteins leak from the capillaries and 

in the tissue increases the osmotic pressure in the tissue and 
thereby decreases the osmotic pressure difference between 

osmotic pressure gradient reduces water movement from the 
tissue into the vessel and leads to edema formation [8]. 
Funatsu et al. [70] demonstrated the close correlation 
between macular edema and VEGF, which is a potent stimu-
lator of capillary leakage [71]. Retinal edema, such as in dia-
betic retinopathy and branch retinal vein occlusion, is highly 
associated with retinal capillary leakage [60, 72, 73]. 
Fluorescein angiography and fluorophotometry have shown 
a close association between retinal and macular edema for-
mation and fluorescein leakage, and this has indeed been one 
of the most frequently used clinical tools to evaluate retinal 
edema [74–79]. It is the leakage of plasma proteins that mat-

fluorescein itself is naturally not involved in the pathophysi-
ology of edema, and the capillaries are naturally permeable 

into account both the osmotic pressure gradient and the 
hydrostatic pressure gradient. It is the balance between the 
two that governs water movement and the formation and dis-
appearance of edema.

2.  Diabetic Macular Edema
Vitreous physiology plays a significant role in the develop-
ment of diabetic macular edema [see chapter III.K. Vitreous 
in retino-vascular diseases and diabetic macular edema]. Full 
understanding of the pathophysiology of diabetic macular 

Figure IV.A-12 F) is indicated 
with the large gray arrow. Inside the retinal tissue, the two smaller 
arrows indicate force and counterforce according to Newton’s third 

-

sue pressure, indicated by P
the pressure gradient between vascular and tissue compartments and 

-
tion according to Starling’s law. F Force, P pressure
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edema involves Starling’s law, which is discussed above. 
Nasrallah et al. [80] reported that posterior vitreous adhesion 
plays a major role in the development of macular edema in 
diabetic retinopathy. We may deduce that a posterior vitreous 
detachment tends to prevent diabetic macular edema, in the 
same fashion as vitrectomy does (Figure IV.A-13). Similarly, 
Sivaprasad et al. [81] suggested that posterior vitreous 
detachment plays a role in reducing diabetic macular edema 
following intravitreal injections.

Lewis et al. [82, 83] were the first to note that vitrec-

promoted the use of vitrectomy and membrane peeling in 
cases where vitreoretinal traction contributes to macular 
edema [see chapter V.A.5. Surgery of diabetic vitreo-reti-
nopathy and diabetic macular edema]. While this issue is 

vitrectomy also successfully decreases macular edema in 
cases where no vitreoretinal traction can be detected [71, 
84–89]. Both the physiology of diabetic macular edema 

principles described above (Figure IV.A-3). In the vitrec-

-
-

tion (Figures IV.A-4, IV.A-5, IV.A-11, and IV.A-13) [20, 
24]. At the same time, VEGF and other cytokines will be 

IV.A-
5 -
tion will reduce stimulus for edema formation 
(Figures IV.A-4, IV.A-11, and IV.A-13).

arms of Starling’s law [8] [see chapter IV.B -
reo-retinal physiology and pathology].

Hoerle et al. [90] reported therapeutic effects of  vitrectomy 
on diabetic macular edema in patients with  proliferative dia-

91] found improved vision 
and electroretinographic activity as well as thinning of 
edematous and thickened retina following vitrectomy in 
patients with diabetic macular edema. Yamamoto et al. [92] 
proposed that the creation of a posterior vitreous detachment 
is critical in order to influence diabetic macular edema 
through vitreous surgery. In all reports there is structural 
improvement of macular edema following vitrectomy, but 
visual improvement is variable and in some cases either min-
imal or transient [71, 93, 94]. Vitrectomy clearly has effects 
on retinal edema in diabetes, but in many cases the treatment 
is instituted late in the disease, and permanent tissue damage 
prevents visual improvement, even though the retinal thick-
ness and edema per se are reduced (Figure IV.A-13).

Retinal photocoagulation also reduces diabetic macular 
edema [95] and has to some degree similar physiological 
effects as vitrectomy. Photocoagulation improves retinal 

17, 42–51], reduces VEGF production, and 
constricts retinal arterioles to influence both the osmotic and 
hydrodynamic arms of Starling’s law [72, 96–99].

3.  Macular Edema in Retinal Vein 
Occlusions

Hikichi et al. [100] reported that partial posterior vitreous 
attachment contributes to edema development in patients 
with central retinal vein occlusion, while complete posterior 
vitreous detachment is protective. According to the laws of 
physics, posterior vitreous detachment should help to pre-

occlusions. Indeed, similar observation has been made in 
branch retinal vein occlusion [101], where the incidence of 
macular edema was significantly higher in eyes with vitreo- 

P = .009).
102]) suggested that vitrectomy with 

posterior vitreous separation and sheathotomy [see chapter 
V.A.6. Vitreous surgery of arterial and venous retinovascular 

Figure IV.A-13

-
motes vascular endothelial growth factor (VEGF) formation, which 
increases vascular permeability and induces edema. Vitrectomy and 
vitreous detachment allows clearance of VEGF away from the retina 
into the vitreous chamber and VEGF antibodies have essentially the 

their permeability effect
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diseases] was helpful in reducing macular edema in branch 
retinal vein occlusion. It may be that the former is the actual 
therapeutic act as opposed to the sheathotomy. Indeed, 
Kumagai et al. [103] suggested that the vitrectomy is critical 
in treatment of branch retinal vein occlusion, and sheathot-
omy may or may not have an additional effect. Hvarfner and 
Larsson [104] observed that vitrectomy reduces macular 
edema in central retinal vein occlusion. All these observa-
tions agree with the physiological effect of posterior vitreous 

clearance (Figure IV.A-13).

4.  Vitreoretinal Traction and Edema
Vitreoretinal traction has been associated with macular 
edema in diabetic retinopathy (Figure IV.A-12 and IV.A-14) 
[84, 83, 82] and following  complicated cataract surgery 
(Irvine–Gass syndrome). Removal of such traction through 

of traction on retinal edema is understandable in light of 
Newton’s third law [105]: to any action (force) there is 
always an equal and opposite reaction (counterforce). In 
other words, a force is always met by an equal force, in the 

met by an equal and opposite force in the retina, and these 

tissue pressure in the retina (Figure IV.A-14
tissue pressure increases the difference between the hydro-
static pressure in the blood vessels and the tissue and contrib-
utes to edema formation according to Starling’s law [8, 58]. 

Releasing the traction will increase tissue pressure and thus 
lower the hydrostatic pressure gradient and reduce the water 

-
tion (see Starling’s law above).

5.  Treating Macular Edema
It should be obvious from the previous discussion that 
according to Starling’s law retinal edema may be treated 
either by decreasing the hydrostatic pressure gradient 
between the vessel and tissue or by increasing/restoring the 
osmotic pressure gradient between the vessel and tissue 
(Figure IV.A-13).

a.  Decreasing Hydrostatic Pressure 
Gradient

method for treating diabetic macular edema and is certainly 
beneficial in some cases [64, 106]. Another way to reduce 
the hydrostatic pressure in the microcirculation is to constrict 

enriched air, an approach that has been shown to constrict 
retinal blood vessels and reduce diabetic macular edema 
[107–110].

laser treatment, which destroys a part of the retina and thereby 
17]. 

Retinal laser treatment destroys some of the photoreceptors 

laser scars into the inner retina, where it increases retinal 

Figure IV.A-14
may be treated. Releasing vitreoretinal traction (F) will increase the tissue 
pressure (P), reduce the hydrostatic pressure gradient between the vessel 
and tissue, and reduce edema according to Starling’s law. Vitrectomy (or 

green upper right-hand 
arrow). Vitrectomy (or posterior vitreous detachment) will clear VEGF 
and other cytokines from the retina, due to increased diffusion and convec-
tion currents (blue upper left-hand arrow). VEGF antibodies in the vitre-
ous would similarly increase VEGF clearance from the retina. Retinal 

-
duction (green lower arrow). Steroids reduce permeability of retinal blood 
vessels, reduce leakage of proteins into the tissue, and help restore the 
osmotic gradient between the blood and tissue, thus reducing edema (gray 
left horizontal arrow). Lowering of arterial blood pressure or constriction 

the hydrostatic pressure in the microcirculation, reduce hydrostatic pres-
sure gradient between the vessel and tissue, and reduce edema according 
to Starling’s law (red right horizontal arrow). F Force, P pressure

IV.A. Vitreous Physiology
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17, 23, 42–47, 49–51, 111–113], and leads to 
constriction of retinal blood vessels [96–99]. Interestingly, 

114] and triamcinolone [115] have 
been reported to constrict retinal blood vessels, suggesting 
that these drugs may have a hemodynamic effect, in addition 

possibly related to the role of VEGF in inflammation, where 
the anti-VEGF drugs would decrease inflammation and there-
fore constrict the retinal blood vessels.

Retinal vein occlusions are an obvious case of elevated 
hydrostatic pressure, due to the occlusion of the central reti-

pressure in the venule is obvious from the dilatation and tor-
tuosity, which reflects the increased transmural pressure dif-
ference according to the law of Laplace [41, 116–118]. Laser 
treatment has been shown to reduce the vessel diameter in 
branch retinal vein occlusion and resolve the macular edema 
at the same time [96–98]. Presumably this involves a reduc-
tion in the intravascular hydrostatic pressure. It may be pre-
sumed that other methods to relieve the high intravascular 
pressure, such as the creation of shunt vessels or resolution 

the same effect [119–123]. [see chapter V.A.6. Vitreous sur-
gery of arterial and venous retinovascular diseases].

Since the hydrostatic pressure gradient is the difference 
between the blood pressure in the microcirculation and the 
intraocular pressure, this is increased in ocular hypotony, 
which may be associated with retinal edema as was previ-
ously mentioned [69]. Such edema may be successfully 
treated simply by raising the intraocular pressure [124]. It is 
less clear whether intraocular pressure changes have a func-
tion when the intraocular pressure is in the normal range and 
whether the intraocular pressure should be considered in 
patients with macular edema and normal or high intraocular 
pressure. Vitreoretinal traction decreases tissue hydrostatic 
pressure (Figure IV.A-12), as discussed earlier, and increases 
the hydrostatic pressure difference between blood and tissue 

tissue and edema formation, and relieving the vitreoretinal 

b.  Increasing Osmotic Pressure 
Gradient

Leaking capillaries and venules in the retina are closely asso-
ciated with retinal and macular edema [74–76, 78]. 
Fluorescein leakage has been used for diagnostic purposes in 

plasma proteins from the blood into the interstitial tissue 
compartment, thus decreasing the osmotic pressure gradient 

influenced by administering drugs that reduce vascular endo-
thelial growth factor, which is one of the most powerful 
agents known to induce capillary leakage [125, 126].

-
duction, and this may be achieved through retinal photoco-
agulation or vitrectomy (Figure IV.A-13

-
illaries and tend to reduce capillary leakage [127–130]. 

-
teins into the interstitial tissue compartment and help to 
restore the osmotic gradient between blood and tissue com-

Starling’s law [131–133] (Figure IV.A-13).

c.  The Central Role of Oxygen

hydrostatic and the osmotic arms of Starling’s equation. On 

and thereby the hydrostatic pressure in the microcirculation. 
-

leakage. Vascular endothelial growth factor is produced in 
134]. 

Retinal photocoagulation, as well as vitreous surgery, 
17, 72]. Retinal photocoagu-

which decrease the permeability effect of VEGF. All these 
actions are easily understood in the light of Starling’s law, 
keeping in mind the hydrodynamic and osmotic arms of the 
law (Figure IV.A-15) [see chapter IV.B
retinal physiology and pathology].

E.  Age-Related Macular Degeneration 
(AMD)

Based upon observations made during sub-macular surgery 
for AMD, Krebs et al. [135] suggested that vitreoretinal adhe-

III.G. Vitreous 
-

siderations above suggest a possible mechanism for this effect. 
VEGF and other cytokines are important in the development 

-
kines following posterior vitreous detachment or vitrectomy 
would offer protection from the development or persistence of 

136] (Figure IV.A-16). Adherent vitreous 
over the macula does not allow VEGF and other cytokines to 
be cleared away into the vitreous body (Figures IV.A-14 and 
IV.A-17).With a posterior vitreous detachment or vitrectomy, 
the clearance of the cytokines is increased and VEGF load in 
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reduce VEGF production. Krebs et al. [135] found a close cor-

-

has not been studied systematically and must be taken with 
some caution. Nonetheless, physiological considerations sug-
gest that such a mechanism may be present. Improved clear-

ance of growth factors from the retina after vitrectomy or 
-
-

V.A.1. AMD Surgery] is an 

severely diseased eyes and not representative of prevention in 

the vitreous in AMD and suggest that “incomplete or 

Figure IV.A-15
various treatment modalities, including vitrectomy, for diabetic macular 
edema and edema in other ischemic retinopathies, such as vein occlu-
sions. Starling’s law governs the formation of vasogenic edema, based 
on osmotic and hydrostatic gradients between the microcirculation and 

factor (VEGF), which controls the leakage of osmotically active proteins 
into the tissue compartment (blue balloon -

(green arrows). Vitrectomy and posterior vitreous detachment (purple) 
increase diffusion and convection in the vitreous chamber and increase 
clearance of VEGF (and other cytokines) from the retina, thus reducing 
VEGF concentration in the retina. VEGF antibodies in the vitreous also 
remove VEGF from the retinal surface and decrease VEGF concentra-

tion in the retina by clearance (red arrows
VEGF can be reduced by the administration of steroids (gray bar
hydrostatic arm of Starling’s law is indicated by the dark red arrows. 

reduced through several mechanisms. Releasing vitreoretinal traction 
will increase the tissue pressure, reduce hydrostatic pressure gradient 
between the vessel and tissue, and reduce edema according to Starling’s 

same. Reduction of arterial blood pressure will reduce hydrostatic pres-
sure in the microcirculation and thus reduce the hydrostatic gradient 
between the vessel and tissue and reduce edema. Finally, improved reti-

-
nal arterioles, increases their resistance, and reduces hydrostatic pressure 
in the microcirculation, thus reducing the hydrostatic gradient between 
the vessel and tissue and edema
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 anomalous posterior vitreous detachment is suspected to play 
a crucial role in the pathogenesis of different forms of age-

that have found vitreoretinal adhesion in patients with 
137] went on to study patients who had 

Some studies [138, 139] found a higher rate of posterior 
vitreous attachment in patients with AMD, and others [140] 

-

AMD. Schmidt et al. [141] reported a high incidence of vit-

suggesting that a complete posterior vitreous separation (or 
vitrectomy) would be protective in AMD. Schmidt et al. 
[141 142] suggested that vitreo- 
macular traction might play a role in the development of pig-
ment epithelial detachments, and Gross-Jendroska et al. 
[143] reported that pigment epithelial detachments flatten 
following an intravitreal gas bubble.

In summary, with a posterior vitreous detachment or vit-
rectomy, the clearance of cytokines from the retina is 

(Figures IV.A-11, IV.A-12, IV.A-13, IV.A-14, and IV.A-15). 
Both mechanisms will reduce the concentration of VEGF 
and other cytokines in and under the retina, and this may 

addition, traction will reduce tissue pressure in the retina 
(Figures IV.A-12 and IV.A-14) and possibly also in a pig-
ment epithelial detachment and contribute to edema forma-
tion and fluid accumulation. Release of such traction should 

-
ment epithelial detachment.

F.  Vitrectomy and Cataract

of much research. Liang et al. [144] reported that vitrectomy 

Holekamp et al. [24, 145] have shown in the human eye that 

tension of the lens contributes to nuclear sclerosis cataract 

Figure IV.A-16

indicates that where the posterior 

delivery from the vitreous body is 
slow and VEGF cannot easily 

VEGF and other cytokines may be 
cleared into the vitreous body

Figure IV.A-17 A schematic drawing showing how choroidal isch-
emia, drusen, and vitreoretinal adhesion can contribute to retinal 

Stefánsson et al. [136])

E. Stefánsson



453

(Figure IV.A-18). Posterior vitreous detachment also 
increases pO2 levels [see chapter IV.B
retinal physiology and pathology]. Another factor to con-

free radical scavengers mitigating the untoward effects of 
-

imally invasive vitrectomy without surgical induction of 
PVD have found a significantly lower incidence of postop-
erative cataract surgery [see chapter V.B.8. Floaters and 

fits perfectly with the physical and physiological principles 
stated above and confirms the principles previously demon-
strated in animal studies (Figures IV.A-2, IV.A-3, IV.A-4, 
and IV.A-5) [17, 20]. It is likely that the nuclear sclerosis 
cataract frequently seen following trabeculectomy surgery 
for glaucoma may be of similar nature [146
flow rate of aqueous humor following glaucoma filtration 

lens and may contribute to nuclear sclerosis cataract forma-
tion [147–153].

G.  Vitrectomy and Glaucoma

Studies [154] have suggested that there is an increased risk 
of open-angle glaucoma after vitrectomy, especially if the 
crystalline lens has also been removed, presumably via 

-
genesis. Koreen et al. [155 -

However, these clinical findings have been disputed. Yu 
et al. [156] followed 441 eyes after vitrectomy for about 7 

-

157] audited 101 eyes after vitrectomy 

eyes may not have increased risks of glaucoma. On the 
other hand, Siegfried et al. [158 -
bution with a fiberoptic probe beneath the central cornea, 
in the mid-anterior chamber, and in the anterior chamber 

-
-

gen tension in the posterior chamber, anterior to the IOL, 
and in the anterior chamber angle compared with non-vit-

-

chamber angle, potentially damaging trabecular meshwork 
-

ments in cats [17, 43
be lower in the anterior chamber of cats following vitrec-

IV.A-2
hypothesis, that  vitrectomy leads to glaucoma, still enjoys 

-
ecules that move freely from the retina towards the tra-
becular meshwork after vitrectomy may be worth 
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Figure IV.A-18
vitrectomy and before the subsequent surgery. Values adjacent to the 
lens and in the center of the vitreous body were significantly higher in 
eyes with a previous history of vitrectomy [24]

Abbreviations

AMD Age-related Macular Degeneration
BRVO Branch Retinal Vein Occlusion

Pc Hydrostatic pressure in the capillary
Pi Hydrostatic pressure in the tissue 

interstitium
PO2

PPV Pars plana vitrectomy
PVD Posterior vitreous detachment

proteins in the capillary

interstitial fluid
VEGF Vascular endothelial growth factor
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   I.  Introduction 

 As recently as two decades ago, textbooks on vitreous taught 
students of ophthalmology that the vitreous gel had no real 
function in the adult eye other than to serve as a space- 
occupying, optically clear structure. In fact, one such textbook 
published in 1994 stated, “Apart from its role in oculogenesis, 
the vitreous has no well substantiated function so that an eye 
devoid of gel is not adversely affected” [ 1 ]. However, begin-
ning in 2005 with published reports of oxygen tension mea-
surements in the human vitreous gel before and after vitrectomy 
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surgery [ 2 ] and culminating with reports in 2009 that the human 
vitreous gel consumes oxygen in an ascorbate-dependent man-
ner [ 3 ], a new understanding of the vitreous gel and its role in 
vitreoretinal physiology and pathology has emerged. 

   A.  The Oxygen Hypothesis 

 The “Oxygen Hypothesis” challenges conventional thinking. 
This hypothesis contends that intraocular oxygen is low and 
that low oxygen is essential to the health of many tissues in the 
eye, as it prevents oxidation-induced ocular diseases such as 
nuclear cataract and some forms of primary open-angle glau-
coma. The vitreous gel is principal (among other ocular tis-
sues) in regulating intraocular oxygen tension and keeping it 
low. The vitreous gel biochemically eliminates the large 
amounts of molecular oxygen coming from the vascularized 
structures of the eye. The biophysical property of a gel vitre-
ous is also critically important. The ability of the vitreous gel 
to consume oxygen diminishes as the vitreous gel liquefi es 
with age or is removed surgically. Therefore, vertebrate evolu-
tion has led to a vitreous “gel” for a reason. The structure and 
function of an intact gel vitreous is central to the health of the 
human eye, protecting internal ocular structures from expo-
sure to excess oxygen. Age-related liquefaction of the vitreous 
gel and subsequent loss of the gel’s biochemical and biophysi-
cal properties may be the initiating pathogenic step to oxida-
tion-induced ocular disorders such as nuclear sclerotic cataract 
and some forms of primary open-angle glaucoma.   

   II.  Intraocular Oxygen Tension 

   A.  Experimental Measurements 

   1.  Vitreous 
 In 1991, Eaton hypothesized that the human lens exists in a 
hypoxic state, thought necessary to preserve lens clarity [ 4 ]. 
In an article titled, “Is the lens canned?” Eaton suggested that 
the lens existed in a sterile, hypoxic state, ostensibly to avoid 
the damaging effects of oxidation much like a fruit or vege-
table would be canned. Now, experimental data confi rm that 
intraocular oxygen measurements near the human lens are 
below 1 % O 2 , levels consistent with hypoxia. Figure  IV.B-1  
shows the results from a prospective, interventional consecu-
tive case series of 69 eyes in which oxygen was measured 
using an optical oxygen sensor in patients undergoing vitrec-
tomy surgery. Intraoperatively, oxygen measurements were 
taken before and after vitrectomy in two intraocular loca-
tions: adjacent to the lens and in the mid-vitreous. Prior to 
vitrectomy surgery, oxygen tension in the vitreous was low, 
measuring 8.7 ± 0.6 mmHg adjacent to the lens and 
7.1 ± 0.5 mmHg in the mid-vitreous [ 2 ]. Atmospheric or 

inhaled oxygen tension is approximately 21 % or 156 mmHg. 
1 % oxygen tension is approximately 7.6 mmHg. Thus, from 
these experimental data, it is presumed that in the healthy, 
normal eye, the lens and other interior structures of the eye 
exist under hypoxic conditions and are relatively protected 
from oxidative stress or oxidation-induced damage.

      2.  Lens 
 While Eaton hypothesized that the lens exists in a hypoxic 
state, human experimentation only allows for in vivo mea-
surements of oxygen in the clear fl uids surrounding the eye 
(i.e., an oxygen probe cannot be placed in the human lens for 
measurements during vitrectomy surgery). However, in 2004, 
Barbazetto et al. made seminal observations of oxygen ten-
sion in the rabbit lens before and after vitrectomy surgery [ 5 ]. 
Figure  IV.B-2  shows the results of a consecutive series of 26 
rabbit eyes undergoing vitrectomy surgery. Oxygen tension 
measurements were made in several locations within the eye, 
including within the lens itself, before and after vitrectomy 
surgery using an optical oxygen sensor. Prior to vitrectomy 
surgery, intraocular tension is low in both the vitreous and the 
lens. Thus, there is no barrier to diffusion of oxygen between 
the vitreous and the lens. In 2006, Shui et al. demonstrated by 
varying the amount of oxygen inhaled by rabbits between 
hypoxia and hyperoxia that the intraocular oxygen tension 
varied proportionally [ 6 ]. Thus, the amount of oxygen inhaled 
by a rabbit is refl ected by the oxygen tension in the vitreous 
and the lens of the eye. This was confi rmed by Holekamp 
et al. in humans when comparing oxygen tension measure-
ments in the vitreous gel in patients undergoing vitrectomy 
surgery under local anesthesia and breathing 21 % oxygen to 
patients undergoing general anesthesia breathing 100 % oxy-
gen [ 2 ]. The source of intraocular oxygen is inhaled air trans-
mitted to the eye by the vasculature. Vitreous levels are 
refl ective of the inhaled oxygen levels and vitreal oxygen dif-
fuses into the lens of the eye from the posterior segment.
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  Figure IV.B-1    Oxygen tension (mmHg) in the human eye as measured 
in two locations before and immediately after vitrectomy surgery       
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      3.  Trabecular Meshwork 
 In the 2006 Jackson Memorial Lecture before the American 
Academy of Ophthalmology, Stanley Chang presented retro-
spective data from 453 patients who had undergone vitrec-
tomy [ 7 ] and noted increased risk of developing open-angle 
glaucoma or increased intraocular pressure in operated eyes. 
The onset of glaucoma was accelerated by more than two 
years in patients who had previous cataract surgery before 
vitrectomy compared to those who had cataract surgery after 
vitrectomy. A more extensive follow-up study confi rmed and 
extended these conclusions [ 8 ], but other studies dispute 
these fi ndings (see chapter   IV.A    . Vitreous physiology). 
Based on these observations, Dr. Chang suggested that an 
oxygen metabolite could be responsible for damaging the 
outfl ow tissues. To examine the possible physiologic mecha-
nism responsible for the increased risk of glaucoma after vit-
rectomy and cataract surgery, Siegfried et al. measured 
intraocular oxygen using an optical oxygen sensor in the 
anterior and posterior chambers of the eyes in a consecutive 
series of patients undergoing cataract or glaucoma surgery 
[ 9 ]. As seen in Figure  IV.B-3 , intraocular oxygen measure-
ments in the anterior chamber angle were low, measuring 
12 mmHg, which is less than 2 % oxygen and is considered 
hypoxic. No statistically signifi cant change in anterior cham-
ber oxygen tension measurements were produced by vitrec-
tomy or cataract surgery alone. However, following 
vitrectomy and cataract surgery, the mean oxygen level in the 
anterior chamber angle doubled to 25 mmHg, suggesting 
that oxidative damage to the outfl ow tissues could account 
for the increased risk of glaucoma after vitrectomy and cata-
ract surgery.

        III.  Intraocular Oxygen Tension Regulation 

 There is now abundant experimental evidence that intraocu-
lar oxygen tension is low in the intraocular fl uids of the 
human eye [ 2 ,  3 ,  9 – 11 ]. Remarkably, this fi nding is constant 
and conserved among hundreds of “normal” human eyes 
tested. Thus, it must be an important feature of the normal 
physiology of the eye—a feature overlooked by researchers 
until recently. Low intraocular oxygen tension also appears 
to be constant and conserved across mammalian species, 
with the rabbit eye having undergone the most rigorous sci-
entifi c study [ 5 ,  6 ]. Shui and colleagues probed the rabbit eye 
extensively and found the following: Oxygen levels were 
highest near the retinal vasculature, the iris vasculature, and 
the inner surface of the central cornea. Compared with 
nearby regions, oxygen levels were decreased in the aqueous 
humor closest to the pars plicata of the ciliary body and near 
the anterior chamber angle. Oxygen levels were generally 
lower closer to the lens. The researchers concluded that, in 
the rabbit, intraocular oxygen is mostly derived from the reti-
nal and iris vasculature and by diffusion across the cornea. 
Freshly secreted aqueous humor and the aqueous humor in 
the anterior chamber angle are relatively depleted of oxygen 
[ 6 ]. Intraocular oxygen tension in the eye is low and tightly 
regulated. Similar studies in human eyes confi rmed this 
observation. The one major difference between oxygen dis-
tribution in the rabbit and human eyes was that oxygen levels 
were signifi cantly lower in the human posterior chamber and 
near the anterior surface of the lens. Therefore, the human 
iris vasculature contributes little oxygen to the posterior 
chamber, and the human lens exists in a more hypoxic envi-
ronment than the rabbit lens. 

   A.  Intraocular Oxygen Gradients 

 Intraocular tissues appear to consume oxygen. Close 
inspection of Figures  IV.B-1 ,  IV.B-2 ,  IV.B-3 , and  IV.B-4  in 
which intraocular oxygen tension measurements are made 
at different points within the anterior and posterior cham-
bers of the eye reveals that oxygen gradients exist within 
these clear fl uid spaces. For example, in Figure  IV.B-1 , 
measurements of oxygen tension before vitrectomy surgery 
were taken adjacent to the lens at 8.7 mmHg and in the 
center of the vitreous body at 7.1 mmHg. The probe adja-
cent to the lens was actually closer to the pars plana and the 
higher oxygen tension refl ects oxygen coming from this tis-
sue or the nearby peripheral retina. However, a more impor-
tant yet subtle fact is that the difference in oxygen tension 
between the two locations is statistically signifi cant 
( p  < 0.003). The presence of a gradient suggests that the 
human vitreous gel consumes oxygen. This oxygen gradi-
ent in the vitreous is also seen in the rabbit eye in 
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  Figure IV.B-3    Oxygen tension (mmHg) in the human eye as measured 
before and after vitrectomy surgery. The number to the left of the  arrow  
is before vitrectomy surgery. The number to the right of the  arrow  is 

after vitrectomy surgery. Numbers in red are statistically signifi cantly 
elevated after vitrectomy surgery       
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Figure  IV.B-2 . Thus, the rabbit vitreous gel consumes oxy-
gen as well.

   Figure  IV.B-2  shows an intralenticular oxygen tension 
gradient. Barbazetto and colleagues found the lowest oxy-
gen tension in the normal rabbit eye to be in the nucleus of 
the lens (10.4 mmHg ± 3.0). The presence of an oxygen 
gradient suggests that the lens consumes oxygen [ 9 ]. In 
fact, work by Shui and co-workers in rabbits calculated 
oxygen  consumption by the posterior half of the lens to be 
0.2–0.4 μL/h under normoxic conditions. Oxygen con-
sumption by the posterior half of the rabbit lens increased 
in proportion to the amount of oxygen supplied [ 6 ]. To 
corroborate the work of Shui et al. mentioned above, 
McNulty and colleagues found that the bovine crystalline 
lens consumed oxygen at a rate of 0.00003 cm [ 2 ]/s. They 
also found a steep oxygen gradient within the lens, lead-
ing to PO 2  < 2 mmHg in the core. Lens fi ber cells that con-
tained mitochondria accounted for only 12 % of the 
oxygen consumed by the bovine lens, suggesting that 
another mechanism maintains the low oxygen levels in the 
lens core [ 12 ]. 

 An oxygen gradient also exists in the anterior chamber. 
Figures  IV.B-3  and  IV.B-4  show that the anterior chamber 
oxygen tension in the normal eye is highest when measured 
just beneath the corneal endothelium at 24.1 mmHg and low-
est when measured just above the anterior surface of the 
natural lens at 2.9 mmHg. Since oxygen levels in air are 
approximately 156 mmHg, oxygen is diffusing through the 
cornea and into the anterior chamber [ 9 ]. The corneal endo-
thelium is highly concentrated with mitochondria that serve 
to consume molecular oxygen entering the eye. Dysfunction 
of the corneal endothelium, as in Fuchs’ corneal endothelial 
dystrophy, leads not only to a clouded cornea but also an 
elevated anterior chamber oxygen tension (Andrew Hwang, 
MD PhD, personal communication). The presence of a gra-
dient in the anterior chamber could suggest that aqueous 
consumes oxygen, but in this instance, it is the crystalline 
lens creating the gradient. As seen in Figure  IV.B-4 , after the 
crystalline lens is removed, post-cataract surgery measure-
ments of oxygen tension anterior to the lens implant increase 
to 11.3 mmHg and the oxygen gradient in the anterior cham-
ber is greatly diminished. 

 Figure  IV.B-5  is a schematic representation of the ocular 
tissues that consume oxygen (marked in green): the corneal 
endothelium, the ciliary epithelium, the crystalline lens, 
and the vitreous gel. The vitreous gel, by virtue of its large 
size and central location within the eye, is important in 
regulating intraocular oxygen tension. In ocular tissues, 
mitochondrial abundance is a clue to oxygen consumption. 
As mentioned above, the normal corneal endothelium is 
replete with mitochondria. Also, the epithelium of the cili-
ary body has a high concentration of mitochondria. As a 
result, in spite of the rich vasculature of the ciliary body 
stroma, oxygen levels in the posterior chamber near the 
ciliary body of rabbits and humans are surprisingly low 

when measured in vivo [ 6 ,  9 ]. Aqueous humor is produced 
depleted of oxygen.

      B.  Vitreous Gel Regulates Intraocular 
Oxygen 

 The importance of the vitreous gel in maintaining low intraocu-
lar oxygen tension is best illustrated by examining eyes in 
which the vitreous gel has been removed surgically. Post- 
vitrectomy eyes show markedly elevated intraocular oxygen 
tension at the time of vitrectomy surgery due to the highly oxy-
genated fl uid being infused into the eye as the vitreous is 
removed, as seen in Figure  IV.B-1 . But, many months and even 
years later, the oxygen tension levels in a vitrectomized eye are 
signifi cantly higher than in a non-vitrectomized eye. Holekamp 
and colleagues found that in eyes with a history of vitrectomy, 
the intraocular oxygen tension was signifi cantly higher than in 
eyes with a formed vitreous gel undergoing a fi rst vitrectomy 
( P  < .02 when measured near the lens,  P  < .003 when measured 
in the mid-vitreous) [ 2 ]. More importantly, the intraocular oxy-
gen gradient between measurements taken near the lens and in 
the mid-vitreous body was lost. Figure  IV.B-3  shows that many 
months and years after vitrectomy surgery, the intraocular oxy-
gen tension in either location was 13 mmHg. This is a signifi -
cant elevation compared to pre-vitrectomy levels of 7 and 
9 mmHg, and the oxygen gradient in the vitreous cavity is lost. 
Removal of the vitreous gel and its replacement with fl uid 
(essentially aqueous) result in elevated intraocular oxygen ten-
sion and loss of intraocular oxygen tension regulation. 

   1.  Vitreous Gel Metabolizes Oxygen 
 In 2009, Shui and co-workers published novel fi ndings that 
human vitreous gel metabolizes molecular oxygen in an 
ascorbate-dependent manner [ 3 ]. A consecutive series of 62 
small, undiluted human vitreous gel samples collected at the 
time of vitrectomy surgery were measured for oxygen con-
sumption with a microrespirometer. Figure  IV.B-6  shows the 
results typical for a human eye with a formed vitreous gel. 
Oxygen tension starts out very high due to exposure to atmo-
spheric oxygen during the collection process. Generally 
within 2 h, the oxygen tension decreases to zero. The results 
are convincing: human vitreous gel metabolizes oxygen. 
Further laboratory analysis showed that vitreous actively 
consumes oxygen in an acellular, ascorbate-dependent fash-
ion. Boiled vitreous retained the ability to consume oxygen. 
Vitreous humor exposed to oxygen and thereby depleted of 
ascorbate loses its ability to consume oxygen. Adding new 
ascorbate restores this ability. There is a catalyst in the vitre-
ous that is required for this activity. Ascorbate in pure water 
does not consume oxygen. The vitreous is an essential com-
ponent (Figure  IV.B-7a ). Further experiments with cadaver 
vitreous revealed that the rate at which vitreous consumed 
oxygen directly correlated with the amount of ascorbate 
present (Figure  IV.B-7b ).
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    The concentration of ascorbate in human vitreous is 
remarkably high. In eyes with an intact vitreous gel, the mean 
concentration of ascorbate is approximately 2 mM. Blood 
levels are only 50–60 μM, a 33- to 40-fold difference [ 13 ]. 
The high level of ascorbate in vitreous is maintained by a 
sodium-dependent ascorbate transporter (SLC23A2) in the 
pigmented layer of the ciliary epithelium [ 14 ]. The physio-
logic purpose of so much ascorbate in human vitreous has 
received past experimental investigation and speculation but 
has remained largely unexplained until now. Shui and co-
workers propose the biochemical reaction in Figure  IV.B-8  as 
the mechanism by which vitreous metabolizes oxygen. The 
reaction of ascorbate (AsA) with molecular oxygen (O 2 ) in 
the vitreous ultimately yields dehydroascorbate (dAsA; oxi-
dized ascorbate), water, and half the initial amount of O 2 . As 
this reaction cycles, oxygen (and ascorbate) are depleted. The 
catalyst for the second reaction is catalase. The catalyst for 

  Figure IV.B-5    A schematic representation on oxygen distribution in the human eye. The structures outlined in green represent tissues that con-
sume molecular oxygen       
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the fi rst reaction has not yet been identifi ed but is found in 
vitreous. It is important to note that in studies of nonhuman 
animals, ascorbate levels are uniformly higher in the aqueous 
than in the vitreous humor. In human eyes, ascorbate levels 
are higher in the vitreous. As will be discussed later in this 
chapter, this difference may partially explain why there is no 
good animal model of nuclear sclerotic cataract. Furthermore, 
animal studies led to the view that all ascorbate enters the eye 
in the aqueous humor [ 15 ]and then diffuses from the aqueous 
into the vitreous. Newer evidence suggests that human ascor-
bate enters across the RPE and into the vitreous (unpublished 
data, Ying-Bo Shui, MD PhD).

      2.  Gel Vitreous Consumes Oxygen 
Better Than Liquid Vitreous 

 Figure  IV.B-9  shows the oxygen consumption of vitreous 
fl uid removed from a 78-year-old woman who had under-
gone two prior vitrectomy surgeries for retinal detachment. 
In an eye with prior vitreous surgery, there was very little 
vitreous gel remaining in the posterior segment of the eye. 
The vitreous chamber was essentially fi lled with aqueous 
fl uid [ 16 ]. Compared to Figure  IV.B-6  showing oxygen 
 consumption of formed vitreous gel, Figure  IV.B-9  shows 
minimal if any consumption of oxygen by liquefi ed vitreous. 
It is important to note that in Figure  IV.B-6 , the ascorbate 

concentration is high and that ascorbate is metabolized in the 
reaction that also metabolizes oxygen. In Figure  IV.B-9 , the 
ascorbate concentration is very low. The reaction to metabo-
lize both ascorbate and oxygen occurs very slowly and little 
ascorbate or oxygen is consumed.

   There exists no objective scale or measurement of vitre-
ous liquefaction. Therefore, a subjective scale from 1–5 cre-
ated by Shui and co-workers was used to grade the degree of 
vitreous liquefaction in a sample of vitreous being tested for 
oxygen consumption. A grade of 1 represented a fully gel- 
like vitreous. A grade of 5 represented a completely liquefi ed 
vitreous. Figure  IV.B-6  notes a vitreous liquefaction score of 
2. Figure  IV.B-9  notes a vitreous liquefaction score of 5. In 
this way, it was noted that gel vitreous consumed oxygen 
more rapidly than liquefi ed vitreous when a large number of 
samples were studied. This result is seen in Figure  IV.B-10a . 
Not unexpectedly, gel vitreous also has a higher concentra-
tion of ascorbate, as seen in Figure  IV.B-10b .

      3.  Biophysical Properties of Gel 
Vitreous 

 Shui and co-workers found that, universally, gel vitreous has 
a higher concentration of ascorbate and consumes oxygen at 
a faster rate than liquid vitreous (i.e., vitreous gel that has 
undergone age-related liquefaction or surgical removal) [ 3 ]. 
Thus, the gel state of the vitreous is critical. Transvitreal 
movement of small molecules such as oxygen depends on 
several mechanisms including diffusion, hydrostatic pres-
sure, osmotic pressure, convection, and active transport by 
surrounding tissues. Barton et al. have recently shown that 
the diffusion of small molecules through the vitreous gel 
occurs at the same rate as through a liquid [ 17 ]. The critical 
difference between oxygen movement in a gel and liquid lies 
in convection currents or “mixing” within the eye. When vit-
reous is mostly in the gel state, oxygen diffusing into the gel 
from retinal vessels is elevated only near the retinal tissue, as 
shown by oxygen microelectrode studies in experimental 
animals [ 18 ]. However, when the vitreous liquefi es, oxygen 
from the retinal vessels can be carried away from the retina 
and distributed throughout the eye by fl uid currents gener-
ated by movement of the eyes or head [ 19 ,  20 ]. The more that 
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  Figure IV.B-8    The proposed biochemical reaction by which oxygen is 
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oxygen mixes with the vitreous fl uid, the more opportunity it 
will have to react with ascorbate. Both ascorbate and oxygen 
are consumed in this reaction. If the active transport of ascor-
bate into the eye is constant, the net effect of increased mix-
ing with oxygen would be to lower the concentration of 
ascorbate in the vitreous fl uid, slowing the consumption of 

oxygen and raising intraocular oxygen tension. A recent 
publication presents a fi nite element model of oxygen distri-
bution in the human eye [ 21 ]. The model is based on mea-
surements of oxygen distribution and the function of the 
vitreous gel and vitreous ascorbate in regulating intraocular 
oxygen distribution. The model accurately predicts the 

  Figure IV.B-9    Oxygen consumption curve typical for vitreous removed from the eye during a second or third vitrectomy. Note the very low con-
centration of ascorbate at baseline       
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 distribution of oxygen in the eye pre-and post-vitrectomy 
(Figure  IV.B-11 ). It also provides a means to determine the 
effects of vitreous-sparing surgery and may be useful for pre-
dicting the effectiveness of methods that preserve vitreous 
structure.

        IV.  Vitreous Liquefaction or Vitrectomy 
Increases Oxygen 

 Figure  IV.B-3  demonstrates that intraocular oxygen tension 
increases after vitrectomy surgery in which the vitreous gel 
is surgically removed. Vitreous liquefaction or synchysis 
begins at approximately age 4 in humans and occurs very 
slowly throughout life. To better understand the “Oxygen 
Hypothesis,” it is useful to consider vitrectomy surgery tan-
tamount to instantaneous vitreous liquefaction: the vitreous 
gel is surgically removed and is replaced with physiologic 
saline that rapidly becomes aqueous fl uid.    That post- 
vitrectomy eyes may mirror or simulate eyes with vitreous 
liquefaction can be seen clinically. Post-vitrectomy eyes are 
at higher risk for nuclear cataract [ 22 – 25 ]. Stickler syndrome 
includes both premature vitreous liquefaction and premature 
nuclear cataract. Recently, axial myopia, a condition associ-
ated with early-onset vitreous liquefaction, has been associ-
ated with earlier onset and denser nuclear cataract formation 
than emmetropic control eyes [ 26 ]. Furthermore, in patients 
who develop rapidly progressive post-vitrectomy nuclear 
cataract, the quality, character, color, hardness and opacity of 
the lens are identical to that seen in Stickler syndrome, high 
myopia, and typical age-related nuclear cataract 
(Figure  IV.B-12 ). Age-related nuclear cataract and 
 post- vitrectomy nuclear cataract differ only in the degree of 
oxidation. Thus, post-vitrectomy nuclear cataract appears to 

be an accelerated form of age-related nuclear cataract. For 
research purposes, post-vitrectomy nuclear cataract is the 
perfect “experimental model” for age-related nuclear 
cataract.

   It is important to note that the elevation of intraocular 
oxygen tension and the subsequent nuclear cataract follow-
ing vitrectomy surgery are due to the removal of vitreous 
and not trauma associated with a surgical procedure. Work 
by Sawa et al. and Saito and colleagues has shown that vit-
rectomy surgery performed without infusion of a highly 
oxygenated balanced salt solution or removal of the vitre-
ous gel does not cause post-vitrectomy nuclear cataract 
progression as measured by Scheimpfl ug photography, 
even after 5 years of follow-up [ 27 – 29 ]. Thus, either infus-
ing a highly oxygenated fl uid into the eye or removing the 
vitreous gel or both is likely to be responsible for post-vit-
rectomy nuclear cataract. Almony and colleagues found 
that small-gauge vitrectomy, with purportedly less surgical 
trauma and less fl uid infusion into the eye, did not protect 
against post-vitrectomy nuclear cataract [ 33 ]. All eyes that 
develop post-vitrectomy nuclear cataract have the vitreous 
gel surgically removed. Interestingly, eyes that develop 
age-related nuclear cataract demonstrate increased vitreous 
liquefaction. 

 From these observations, the “Oxygen Hypothesis” pre-
dicts that intraocular oxygen tension increases slowly over 
time with age-related vitreous liquefaction, analogous to the 
increase in intraocular oxygen tension that immediately 
occurs following vitrectomy surgery with removal of the vit-
reous gel. More explicitly stated, the “Oxygen Hypothesis” 
contends that with every breath of air a human takes, a little 
bit of oxygen works its way from the retinal vasculature 
through the vitreous gel, reaching the lens. This process 
takes a lifetime. In older patients, it is aided by age-related 
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  Figure IV.B-11    A fi nite element model can predict oxygen distribution in the human eye       
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vitreous liquefaction as liquefi ed vitreous has diminished 
capacity to metabolize oxygen diffusing from the retinal vas-
culature. Consequently, only older individuals manifest 
nuclear cataract. However, in eyes in which the vitreous gel 
has been surgically removed, oxygen passes freely from the 
retina to the lens, hastening nuclear cataract formation. Thus, 
the “Oxygen Hypothesis” is a unifying theory that poten-
tially explains both age-related and post-vitrectomy nuclear 
cataract.  

   V.  Pathogenic Effects of Increased 
Intraocular Oxygen 

 This section will present evidence to link vitreous liquefac-
tion and/or surgical removal and the subsequent increase in 
intraocular oxygen tension with two common oxidation- 
induced ocular diseases: nuclear sclerotic cataract and some 
forms of primary open-angle glaucoma. 

   A.  Nuclear Sclerotic Cataract 

   1.  Oxygen and Nuclear Sclerosis 
 It is well accepted that nuclear sclerotic cataract is caused by 
the oxidation of proteins and lipids within the lens nucleus [ 13 , 
 30 ]. Figure  IV.B-12  shows opacity and yellowish discoloration 
of the nucleus of the lens caused by oxidation – similar to iron 
rusting or a cut apple turning brown. The source of oxidation 
has long been thought to be due to the activity of oxygen-free 
radicals. However, there is valid scientifi c rationale to propose 
that molecular oxygen is the initial insulting agent. Consider 
that hyperbaric oxygen therapy provides evidence that 
increased exposure of the lens to molecular oxygen can cause 
human nuclear sclerotic cataract. In a study by Palmquist et al., 
patients received between 150 and 850 treatments with 100 % 
inhaled oxygen delivered at 2–3 atm of pressure [ 14 ]. Seven of 
15 patients developed nuclear sclerotic cataract. Fourteen of 
fi fteen developed myopic shift, a change known to precede the 
opacity of nuclear cataract. All  symptomatic patients were over 

  Figure IV.B-12    ( Left ) Normal age-related nuclear sclerosis in the right eye of a 75-year-old woman. ( Right ) Rapidly progressive nuclear sclerosis 
in the same patient’s left eye following vitrectomy surgery 1 year earlier       
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age 50. The one patient who did not develop symptoms was 24 
years old. Similar to hyperbaric oxygen chambers, Japanese 
caisson workers are known to develop nuclear cataract with 
prolonged exposures to increased levels of oxygen [ 31 ]. These 
studies of nuclear sclerotic cataract associated with patients 
receiving hyperbaric oxygen treatments or caisson workers are 
corroborated by experimental work discussed earlier in this 
chapter. Holekamp and colleagues measured intraocular oxy-
gen tension in patients undergoing vitrectomy surgery receiv-
ing general anesthesia with 100 % inhaled oxygen and found 
that intravitreal oxygen tension was immediately and signifi -
cantly elevated [ 2 ]. Thus, high levels of inhaled oxygen are 
immediately refl ected in the vitreous gel. Similar work by 
Barbazetto et al. in rabbits and later work by Giblin in rats dem-
onstrated that the oxygen tension measured in vitreous increases 
the oxygen tension measured in the lens nucleus [ 5 ,  32 ]. There 
is no barrier to diffusion of oxygen between vitreous and the 
lens. Combining these observations suggests that molecular 
oxygen is implicated in the development of human nuclear 
sclerotic cataract.  

   2.  Role of Vitreous in Nuclear Sclerosis 
 Experimental evidence has emerged that the extent of vitre-
ous liquefaction correlates with the development of nuclear 
sclerotic cataract. In a study of 171 cadaver eyes, Harocopos 
and colleagues found that vitreous liquefaction was highly 
associated with nuclear sclerotic cataract. In fact, the state 
of the vitreous body was a better predictor of nuclear opac-
ity than was age in subjects between 50 and 70 [ 19 ]. After 
age 70, vitreous liquefaction was so extensive that its asso-
ciation with cataract became nonsignifi cant. While numer-
ous studies have attempted to correlate age-related nuclear 
sclerotic cataract with various factors such as smoking, 
diet, and socioeconomic status, one clinical observation 
given little attention remains constant: eyes with nuclear 
sclerotic cataract also demonstrate increased vitreous liq-
uefaction. The corollary to this observation is an intact gel 
structure which appears to protect against nuclear sclerotic 
cataract. 

 Vitrectomy surgery offers compelling evidence that an 
intact vitreous gel protects against nuclear sclerotic cataract. 
The statistics are impressive: in patients over age 50, up to 
60–95 % will develop nuclear sclerotic cataract requiring 
cataract surgery within 2 years after vitrectomy [ 22 – 25 ]. For 
eyes in patients under age 50, the percentage is less than 
10 % [ 24 ]. This difference might be explained by the fact 
that the younger crystalline lens is more resistant to nuclear 
cataract, retaining its innate ability to metabolize oxygen and 
protect itself from oxidation, or that the younger gel struc-
ture just behind the lens not removed by vitrectomy retains a 
protective function.  

   3.  The “Oxygen Hypothesis” for Nuclear 
Sclerosis 

 Both experimental and clinical observations suggest that an 
intact vitreous gel, with the full capacity to consume oxygen 
in an ascorbate-dependent manner, protects against nuclear 
cataract. The “Oxygen Hypothesis” proposes that if the vit-
reous gel structure and function are lost due to either surgery 
or age-related liquefaction, the resultant elevation in intra-
ocular oxygen will lead to nuclear cataract – rapidly after 
vitrectomy surgery and slowly with age-related vitreous liq-
uefaction (see chapter   II.C    . Vitreous aging and posterior vit-
reous detachment). 

 Figure  IV.B-13a–c  explains the “Oxygen Hypothesis” for 
nuclear cataract. In Figure  IV.B-13a , when the normal eye 
has an intact vitreous gel, the oxygen exuding from the reti-
nal vasculature is held close to the retinal surface, ultimately 
to be used by cells of the inner retina. It is not allowed to 
“mix” in the vitreous body. The vitreous gel metabolizes 
much of the excess molecular oxygen that escapes from the 
retina. Intraocular oxygen tension remains low. There is very 
little oxidation of the lens nucleus. In Figure  IV.B-13b , when 
the aging eye undergoes vitreous liquefaction, the oxygen 
exuding from retinal capillaries can now “mix” in the vitre-
ous body raising intraocular oxygen tension. The vitreous 
gel metabolizes oxygen in an ascorbate-dependent manner, 
but as the ascorbate is consumed by the chemical reaction, 
less oxygen is metabolized. Slowly over time, there is 
increased oxidation of the lens nucleus. In Figure  IV.B-13c , 
surgical removal of vitreous and its replacement with aque-
ous fl uid allows for convection currents with eye or head 
movement to carry oxygen from the retina throughout the 
vitreous chamber. In addition, the loss of the vitreous gel 
means there is complete mixing of oxygen with ascorbate, 
delivering oxygen to the posterior of the lens and reducing 
oxygen consumption by nearly half. The layer of vitreous 
immediately behind the lens and the lens itself are not suffi -
cient to protect against the oxidative insult, especially in 
older eyes. Molecular oxygen passes unimpeded from the 
retinal vasculature to the lens. Oxidation of the lens nucleus 
occurs rapidly.

       B.  Primary Open-Angle Glaucoma (POAG) 

   1.  Oxygen and POAG 
 Experimental evidence suggests that increased oxidative stress 
or oxidation-induced damage may contribute to the pathogen-
esis of primary open-angle glaucoma [ 34 – 41 ]. Antioxidant-
protective mechanisms are decreased and enzymes induced by 
oxidative stress are increased in the aqueous humor of glau-
coma patients compared to  non- glaucoma patients undergoing 
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cataract surgery [ 36 ,  41 ]. Oxidative damage to DNA is 
increased in the trabecular meshwork cells of glaucoma 
patients. These cells are more susceptible to oxidative DNA 
damage than other cells in the anterior segment [ 37 ]. Glaucoma 
patients have pathogenic mutations in their mitochondrial 
DNA that are not present in non-glaucoma patients. These 
mutations may reduce the ability of cells to deal with oxidative 
damage [ 42 ]. Mitochondria of glaucoma patients also have 
signifi cantly lower oxidative activity than controls. Despite 
this experimental evidence linking glaucoma pathogenesis to 
oxidative damage, the source of the oxidative stress in these 
patients is not known. 

 There is clinical evidence to suggest that the source of 
oxidative damage in primary open-angle glaucoma may be 
molecular oxygen. POAG is frequently seen in conditions 
that include premature vitreous liquefaction and/or the 
absence of a crystalline lens – altered anatomy now known to 
be associated with increased intraocular oxygen tension in 
the anterior segment. For example, age is an important inde-
pendent risk factor for POAG, and the extent of vitreous liq-
uefaction increases with age [ 16 ]. Myopia is a risk factor for 
glaucoma, although not a strong one. There is a higher inci-
dence of vitreous liquefaction and even posterior vitreous 
detachment in myopia [ 2 ]. Aphakia is associated with POAG 
particularly refractory to treatment. The absence of a crystal-
line lens and the surgically induced vitreous liquefaction 
are likely contributing factors. Vitreous loss during cataract 
 surgery in glaucoma patients adversely affects long-term 
control of intraocular pressure [ 43 ]. Finally, children often 

develop glaucoma after surgery for congenital cataract, sug-
gesting that the presence of the crystalline lens is protective 
[ 44 ]. Thus, an intact gel vitreous and crystalline lens, which 
both metabolize molecular oxygen, may have some function 
that protects against primary open-angle glaucoma.  

   2.  Role of Vitreous and Cataract 
Surgery in POAG 

 When the gel is surgically removed and the lens is removed, 
a substantial percentage of eyes will show evidence of open- 
angle glaucoma if followed long term. Chang was the fi rst to 
demonstrate an increased risk of open-angle glaucoma fol-
lowing vitrectomy surgery. He estimated the risk to be 
15–20 % of eyes with long-term follow-up [ 7 ]. Chang’s 
observations have since been confi rmed in one study but are 
disputed in other studies (see chapter   IV.A    . Vitreous physi-
ology). With a mean follow-up of just 4 years, 8 (7.9 %) of 
101 eyes developed open-angle glaucoma after vitrectomy 
surgery [ 45 ]. With longer follow-up, that percentage is 
likely to increase. Interestingly, it was also found that the 
presence of the crystalline lens is protective, since there was 
a delay in the onset of POAG until after the post-vitrectomy 
nuclear cataract was removed. These observations led 
Chang to propose that, after vitrectomy, metabolites of oxy-
gen, like superoxide anion and hydrogen peroxide, might 
damage the tissues of the outfl ow pathway, contributing to 
the increased risk of glaucoma [ 7 ]. Since the presence of the 
natural lens reduced the risk of glaucoma, he proposed that 
the lens protected the anterior segment from oxygen or 

  Figure IV.B-13    The “Oxygen Hypothesis” for nuclear sclerotic cata-
ract. ( a ) When the normal eye has an intact vitreous gel, the oxygen 
exuding from the retinal vasculature is held close to the retinal surface, 
ultimately to be used by cells of the inner retina. It is not allowed to 
“mix” in the vitreous body. The vitreous gel metabolizes much of the 
excess molecular oxygen that escapes from the retina. Intraocular oxy-
gen tension remains low. There is very little oxidation of the lens 
nucleus ( b ). When the aging eye undergoes vitreous liquefaction, the 
oxygen exuding from retinal capillaries can now “mix” in the vitreous 
body, raising intraocular oxygen tension. The vitreous gel metabolizes 
oxygen in an ascorbate- dependent manner, but as the ascorbate is con-

sumed by the chemical reaction, less oxygen is metabolized. Slowly 
over time, there is increased oxidation of the lens nucleus ( c ). Surgical 
removal of the vitreous and its replacement with aqueous fl uid allow for 
convection currents to carry oxygen from the retina throughout the vit-
reous chamber. In addition, the loss of the vitreous gel means there is 
complete mixing of oxygen with ascorbate, delivering oxygen to the 
posterior of the lens. The layer of vitreous immediately behind the lens 
and the lens itself are not suffi cient to protect against the oxidative 
insult. Molecular oxygen passes unimpeded from the retinal vascula-
ture to the lens. Oxidation of the lens nucleus occurs rapidly       
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 oxygen metabolites. In 2010, Siegfried and co-workers pro-
vided experimental data in humans to confi rm Chang’s 
hypothesis: that oxygen is relatively low in the anterior seg-
ment of the unoperated eye, but increases after combined 
vitrectomy and cataract surgery [ 9 ]. 

 Figure  IV.B-4  shows that the oxygen tension in the anterior 
chamber angle of a “normal” eye undergoing cataract surgery 
is 12.9 mmHg. This represents less than 2 % oxygen and is 
considered hypoxia. After vitrectomy surgery, the oxygen ten-
sion in the anterior chamber angle goes up mildly to 
15.1 mmHg. This was not a statistically signifi cant elevation 
in this study group. After cataract surgery, the oxygen tension 
in the angle goes up mildly to 15.4 mmHg. Again, this was not 
a statistically signifi cant elevation. However, after both vitrec-
tomy surgery and cataract surgery, the oxygen tension in the 
anterior chamber angle goes up markedly to 24.7 mmHg. This 
is a statistically signifi cant elevation in oxygen exposure, 
being almost a 100 % increase. If the cells of the trabecular 
meshwork are “adapted” to oxygen at 13 mmHg, increasing 
the oxygen tension to 25 mmHg could lead to oxygen toxicity: 
altered extracellular matrix accumulation, increased apopto-
sis, and decreased outfl ow facility. These oxidation-induced 
changes could lead to ocular hypertension and increased risk 
of glaucoma. The work of Siegfried and colleagues supports 
the Chang hypothesis that increased exposure to oxygen or its 
metabolites may cause open-angle glaucoma.  

   3.  The “Oxygen Hypothesis” for POAG 
 Both experimental and clinical observations suggest that an 
intact vitreous gel and a native crystalline lens, both with the 
full capacity to metabolize molecular oxygen, protect 
against primary open-angle glaucoma. The “Oxygen 
Hypothesis” proposes that if vitreous gel and the crystalline 
lens are both surgically removed, the resultant elevation of 
oxygen at the anterior chamber angle will lead to oxidative 
damage of the trabecular meshwork and eventually 
POAG. Figure  IV.B-14  is adapted from the work of Siegfried 
et al. and illustrates the “Oxygen Hypothesis” for POAG. 
(A) In the unoperated eye, oxygen enters from the retinal 
vasculature through the vitreous, across the ciliary epithe-
lium from the ciliary body vasculature and into the anterior 
chamber across the cornea. Oxygen is consumed by the vit-
reous, lens, and the ciliary epithelium. A small amount of 
oxygen enters the anterior chamber angle by diffusing 
across the ciliary body and iris stroma (curved red arrow). 
(B) After vitrectomy, more oxygen reaches the posterior 
chamber. This supplies more  oxygen to the “aqueous side” 
of the ciliary epithelium, reducing the amount of oxygen 
that the ciliary epithelium removes from the blood and 
slightly increasing the amount of oxygen available to enter 
the anterior chamber angle from the ciliary body stroma. (C) 
Cataract surgery reduces oxygen consumption by the lens, 
thereby increasing the pO 2  anterior to the lens and in the 

posterior chamber. Again, the increased oxygen on the 
“aqueous side” of the ciliary epithelium reduces the amount 
of oxygen that the ciliary epithelium removes from the 
blood, thereby slightly increasing the amount of oxygen 
available to enter the anterior chamber angle from the cili-
ary body stroma. (D) After both vitrectomy and cataract sur-
gery, signifi cantly more oxygen is available on the “aqueous 
side” of the ciliary epithelium, resulting in the removal of 
signifi cantly less oxygen from the blood. This increases the 
amount of oxygen available to diffuse from the ciliary body 
stroma, across the iris stroma, and into the anterior chamber 
angle, exposing the outfl ow system to a large excess of oxy-
gen and/or oxygen metabolites.

        VI.  Oxygen Ameliorates VEGF-Mediated 
Retinopathies 

 An interesting corollary of the “Oxygen Hypothesis” is that 
vitreous liquefaction or surgical removal of the vitreous and 
the subsequent elevation in intraocular molecular oxygen 
may benefi t ischemic retinal disease. 

   A.  Age-Related Macular Degeneration 
(AMD) 

 Vascular endothelial growth factor (VEGF) has emerged as a 
predominant mediator of several retinal diseases, including 
choroidal neovascularization due to age-related macular degen-
eration. Because it suppresses VEGF gene expression, molecu-
lar oxygen is a potent anti-VEGF agent. In an experimental 
animal model, Quiram and colleagues showed that an enzy-
matically induced posterior vitreous detachment (PVD) in eyes 
with a vascularized retina will increase intraocular oxygen ten-
sion in vitreous [ 46 ]. Thus, PVD may increase intraocular oxy-
gen tension and produce a sustained anti- VEGF effect. A 
retrospective study by Krebs and colleagues supports this 
hypothesis in AMD (see chapter   III.G    . Vitreous in AMD). 
They were able to show that eyes with a complete PVD had a 
lower incidence of exudative AMD than eyes without a PVD 
[ 47 ]. The “Oxygen Hypothesis” suggests that PVD allows for 
“mixing” of oxygen from the retinal vasculature in the vitreous 
body raising intraocular oxygen, reducing VEGF, and thereby 
reducing the VEGF stimulus for exudative AMD. The con-
verse may also be true. Anomalous PVD with cortical vitreous 
remaining attached to the macula (see chapter   III.B    . Anomalous 
PVD and vitreoschisis) may keep intravitreal oxygen concen-
tration low, allowing for permissive VEGF levels and a proan-
giogenic environment. Additional evidence for the possible 
benefi cial effect of complete PVD on choroidal neovascular-
ization (CNV) due to AMD can be found in The Submacular 
Surgery Trials Report No. 11 and in chapter   III.G    . Vitreous in 
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AMD. In the Submacular Surgery Trials, a thorough vitrec-
tomy with complete PVD was performed prior to the extraction 
of the CNV. With 2-year follow-up, the recurrence rate of CNV 
in AMD was surprisingly low at 23 % after vitrectomy surgery. 
At 2-year follow-up, the rate of persistent or recurrent CNV in 
the observation arm was 66 % [ 48 ]. One possible explanation 
for this low recurrence rate after vitrectomy is that elevated 
intraocular oxygen tension may lower intraocular VEGF lev-
els, thereby reducing pathologic neovascularization.  

   B.  Diabetic Retinopathy 

 The cortical vitreous and vitreous gel also play key roles in 
the pathogenesis of proliferative diabetic retinopathy. 
Neovascularization of the disc or elsewhere is VEGF- 
mediated and occurs only in the presence of an attached 

 cortical vitreous. (See chapter   IV.C    . Vitreous and iris neovas-
cularization.) Attached cortical vitreous implies a gel- like 
vitreous with low intraocular oxygen, allowing for VEGF 
levels to be high. Elevated new vessels do not grow after pos-
terior vitreous detachment. Is this because the new vessels 
require the scaffold supplied by the cortical vitreous? The 
“Oxygen Hypothesis” suggests that PVD prevents new ves-
sel growth by increasing intraocular oxygen that acts as an 
anti-VEGF agent. Consequently, some researchers have pro-
posed intentional PVD as a way of preventing proliferative 
diabetic retinopathy (PDR) in high-risk eyes with severe pre-
proliferative diabetic retinopathy [ 47 ,  49 ]. (See chapter 
  VI.A    . Pharmacologic vitreolysis.) 

 Holekamp and colleagues found that patients with ischemic 
diabetic retinopathy and low intraocular oxygen tension devel-
oped less post-vitrectomy nuclear cataract than patients without 
diabetes or to patients with diabetes but no ischemic retinopathy 

a b

c d

  Figure IV.B-14    The “Oxygen Hypothesis” for primary open-angle 
glaucoma. ( a ) In the unoperated eye, oxygen enters from the retinal 
vasculature through the vitreous, across the ciliary epithelium from the 
ciliary body vasculature and into the anterior chamber across the cor-
nea. Oxygen is consumed by the vitreous, lens, and the ciliary epithe-
lium. A small amount of oxygen enters the anterior chamber angle by 
diffusing across the ciliary body and iris stroma ( curved red arrow ). ( b ) 
After vitrectomy, more oxygen reaches the posterior chamber. This 
supplies more oxygen to “aqueous side” of the ciliary epithelium, 
reducing the amount of oxygen that the ciliary epithelium removes 
from the blood and slightly increasing the amount of oxygen available 
to enter the anterior chamber angle from the ciliary body stroma. ( c ) 
Cataract surgery reduces oxygen consumption by the lens, thereby 

increasing the pO 2  anterior to the lens and in the posterior chamber. 
Again, the increased oxygen on the “aqueous side” of the ciliary epithe-
lium reduces the amount of oxygen that the ciliary epithelium removes 
from the blood, thereby slightly increasing the amount of oxygen avail-
able to enter the anterior chamber angle from the ciliary body stroma. 
( d ) After both vitrectomy and cataract surgery, signifi cantly more oxy-
gen is available on the “aqueous side” of the ciliary epithelium, result-
ing in the removal of signifi cantly less oxygen from the blood. This 
increases the amount of oxygen available to diffuse from the ciliary 
body stroma, across the iris stroma and into the anterior chamber angle, 
exposing the outfl ow system to a large excess of oxygen and/or oxygen 
metabolites (With permission from Siegfried et al. [ 9 ])       
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[ 11 ]. Thus, ischemic diabetic retinopathy, but not diabetes with-
out retinal ischemia, protected against post-vitrectomy nuclear 
cataract. Eyes with less intraocular molecular oxygen develop 
less post-vitrectomy nuclear cataract. These observations sup-
port the hypothesis that oxygen is implicated in nuclear cataract. 
It also supports the theory that the source of oxygen is the vas-
culature of the eye, which in the case of ischemic diabetic 
patients would constitute a reduced source of oxygen.  

   C.  Retinal Vein Occlusions 

 Posterior vitreous detachment and the subsequent elevated 
intraocular oxygen may also be benefi cial for retinal vein 
occlusions. (See chapter   III.K    . Vitreous in retino-vascular 
diseases and diabetic macular edema.) Murakami and col-
leagues examined the use of intravitreal tPA injection for 
the treatment of macular edema due to central retinal vein 
occlusions and found that the only statistically signifi cant 
predictor of benefi t was whether or not the injection created 
a PVD [ 50 ]. (See chapter   VI.C    . Pharmacologic vitreolysis 
with tPA.) PVD raises intraocular oxygen and acts as a 
potent, local anti-VEGF agent. Vitrectomy represents an 
immediate surgically induced PVD, and eyes with ischemic 
retinal vein occlusive disease often demonstrate postopera-
tive clinical stabilization or improvement. In the past decade, 
there have been numerous reports of vitrectomy with some 
other surgical manipulation such as branch retinal vein shea-
thotomy, radial optic neurotomy, or retinal vascular endocan-
nulation conferring benefi t for branch or central retinal vein 
occlusion [ 51 – 53 ]. (See chapter   V.A.6    . Vitreous surgery of 
arterial and venous retino-vascular diseases.) All eyes had 
vitrectomy surgery, a procedure that increases intraocular 
oxygen tension long term and may have a clinically mean-
ingful sustained anti-VEGF effect. Perhaps the proper con-
clusion from these studies is that vitrectomy surgery alone is 
benefi cial in ischemic retinal disease.   

   VII.  The Future 

 Currently, liquefaction of the vitreous gel is unavoidable in the 
aging human eye. The mechanism underlying this process is 
poorly understood and little studied. Unlike humans, very few 
mammals develop cataracts after vitrectomy, making it diffi -
cult to study post-vitrectomy cataracts with animal model 
[ 16 ]. Several breeds of dogs develop early vitreous degenera-
tion, but there has been no study of the mechanism responsible 
and no studies have tested whether early vitreous degeneration 
in dogs is related to later nuclear cataract formation [ 54 ]. 
Currently, we know of no research efforts to prevent age-
related vitreous liquefaction in any species, including humans, 
or to identify its causes. Alternatively, researchers have begun 
to explore the possibilities of a long- term, artifi cial vitreous 
substitute [ 55 ,  56 ]. (See chapter   I.F    . Vitreous biochemistry and 

artifi cial vitreous.) Importantly, any future vitreous substitute 
will have to incorporate much of we have learned regarding 
the biochemical and biophysical properties of the gel vitreous. 
Any vitreous substitute will have to recreate the gel properties 
of the native vitreous and maintain close association with the 
retinal surface and be compatible with high ascorbate levels in 
order to effectively metabolize oxygen and regulate intraocu-
lar oxygen tension. As a fi nal alternative, researchers have 
begun looking at interventions to restore the structure of the 
vitreous gel (personal communication, David Beebe, PhD). In 
the meantime, one aspect that can be controlled is the manner 
in which vitrectomy is performed. Preliminary fi ndings sug-
gest that performing minimally invasive 25 G  vitrectomy that 
leaves the retrolental vitreous (containing endogenous antioxi-
dants) undisturbed and that does include PVD induction surgi-
cally is associated with a signifi cantly lower incidence of 
post- vitrectomy cataract formation requiring surgery [ 57 ]. 
(See chapter   V.B.8    . Floaters and vision – current concepts and 
management paradigms.)  

   VIII.  Summary 

 An intact gel vitreous is central to a healthy human eye. The 
gel vitreous has the important biochemical and biophysical 
property of oxygen consumption and regulation of the distri-
bution of intraocular molecular oxygen. This allows highly 
vascularized ocular structures such as the retina, choroid, and 
ciliary body to remain highly oxygenated while allowing ocu-
lar structures sensitive to oxidative damage such as the lens 
and trabecular meshwork to remain hypoxic. These functions 
of the vitreous gel diminish with age-related vitreous lique-
faction. The “Oxygen Hypothesis” maintains that liquefac-
tion of the vitreous gel may be the initiating pathologic step to 
oxidation-mediated ocular diseases such as nuclear cataract 
and some forms of primary open-angle glaucoma. Thus, per-
haps current research efforts should be directed toward pre-
venting vitreous liquefaction and posterior vitreous 
detachment. The goal would be to retain a healthy, formed 
vitreous gel indefi nitely within the human eye.    

  Abbreviations 

  AMD    Age-related macular degeneration   
  AsA    Ascorbic acid   
  CNV    Choroidal neovascularization   
  dAsA    Dehydroascorbate   
  mmHg    Millimeters of mercury   
  O 2     Oxygen   
  PO 2     Partial pressure of oxygen   
  POAG    Primary open-angle glaucoma   
  PVD    Posterior vitreous detachment   
  tPA    Tissue plasminogen activator   
  VEGF    Vascular endothelial growth factor    
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 Key Concepts 

     1.    The essential driver of vitreous and iris neovascu-
larization is the choroidal circulation as this is the 
main source of marginal oxygenation to non-per-
fused inner retinal tissues. The principal mediators 
of budding and neovascular expansion from the 
retinal veins are soluble hypoxia- induced biochem-
icals and the collagenous component of the vitreous 
extracellular matrix to which the new vessels are 
coupled by integrins.   

   2.    Posterior vitreous detachment uncouples endothe-
lial cell interactions with the extracellular matrix of 
the posterior vitreous cortex, restricting post-basal 
preretinal angiogenesis to abortive neovascular out-
growths with no intrinsic extracellular matrix 
component.   

   3.    In diabetic traction retinal detachment, the main 
source of proangiogenic proteins switches from a 
broad swathe of critically hypoxic inner retina (the 
penumbra obscura) to truncated tissue cylinders 
comprising full-thickness retina related to arterio-
venous anastomoses. As well as being the source 
of optic disc and preretinal new vessels, retinal 
veins may thus become a source of marginal oxy-
genation to (detached) retinal photoreceptors, act-
ing as drivers for further vitreous and iris 
neovascularization.     
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   I. Introduction 

 Until the 1940s, the growth of newly formed blood vessels 
into the vitreous was thought to be the  consequence  of vitre-
ous hemorrhage, not its cause. The process appeared to repre-
sent “organization” (i.e., the invasion of a hematoma by 
macrophages, capillaries, and fi broblasts to form “granulation 
tissue”), eventually resulting a fi brous scar. However, serial 
examinations of eyes with “ rete mirabile ” (neovascular net-
works) and “ retinitis proliferans ” (fi brovascular membranes) 
showed that, except after severe trauma, neovascular invasion 
of the extracellular matrix invariably  precedes  vitreous hemor-
rhaging (Figure  IV.C-1 ) [ 1 ]. Here, the evolution of theories of 
vitreous and iris neovascularization will be examined from 
within the perspectives of time and fi rst-hand observations.

      II.  Foundations of Vitreous Neovascular 
Pathology 

 A revelatory hypothesis linking vitreous neovascularization 
(VNV) to disorders of the underlying retina arose during a 
study of embryonic retinal vascularization from the root of 
the regressing hyaloid vascular system. This coincided with 
the incipient inability of the choroid to meet the oxygen 
requirements of the rapidly growing retina. 

   A.  Biochemical Mediator Hypothesis 

 Isaac Michaelson of the Tennent Institute of Ophthalmology 
in Glasgow was investigating the vascular supply to the 

a b

c d

  Figure IV.C-1    Diabetic vitreous hemorrhage. ( a ) Two focal fi brovas-
cular outgrowths (NV1 and NV2). ( b ) Dye leakage from NV1 and 
NV2 in venous phase of fl uorescein angiography, with capillary closure 
temporally. ( c ) Premacular retrohyaloid (behind the posterior vitreous 
cortex) lysed partially settled hemorrhage 2 weeks later; outgrowth 

NV1 has disappeared. ( d ) Diagram showing  mechanism of vitreous 
hemorrhaging through neovascular peduncular avulsion from an arteri-
alized retinal vein during posterior vitreous detachment; the fi brovascu-
lar epiretinal membrane ( ERM ) becomes a ghost membrane within 
detached vitreous cortex       
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developing retina in cat and man using India ink injected via 
the heart or carotid artery. He was particularly struck by the 
pattern of vascularization of the retinal nerve fi ber layer as 
revealed by the carbon particles fi lling the vessels. At this 
furthest point from the choroid, rete (neovascular complex) 
expansion to form a superfi cial capillary plexus followed 
budding from the endothelium of veins and not from arteries; 
also, budding only took place on the side of a vein remote 
from an artery and never at arteriovenous crossings [ 2 ]. 
Michaelson surmised that this pattern of capillary develop-
ment must refl ect the tissue distribution of a diffusible bio-
chemical substance secreted in response to a local reduction 
in tissue oxygen tension (pO 2 ) should oxygen consumption 
outstrip supply. However, once the capillaries infi ltrate the 
hypoxic parenchyma and the pO 2  rises, the concentration of 
the “vessel growth promoting factor” will fall and angiogen-
esis will cease. Nevertheless, as the retina continues to grow 
and metabolize, oxygenation of mid-retinal tissue by the 
choroid will become marginalized in its turn, hence the for-
mation of a deep capillary plexus from the superfi cial plexus. 

 Although Michaelson did not report any ink injection 
studies of adult eyes with retino-vascular disease, he rea-
soned that his biochemical mediator hypothesis could be 
extrapolated to VNV associated with circulatory compro-
mise within the mature retina. He had earlier demonstrated 
that preretinal new vessels bud from retinal veins in prolif-
erative diabetic retinopathy (PDR), and he concluded that 
“ Just as the metabolic needs of embryonic retinal tissue 
demand closer proximity of capillary vessels, so does the dis-
turbed metabolism of certain retinal diseases call for the 
accession of vessels to insuffi ciently or non-perfused situa-
tions, intraretinal, preretinal, or vitreous ” [ 2 ]. As the vessel 
growth-promoting factor accumulates in the vitreous after 
liberation from the hypoxic retina, he argued that retinal 
veins in the vicinity will somehow sense the concentration 
gradient and respond by budding, to be followed by new ves-
sel growth towards its source. In the published discussion to 
his landmark 1948 paper, Michaelson also postulated that, 
following the buildup of the vessel growth-promoting factor 
in vitreous, its anterior diffusion into the aqueous will stimu-
late iris neovascularization (NVI) [ 2 ].  

   B. Clinical Pathology of Retinal Hypoxia 

 It fell to Norman Ashton, working in the newly established 
Institute of Ophthalmology in London, to demonstrate the 
nature of the retinal vascular disturbance underlying most 
instances of VNV and/or NVI. Ashton injected India ink 
directly into the central retinal artery of human globes 
excised postmortem. In patients with long-standing diabetes, 
the retina showed areas of “capillary closure” originating on 
the arterial side of the circulation. This was accompanied by 

arteriovenous anastomoses and eventually resulted in a 
“ disastrous picture of…complete obliteration of the capil-
lary blood supply to the retina ” [ 3 ]. In 1953, however, mak-
ing the conceptual link between capillary closure and VNV 
was not straightforward. Eyes with such closure did not nec-
essarily manifest VNV, so the arteriolar changes were 
thought to “ merely represent a late stage of development in 
the retinal disease ” [ 3 ]. Signifi cantly, the effects of the capil-
lary closure on parenchymal histology were not reported, 
although trypsin digestion and electron microscopy would 
later demonstrate that the capillaries were devoid of both 
endothelial cells and pericytes, with glial cell processes 
blocking the vessel lumen.  

   C.  Experimental Retinal Hypoxia 
and Vitreous Neovascularization 

 Ashton was also intrigued by the burgeoning clinical prob-
lem of “retinopathy of prematurity” (ROP) in which oxygen 
was thought to play a key role. He devised an experiment that 
exploited the incomplete vascularization of the newborn kit-
ten retina, administering oxygen at high concentration (60–
80 % ambient levels) to mother cats and their litters [ 4 ]. This 
resulted in intense vasoconstriction and capillary closure in 
the kittens that involved the entire, or just the peripheral, 
retina (as judged by India ink injection). By contrast, the 
hyaloid vasculature and the choroidal vessels were unaf-
fected, as was the mother’s retina. This “vaso-obliterative 
phase” of the ROP model was attributed to systemic hyper-
oxemia and oxygenation of the inner retina by the choroidal 
circulation (what Ashton called “ the increased nutritional 
range of the choroid ”); retinal ganglion cells within non- 
perfused areas had a normal histological appearance. 
Furthermore, in a separate experiment, detaching the kitten 
retina by vitreous aspiration prevented the vaso-obliterative 
response to hyperoxemia, ostensibly because the chorioreti-
nal separation had attenuated inner retinal oxygenation from 
the choroid [ 5 ]. 

 Returning kittens to room air resulted in rampant and dis-
orderly revascularization of the non-perfused retina together 
with outgrowth of “glomerular tufts” and large neovascular 
networks into the vitreous (the “vaso-proliferative phase” of 
the ROP model) [ 4 ]. The vitreous new vessels, once fi lled 
with India ink, could be photographed en face after stripping 
the vitreous en bloc from the retina. Evidently, the points of 
attachment of the vitreous neovascularization to the intrareti-
nal neovasculature from which it derived could be readily 
disconnected. Electron microscopy was later to show that as 
the new vessels penetrate the inner limiting membrane 
(ILM), they are often accompanied by glial cells and macro-
phages and become intimately associated with collagen 
fi brils in the vitreous extracellular matrix. Ashton felt that 
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the kittens’ return to breathing room air had led to immediate 
withdrawal of the extended nutritional range of the choroid, 
but not so as to render the inner retina anoxic. This was con-
fi rmed by the continuing healthy state of most parenchymal 
cells on histology. Thus, marginal oxygenation of the inner 
retina by the choroid must have ensured its ongoing viability 
and its capability to secrete vessel growth-promoting factor. 
This fostered retinal revascularization and vitreous neovas-
cularization that was excessive in degree and disorder due to 
the large volume of non-perfused inner retinal tissue that had 
been abruptly deprived of most of its (latterly choroid-
derived) oxygen supply after restoration of normoxemia. The 
capability of the choroidal circulation to underpin retinal 
revascularization and vitreous neovascularization indicates 
that oxygen diffused across an immature photoreceptor layer 
that was later to become a signifi cant “metabolic oxygen bar-
rier” (by virtue of the huge energy expenditure and oxygen 
consumption of mature rods and cones) interposed between 
the choroid and inner retina.   

   III. Clinical Vitreous Neovascularization 

 Michaelson had drawn a developmental distinction between 
the retinal veins and their capillary extensions (the “vein- 
capillary unit”) and the retinal arteries that he considered to 
be “supra-capillary.” He proposed that, in the mature retina, 
disorders of the vein-capillary unit will include proliferative 
diabetic retinopathy and Eales’ vasculitis, each giving rise to 
critical levels of inner retinal hypoxia and thus inducing ves-
sel growth-promoting factor secretion [ 2 ]. 

   A. Retinal Vessel Occlusions 

 In a similar vein, George Wise of New York felt that the tis-
sue conditions producing the “relative anoxia” that  stimulates 
production of vessel growth-promoting factor (or “factor  X ”) 
will “almost exclusively follow capillary or venous obstruc-
tion” [ 6 ]. The common denominator was continuing but lim-
ited circulation through the inner retina as might typically 
follow central retinal vein occlusion (CRVO) or branch reti-
nal vein occlusion (BRVO). Ashton was of similar mind in 
adducing that, in addition to a low tissue pO 2  to which viable 
tissue would respond by secreting vessel growth-promoting 
factor, poor venous drainage would encourage accumulation 
of this factor. 

 However, at this juncture, most investigators (including 
Michaelson, Ashton, and Wise) agreed that neither vitreous 
neovascularization nor iris neovascularization is a sequel to 
acute central retinal artery occlusion (CRAO) by virtue of 
the complete necrosis of the inner retina arising and its con-
sequent inability to secrete vessel growth-promoting factor. 

True, Wise felt that progressive retinal hypoperfusion from 
occlusion of proximal arteries will create appropriate condi-
tions for vessel growth-promoting factor secretion, as in ocu-
lar ischemia from carotid stenosis, but such instances are 
rare. It thus appeared that “a critical degree of impairment of 
retinal blood fl ow” provides the stimulus for new vessel pro-
liferation [ 6 ], whereas the role of irreversible capillary clo-
sure and of arterial occlusions in stimulating intraocular 
angiogenesis generally was not given much credence. In 
1959, however, Lorenz Zimmerman from Washington argued 
that, from the pathologist’s viewpoint, ocular neovascular-
ization was indeed a potential complication of acute 
CRAO. He reviewed 26 previous reports of neovascular 
glaucoma following CRAO and added six new cases from 
the archives of the Armed Forces Institute of Pathology [ 7 ]. 
Clinical studies have since shown that 15–20 % of eyes with 
CRAO will progress to neovascular glaucoma, with or with-
out vitreous neovascularization [ 8 ,  9 ], albeit the scientifi c 
basis for vitreous neovascularization or iris neovasculariza-
tion after “isolated” CRAO (i.e., CRAO without associated 
CRVO or carotid stenosis) continues to be challenged to this 
day [ 9 ]. The majority of eyes with CRAO undergo spontane-
ous CRA recanalization within hours or days from CRAO 
onset. The reperfused microcirculation is usually somewhat 
attenuated, but the metabolic needs of inner retinal tissues 
that survived the CRAO are evidently satisfi ed. Eyes that 
develop rubeosis iridis after CRAO represent that small pro-
portion in which CRA recanalization (or cilio-retinal collat-
eral formation) fails to materialize in the aftermath of the 
occlusion [ 8 ,  10 ].  

   B.  Spatial Characteristics of Intraocular 
Neovascularization 

 By 1963, Ashton had formed the opinion that in diabetic reti-
nopathy “ areas of capillary closure … provide the stimulus 
for the formation of rete mirabile ” (Figure  IV.C-2a ) [ 11 ]. 
However, even after the advent of fl uorescein angiography 
(which provides  in vivo  delineation of capillary non- 
perfusion), the relationship of such closure to vitreous neo-
vascularization and iris neovascularization was slow to 
become cemented in the minds of clinicians. Eventually, 
eyes with retinal vein occlusions were to prove instrumental 
in demonstrating that relationship unequivocally. In 1976, 
Eva Kohner from Moorfi elds in London showed, fi rstly, that 
eyes with vasodilatation and an increased dye transit time in 
the territory of an obstructed branch retinal vein were most 
unlikely to develop vitreous neovascularization, whereas, 
after BRVO with extensive retinal capillary closure, vitreous 
neovascularization regularly arose [ 12 ]. Thus, the effective 
stimulus for vitreous neovascularization is less a reduction in 
capillary perfusion and more the creation of regions of 
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 complete capillary closure. Indeed, eyes with BRVO demon-
strate a “cumulative” or quantitative relationship between 
vitreous neovascularization and the area of capillary closure 
(“proportionality”), but the iris neovascularization that fre-
quently complicates CRVO does not occur after BRVO. This 
suggests that the threshold vitreous concentration of vessel 
growth-promoting factor required for stimulating iris neo-
vascularization is not achievable as a result of the limited 
area of closure. Vitreous neovascularization typically takes 
origin from perfused venules located along the edge of the 

areas of closure after BRVO (“proximity”) and extend there-
after towards the closure (“directionality”). This pattern of 
rete expansion is consistent with accumulation of, and diffu-
sion gradients for, vessel growth-promoting factor and 
appears to be facilitated by the horizontal orientation of col-
lagen fi brils within the cortical vitreous.

   Kohner also demonstrated a clear relationship between 
the development of iris neovascularization after CRVO and 
extensive capillary closure on fl uorescein angiography 
undertaken within 3 months of CRVO onset [ 13 ]. Such 
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  Figure IV.C-2    Diabetic vitreous neovascularization. ( a ) India ink-
injected postmortem specimen showing two “fl at” preretinal neovascu-
lar networks NV1 and NV2; microaneurysms and capillary closure in 
the underlying retina (courtesy of N Ashton). ( b ) Disc new vessels 
extending over the peripapillary retina; aneurysms and hemorrhages at 
the tips of the vessels ( arrowhead ). ( c ) Fibrovascular epiretinal mem-
brane causing traction retinal detachment ( lower left half  of picture) 

while attached retina in  upper right  half is out of focus; blush of active 
new vessels (between  arrowheads ) emanating from the membrane and 
growing forwards within the detached vitreous cortex. ( d ) Spontaneous 
involution of retinopathy and pale optic disc; pigmented area supero-
temporally with an overlying ghost membrane ( arrowhead ) indicating 
retinal reattachment. Note – no laser therapy was undertaken in this eye       
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 closure, especially when located peripherally as well as cen-
trally, was highly predictive for iris neovascularization, 
whereas vasodilatation, dye leakage, and an increased dye 
transit time were not. However, vitreous neovascularization 
from the retina or optic disc after CRVO was seen far less 
frequently than iris neovascularization, and it was also less 
prevalent than vitreous neovascularization after BRVO. This 
indicates that intravitreal vessel growth-promoting factor 
accumulation is not the sole determining factor in vitreous 
neovascularization. The extent of capillary closure that justi-
fi es attribution of the term “ischemic” CRVO, as distinct 
from “nonischemic” CRVO, has been much debated. Hayreh 
regards the minimum area of closure that brings a  signifi cant 
risk  of neovascular glaucoma as 30 disc diameters, with a 
 high risk  in eyes with over 75 disc diameters of closure. 
Some 20 % of eyes with CRVO develop ischemic CRVO, of 
which 45 % progress to neovascular glaucoma [ 14 ]. With the 
eventual introduction of wide-angle fundus cameras, the 
closure-vitreous neovascularization relationship in prolifera-
tive diabetic retinopathy was also clarifi ed. In 1981, using 
montages of such wide-angle photographs, Koichi Shimizu 
from Maebashi showed that extensive extramacular (or 
“mid-peripheral”) closure is the typical topographic pattern 
in proliferative diabetic retinopathy [ 15 ]. Eyes with optic 
disc new vessels tend to have more capillary closure than 
those with preretinal new vessels alone, and only those eyes 
with extensive closure develop “remote” iris neovasculariza-
tion, again refl ecting vessel growth-promoting factor accu-
mulation and its anterior diffusion (as in CRVO). 

 Optic disc new vessels, although traditionally considered 
to represent “remote” vitreous neovascularization, are found 
in eyes with capillary closure in close proximity to the disc 
[ 15 ]. These vessels often extend meridionally for long dis-
tances over the peripapillary retina (albeit generally sparing 
the macula) without any connection to the underlying retinal 
vasculature. The tips of these vessels sometimes show aneu-
rysmal dilatations, perhaps refl ecting a paucity of intrinsic 
structural support (Figure  IV.C-2b ). Shimizu also confi rmed 
the invariable presence of arteriovenous shunt vessels cross-
ing the non-perfused retina and validated earlier reports indi-
cating that the site on a retinal vein where vitreous 
neovascularization arises is usually at or near an arteriove-
nous crossing [ 16 ]. This suggests that the initiation of neo-
vascular outgrowth in proliferative diabetic retinopathy is 
triggered biomechanically, perhaps by shear stress. 

 Profuse dye leakage from vitreous neovascularization on 
fl uorescein angiography has drawn attention away from 
other attributes such as the slow progress of dye through the 
preretinal venovenous anastomosis. This contrasts with the 
rapid dye transit through, and limited dye leakage from, 
intraretinal arteriovenous shunt vessels. In proliferative dia-
betic retinopathy, such shunting contributes to the relatively 
high hydrostatic pressure and high oxygen saturation of 

blood reaching the major retinal veins (“venous arterializa-
tion”) [ 17 ]. Vitreous neovascularization shares these proper-
ties including, somewhat paradoxically, relative venous 
hyperoxemia.  

   C.  Temporal Characteristics 
of Intraocular Neovascularization 

 The time interval from capillary non-perfusion to overt vitre-
ous neovascularization or iris neovascularization is variable, 
refl ecting inter alia the volume of inner retina secreting ves-
sel growth-promoting factor and thus the speed of its accu-
mulation in the vitreous. Unlike embryonic retinal 
vascularization, vitreous neovascularization is futile in that it 
does not restore an oxygen supply to the vessel growth- 
promoting factor-producing tissue. In the kitten ROP model, 
however, retinal revascularization after vaso-obliteration 
takes 2–3 weeks to become established, but the associated 
vitreous neovascularization regresses once the retina is fully 
reperfused. Apart from ROP, the most rapid onset of vitreous 
neovascularization or iris neovascularization seen clinically 
is the 4–8-week interval to rubeosis iridis after CRAO [ 7 ]. In 
eyes with CRVO, the interval is signifi cantly longer, in part 
due to the time for conversion from nonischemic to ischemic 
CRVO; even so, ischemic CRVO may eventually “burn itself 
out” [ 14 ]. Interestingly, a shorter interval to iris neovascular-
ization is seen in eyes with nonischemic CRVO but with 
extensive cilioretinal infarction. In BRVO, by contrast, vitre-
ous neovascularization is usually many months, if not a year, 
in the making. 

 The interval to overt vitreous neovascularization or iris 
neovascularization is diffi cult to estimate in proliferative 
diabetic retinopathy because the time of onset of capillary 
closure differs at different sites, as well as being asymptom-
atic. However, a rapid increase in vitreous neovasculariza-
tion activity (Figure  IV.C-2c ) and/or an exacerbation of iris 
neovascularization sometimes heralds the onset of traction 
retinal detachment [ 18 ]. Eventually, some eyes with vitre-
ous neovascularization, and even with traction retinal 
detachment, will undergo spontaneous neovascular regres-
sion and retinal reattachment (Figure  IV.C-2d ). This likely 
refl ects a collapse in marginal inner retinal oxygenation 
owing to diabetic choroidopathy and shutdown of arteriove-
nous shunting [ 17 ].   

   IV.  Role of the Choroid in Intraocular 
Neovascularization 

 As judged by the vitreous neovascularization and/or iris neo-
vascularization arising, irreversible retinal capillary closure 
after CRVO and enduring occlusion of the central retinal 
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artery are equally capable of generating the critically hypoxic 
conditions within the inner retina that stimulate vessel pro-
duction. This serves to underscore the principle that, in the 
absence of inner retinal perfusion from whatever cause, cho-
roidal oxygenation is the essential driver of vitreous neovas-
cularization. That is to say, the inner retina will inevitably 
succumb to ischemic anoxia unless a marginal oxygen sup-
ply derives from blood circulating through the choroid. 

   A.  A Graduated Metabolic Oxygen 
Barrier 

 Oxygenation of the inner retina from the choroid depends on 
(a) the “oxygen head pressure” (or the “pO 2  maximum”) 
within the choroidal circulation, (b) the diffusion distance 
for oxygen to the tissue under consideration (which depends 
in part on retinal thickness), and (c) oxygen consumption by 
the intervening tissues (refl ecting the clustering of mitochon-
dria within the rod inner segment ellipsoid and the number of 
rods per unit area) [ 10 ,  19 ]. A high pO 2  maximum is main-
tained throughout the choroid in normoxemia courtesy of its 
anatomy (e.g., the extraocular separation of its arterial sup-
ply and venous drainage) and its vascular physiology (i.e., 
the high volume fl ow rate and low oxygen extraction frac-
tion). As such, the choroid as a whole has the oxygen physi-
ology of a large artery. The pO 2  maximum can be elevated 
further by breathing a higher oxygen concentration or treat-
ing with hyperbaric oxygen [ 20 ]. By contrast, photoreceptor 
density changes signifi cantly according to distance from the 
fovea (Figure  IV.C-3 ). Beyond the “rod ring” at 10–20° 
eccentricity, rod density falls quickly such that a 50 % reduc-
tion is seen at about 50° eccentricity [ 21 ]. At normal ambient 
oxygen concentrations, therefore, non-perfused inner retina 
at the posterior pole will derive no oxygen from the choroid 
(and will thus become necrotic from ischemic anoxia) owing 
to the complete “metabolic oxygen barrier” presented by the 
photoreceptors. However, the  peripheral  inner retina will 
remain oxygenated (from the choroid) despite the absence of 
retinal capillary perfusion; here, the metabolic oxygen bar-
rier imposed by the rods is lowered and the inner retina is 
thinner (Figure  IV.C-3 ). Between the posterior and  peripheral 
retina, there exists an annular zone or “swathe” of critical 
inner retinal hypoxia owing to marginal oxygenation from 
the choroidal circulation [ 10 ].

   Whereas it had been assumed that “relative anoxia” or 
critical hypoxia refl ects a graduated reduction in tissue per-
fusion via the central retinal artery circulation [ 6 ], this is sel-
dom the case. Oxygen movement across a graduated 
metabolic oxygen barrier, determined by a photoreceptor 
oxygen sink of progressively decreasing depth, is responsi-
ble for generating critically hypoxic conditions within non- 
perfused mid-peripheral inner retina (Figure  IV.C-3 ). The 

range of pO 2  values between the pO 2  thresholds for critical 
hypoxia and anoxia is narrow, but the diffusion distance for 
oxygen within this hypoxic zone is wide because of the 
reduced oxygen consumption of the hypoxic cells [ 19 ].  

   B.  Additional Oxygen Sources 

 In proliferative diabetic retinopathy, inner retinal oxygen-
ation from the choroid is overlaid by oxygenation from arte-
riovenous shunt vessels that have the choroid-like attributes 
of high fl ow and low oxygen extraction [ 17 ]. After central 
retinal artery occlusion, marginal oxygenation of the peri-
papillary and periarterial parenchyma may derive from resid-
ual circulation through the central retinal artery [ 10 ]. In both 
proliferative diabetic retinopathy and CRAO, histology will 
show a “mantle” of viable tissue surrounding the retinal ves-
sels that provide the oxygen resource. The mantle around 
diabetic arteriovenous anastomoses will taper only slightly; 
the periarterial mantle after CRAO will taper rapidly as oxy-
gen extraction reaches 100 %. 

 The tissue conditions developing in the inner retina after 
CRAO mirror those seen in the brain after middle cerebral 
artery occlusion. There, a zone of critically hypoxic tissue – 
the “ischemic penumbra” – surrounds a “core” of infarction, 
albeit the initially viable penumbral tissue rapidly succumbs 
and is incorporated into the infarct core. Prior to the penum-
bral conversion to umbra, however, the hypoxic tissue is sus-
tained by collateral circulation via arterio-arterial anastomoses 
within the leptomeninges (or “soft” coverings) of the cere-
brum. The vascular choroid is the ocular equivalent of these 
arachnoid and pial coverings, and critical hypoxia of penum-
bral tissue within non-perfused inner retina refl ects marginal 
oxygenation from the corresponding collateral resource 
(Figure  IV.C-3 ). Unlike cerebral cortex, however, penumbral 
inner retina can endure (and thus secrete vessel growth-pro-
moting factor) indefi nitely [ 10 ]. Its precise mid-peripheral 
location after CRAO and in proliferative diabetic retinopathy 
is uncertain in the absence of an  in vivo  hypoxia marker; so, 
this choroid-dependent swathe of viable inner retinal tissue 
has been dubbed “ the penumbra obscura .”   

   V.  Therapeutic Intervention and Intraocular 
Oxygen Physiology 

   A.  Modulating Intraocular Oxygenation 
by Laser Photocoagulation 

 Laser photocoagulation of the fundus, which depends on 
local heat generation from light absorption by pigments such 
as melanin and hemoglobin, was originally directed at the 
new vessels themselves but they simply regrew, often with a 
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fi brous component. Ironically, however, eyes in which the 
light energy had been applied less accurately showed lasting 
new vessel regression, leading to the eventual realization that 

the new vessels need not be treated directly at all. Rather, a 
scattering of burns should be applied to the adjacent retina. 
Not only that, the intensity of the beam (and thus the extent 

a c

b

d

  Figure IV.C-3    Central retinal artery occlusion. ( a ): Schematic diagram 
of inner retina  en face  showing oxygenation status of peripheral annu-
lus (normoxia –  dark shading ), mid-peripheral annulus (critical 
hypoxia –  light shading ), and posterior pole (anoxia –  no shading ) some 
hours or days after the occlusion ( dashed red lines  are branch arteries). 
Centrally, a horizontal section through the optic disc and fovea shows 
variations in retinal thickness; the solid  red line  is the choroid, “ o ” is 
outer retina, and “ i ” is inner retina. The outer retina and peripheral inner 
retina are well oxygenated from the choroid whereas the mid-peripheral 

inner retina is marginally oxygenated. ( b ) Graph of photoreceptor den-
sity (units not shown) versus horizontal eccentricity from the fovea (in 
degrees) for rods and cones (after Osterberg 1935). Rod density is a 
proxy for the height of the metabolic oxygen barrier interposed between 
the choroid and inner retina; “ od ” is the optic disc. ( c ) Fundus picture of 
foveal cherry  red spot  and  cattle trucking  24 h after complaint of sud-
den visual loss. ( d ) Histological section through posterior retina from 
nonhuman primate eye 24 h after CRAO; anoxic necrosis (vacuolation) 
of most of the inner retina, whereas the outer retina is unaffected       
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of thermal destruction after light absorption by the retinal 
pigment epithelium) need only be such as to damage the 
outer retina and not the inner retinal source of vessel growth- 
promoting factor, at least not directly. 

   1.  Targeting the Penumbra 
Obscura with Scatter (PRP) 
Photocoagulation 

 Regression of vitreous neovascularization and iris neovas-
cularization following scatter panretinal photocoagulation 
(PRP) is widely recognized as resulting from re-oxygen-
ation of the hypoxic tissue instigating the angiogenic 
response [ 22 ]. PRP thus compounds the eccentricity-based 
attenuation of the metabolic oxygen barrier represented by 
the rod inner segments since these energy-expensive cells 
are replaced by less energetic glial cells. However, this will 
have no worthwhile effect other than within the penumbra 
obscura (which does not necessarily occupy the whole area 
of capillary closure) or around arteriovenous shunt vessels. 
PRP is unlikely to benefi t from inner retinal tissue that is 
well- oxygenated despite the capillary non-perfusion; it will 
simply degrade peripheral visual fi elds unnecessarily. 
Nor will PRP benefi t more posteriorly located non-perfused 
retina that is already necrotic for want of marginal 
oxygenation. 

 As long as the location of the penumbra obscura remains 
 obscure , clinicians will have to rely on a standardized 
approach to PRP. George Blankenship showed that a distri-
bution of PRP burns that includes the peripheral (post- 
equatorial) fundus as well as the mid-periphery is somewhat 
more effi cacious in reversing diabetic vitreous neovascular-
ization when compared with PRP that includes the area of 
the major temporal vascular arcades and the mid-periphery 
[ 23 ]. Latterly, automatic pattern laser techniques have 
become available that minimize the outer retinal destruction 
necessary to reverse vitreous neovascularization while 
 maintaining or even improving visual fi elds [ 24 ]. The effec-
tiveness of “minimally traumatic” laser, directed solely at the 
pigment epithelium, remains to be established.   

   B.  Vitreoretinal Surgery and Vitreous 
Neovascularization 

 In addition to offering a means of addressing the hemor-
rhagic and tractional complications of vitreous neovascular-
ization, the advent of closed intraocular microsurgery in the 
1970s afforded new insights into the nature of vitreous neo-
vascularization while providing opportunities to explore 
intravitreal pO 2  distribution and to collect intraocular tissue 
and fl uid for laboratory analysis. Pars plana vitrectomy pro-
vides the surgeon with an astonishingly intimate means of 
visualizing and probing the posterior segment pathology of 

vitreous neovascularization, not least in eyes with prolifera-
tive diabetic retinopathy. This has permitted histopathology- 
based concepts to be confi rmed. For example, studies of 
early neovascular outgrowths (or “microproliferations”) in 
proliferative diabetic retinopathy indicate that, after pene-
trating the ILM, new vessel outgrowths incarcerate vitreous 
collagen fi bers before extending horizontally within the pos-
terior vitreous cortex as vascularized preretinal membranes 
with a variable fi brotic component [ 25 ]. Manipulation of the 
preretinal membranes confi rms their incorporation of vitre-
ous extracellular matrix, as does immunohistochemistry of 
excised preretinal membranes for collagen type II [ 26 ]. 

 The process of vitreous incarceration results in a vitreo-
retinal adhesion that is primarily mediated via afferent and 
efferent vascular connections to the retinal veins within a so- 
called venous neovascular peduncle [ 17 ]. Accompanying 
glial outgrowth reinforces the membrano-retinal attachment 
(so-called glial nails) [ 27 ]. Myofi broblast contraction within 
the vascularized preretinal membrane then exerts tangential 
traction on the underlying retina, the tractional forces being 
transmitted via the neovascular peduncles and direct connec-
tions with the sustentacular glia of the retina. This results in 
fi xed retinal folding and traction retinal detachment; the cel-
lular contraction is thereafter “consolidated” by collagen 
type I secretion. The same tractional forces also result in pos-
terior vitreous detachment (PVD) except at these points of 
membrano-retinal adhesion. As a result, previously “fl at” 
new vessels within attached vitreous cortex become “for-
ward” new vessels within detached vitreous cortex, albeit 
with retained attachment to the retina or optic disc at their 
base (“partial PVD”). Extensive rete expansion arising from 
the optic disc, for example, will separate from the peripapil-
lary retina and contract, creating a narrow fi brovascular 
“stalk” that connects the otherwise detached vitreous to the 
disc [ 17 ]. Partial PVD was initially regarded as the vitreous 
conformation that most favored the onset of vitreous neovas-
cularization. However, partial PVD is now recognized to be 
the  consequence  of retained membrano-retinal attachment, 
albeit a recrudescence of vitreous neovascularization may be 
seen if the retina itself begins to detach (Figure  IV.C-2c ). The 
onset of diabetic traction retinal detachment may also pre-
cipitate or exacerbate rubeosis iridis [ 18 ]. 

   1.  Anterior Vitreous 
Neovascularization 

 Fiberoptic endoscopic fl uorescein angiography undertaken 
during vitrectomy for proliferative diabetic retinopathy has 
shown that, in eyes with extensive capillary closure and arterio-
venous shunt vessels that reach beyond the equator, vitreous 
neovascularization can be found within the vitreous base in the 
form of an “oral ridge” [ 28 ]. Intraretinal new vessels breaking 
through the ILL and extending towards the posterior lens cap-
sule have been identifi ed pathologically (Figure  IV.C-4a ) [ 17 ]. 
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  Figure IV.C-4    Anterior vitreous neovascularization. ( a ) Section 
through anterior half of an eye enucleated for diabetic rubeotic glau-
coma (courtesy of R Bonshek); ridge of intraretinal and preretinal new 
vessels at ora serrata ( large arrowhead ) with anterior hyaloidal fi bro-
vascular proliferation towards the lens ( small arrowhead ). ( b ) Scanning 
electron micrograph of digested undersurface of basal retina from nor-
mal postmortem eye; braid ( B ) and skein ( S ) of vitreous collagen 

beneath the thin inner limiting membrane (splits are drying artifacts). 
Putative angiogenic substrate as fi brils from sublaminar skein pene-
trates the lamina and intermingle with prelaminar cortical vitreous (not 
shown). ( c ) Slit-lamp view of aphakic eye with rubeosis iridis after cen-
tral retinal vein occlusion; iris new vessels extend onto anterior vitreous 
membrane substrate. ( d ) Slit-lamp view of clear lens and “retrolental 
neovascularization” 2 months after diabetic vitrectomy       
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A choroidal origin for this particular manifestation of vitreous 
neovascularization is a further possibility.

   Collagen fi bers are progressively secreted into the 
 superfi cial reaches of the basal retina with increasing age, 
extruding into the cortical vitreous through breaks in the thin 
ILM (Figure  IV.C-4b ) [ 29 ]. This collagen framework, span-
ning the vitreoretinal interface, presumably serves as an ini-
tial substrate for intrabasal vitreous neovascularization 
which then uses the anterior vitreous cortex as a substrate 
(Figure  IV.C-4c ). The “anterior hyaloidal fi brovascular pro-
liferation” or “retrolental neovascularization” eventually 
forms a cyclitic membrane (Figure  IV.C-4d ). This anterior 
pathology fi rst came to attention as a complication of PDR 
vitrectomy in eyes with inadequate PRP and an encircling 
band  in situ  [ 30 ]. The scleral indent likely reduced the cho-
roidal pO 2  maximum, causing the penumbra obscura to shift 
anteriorly.  

   2.  Vitreous and Iris Neovascularization 
after Vitrectomy 

 Provided the cortical vitreous continuum is successfully 
removed at surgery for proliferative diabetic retinopathy, no 
re-proliferation of new vessels occurs on the post-basal ret-
ina nor on the optic disc post-vitrectomy. An exception to 
this rule is re-proliferation of preretinal new vessels follow-
ing vitrectomy and silicone oil injection [ 17 ]. It may be, 
however, that retro-silicone oil neovascularization utilizes a 
 fi brin  matrix as a “substrate” in place of vitreous extracellu-
lar matrix (ECM). Indeed, following standard vitrectomy, 
the vitreous chamber fi lls with aqueous humor within which 
vessel growth-promoting factor and oxygen are dispersed. 
This contrasts with the putative pO 2  gradients and chemotac-
tic gradients for vessel growth-promoting factor within intact 
vitreous body [ 31 ]. Thus, the vessel growth-promoting factor 
concentration in the anterior vitreous (relative to that in the 
non-vitrectomized eye) will likely increase, enhancing 
 diffusion of vessel growth-promoting factor through the 
anterior vitreous cortex into the aqueous humor. Postoperative 
induction or exacerbation of iris neovascularization was fre-
quently seen in the early days of vitreous surgery (before 
endolaser technology became available) and especially when 
the lens and anterior vitreous cortex had been removed via 
the pars plana along with the rest of the formed vitreous [ 18 ]. 
In some instances, the anterior vitreous cortex is disrupted 
incidentally at one or more pars plana entry sites during pha-
kic vitrectomy, inducing “pseudo-aphakia.” Alternatively, 
the anterior vitreous cortex and Wieger’s ligament can be 
deliberately disrupted [ 32 ]. Free communication of mole-
cules and cells between vitreous and the anterior chamber 
can be confi rmed by comparing the density of the residual 
red cells suspended in these fl uids immediately postopera-
tively. As in aphakic eyes, however, rapid clearance of resid-

ual blood risks clogging the trabecular meshwork. 
Nevertheless, the optimal surgical recourse in proliferative 
diabetic retinopathy is to combine anterior vitreous cortex 
disruption with endolaser photocoagulation so as to  minimize 
the risk of postoperative iris neovascularization and anterior 
hyaloid vascular proliferation while achieving a low reopera-
tion rate for post-vitrectomy hemorrhage clearance [ 32 ].  

   3.  Vitreous and Iris Neovascularization 
after PVD 

 Complete posterior vitreous detachment (PVD) has a similar 
capability as vitrectomy in preventing rete expansion by 
removing the necessary extracellular matrix substrate from 
the retinal surface (except within the vitreous base). A PVD 
seemingly accounts for the paucity of vitreous neovascular-
ization after CRAO and CRVO and explains the development 
of iris neovascularization in eyes with retinal ischemia but 
with no vitreous neovascularization. Many of the eyes with 
extensive diabetic capillary closure examined by Ashton [ 3 ] 
presumably had PVD to explain the absence of vitreous 
neovascularization. 

 The absence of cortical vitreous from the retinal surface 
precludes rete expansion for lack of a suitable substrate, but 
that is  not  to say that there can be no post-basal preretinal 
neovascularization after PVD. During vitrectomy for PDR, 
removal of lysed blood from the surface of the retina may 
reveal glomerulus-like nodules some 150–400 μm in diame-
ter protruding into the red cell suspension behind the 
detached vitreous cortex [ 33 ]. Postoperative fl uorescein 
angiography shows leaking dye forming a “smokestack” in 
the vitreous fl uid, in contrast to relative confi nement of dye 
to vitreous neovascularization within vitreous extracellular 
matrix, illustrating the operation of the Stokes-Einstein 
equation [ 31 ]. The convectional plume of dye on fl uorescein 
angiography led to the discovery of identical pathology in 
nonoperated eyes with diabetic retinopathy and other isch-
emic retinopathies (not least RVO); all such eyes have preex-
isting PVD (Figure  IV.C-5 ). The topographic distribution of 
these “abortive neovascular outgrowths” is similar to that of 
early vitreous neovascularization (i.e., in proximity to the 
margins of capillary closure). Abortive neovascular out-
growths in diabetic eyes also have a predilection for arterio-
venous crossings, again raising the question of biomechanical 
stimulation of venous endothelial budding [ 33 ].

   Histologically, an abortive neovascular outgrowth com-
prises a roughly spherical mass of contorted vessels forming 
a raspberry-like (or “ bosselated ”) structure [ 34 ]. It has a rela-
tively narrow “neck” that contains the afferent (feeder) and 
efferent (draining) vessels connecting the nodule to a retinal 
vein (Figure  IV.C-5 ). Similar vascular peduncles serving 
rounded aggregations of capillaries are characteristic of 
“glomeruloid microvascular proliferations,” a specifi c type 
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of hypoxia-induced angiogenesis found in tumors [ 35 ]. The 
walls of the endothelium-lined vessels within abortive neo-
vascular outgrowths are grossly thickened owing to fi brin 
insudation (“hyaline sclerosis”), and the vessels sometimes 
undergo aneurysmal dilatation (Figure  IV.C-5 ). These aneu-
rysms and a putative bleeding potential may refl ect the fact 

that there are no pericytes within abortive neovascular out-
growths and minimal intrinsic extracellular matrix (e.g., no 
collagen type I) [ 34 ]. In fact, abortive neovascular out-
growths correspond to the initial neovascular outgrowths 
into the vitreous seen during the vaso-proliferative phase of 
Ashton’s kitten ROP model (so-called  glomerular tufts ) [ 4 ] 

a

b
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d

  Figure IV.C-5    Abortive neovascular outgrowths. ( a ) A large raspberry-
like nodule near an arteriovenous crossing is outlined with red cells 
from diabetic retrocortical (preretinal) hemorrhage ( arrowhead ). ( b ) 
Branch retinal vein occlusion with capillary closure inferotemporally 
on FFA and dye leakage from three abortive neovascular outgrowths in 
close proximity to the closure; convectional plumes of dye in fl uid vit-
reous within retrocortical compartment. ( c ) Scanning electron micro-

graph of “bare”  surface of inner limiting membrane and a protruding 
 glomerulus  of new vessels covered with hemorrhagic debris. ( d ) Light 
microscopic section of same lesion as in ( c ) showing that the “neck” of 
the lesion comprises a neovascular peduncle ( P ); there is an aneurysmal 
dilatation ( A ) within the nodule. ( e ) Surface view of digested retina 
showing three vascular nodules, one with an aneurysm ( A ). Material in 
( c – e ) is from eyes with diabetic retinopathy and courtesy of P Hiscott       
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but without the subsequent horizontal extension. The bio-
logical inference to be drawn from the “natural experiment” 
created by PVD is that, while budding endothelial cells can 
dissolve the vein wall and the ILM at the onset of vitreous 
neovascularization, subsequent vessel growth-promoting 
factor-induced rete expansion (whether by sprouting or split-
ting angiogenesis) and intrinsic collagen type I production is 
dependent on the extrinsic substrate afforded by a vitreous 
ECM that is largely composed of collagen type II. At the 
optic disc, the equivalent abortive neovascular lesion takes 
the form of a network of new vessels that are confi ned to the 
disc with no peripapillary angiogenic amplifi cation [ 17 ,  34 ]. 
Leaking dye forms a wide smokestack or plume on fl uores-
cein angiography. The disc vessels presumably use ECM 
components at the base of the space of Martegiani (now 
detached) as a substrate for proliferation, a substrate that is 
not available on the surface of the peripapillary retina 
after PVD. 

 The tendency for vitreous neovascularization to spare the 
macula in eyes with proliferative diabetic retinopathy and an 
attached vitreous has been attributed to the presence of a 
fl uid-fi lled “pocket” within the vitreous cortex (Worst’s 
premacular bursa). This pocket is thus thought to limit the 
substrate for premacular rete expansion [ 36 ]. An alternative 
or additional explanation is directional growth of new ves-
sels away from the (perfused) macula and towards the mid- 
peripheral retinal capillary closure. 

   a.  Peduncular Avulsion Induces 
Vitreous Hemorrhage 

 Scissors dissection of fi brovascular preretinal membranes 
during vitrectomy for proliferative diabetic retinopathy sel-
dom results in signifi cant bleeding provided the preretinal 
membrane is cleanly “segmented” (with vertical scissors) or 
“delaminated” (using horizontal scissors) [ 27 ]. Such careful 
dissection is thought to allow the myocytes or pericytes 
within the walls of the severed new vessels to contract, thus 
limiting any hemorrhaging. Serious intraoperative bleeding 
is generally the result of “membrane peeling” or preretinal 
membrane dragging during scissors cutting. By this means 
neovascular peduncles are avulsed from the retinal veins 
from which they initially budded. The retinal venous “punc-
turing” at the neovasculature’s most vulnerable point is read-
ily observed during viscodelamination when a fl uid such as 
Healon is injected beneath the preretinal membrane in order 
to elevate it from the retinal surface [ 17 ]. The puncturing of 
the vein can be visualized because the transparent viscoelas-
tic confi nes the bleeding. 

 Peduncular avulsion also underlies spontaneous vitreous 
hemorrhage in proliferative diabetic retinopathy. During 
PVD, separation of a fi brovascular preretinal membrane 
from the underlying retina sometimes extends right through 
the points of peduncular attachment to the arterialized retinal 

veins. The punctured vein releases blood into the preretinal 
(retro-cortical) compartment where it promptly clots and 
thereafter undergoes fi brinolysis (Figure  IV.C-1 ). Thus, the 
vitreous neovascularization itself  is not  the source of the 
hemorrhage and, once a neovascular peduncle has been 
avulsed in this way, no more retinal bleeding is likely to arise 
at that location provided the puncture in the vein is success-
fully repaired. Vitreous hemorrhaging in proliferative dia-
betic retinopathy can therefore be regarded as a process of 
progressive preretinal membrane delamination that can 
potentially result in complete PVD, ghost preretinal mem-
branes within the detached vitreous cortex, and freedom 
from further bleeding [ 17 ]. The process is akin to Ashton’s 
stripping the vitreous cortex from the revascularized retina of 
a kitten’s eye, yielding an intact ex vivo preparation of vitre-
ous neovascularization [ 4 ]. 

 Traditionally, diabetic vitreous hemorrhage has been 
attributed to the fragility of “naked” new vessels, but 
Ballantyne showed long ago that the vessels have their own 
intrinsic extracellular matrix support system (derived from 
myofi broblasts and pericytes) from the outset of rete expan-
sion [ 1 ] . Moreover, PVD-induced bleeding typically occurs 
in association with vascularized preretinal membranes that 
already have a clinically obvious fi brous component and not 
from  rete mirabile . However, minor hemorrhaging may arise 
from abortive neovascular outgrowths (given that they are 
truly “naked”) and from aneurysms at the tips of optic disc 
new vessels extending far and wide over the peripapillary 
retina (Figure  IV.C-2b ).     

   VI.  Molecular Basis of Vitreous and Iris 
Neovascularization 

 The last 20 years have witnessed a huge expansion of knowl-
edge concerning the biochemical and molecular biological 
components of vitreous neovascularization. Much of this 
knowledge has come on the heels of scientifi c progress in the 
fi eld of solid tumor angiogenesis and has formed the basis 
for new therapeutic interventions. 

   A.  Identity of Michaelson’s Biochemical 
Mediator 

 Of the large number of proteins discovered to be part of the 
angiogenic cascade, the candidate molecule satisfying the 
criteria for Michaelson’s vessel growth-promoting factor 
most closely is vascular endothelial growth factor (VEGF-A). 
One of its isoforms—VEGF 165  is a hypoxia-inducible, 
secreted, potent vascular endothelium-specifi c mitogen, as 
well as an endothelial permeability modulator and a neuro-
protectant. Activation of its main receptor (VEGFR-2) 
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results in protease generation for basement membrane lysis 
(the fi rst stage of angiogenesis) as well as initiation of endo-
thelial cell migration and proliferation. Interruption of VEGF 
signaling using anti-VEGF agents is an important  therapeutic 
strategy, therefore, but subject to similar strictures to those 
that applied to direct photocoagulation of vitreous neovascu-
larization 50 years ago. 

 During embryonic development, physiological hypoxia 
stimulates secretion of VEGF by neuroglia and induces reti-
nal vascularization thereby. In proliferative diabetic retinop-
athy, it is primarily hypoxic neurons that produce VEGF and 
induce vitreous neovascularization. VEGF is present in 
higher vitreous concentration in eyes with active vitreous 
neovascularization and in lower concentration in eyes with 
regressed vitreous neovascularization (such as after PRP) 
[ 37 ]. To date, establishing the presence of VEGF gradients 
within the vitreous extracellular matrix has proved problem-
atic albeit the vitreous concentration of VEGF is higher than 
that in the aqueous in phakic eyes. More specifi cally, immu-
nohistochemistry for VEGF protein in proliferative diabetic 
retinopathy eyes shows localization to the retinal veins and 
vitreous neovascularization in keeping “venous budding” 
while sparing the retinal arterial tree, but it provides little 
clue as to the protein’s source. Staining for VEGFR-1 
(Figure  IV.C-6 ) and VEGFR-2 shows a similar spatiotempo-
ral pattern [ 38 ]. Infl ammatory cytokines (such as interleukin-
 6) may also have a role in recruiting new vessels (i.e., 
independently of hypoxia sensing) [ 39 ], which is reminis-
cent of macrophage involvement in wound healing and gran-
ulation tissue formation.

   Activation and involution of vitreous neovascularization 
is dependent on the balance between positive and negative 
endothelial regulators. As well as the Michaelson concept of 
growth factor downregulation, mechanisms contributing to 
neovascular inhibition and regression include (a) alternative 
splicing of VEGF-A to generate antiangiogenic molecules 
such as VEGF 165b ; (b) alternative splicing of VEGF mRNA 
for endogenous production of soluble receptors such as 
sVEGFR-1 that act as decoys to inhibit ligand binding to sig-
naling receptors; and (c) a role for pericytes (with which 
VEGF interacts negatively) in stabilizing new vessels. VEGF 
apart, proteins with proangiogenic roles (such as progenitor 
cell recruitment, vascular remodeling, and collagen type I 
secretion) include placenta growth factor, angiopoietin, and 
connective tissue growth factor, amongst many others [ 39 ].  

   B.  Extracellular Matrix Coupling Enables 
Rete Expansion 

 Vitreous neovascularization depends on adhesive interaction 
between the integrins expressed on the surface of endothelial 
cells (specifi cally α1β1 and α2β1) and collagen type II fi bers 

within the vitreous extracellular matrix. Once the cells are 
thus “coupled” to the extracellular matrix, intracellular sig-
naling pathways that regulate cell survival, migration, prolif-
eration, and differentiation can be activated by proangiogenic 
proteins like VEGF. Integrins also localize enzymes such as 
metalloproteinases to advancing vessels in order to facilitate 
their invading the vitreous extracellular matrix. 
Antiangiogenic components of the vitreous include end-
ostatin, pigment epithelium-derived factor, thrombospondin-
 1, and opticin [ 40 ] (see chapter   I.D    . Vitreous proteomics and 
regression of the fetal hyaloid vasculature). Opticin exerts its 
inhibitory effect by binding to various collagens, here to vit-
reous collagen type II. Because opticin alters their surface 
characteristics, therefore, the collagen fi bers cannot support 
endothelial cell coupling and ensuing rete expansion [ 41 ]. In 
addition, vitreous collagen represents far more than a mere 
physical substrate for neovascularization. Prevention of rete 
expansion by PVD, and the “uncoupled angiogenesis” that 
abortive neovascular outgrowths symbolize, attests to the 
potential value of integrins as targets for antiangiogenic ther-
apy [ 42 ]. Fibrin, an alternative proangiogenic substrate to 
collagen, interacts with endothelial αvβ3 and α5β1 integrins 
in granulation tissue and, possibly, in the space between 
injected silicone oil and ischemic retina.  

   C.  Sources of Michaelson’s Biochemical 
Mediator 

 Retinal sites of VEGF production can be identifi ed ex vivo 
by in situ hybridization for VEGF mRNA using freshly fi xed 
tissue. This technique has been applied both to archival clini-
cal material (e.g., eyes enucleated for iris neovascularization 
secondary to proliferative diabetic retinopathy or CRVO) 
[ 43 ] and to retinal tissue from experimental ischemia (e.g., 
multiple BRVOs in pig and primate eyes [ 44 ] and the rodent 
oxygen-induced retinopathy model) [ 45 ]. The latter differs 
from Ashton’s kitten ROP model in its superior reproduc-
ibility, in the peripapillary location of vaso-obliteration, and 
in the rapidity with which new vessels grow on return to nor-
moxemia. All these resources show uniform patches of 
VEGF in situ hybridization signal within the inner nuclear 
and/or ganglion cell layer. In the oxygen-induced retinopa-
thy model, increased VEGF message after 24 h of normox-
emia correlates precisely with the area of vaso-obliteration, 
indicating diffusion of choroid-derived oxygen across imma-
ture photoreceptors and into the inner retina [ 45 ]. In prolif-
erative diabetic retinopathy and CRVO, the signal was 
provisionally ascribed to “cells residing in a poorly perfused 
region” [ 43 ], but the signal pattern is consistent with a gradu-
ated metabolic oxygen barrier in the mature photoreceptor 
layer allowing marginal oxygenation of mid-peripheral inner 
retina from the choroid. To date, however, there is no report 
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  Figure IV.C-6    Marginal photoreceptor oxygenation from arteriove-
nous shunt vessels. ( a ) Light microscopic section of detached PDR 
retina immunostained for vascular endothelial growth factor receptor-1. 
A retinal vein ( V ) and associated preretinal neovasculature ( NV ) is 
heavily stained ( red signal ), unlike the retinal artery ( A ). Between the 
 large black arrowheads , intact photoreceptor inner segments are 
 evident on the outer aspect of the outer limiting membrane while cor-
responding photoreceptor cell nuclei are apparent on the inner aspect; 

the outer segments have largely been shed.  Small arrowheads  point to 
the limits of similar “tissue cylinders” related to retinal arteries on each 
side of the vein; between the cylinders, the outer nuclear layer is absent 
and the outer limiting membrane is bare. ( b ) Grayscale image of the 
same section as in ( a ) in which a putative Krogh tissue cylinder, oxy-
genated by the retinal vein ( V ), has been highlighted in  yellow ; the pho-
toreceptor inner segments are at or near the critical radius for oxygen 
diffusion from the vein       
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of VEGF in situ hybridization in an eye excised for neovas-
cular glaucoma following CRAO. 

 In eyes with diabetic traction retinal detachment, VEGF 
in situ hybridization shows a strong signal from the outer 
nuclear layer (as well as from inner retina) in patches within 
the detached retina. This was provisionally attributed to pho-
toreceptor hypoxia as a result of the chorioretinal separation 
[ 43 ]. However, histopathology of similar material has 
revealed collections of apparently viable cells that include 
photoreceptors whose inner segments are in geometrical 
relation to mid-sized extramacular arteries and veins [ 19 ]. 
By contrast, photoreceptors located outside the putative 
“Krogh tissue cylinders” had completely disappeared 
(Figure  IV.C-6 ). Diabetic traction retinal detachment thus 
entails a switch from predominant marginal oxygenation of 
the inner retina by the choroidal circulation to predominant 
marginal oxygenation of the outer retina by inner retinal 
arteriovenous shunt vessels. This switch may be the mecha-
nism whereby traction retinal detachment sometimes re- 
ignites vitreous neovascularization (Figure  IV.C-2c ) and iris 
neovascularization. 
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   I.  Introduction 

 The eye is a three-chambered system, consisting of the ante-
rior chamber, posterior chamber, and vitreous chamber. The 
anterior and posterior chambers are separated by the iris and 
fi lled with aqueous fl uid produced by the ciliary epithelium 
and fl owing from the posterior to the anterior chamber 
through the pupil. Fluid is constantly replenished and “turned 
over” in both the aqueous and the vitreous. The fl uid “relief 
valve” is primarily movement of the aqueous from the eye 
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 Key Concepts 

     1.    Accommodation is produced by contraction of the 
ciliary muscle producing a decreased diameter of 
the ciliary ring and a forward translational move-
ment of the lens (owing to vitreous support) produc-
ing a steeper radius of curvature (catenary) of the 
anterior lens.   

   2.    That the posterior zonules merge with the anterior 
vitreous cortex and the accessory zonules of the 
anterior vitreous argues against the horizontal cap-
sular support required in the capsular model of 
accommodation and bolsters the concept of vitre-
ous support (catenary theory).   

   3.    The rapid advances in image resolution, depth of fi eld, 
speed, and sensitivity that are occurring in ophthalmic 
imaging offer the prospect that the mysteries of 
accommodation will be subject to greater understand-
ing and convergence of opinion in the near future.     
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via the trabecular meshwork and Schlemm’s canal, but also 
is transported from the eye via a secondary uveoscleral out-
fl ow route [ 1 – 3 ] involving the ciliary body, choroid, sclera, 
and episcleral tissues. The anterior and posterior chambers 
are normally in communication through the pupil and hence 
in pressure equilibrium. The vitreous is normally also in 
pressure equilibrium with the aqueous. Remarkably, this 
pressure equilibrium is maintained during growth and devel-
opment when there are signifi cant changes in anatomy. 

 Growth of the eye occurs primarily in the fi rst one and one 
half decades of life [ 4 – 6 ]. The volume increases, but the 
pressure remains relatively constant throughout life unless 
disease or trauma intervenes. Normal growth maintains the 
optical cornea-lens-vitreous length relationships. The deli-
cate but precise fl uid production and turnover are basically a 
hydraulic function, i.e., a relatively constant support of the 
retina, choroid, and lens. 

 The vitreous compartment is the largest of the three 
chambers of the eye. A healthy young vitreous is an optically 
transparent gel that fi lls the posterior segment. Vitreous, like 
water, is incompressible, and maintenance of its volume and 
that of the anterior chamber is provided by choroidal and 
non-pigmented ciliary epithelial fl uid production and turn-
over. The anterior vitreous cortex separates from the pars 
plana and comes into contact with the zonules and the poste-
rior lens capsule. It is attached to the posterior lens capsule 
at the ligamentum hyaloidea capsulare (Weigert’s ligament). 
The anterior vitreous cortex (hyaloid) thus constitutes the 
posterior limit of the posterior chamber as well as the ante-
rior limit of the vitreous. It has a high collagen fi bril density 
with fi bers, sometimes termed accessory zonules, oriented 
parallel to the anterior hyaloid surface or face. Using either 
term (“hyaloid” or “face”) to describe the posterior aspect 
of vitreous adjacent to the retina is incorrect [ 7 ]. Vitreous 
liquefaction increases throughout life, making up more than 
half its volume by the eighth decade. Concurrent weaken-
ing of the vitreoretinal interface and liquefaction of the gel 
result in posterior vitreous detachment (PVD) [see chapter 
  II.C.     Vitreous aging and posterior vitreous detachment]. 
Liquefaction without concurrent vitreoretinal dehiscence 
results in anomalous PVD and vitreoretinal traction [ 8 ] [see 
chapter   III.B.     Anomalous posterior vitreous detachment 
and vitreoschisis]. Despite liquefaction, the anterior vitre-
ous maintains its fi brillar/gel composition, so that it and the 
lens act as a diaphragm between the aqueous and vitreous 
chambers. 

 This concept of the anterior cortical vitreous with the lens 
acting as a diaphragm is not universally accepted, but it is 
the basis for a different interpretation of the accommodative 
mechanism. The pressure within a closed, fl uid-fi lled sphere 
such as the eye is uniformly distributed throughout the inner 
surface (Pascal’s law). Vitreous pressure is generally assumed 
to be the same as the aqueous pressure except for transient 

accommodative fl uctuations. Intravitreal pressure, normally 
14–20 mmHg, has been measured directly by cannulation 
using intraocular manometers to rise to over 100 mmHg with 
voluntary squeezing of the lids or 30–50 mmHg with blink-
ing [ 9 ]. In accommodation, the ciliary muscle, strategically 
positioned between the chambers, contracts and increases 
pressure in the vitreous and the choroid, producing a tran-
sient pressure differential with respect to the anterior/pos-
terior chambers due to the presence of the anterior vitreous 
cortex (hyaloid face) diaphragm. With accommodation, lens 
position and shape are altered (no volume change), and aque-
ous chamber fl uid is redistributed around the lens to relieve 
this pressure differential. This, according to the Coleman 
theory of accommodation described in more detail below, 
can provide a supporting pressure behind the lens contrib-
uting to accommodation. Differential pressure measurement 
has not yet been performed in humans but has been per-
formed in primates [ 10 ]. 

 In 1970, Duke Elder summarized accommodative theo-
ries by stating: “ Every possible hypothesis has been put for-
ward to explain the rationale of accommodation ” [ 11 ]. He 
was far too optimistic. There continue to be new observa-
tions and hypotheses explaining accommodation of the eye. 
In addition to reviewing alternative theories, this chapter will 
describe the vitreous physiology and its mechanical function 
during accommodation.  

   II.  Accommodation Theories 

 The theories of accommodation have largely coalesced into 
two general concepts: the Helmholtz capsular elasticity the-
ory and the vitreous support or catenary theory. 

   A.  Lens Support of Accommodation 
(d’après Helmholtz) 

 Hermann von Helmholtz proposed his capsular theory of 
accommodation in 1855 [ 12 ]. It is still the most widely held 
concept despite several challenges. The capsular theory, in 
brief, attributes an equatorial zonular force or traction via 
relaxation of the ciliary body to fl atten the lens (disaccom-
modation) and a release of zonular force by contraction of 
the ciliary body to allow capsular elasticity to round up the 
lens (accommodation) (Figures  IV.D-1  and  IV.D-2 ). Cramer 
[ 13 ], Tscherning [ 14 ], von Pfugk [ 15 ], and more recently 
Coleman [ 10 ,  16 ] proposed vitreous support of the lens in 
accommodation. The earlier vitreous support proposals were 
discredited largely because of observations such as: the iris 
was felt to contribute to fl attening of the peripheral anterior 
lens curvature, but it was shown that aniridia still has the 
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same lens shape, or a loose capsular bag was noted when a 
lens had absorbed post-injury [ 17 ] and thus indicated capsu-
lar relaxation in accommodation.

    It is the incontrovertible appearance of a “relaxed zon-
ule” in accommodation that is the most diffi cult for many 
observers to reconcile with vitreous support. It is due to a 
more posteriorly directed zonule force to the lens that allows 
the translational forward movement of the lens to have less 

horizontal stability than in the tensed zonule disaccommo-
dated state. The longer moment of force and gravity gives 
the appearance of a relaxed zonule. Vitreous support also 
explains why gravity can increase the accommodative state 
(it is easier to read looking lower), and convergence (with 
increased vitreous support by the medial rectus muscle con-
traction) can increase accommodative amplitude. While 
the contraction of the ciliary body could allow elastic lens 
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  Figure IV.D-1     Top : free body diagram of Helmholtz model of accom-
modation showing zonular forces and resultant equatorial force in a 
system free from a vitreous-aqueous pressure gradient.  Bottom : free 
body diagram of present model of accommodation showing combined 

effects of a vitreous-aqueous pressure gradient and capsular forces in 
producing posteriorly directed zonular force. Components of vitreous 
forces are depicted counteracting lens forces (This fi gure was published 
in Coleman [ 16 , p. 1072]. Copyright Elsevier (1970))       
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 properties to round up the lens, the weakness of the ciliary 
body zonule anatomy makes disaccommodation very ques-
tionable (Figure  IV.D-3 ).

   There have been many other theories over the years. 
Schachar [ 18 ] and Rohen [ 19 ] have also proposed theories 
that relate to zonular compression of the lens (Schachar) or 
to accessory attachments of the zonule to the ciliary body 
(Rohen). Fincham and Fisher have written extensive descrip-
tions of the capsular mechanism. Fincham’s monograph in 
the British Journal of Ophthalmology is a classic [ 20 ]. While 
supporting the capsular theory, he does, however, include 
vitreous support in his summary.  

   B.  Catenary Theory of Vitreous Support 
for Accommodation (d’après Coleman) 

 The second general concept is that the vitreous body sup-
ports the lens in accommodation (Figure  IV.D-1 ). The 
hydraulic theory proposed by Coleman attributes vitreous 
support of the lens to cause a forward translational move-
ment of the lens and a reproducible “catenary” shape by 
molding the anterior lens surface in the zonule capsule sling 
(Figure  IV.D-4 , Video  IV.D-1 ). This effect occurs instantly 
and provides an aspheric lens surface that can be documented 

with ultrasound or optical techniques. A catenary is defi ned 
as the  curvature assumed by a non-extensible cable sus-
pended between two supports. Technically it is a graph of a 
hyperbolic cosine function. The shape is, in three dimen-
sions, that of an aspheric lens. The posterior lens surface 
changes very little due to vitreous support and equal distribu-
tion of pressure from the vitreous (Pascal’s law).

   Pressure measurements demonstrating the difference 
(differential pressure) between the vitreous and aqueous 
described by Coleman in primates [ 10 ] prove the presence 
of a diaphragm effect of the lens-zonule and the anterior 
vitreous cortex (hyaloid face) (Figure  IV.D-5 ). Croft et al. 
[ 21 ,  22 ] recently described peripheral anterior vitreous cor-
tex backward movement with stimulus of the Edinger-
Westphal nucleus in primates (Video  IV.D-2 , courtesy of 
MaryAnn Croft, MS) that indicates a diaphragm pressure 
gradient. This peripheral backward pressure can be inter-
preted as supporting the central lens since the vitreous is a 
noncompressible fl uid. (If the periphery goes back, then the 
center has to come forward.) Earlier, van Alphen described 
a piston-like lens movement with Edinger-Westphal nucleus 
stimulation in cats [ 23 ]. Van Alphen noted that not only 
does the ciliary muscle contract the circular sphincter but 
also “leads to increased tension in any part of the choroid 
and that its tone affects part of the intraocular pressure.” 

  Figure IV.D-2     Top : Helmholtz’s 
drawing demonstrating his the-
ory of accommodation. The  left 
half  of the image shows relaxed 
accommodation ( R ). The  right 
half  shows the increase in lens 
thickness and decrease in equa-
torial diameter after ciliary mus-
cle contraction ( A ).  Bottom : a 
composite of two MRI images. 
The  left half  is an image acquired 
with relaxed accommodation, 
while the subject, a 26-year-old 
subject, views a far target. The 
 right half  is an image acquired 
during accommodation, while 
the subject views a near target. 
It shows an increase in lens 
thickness and a decrease in equa-
torial diameter upon ciliary mus-
cle contraction (With permission 
from Strenk 
et al. [ 60 ])       

 

D.J. Coleman et al.



499

This observation also noted by Lutjen-Drecoll et al. [ 21 ] 
emphasizes vitreous support of accommodation. It is this 
diaphragm effect  allowing the vitreous to support the lens 
and form the anterior catenary shape that is disputed by 
capsular theorists. There is an ever-increasing body of evi-
dence, however, indicating that the anterior vitreous and the 
lens operate as a unit.

       III.  Imaging of Accommodation 

 Although the presence of the iris and sclera impedes visual-
ization of the ciliary body and zonules, ultrasound and OCT 
have been applied in several studies of the accommodative 
process. While the recently developed anterior segment spec-
tral domain OCTs operating in the 840 nm band cannot visu-
alize the ciliary body due to scattering by the overlying sclera, 
the time-domain Visante (Carl Zeiss Meditec, Inc, Dublin, 
CA), operating at 1,310 nm, can often achieve suffi cient pen-

etration to depict the ciliary muscles. Taking advantage of this 
capability, Lossing et al. [ 24 ] and Sheppard and Davies [ 25 ] 
used the Visante to visualize and measure the ciliary muscle 
in children and young adults under accommodative stimulus, 
documenting alterations in muscle confi guration with accom-
modation. The Visante has also been used to study changes in 
anterior chamber depth during accommodation [ 26 ,  27 ]. Shen 
et al. [ 28 ] developed a spectral domain OCT system utilizing 
a custom spectrometer that provides extended focal depth, 
allowing simultaneous imaging of the cornea and both ante-
rior and posterior lens surfaces (within the pupil), and an 
example of which is provided in Figure  IV.D-6 . This technol-
ogy has allowed studies of anterior chamber and lens thick-
ness during the accommodative process [ 29 ,  30 ] as well as 
ex vivo studies of the isolated lens during simulated accom-
modation [ 31 ]. Swept-source OCT systems operating at 
1,050 nm have also been able to achieve greater depth of 
fi eld, with images up to 12 mm in depth, and high sensitivity, 
enabling assessment of the posterior vitreous [ 32 ].

  Figure IV.D-3    The integrity of the vitreous zonule-lens unit can be 
seen in the human eye by peeling away the ciliary body. This demon-
strates that the ciliary body could produce an accommodated lens but 

not a disaccommodated lens by the capsular (Helmholtz) theory 
(This fi gure was published in Coleman [ 51 , p. 1545]. Copyright Elsevier 
(2001))       
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   We have made extensive use of B-scan high-frequency 
ultrasound to demonstrate changes in the lens as well as ante-
rior vitreous zonules [ 33 ] (Figure  IV.D-7 ). Ultrasound biomi-
croscopy (UBM) studies in primates were carried out by 
Glasser [ 34 ], by Schachar [ 35 ], and by Croft et al. [ 36 ] Adam, 
Pavlin, and Ulanski described iris bowing in patients with 
pigmentary glaucoma during accommodation [ 37 ]. UBM-
based clinical studies of ciliary body confi guration in accom-
modation were carried out by Jeon et al. (in myopia) [ 38 ], 
Stachs et al. (in 3D) [ 39 ,  40 ], and by Park (pre- and post-cat-
aract extraction) [ 41 ]. Modesti et al. [ 42 ] also imaged the eye 
pre- and post-cataract extraction, evaluating the confi guration 
of the lens capsular bag with accommodative effort. UBM has 
also been used to study the zonules in relation to the lens and 
ciliary body during accommodation [ 21 ,  43 ,  44 ].

   In addition to OCT and US, magnetic resonance imaging 
has also been used to visualize the accommodative process. 
Using a 1.5 tesla (T) fi eld and surface coils, Kasthurirangan 
et al. [ 45 ] studied the refractive properties of the lens during 
the accommodative process in clinical subjects, acquiring 
images in slightly over 2 min with 0.15 mm in-plane resolu-

tion and 3 mm slice thickness. Jones et al. [ 46 ] also studied 
accommodation using a 1.5 T MRI, achieving 0.25 mm in- 
plane resolution in 3 mm slices with an acquisition time of 
about 3 min. Strenk et al. [ 47 ,  48 ] used a 1.5 T MRI with a 
custom eye coil and a T1-weighted, single-echo, multislice, 
spin-echo technique with 3 mm slices to study the eye and 
the ciliary body in accommodation (see Figure  IV.D-2 ) in 
phakic and pseudophakic eyes, achieving 0.078 in-plane 
resolution. The large slice thickness and the long acquisition 
time of 1.5 T MRI make the images subject to degradation 
by eye motion and microsaccades. Richdale et al. [ 49 ] 
addressed these factors by using a 7 T MRI with a custom 
RF coil to achieve 3D resolution of 0.15 × 0.25 × 1.00 mm 3  
or 0.0375 mm 3  per voxel, acquiring images in less than 
30–40 s. Using signal processing and patient preparation 
techniques (such as taping the eyelids closed while fi xating 
with the contralateral eye), the best signal-to-noise ratio and 
contrast were achieved with T1-weighted images that were 
characterized by low signal for the vitreous and anterior and 
posterior chambers and high signal for the lens and ciliary 
body.  

  Figure IV.D-4    Very high-frequency ultrasound (35 MHz) demonstrat-
ing the congruence of an un-retouched Artemis image of the anterior 
lens shape and a catenary suspension bridge (The San Francisco Bay 

Bridge). The image is seen better on Video IV.D-1, also demonstrates 
the posterior direction of the zonules       
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   IV.  Observed Changes in Lens Shape 
During Accommodation 

 There is general agreement about many observations of the 
lens during accommodation:
    1.    The lens changes shape, with the anterior lens surface 

becoming steeper centrally and fl attening toward the 
equator. Koretz described the shape as paraboloid [ 50 ]. 
Coleman terms it a catenary [ 51 ]. Both are similar poly-
nomials. The posterior lens capsule is thin, and its cur-
vature does not change appreciably (as expected by 
Pascal’s law and vitreous support). The anterior lens 
capsule varies in thickness and is thicker in the periph-
ery. The elastic modulus of the capsule has been esti-
mated by several investigators, most thoroughly by 
Fincham [ 52 ] and by van Alphen [ 53 ] who also calcu-
lated the elasticity of all ocular tissues. The elastic mod-
ulus may be suffi cient to mold the lens, but the question 

of the modulus being suffi cient to rapidly and reproduc-
ibly model the anterior and posterior curvatures of the 
lens is disputable, as is the elastic constant of the zon-
ules. They are, however, suitable to support a catenary. 
The lens elongates axially in the accommodated state. 
The equator narrows. The posterior pole usually (but not 
always) moves back, but not as much as the anterior pole 
moves forward, thus indicating a translational forward 
movement of the lens [ 10 ].   

   2.    Lens change in accommodation is rapid and reproducible, 
requiring approximately 300 μs, more easily explained by 
molding than by elastic recovery.   

   3.    Accommodation amplitudes are increased by conver-
gence, i.e., medial rectus contraction will increase accom-
modation, explained by increased vitreous support.   

   4.    The posterior capsule and the anterior vitreous cortex 
(hyaloid face) are attached to the lens at Weigert’s liga-
ment, a circular attachment outside the optical area of the 
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  Figure IV.D-5    Tracing of pres-
sure fl uctuations in a primate eye 
following electrical stimulation of 
ciliary body. 
A vitreous pressure rise occurs 
simultaneously with an aqueous 
drop in pressure. A subsequent 
“rebound” aqueous pressure rise 
is then seen without any corre-
sponding drop in vitreous pres-
sure. This aqueous pressure 
slowly drops back to prestimulus 
level (This fi gure is modifi ed from 
Coleman [ 10 , p. 855] and repub-
lished with permission of the 
American Ophthalmological 
Society)       
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  Figure IV.D-6    Cross-sectional image of the anterior segment of a 
35-year-old human eye in the relaxed state acquired with extended depth 
spectral domain OCT at 840 nm. The axial resolution of the system is 
8 m in air. The main ocular structures are indicated: cornea ( C ), anterior 
chamber ( AC ), crystalline lens ( L ), iris ( I ), and angle ( A ). The image 

consists of 1,000 A-lines of 2,556 (axial) pixels each. The size of the 
frame in the axial direction is 9.5 mm when the mean group refractive 
index of the anterior segment is taken to be 1.37 at 840 nm. The lateral 
scanning length was set to 16 mm (Image courtesy of Marco Ruggeri, 
Bascom Palmer Eye Institute, University of Miami, Miami, FL)       

  Figure IV.D-7    Artemis-3 very high-frequency ultrasonograms of the anterior segment of an eye demonstrating the iris and lens movement with 
accommodation and the radius change of the anterior capsule between near ( left image ) and far ( right image )       
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posterior lens allowing the lens and anterior vitreous to 
function as a unit.   

   5.    The equator of the lens may be molded by the reduction 
of the ciliary ring (Mueller’s muscle) and displacement of 
Hannover’s space [ 54 ]. (This is easily seen with a lens 
model that can reproduce all the lens features simply by 
vitreous support and constricting the ciliary opening 
[ 10 ].) (Figure  IV.D-8 )

       6.    Sagittal section of the lens shows uniform anterior and 
posterior optical lens curves, but coronal sections show a 
marked crenellation of the equator. This is unexplainable 
by a purely capsular mechanism, except as a local distor-
tion produced by zonular insertion that inexplicably does 
not affect the optical surfaces.   

   7.    Zonular anatomy is posteriorly directed from the lens to 
the origin at the suprachoroidal lamina at the ora serrata.   

   8.    “Accessory zonules” in the anterior vitreous seen with 
ultrasound (Figure  IV.D-9 ) tend to parallel the zonular 
alignment and argue for a posteriorly directed zonular 
lens force as well as an integrated lens, zonule, and ante-
rior vitreous unit [ 21 ]. As declared by the Munich group, 
“The vitreous zonule system may help to smoothly trans-
late to the lens the driving forces of accommodation and 
disaccommodation” [ 43 ].

       9.    Contraction of the ciliary muscle produces traction on the 
choroid [ 23 ].      

   V. Summary 

 In summary, if one accepts vitreous support of the lens during 
accommodation, then fl attening of the lens (disaccommoda-
tion) is produced by a dilation of the ciliary muscle aperture 
and a posterior translational movement of the fl attened lens. 
Accommodation is produced by a contraction of the ciliary 
muscle producing a decreased diameter of the ciliary ring, a 
forward translational movement of the lens producing a 
steeper radius of curvature (catenary) of the anterior lens 
(Figures  IV.D-7  and  IV.D-8 ). The anterior lens shape of 
paraboloid [ 55 ,  56 ] or catenary [ 51 ] is instantly reproducible. 
Redistribution of anterior chamber fl uid reinforces equatorial 
lens diameter reduction [ 54 ]. Furthermore, as Armaly and 
Burian have noted, increased outfl ow of aqueous would help 
sustain the accommodated state with less energy [ 57 ]. 

 If one does NOT accept vitreous support, then (a) 
 accommodation must be attributed to ciliary muscle con-
traction causing equatorial lens relaxation and zonule ten-
sion to allow the lens to move forward, as if on rollers, 
and (b) lens shape change is entirely due to lens capsular 
elasticity, with differences in thickness of the capsule 
responsible for the curvature differences. Vitreous sup-
port is not required or responsible for the change in lens 
shape. The strength of the zonular attachment to the cili-
ary processes is disputed (Figures   IV.D-3  and  IV.D-10 ).

Pylons 12 1/2cm Pylons 12cm
5% reduction in “diameter”

  Figure IV.D-8    Five percent reduction in sphincter diameter produces 
dramatic change in suspension dynamics in order to produce steeper 
radius of curvature centrally in this paraboloid catenary diaphragm 

model. This catenary lens shape is an aspheric lens, which helps explain 
the human eye’s depth of fi eld       
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   One argument commonly used by capsule theorists is 
that “vitrectomized eyes can still accommodate.” This 
result is to be expected, because in lens sparing vitrectomy 
surgeries, the anterior vitreous is not removed, leaving the 
anterior vitreous cortex diaphragm intact. Martin and 
Guthoff et al. [ 58 ] published an elegant fi nite element 
analysis comparing the “Helmholtz” and “Coleman” mod-
els and found that a greater change in anterior lens curva-
ture is produced with the Helmholtz model than the 
Coleman model. Unfortunately, they used a horizontal 
zonular force for both computations, making the compara-
tive observation of questionable value. They did, however, 
document that anterior lens shape changes are possible 
with either theory. The Coleman model requires a posteri-
orly directed zonular force. A video (Video  IV.D-1 ) dem-
onstrating the perfect correspondence of a catenary 
suspension and the anterior lens capsule by ultrasound fur-
ther confi rms the vitreous support of the lens into a shape 
consistent with all optical and ultrasound imaging. High-
resolution ultrasound imaging also documents both the 
zonule direction and location as well as accessory zonules 
in the anterior vitreous (Figure  IV.D-9 ). Parel [ 59 ] and also 
Lutjen-Drecoll et al. [ 21 ] have demonstrated that the pos-
terior zonule merges with the anterior vitreous cortex, and 
they have shown the zonule passage through the ciliary 
processes back to the suprachoroidal lamina with elegant 
clarity (Figure  IV.D-10 ). The strength of a ciliary body 
attachment is necessary for fl attening of the lens, but is 
hard to justify. This and other ultrasound imaging of acces-

sory zonules in the anterior vitreous further argue against 
the horizontal capsular support required in the capsular 
model and justify the concept of vitreous support. Indeed, 
the preponderance of observations thus indicates vitreous 
support of the lens in accommodation to be capable of pro-
ducing shaping of the lens. There is no question that fur-
ther observations will lead to additional clarifi cation about 
the mechanical interaction of ciliary body, lens vitreous 
unit, and relation of choroidal tension and movement to 
the accommodative process, but the body of evidence to 
support an anterior vitreous-lens unit is increasing and 
compelling. For example, measurement of lens and zonule 
dimensions during ciliary contraction and accommodation 
is of great importance. High-frequency ultrasound as well 
as other imaging techniques can show not only the lens 
shape but critical dimensions of ciliary body and the zon-
ule relationships. The entire vitreous volume and changes 
during accommodation will also be measurable to further 
clarify our understanding of accommodative and physio-
logic functions of the eye. 

 The nature of the accommodative process has been 
subject to examination, speculation, and theory for well 
over a century, and controversy has not abated. The rapid 
advances in resolution, depth of fi eld, speed, and sensitiv-
ity taking place in imaging technologies such as MRI, US, 
and OCT [see chapter   II.F.     To see the invisible – the quest 
of imaging vitreous] offer the prospect that the mysteries 
of accommodation will be subject to greater understand-
ing and convergence of opinion in the near future.      

  Figure IV.D-9    Ultrasound image demonstrating the accessory zonules in the anterior vitreous that parallel and support the concept of an anterior 
vitreous-zonule-lens unit       

 

D.J. Coleman et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_12


505

      References 

    1.    Bill A, Hellsing K. Production and drainage of aqueous humor in 
the cynomolgus money (Macaca irus). Invest Ophthalmol Vis Sci. 
1965;4:920–6.  

   2.    Bill A. Conventional and uveo-scleral drainage of aqueous humour 
in the cynomolgus monkey (Macaca irus) at normal and high intra-
ocular pressures. Exp Eye Res. 1966;5:45–54.  

    3.    Bill A. The routes for bulk drainage of aqueous humour in the ver-
vet monkey (Cercopithecus ethiops). Exp Eye Res. 1966;5:55–7.  

    4.    Wilmer HA, Scammon RE. Growth of the components of the 
human eyeball; I. Diagrams, calculations, computation and refer-
ence tables. Arch Ophthalmol. 1950;43(4):599–619.  

   5.    Scammon RE, Wilmer HA. Growth of the components of the 
human eyeball; II. Comparison of the calculated volumes of the 
eyes of the newborn and of adults, and their components. Arch 
Ophthalmol. 1950;43(4):620–37.  

  Figure IV.D-10    Attachment of zonule and passage between ciliary 
processes using confocal microscopy from a poster presented at the 
2013 annual meeting of the Association for Research in Vision and 

Ophthalmology by Heather Durkee, Steven Bassnett, Yanrong Shi, 
Esdras Arrieta, Sonia Yoo, and Jean- Marie Parel from the University of 
Miami School of Medicine (Courtesy of Jean Marie Parel, PhD)       

 

IV.D. Physiology of Accommodation and Role of the Vitreous Body



506

    6.    Oppel O. About some special aspects of the development of the 
human visual apparatus and its visual functions. Klin Monbl 
Augenheilkd. 1966;48(3):321–40.  

    7.    Ruby AJ, Williams GA, Blumenkranz MS. Vitreous humor. In: 
Tasman W, Jaeger E, editors. Duane’s foundations of clinical oph-
thalmology. Philadelphia: Lippincott Williams & Wilkins; 2000.  

    8.    Sebag J. Anomalous posterior vitreous detachment: a unifying con-
cept in vitreo-retinal disease. Graefes Arch Clin Exp Ophthalmol. 
2004;242:690–8.  

    9.    Coleman DJ, Trokel S. Direct-recorded intraocular pressure varia-
tions in a human subject. Arch Ophthalmol. 1969;85(2):637–40.  

         10.    Coleman DJ. On the hydraulic suspension theory of accommoda-
tion. Trans Am Ophthalmol Soc. 1986;84:846–68.  

    11.    Duke-Elder S. System of ophthalmology. Ophthalmic optics and 
refraction. St Louis: Mosby; 1970.  

    12.    von Helmholtz H. Über die akkommodation des augues. Albrecht 
Von Graefes Arch Klin Exp Ophthalmol. 1855;1:1–89.  

    13.    Cramer A. Tijdschrift der maatshappij vor geneeskunde, 
Nederlandisch. Lancet. 1851;1:529–41.  

    14.    Tscherning M. Physiologic optics, dioptrics of the eye, functions of 
the retina, ocular movements and binocular vision. Philadelphia: 
C. Weiland; 1904.  

    15.    von Pfl ugk A. Neve wege zur erforschung der lehre von der akkom-
modation, der glaskorper im akkommodierenden auge. Albrecht 
Von Graefes Arch Klin Exp Ophthalmol. 1935;133:454–571.  

     16.    Coleman DJ. Unifi ed model for accommodative mechanism. Am 
J Ophthalmol. 1970;69:1063–79.  

    17.    Graves B. Changes of tension on the lens capsule during accom-
modation and under the infl uence of various drugs. Br Med 
J. 1926;9:46–50.  

    18.    Schachar RA. Zonular function: a new hypothesis with clinical 
implications. Ann Ophthalmol. 1994;26:36–8.  

    19.    Rohen JW. Experimental studies on the trabecular meshwork in 
primates. Arch Ophthalmol. 1963;69:335–49.  

    20.    Fincham EF. The accommodation refl ex and its stimulus. Br 
J Ophthalmol. 1951;35(7):381–93.  

        21.    Lutjen-Drecoll E, Kaufman P, Wasielewski R, Lin TL, Croft 
MA. Morphology and accommodative function of the vitreous 
 zonule in human and monkey eyes. Invest Ophthalmol Vis Sci. 
2010;51(3):1554–64.  

    22.       Croft MA, Nork TM, McDonald JP, Katz A, Luetjen-Drecoll E, 
Kaufman PL. Accommodative movements of the vitreous 
 membrane, choroid, and sclera in young and presbyopic human and 
nonhuman primate eyes. Invest Ophthalmol Vis Sci. 
2013;54(7):5049–58.  

     23.    van Alphen GW. On emmetropia and ametropia. Ophthalmologica. 
1961;142(S1):1–92.  

    24.    Lossing LA, Sinnott LT, Kao CY, Richdale K, Bailey MD. Measuring 
changes in ciliary muscle thickness with accommodation in young 
adults. Optom Vis Sci. 2012;89:719–26.  

    25.    Sheppard AL, Davies LN. In vivo analysis of ciliary muscle mor-
phologic changes with accommodation and axial ametropia. Invest 
Ophthalmol Vis Sci. 2010;51:6882–9.  

    26.    Baikoff G. Measurement of accommodation. Anterior segment 
optical coherence tomography. Thorofare: Slack; 2008.  

    27.    Malyugin BE, Shpak AA, Pokrovskiy DF. Accommodative changes 
in anterior chamber depth in patients with high myopia. J Cataract 
Refract Surg. 2012;38:1403–7.  

    28.    Shen M, Wang MR, Yuan Y, et al. SD-OCT with prolonged scan 
depth for imaging the anterior segment of the eye. Ophthalmic Surg 
Lasers Imaging. 2010;41:S65–9.  

    29.    Du C, Shen M, Li M, Zhu D, Wang MR, Wang J. Anterior segment 
biometry during accommodation imaged with ultralong scan depth 
optical coherence tomography. Ophthalmology. 2012;119:2479–85.  

    30.    Yuan Y, Chen F, Shen M, Lu F, Wang J. Repeated measurements of 
the anterior segment during accommodation using long depth opti-
cal coherence tomography. Eye Contact Lens. 2012;38:102–8.  

    31.    Kim E, Ehrmann K, Uhlhorn S, Borja D, Arrieta-Quintero E, Parel 
JM. Semiautomated analysis of optical coherence tomography 
crystalline lens images under simulated accommodation. J Biomed 
Opt. 2011;16(5):056003-1-11.  

    32.    Itakura H, Kishi S, Li D, Akiyama H. Observation of posterior pre-
cortical vitreous pocket using swept source optical coherence 
tomography. Invest Ophthalmol Vis Sci. 2013;54(5):3102–7.  

    33.    Coleman DJ, Silverman RS, Lizzi FL, Rondeau MJ, Reinstein DZ, 
Lloys H, Daly SW. Ultrasonography of the eye and orbit. 
Philadelphia: Lippincott Williams & Wilkins; 2006.  

    34.    Glasser A, Kaufman PL. The mechanism of accommodation in pri-
mates. Ophthalmology. 1999;106:863–72.  

    35.    Schachar RA, Kamangar F. Computer image analysis of ultrasound 
biomicroscopy of primate accommodation. Eye. 2006;20:226–33.  

    36.    Croft MA, McDonald JP, Nadkarni NV, Lin TL, Kaufman PL. Age- 
related changes in centripetal ciliary body movement relative to 
centripetal lens movement in monkeys. Exp Eye Res. 2009;89:
824–32.  

    37.    Adam RS, Pavlin CJ, Ulanski LJ. Ultrasound biomicroscopic anal-
ysis of iris profi le changes with accommodation in pigmentary 
glaucoma and relationship to age. Am J Ophthalmol. 2004;138(4):
652–4.  

    38.    Jeon S, Lee WK, Lee K, Moon NJ. Diminished ciliary muscle 
movement on accommodation in myopia. Exp Eye Res. 2012;105:
9–14.  

    39.    Stachs O, Martin H, Behrend D, Schnitz KP, Guthoff R. Three- 
dimensional ultrasound biomicroscopy, environmental and conven-
tional scanning electron microscopy investigations of the human 
zonula ciliaris for numerical modelling of accommodation. Graefes 
Arch Clin Exp Ophthalmol. 2006;244:836–44.  

    40.    Stachs O, Martin H, Kirchhoff A, Stave J, Terwee T, Guthoff 
R. Monitoring accommodative ciliary muscle function using three- 
dimensional ultrasound. Graefes Arch Clin Exp Ophthalmol. 
2002;240:906–12.  

    41.    Park KA, Yun JH, Kee C. The effect of cataract extraction on the 
contractility of ciliary muscle. Am J Ophthalmol. 2008;146:8–14.  

    42.    Modesti M, Pasqualitto G, Appolloni R, Pecorella I, Sourdille 
P. Preoperative and postoperative size and movements of the lens 
capsular bag: ultrasound biomicroscopy analysis. J Cataract Refract 
Surg. 2011;37:1755–84.  

     43.    Ludwig K, Wegscheider E, Hoops JP, Kampik A. In vivo imaging 
of the human zonular apparatus with high-resolution ultrasound 
biomicroscopy. Graefes Arch Clin Exp Ophthalmol. 1999;237:
361–71.  

    44.    Wasilewski R, McDonald JP, Heatley G, Lutjen-Drecoll E, 
Kaufman PL, Croft MA. Surgical intervention and accommodative 
responses, II: forward ciliary body accommodative movement is 
facilitated by zonular attachments to the lens capsule. Invest 
Ophthalmol Vis Sci. 2008;49:5495–502.  

    45.    Kasthurirangan S, Markwell EL, Atchison DA, Pope JM. In vivo 
study of changes in refractive index distribution in the human crys-
talline lens with age and accommodation. Invest Ophthalmol Vis 
Sci. 2008;49:2531–40.  

    46.    Jones CE, Atchison DA, Pope JM. Changes in lens dimensions and 
refractive index with age and accommodation. Optom Vis Sci. 
2007;84(10):990–5.  

    47.    Strenk SA, Strenk LM, Guo S. Magnetic resonance imaging of 
aging, accommodating, phakic and pseudophakic ciliary muscle 
diameters. J Cataract Refract Surg. 2006;32:1792–8.  

    48.    Strenk SA, Strenk LM, Semmlow JL, DeMarco JK. Magnetic reso-
nance imaging study of the effects of age and accommodation on 

D.J. Coleman et al.



507

the human lens cross-sectional area. Invest Ophthalmol Vis Sci. 
2004;45(2):539–45.  

    49.    Richdale K, Wassenaar P, Bluestein KT, et al. 7 Tesla MR imaging 
of the human eye in vivo. J Magn Reson Imaging. 2009;30:
924–32.  

    50.    Koretz JF, Cook CA, Kaufman PL. Accommodation and presbyopia 
in the human eye: changes in the anterior segment and crystalline 
lens with focus. Invest Ophthalmol Vis Sci. 1997;38(3):569–78.  

      51.    Coleman DJ, Fish SK. Presbyopia, accommodation, and the mature 
catenary. Ophthalmology. 2001;108(9):1544–51.  

    52.    Fincham EF. The function of the lens capsule in the accommoda-
tion of the eye. Trans Opt Soc. 1928;30:101–37.  

    53.    van Alphen GW, Graebel WP. Elasticity of tissues involved in 
accommodation. Vision Res. 1961;31(7/8):1417–38.  

     54.    Croft MA, Glasser A, Kaufman PL. Accommodation and presby-
opia. Int Ophthalmol Clin. 2001;41:33–46.  

    55.    Koretz JF, Handelman GH. Modeling age-related accommodative 
loss in the human eye. Math Model. 1986;7:1003–14.  

    56.    Koretz JF, Handelman GH. Model of accommodative mechanism 
in the human eye. Vision Res. 1982;22:917–27.  

    57.    Armaly MF, Burian HM. Changes in the tonogram during accom-
modation. Arch Ophthalmol. 1958;60(1):60–9.  

    58.    Martin H, Guthoff R, Terwee T, Schmitz KP. Comparison of the 
accommodation theories of Coleman and of Helmholtz by fi nite 
element simulations. Vision Res. 2005;45(22):2910–5.  

    59.    Nankivil D, Manns F, Arrieta-Quintero E, et al. Effect of anterior 
zonule transection on the change in lens diameter and power in 
cynomolgus monkeys during simulated accommodation. Invest 
Ophthalmol Vis Sci. 2009;50(8):4017–21.  

    60.       Strenk SA, Strenk LM, Koretz JF. The mechanism of presbyopia. 
Prog Retin Eye Res. 2005;24:379–93.    

IV.D. Physiology of Accommodation and Role of the Vitreous Body



509J. Sebag (ed.), Vitreous: in Health and Disease,
DOI 10.1007/978-1-4939-1086-1_29, © Springer Science+Business Media New York 2014

   I.  Introduction 

 Over the last 10 years, the success of anti-vascular endothe-
lial growth factor (VEGF) antibodies for the treatment of 
neovascular age-related macular degeneration (AMD) has 
made the use of intravitreal injections for the treatment of 
posterior segment disease commonplace. The application of 
drugs into vitreous, as either a direct intraocular injection or 
in the form of sustained-release devices, is currently the 
focus of many clinical studies to treat a number of retinal and 
choroidal diseases. The advantages of this approach are that 
local treatment bypasses the systemic side effects of a drug 
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 Key Concepts 

     1.    Intravitreal drug delivery provides a higher potency 
of drug to the retina and choroid, but is often short-
lived, thus underscoring the need for sustained 
delivery methods.   

   2.    There are advantages and disadvantages to biode-
gradable and nonbiodegradable sustained drug 
delivery devices.   

   3.    New pharmacologic targets and methods of sus-
tained drug delivery may transform the method of 
treatment of many retinal and choroidal diseases. 
Vitreous structural variations can infl uence pharma-
cokinetics and must be taken into consideration for 
new drug delivery systems to be effective at differ-
ent ages and in different disease states.     
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and enables more direct control over the dose and duration of 
drug delivery to the target site. Furthermore, as we gain an 
increased understanding of the pathophysiological processes 
in diseases such as vitreomacular traction syndrome and dia-
betic retinopathy, new pharmacologic treatments have arisen 
that have the potential to obviate the need for surgical inter-
vention or at least facilitate surgery [see chapter   VI.A    . 
Pharmacologic vitreolysis]. As technology and our under-
standing of disease processes evolve, these treatments will 
undoubtedly become more refi ned both in the way they are 
delivered and in the specifi city of the pharmacologic target. 
This chapter reviews the principles of intravitreal drug deliv-
ery for both short-term and sustained-release formulations.  

   II.  Fundamental Principles of Intravitreal 
Drug Delivery 

 The challenge of treating posterior segment disease resides 
in the obstacles encountered while trying to achieve thera-
peutic drug concentrations at the level of the retina and cho-
roid. Topically administered drug that is not lost immediately 
to the systemic circulation (90–95 % is lost through nasal 
and conjunctival vessels into the systemic circulation) is 
absorbed through the cornea into the anterior chamber where 
it is eliminated through the trabecular meshwork. Drugs 
delivered to the sub-Tenon’s space can penetrate the more 
permeable sclera to achieve higher concentrations in the ret-
ina and choroid. However, both the tight junctions of the reti-
nal pigment epithelium (RPE) and dissipation of drug due to 
choroidal blood fl ow limit access of drugs to the retina, 
although lipophilic molecules may penetrate. Systemically 
administered (either intravenous or oral) drugs are one ave-
nue to circumvent some of these barriers, especially if the 
drug is lipophilic and is therefore able to bypass the blood- 
retinal barrier. The systemic side effects from high enough 
concentrations of drug required to attain intraocular effi cacy, 
however, limit the utility of many systemically administered 
drugs [ 1 ,  2 ]. Alternatively, drugs administered intravitreally 
can attain high enough concentrations for direct treatment of 
retinal conditions. Drugs delivered intravitreally are elimi-
nated by outfl ow through either the anterior route, composed 
of the trabecular meshwork, or the posterior route, through 
the blood-retinal barrier, into the systemic circulation [ 1 ,  3 ]. 

 The ideal drug formulation for intravitreal administration 
would require a number of qualifi cations. First, the drug 
should have a long enough half-life that does not mandate 
repeated injections and risk of complications. Anti-VEGF 
agents require repeated injections because they have short 
half-lives and fi rst-order kinetics (Figure  IV.E-1a, c ) [ 4 ,  5 ]. 
Intravitreal steroids, such as triamcinolone, are biphasic, or 
follow a two-compartment model with exponential decline 
initially, followed by fi rst-order kinetics after 1 month 

(Figure  IV.E-1a, b ) [ 6 ]. Some of the newer sustained-release 
steroid devices can demonstrate zero-order kinetics (fl at line 
shown in Figure  IV.E-1a ), thus releasing a constant amount 
of therapeutic level steroid for the lifespan of the implant 
(Figure  IV.E-1d ) [ 7 ]. Second, the ideal intravitreal drug for-
mulation should not interfere with the transparency of the 
ocular media as not to interfere with vision. This is an impor-
tant consideration for microsphere and nanosphere technol-
ogy where a larger particle size or more numerous particles 
can cause visual obscuration. A third requisite for an intravit-
really administered drug is that it should be delivered at a 
therapeutic dose that does not cause toxicity or impede nor-
mal cellular activity [ 3 ]. By providing a constant lower con-
centration of drug over time (zero order) rather than larger 
spurts of drug that decrease rapidly (fi rst order), sustained- 
release devices are advantageous in that they provide thera-
peutic levels of drug without as much local and systemic 
toxicity.

   Sustained-release devices now available or under investi-
gation are shown in Figure  IV.E-2 . They include devices that 
are suspended in the vitreous cavity by fi xation to the sclera, 
injected into the suprachoroidal space or into the vitreous 
cavity as a free-fl oating device, or placed underneath the 
conjunctiva or into the sclera.

      III.  The Practice of Intravitreal
 Injection of Drugs 

   A.    Technique for Intravitreal Drug Injection 

 Topical proparacaine followed by 4 % lidocaine soaked into a 
cotton-tip applicator or subconjunctival 2 % lidocaine is com-
monly used over the injection site. The site is commonly 
located inferotemporally to avoid drug deposition into the 
visual axis by gravity or, alternatively, in the superotemporal 
quadrant to avoid contamination with the accumulation of bac-
teria in the tear lake of the inferior fornix. An eyelid speculum 
is placed in the eye to keep the eyelashes away from the injec-
tion site. A 5 % povidone-iodine solution is then applied to the 
eye and then irrigated. The pars plana is marked with an empty 
tuberculin syringe or calipers 3.5–4 mm behind the limbus. 
A half-inch 30 or 32 G needle on a tuberculin syringe contain-
ing 0.05–0.1 mL of the medication is then introduced into the 
mid-vitreous cavity. When the needle is removed, the site is 
tamponaded with a sterile cotton-tip applicator to prevent 
refl ux of drug. Postinjection topical antibiotics are not required.  

   B.    Special Considerations in Infants 

 Pars plana location varies with infant development and can 
be located 1–1.5 mm behind the limbus in premature infants, 
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but is 2–3.5 mm from the limbus in full-term infants. This 
affects the approach to needle placement during intravitreal 
injections [ 8 ]. Accordingly, the vitreous volume in infants is 
approximately two-thirds to three-fourths that of adults, thus 
requiring adjustments in administered drug volume so as not 
to increase intraocular pressure too severely or cause drug 
toxicity to the retina.  

   C.  Complications 

 Complications associated with intravitreal injections include 
pain, vitreous hemorrhage, subconjunctival hemorrhage, 
transient elevation of intraocular pressure, infectious endo-
phthalmitis, uveitis, or sterile endophthalmitis. The rate of 
infectious endophthalmitis following intravitreal injections 
has been reported to be between 0.1 and 0.16 % per injection 

and appears to be minimized using a standardized steriliza-
tion protocol including the use of povidone-iodine and eyelid 
specula [ 9 ] (see above). Sterile endophthalmitis was reported 
in 1–2 % of patients receiving intravitreal injection of non-
preservative- free triamcinolone and can occur in patients 
receiving Avastin as well [ 10 ]. In a Medicare claims database 
case-control study, the rates per injection after anti-VEGF 
treatment of endophthalmitis (0.09 %), vitreous hemorrhage 
(0.23 %), and uveitis (0.11 %) were higher than in the con-
trol group [ 11 ]. Rates of rhegmatogenous retinal detachment 
and retinal tear do not appear to be signifi cantly higher in 
patients who received intravitreal anti-VEGF agents than 
age-matched controls [ 11 ]. Furthermore, several reports 
have now shown that sustained elevation of intraocular pres-
sure can occur in susceptible individuals who receive 
repeated injections of anti-VEGF agents [ 12 – 15 ]. In a head-
to- head trial of ranibizumab with bevacizumab, two-year 
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  Figure IV.E-1    ( a ) First-order ( blue dotted line ), zero-order ( red dashed 
line ), and two-compartment model ( green line ) elimination kinetics 
shown in log scale. ( b ) Two-compartment model pharmacokinetics of 
triamcinolone in the vitreous cavity with different lines from different 

patients. ( c ) First-order kinetics exhibited by bevacizumab given intra-
vitreally. ( d ) Fluocinolone acetonide sustained delivery device (Retisert 
[ 4 ,  5 ]) exhibits zero- order kinetics (Jaffe et al. [ 7 ])       
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data showed that overall systemic adverse events were low, 
but there appeared to be a slightly higher prevalence of over-
all systemic adverse events in patients treated with bevaci-
zumab although there was no difference in arteriothrombotic 
events, and the events that were captured as differences have 
not been previously associated with anti-VEGF therapy [ 16 ]. 
Since then, a meta-analysis safety review of this issue has 
been unable to determine the relative safety of these drugs 
because most head-to-head studies were not designed to ade-
quately monitor for systemic adverse events [ 17 ].   

   IV.  Intravitreal Drug Therapy 

   A.    Short-Term Therapy 

   1.   Antibacterial Agents 
 The mainstay of empiric treatment for bacterial endophthal-
mitis employs the use of ceftazidime, a third-generation 
cephalosporin with increased activity against gram-negative 
organisms, and vancomycin, the drug of choice for 
methicillin- resistant  Staphylococcus aureus  and other gram- 
positive organisms [ 18 ]. Levofl oxacin is a third-generation 
fl uoroquinolone with activity against gram-positive and 
gram-negative bacteria. Rabbit models have shown similar 
antibacterial activity of 1.5 % levofl oxacin against 
 Staphylococcus epidermidis ,  Staphylococcus aureus , and 
 Pseudomonas aeruginosa  in comparison to standard intravit-
real vancomycin and ceftazidime [ 19 ]. Recent evidence 

 supports the safety of intracameral moxifl oxacin after 
 anterior segment surgery [ 19 ], which can very likely be used 
safely in vitreous as well (Table  IV.E-1 ).

      2.  Antifungal Agents 
 Fungal endophthalmitis is most commonly treated with intra-
vitreal amphotericin B, which has been shown to be effec-
tive against most  Candida  species as well as  Aspergillus , 
 Rhizopus , and  Penicillium . Doses up to 10 μg have been 
shown to be nontoxic, although there have been reports of 
retinal necrosis when injected too close to the retina [ 20 ]. The 
liposomal formulation of amphotericin B has been shown in 
animal models to have less toxicity to the retina. Koc and 
colleagues have reported a case of liposomal amphotericin 
B used after vitrectomy in the treatment of  Candida  endo-
phthalmitis without any known ocular toxicity [ 21 ]. Among 
the newer generation triazoles (voriconazole, ravuconazole, 
posaconazole) that have broad antifungal coverage with 
relatively low toxicity, only voriconazole has been given 
intravitreally in humans. The short half-life of voriconazole 
results in the requirement for close observation with fre-
quent repeated injections (Table  IV.E-1 ). Sen et al. demon-
strated in their case series that fi ve patients who had fungal 
endophthalmitis resistant to fl uconazole and amphotericin 
B responded to intravitreal voriconazole [ 22 ]. Although the 
echinocandin caspofungin does not appear to reach thera-
peutic levels in vitreous when given systemically, this agent 
shows promise as an intravitreal agent against  Candida  
and  Aspergillus . Kusbeci and colleagues  demonstrated its 
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 effectiveness against  C. albicans  endophthalmitis in  rabbits 
[ 23 ,  24 ]. While voriconazole can achieve therapeutic con-
centrations in the vitreous when given systemically, it is 
important to note that posaconazole and the echinocandins 
do not and therefore have limited use in the systemic treat-
ment route for fungal endophthalmitis [ 25 ].  

   3.  Antiviral Agents 
 Acyclovir is an antiviral that is effective against the herpes 
family of viruses. It becomes activated in virus-infected cells 
by a virally encoded enzyme and is therefore nontoxic to 
uninfected cells. Ganciclovir is a nucleoside analog of acy-
clovir with 10–100-fold increased activity against cytomega-
lovirus (CMV). Intravitreal ganciclovir can be used safely at 
2–5 mg even as often as every week, and low-volume weekly 
ganciclovir (1.0 mg/0.02 ml) after an induction treatment 
may be an alternative to sustained-release implants in the 
treatment of CMV retinitis [ 26 ]. Foscarnet is effective 
against herpes simplex virus, varicella zoster virus, and 
CMV. Intravitreal foscarnet can be given intravitreally at a 
dose of 2.4 mg without causing toxicity (Table  IV.E-1 ). 
Cidofovir is a nucleoside analog that has a longer duration of 
action due to prolonged clearance compared to ganciclovir 
or foscarnet. However, it causes a high rate of uveitis (26 %) 
and hypotony, although these complications can be pre-
vented by prophylactically treating with probenecid and 
topical steroid [ 27 ,  28 ].  

   4.  Steroids 
 Triamcinolone acetonide (TA) was fi rst used as an intravit-
real injection by Machemer in the attempt to prevent 

 proliferative vitreoretinopathy after retinal detachment repair 
[ 29 ]. It now has a variety of uses including the treatment of 
macular edema resulting from uveitis, diabetes, and retinal 
vein occlusion, as well as in pseudophakic cystoid macular 
edema (CME), radiation maculopathy, and CME related to 
retinitis pigmentosa (Table  IV.E-2 ). In the treatment of mac-
ular edema following central retinal vein occlusion, patients 
treated with intravitreal triamcinolone acetonide (IVTA, 1 
and 4 mg) were fi ve times more likely to have a gain in visual 
acuity letter score of 15 or more letters at 1 year in compari-
son to observation alone [ 30 ,  31 ]. However, patients treated 
with 4 mg IVTA had higher rates of elevated IOP and cata-
ract [ 30 ,  31 ]. Several studies have also shown that IVTA at 
doses of 2–4 mg is effective in the treatment of uveitic CME, 
but the effects of a single injection are temporary, lasting 3–7 
months with a dose of 4 mg [ 32 ].

      5.  Anti-infl ammatory/
Antineoplastic Agents 

 A prospective interventional case series reported on the use 
of intravitreal methotrexate in the treatment of uveitis and 
uveitic CME [ 33 ]. They found that 400 μg in 0.1 mL of 
methotrexate improved visual acuity over a 6-month follow-
 up period in 10 of 15 intermediate uveitis, panuveitis, or uve-
itic CME patients. No signifi cant toxic effects were reported 
[ 33 ]. Intravitreal methotrexate has also been used for the 
treatment of vitreoretinal involvement in primary CNS lym-
phoma [ 34 – 36 ]. Complications in one series included cata-
ract (73 %), corneal epitheliopathy (58 %), maculopathy 
(42 %), vitreous hemorrhage (8 %), optic atrophy (4 %), and 
sterile endophthalmitis (4 %) [ 37 ]. 

     Table IV.E-1    Dosage and half-life of antibiotics given as intravitreal injections   

 Agent  Intravitreal dose 
 Half-life in 
vitreous (hours)  Coverage 

  Antibacterial  
  Vancomycin  1 mg  30  Gram +, MRSA 
  Ceftazidime  2.25 mg  16  Gram +, gram −, anaerobes 
  Amikacin  0.4 mg  24  Gram +, gram − 
  Gentamicin  0.2 mg  12–35  Gram +, gram − 
  Gatifl oxacin  0.4 mg a   Gram +, gram −,  Pseudomonas , anaerobes 
  Moxifl oxacin  0.05–0.16 mg a   1.72  Same as above 
  Antifungal  
  Amphotericin B  5–10 μg  6.9–15.1   Candida ,  Aspergillus ,  Penicillium ,  Rhizopus  
  Fluconazole  100 μg  3.1   Candida ,  Aspergillus ,  Histoplasma ,  Fusarium  
  Itraconazole  10 μg  Same as above 
  Voriconazole  50–100 μg  2.5  Same as above 
  Antiviral  
  Acyclovir  240 μg  HSV, VZV 
  Ganciclovir  2–5 mg  7–8  HSV, VZV, CMV 
  Foscarnet  1–2.4 mg  77  HSV, VZV, CMV 
  Cidofovir  20–100 μg  24.4  HSV, VZV, CMV 

   a Extrapolated from animal studies 
  MRSA  methicillin-resistant  Staphylococcus aureus, HSV  herpes simplex virus,  VZV  varicella zoster virus,  CMV  cytomegalovirus  
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 Infl iximab is a monoclonal antibody against tumor necro-
sis factor (TNF)-alpha used as a systemic treatment for rheu-
matologic conditions and the treatment of noninfectious 
ocular infl ammatory disease. It has been applied at 1–2 mg 
doses intravitreally in the treatment of AMD [ 38 – 41 ]. After 
establishing a range of safe doses in an animal model, 
Theodossiadis et al. reported on three patients who received 
infl iximab after failing to respond to intravitreal ranibi-
zumab. All three patients had a reduction in central foveal 
thickness by optical coherence tomography as well as 
improvement in visual acuity [ 40 ]. Farvardin and colleagues 
described a decrease in mean central macular thickness and 
improvement in mean logMAR visual acuity after a single 
intravitreal injection of infl iximab 1.5 mg/0.15 mL in ten 
eyes of seven patients who had refractory noninfectious uve-
itis, but the effects were temporary [ 42 ,  43 ]. Complications 
such as panuveitis and vitreous opacifi cation after infl iximab 
injection remain important concerns [ 42 ]. 

 Adalimumab is a humanized antibody against the soluble 
and membrane-bound tumor necrosis factor (TNF), which 
has been studied for intravitreal injection in patients with 
uveitic CME but did not show improvement in vision or 
improvement in central macular thickness [ 44 ]. Rituximab, a 
humanized murine monoclonal antibody against the CD20 
B-lymphocyte antigen used for the treatment of B cell lym-
phoma, is thought to be able to penetrate retinal tissue and 
has been studied for the treatment of intraocular lymphoma 
[ 45 – 47 ]. Santen Pharmaceutical is studying the effi cacy and 
safety of intravitreally injected sirolimus, a T cell inhibitor 
that targets the intracellular protein mTOR (mammalian tar-
get of rapamycin), in a phase 3 study for the treatment of 
noninfectious posterior segment-involved uveitis 
(Table  IV.E-2 ).  

   6.  Anti-VEGF Agents 
 The anti-VEGF agents used for the treatment of neovascu-
lar AMD have revolutionized the use of intravitreal injec-
tions for posterior segment disease. Their use has since 
expanded to the treatment of macular edema due to diabe-
tes, retinal vein occlusion, and uveitis. Ranibizumab is an 
Fab antibody fragment that binds to all isoforms of 
VEGF. Two large prospective, randomized controlled trials 
demonstrated the effi cacy of ranibizumab in treating neo-
vascular AMD compared to sham injections (MARINA), 
and when compared to PDT (ANCHOR), showing improve-
ment in visual acuity in the anti-VEGF-treated patients [ 48 , 
 49 ]. Bevacizumab (Avastin) is a full-length antibody 
against VEGF approved for systemic administration in the 
treatment of metastatic colorectal cancer. It has been used 
as an intravitreal injection for off- label treatment of neo-
vascular AMD as well as for treatment of macular edema 
from retinal vein occlusion, diabetes, and uveitis. Two large 
trials, CATT and IVAN, have demonstrated lack of inferior-
ity compared to ranibizumab at 24 and 12 months, respec-
tively [ 50 ,  51 ]. The HORIZON study showed that long-term 
ranibizumab is well tolerated [ 52 ]. There have been con-
cerns about higher rates of acute intraocular infl ammation 
and outbreaks of infectious endophthalmitis for bevaci-
zumab due to contamination during compounding into ali-
quots for intravitreal use [ 53 ,  54 ]. As mentioned in the 
complications section, several studies have also suggested 
a trend toward higher total systemic adverse events with 
bevacizumab compared to ranibizumab [ 16 ]. The use of 
ranibizumab has been expanded to the treatment of CME 
associated with retinal vein occlusions with improvements 
in visual acuity at 1 year in the BRAVO and CRUISE trials 
[ 55 ,  56 ]. Whether or not long-term repeated anti-VEGF 

    Table IV.E-2    Dosage and half-life of anti-infl ammatory and anti-VEGF agents given intravitreally   

  Agent    Intravitreal dose    Half-life in vitreous    Clinical application  
  Anti-infl ammatory  
   Triamcinolone 

Acetonide 
 1–25 mg  For 4 mg dose:  Macular edema from uveitis, diabetes, vein occlusion, 

radiation, retinitis pigmentosa, pseudophakic CME  18.6 days, non-vitrectomized 
 3.2 days, vitrectomized 

  Methotrexate  400 μg  48 h  Uveitis, uveitic CME, intraocular lymphoma 
  Infl iximab  1–2 mg  6.5 days  Neovascular AMD 
  Rituximab  1 mg  4.7 days  Intraocular lymphoma 
  Sirolimus  352 μg  NA  Noninfectious uveitis 
  Anti-VEGF  
  Bevacizumab  1.25 mg  4.3 days  Neovascular AMD; macular edema in uveitis, diabetes, vein 

occlusion 
  Ranibizumab  0.5 mg  2.8 days  Same as above 
  Afl ibercept  0.05–4 mg  4–5 days  Same as above 
  Pharmacologic Vitreolysis  
  Ocriplasmin  125 μg  NA  Vitreomacular adhesion ± macular hole 

   CME  cystoid macular edema,  AMD  age-related macular degeneration,  NA  not available [see chapter   VI.E-1    . Pharmacologic Vitreolysis with Ocri-
plasmin: Basic Science Studies]  
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injections are required in vein occlusion patients with CME 
is a topic that requires further study. 

 Afl ibercept is a chimeric fusion protein composed of an 
Fc fragment linked to the extracellular portions of VEGF 
receptors 1 and 2 that binds to all forms of VEGF as well as 
placental growth factor. The VIEW 1 and VIEW 2 studies 
demonstrated equivalency with monthly ranibizumab in 
maintaining vision at 1 year [ 57 ]. Additionally, the dosing 
regimen of 2 mg of afl ibercept can be extended to every 2 
months after the initial 3 monthly injections, decreasing the 
interval of monitoring and follow-up appointments. Ocular 
and systemic adverse events were similar between afl iber-
cept and ranibizumab [ 57 ]. While afl ibercept is FDA 
approved for use in AMD and CME related to CRVO, it is 
currently under active investigation for the treatment of dia-
betic macular edema (  www.clinicaltrials.gov    ).  

   7.  Pharmacologic Vitreolysis 
 Pharmacologic vitreolysis is a new treatment paradigm that 
can potentially replace vitreoretinal surgery for specifi c indi-
cations with pharmacotherapy [ 58 ,  59 ]. While several agents 
are under development [see references], the fi rst to receive 
FDA and European approval is ocriplasmin (Jetrea®), a 
recombinant nonspecifi c protease [see chapter   VI.E-1    . 
Pharmacologic Vitreolysis with Ocriplasmin: Basic Science 
Studies and   VI.E.2    . Pharmacologic Vitreolysis with 
Ocriplasmin: Clinical Studies]. A single dose of 125 μg has 
been shown in phase III clinical trials to release vitreomacu-
lar adhesion and allowed for the nonsurgical closure of mac-
ular holes in 40.6 % vs. 10.6 % of placebo-injected eyes [ 60 ]. 
Additionally, there was improvement in best-corrected visual 
acuity of three or more lines in the ocriplasmin (12.3 %) 
group compared to placebo (6.4 %),  p  = 0.02 [ 60 ]. Side 
effects were more common in the ocriplasmin group (68.4 % 
vs. 53.3 %,  p  < 0.001) and most commonly included vitreous 
fl oaters, photopsia, eye pain, and subconjunctival hemor-
rhage [ 60 ]. Because of the pathological changes in the vit-
reoretinal interface found in diabetic retinopathy, this may be 
a condition that can be treated by pharmacologic vitreolysis, 
though further studies are warranted to determine whether 
this approach will be helpful [see chapters   I.E    . Diabetic vit-
reopathy;   VI.A    . Pharmacologic vitreolysis]. 

 One limitation in the pharmacotherapeutic approach to 
vitreomacular disease is the lack of reproducible drug 
delivery to the site of interest, in this case the vitreomacu-
lar interface [see chapters   II.E    . Vitreo-retinal interface and 
inner limiting membrane;   III.D    . Vitreo-macular traction 
and holes (pseudo, lamellar and full thickness macular 
holes)]. Future developments should include improved 
drug delivery systems for pharmacologic vitreolysis. It is 
also plausible that combination therapy with more than 
one pharmacologic vitreolysis agent will yield better 
results [ 61 ].   

   B.    Sustained-Release Drug Delivery 

   1.  Implants 
 A shift from repeated intravitreal injections to sustained- 
release intraocular delivery devices in both implantable and 
injectable versions has recently occurred. These delivery 
devices can be classifi ed into biodegradable and nonbiode-
gradable implants. The fl uocinolone acetonide-releasing 
device or  Retisert  (Bausch & Lomb, Rochester, New York, 
USA), a nonbiodegradable steroid implant, has been FDA 
approved for the treatment of chronic, noninfectious poste-
rior uveitis. It releases fl uocinolone acetonide for approxi-
mately 30 months and is implanted through the pars plana 
through a scleral incision and secured using 8-0 Prolene 
suture (Figure  IV.E-3a, d ). In a 3-year clinical trial studying 
its effi cacy in uveitis, Retisert was found by Callanan et al. 
to signifi cantly reduce recurrences (from 62 to 4 %), and 
implanted eyes had improved visual acuity compared to 
non- implanted eyes ( p  < 0.01) [ 62 ]. The MUST trial reported 
that after 24 months there was no statistical difference in 
visual acuity between systemic immunosuppression and the 
fl uocinolone implant; it was successful in controlling 88 % 
of noninfectious uveitis [ 63 ]. Additionally, there was a 
higher rate of systemic complications with immunosuppres-
sion. On the other hand, ocular complications with the fl uo-
cinolone implant such as cataract (88–93 %) and glaucoma 
requiring surgery (21–40 %) [ 63 ,  64 ] limit its universal use 
and argue for combined cataract or glaucoma surgery in 
high-risk individuals [ 65 ]. Other reported side effects 
include hypotony, retinal detachment, endophthalmitis, and 
scleral thinning [ 62 ,  63 ].

   Other sustained-release steroid-releasing implants that 
can be given through intravitreal injection in the clinic 
include a biodegradable dexamethasone implant ( Ozurdex ®, 
Allergan) (Figure  IV.E-3c ) and a nonbiodegradable fl uocino-
lone acetonide insert (Iluvien®, Alimera Sciences) 
(Table  IV.E-3 ). The advantage of biodegradable implants 
includes implantation without the need for extraction once 
drug elution terminates. However, biodegradable implants 
often have nonideal release kinetics and can have an uncon-
trolled burst of drug release at the end of their lifespan [ 1 ]. 
Nonbiodegradable implants, on the other hand, may require 
explantation once fi nished, but typically are longer lasting, 
and have closer to ideal drug-release kinetics (e.g., zero- 
order kinetics with Retisert, Figure  IV.E-1 ). Ozurdex and 
Iluvien both have applicator systems that allow for outpatient 
placement through self-sealing, small gauge wounds 
(Figure  IV.E-2 , schematic). A phase III study that compared 
two doses (0.7 and 0.35 mg) of dexamethasone to sham treat-
ment showed that both doses were effective in controlling 
infl ammation and improving vision. However, the stronger 
dose had a longer duration of action and is now commer-
cially available as Ozurdex. [ 66 ] While the incidences of 

IV.E. Principles and Practice of Intravitreal Application of Drugs

http://dx.doi.org/10.1007/978-1-4939-1086-1_16
http://dx.doi.org/10.1007/978-1-4939-1086-1_11
http://dx.doi.org/10.1007/978-1-4939-1086-1_47
http://dx.doi.org/10.1007/978-1-4939-1086-1_5
http://dx.doi.org/10.1007/978-1-4939-1086-1_53
http://dx.doi.org/10.1007/978-1-4939-1086-1_52
http://www.clinicaltrials.gov/


516

cataract (26 %) and increased intraocular pressure were low, 
the effect of long-term use is unclear [ 66 ].

    Iluvien  is an injectable nonbiodegradable intravitreal 
insert that delivers sustained-release fl uocinolone acetonide 
for 24–36 months at near zero-order kinetics. It is a 3.5 mm × 
0.37 mm device that can be inserted in the offi ce via a 
25-gauge needle. The FAME study examined two doses of 
fl uocinolone acetonide (0.5 μg/day vs. 0.2 μg/day) in patients 
with persistent diabetic macular edema despite one macular 
laser treatment. There was improvement in visual acuity by 1 
month in comparison to controls, and this effect persisted 
through 36 months with 28.7 % (low dose) and 27.8 % (high-
dose group) of patients maintaining an improvement of best-
spectacle-corrected visual acuity of 15 letters or more in the 
two treatment groups [ 67 ,  68 ]. However, almost all patients 
required cataract surgery. Incisional glaucoma surgery was 
necessary more frequently in the high- dose group (8.1 % vs. 
4.8 %) [ 67 ]. The Illuvien insert has been approved for use in 
diabetic macular edema in Europe. A fl uocinolone acetonide 
insert (pSivida), similar to the Iluvien, lasts for up to 3 years 
after a single intravitreal injection and is currently undergo-
ing phase I clinical trials for the treatment of noninfectious 
uveitis (  www.clinicaltrials.gov    ). 

 The  Vitrasert ® implant is a polymeric (polyvinyl acetate) 
nonbiodegradable implant that releases 1 μg/h of ganciclovir 
with a duration of 8 months (Table  IV.E-3 ). It was introduced 
in the 1990s to treat CMV retinitis in AIDS patients, but also 
has activity against herpes simplex virus. Studies have shown 
that the mean time to progression of CMV retinitis was 205 
days with the ganciclovir implant which is approximately 
three times longer than with intravenous ganciclovir [ 69 , 
 70 ]. The Vitrasert is no longer being produced and is not 
available for clinical use.  

   2.  Encapsulated Cell Technology 
 Encapsulated cell technology is a method by which viable 
human cell lines that secrete a therapeutic protein are seques-
tered in a porous implant that allows for diffusion of the mol-
ecule out toward target tissues, while allowing for inward 
diffusion of oxygen and nutrients to maintain the health of 
live cells within the implant. This technology is being inves-
tigated for the treatment of retinitis pigmentosa and geo-
graphic atrophy (GA) in age-related macular degeneration. 

2 mm
5 

m
m

a

c

b

  Figure IV.E-3    ( a ) Retisert® (Bausch & Lomb), fl uocinolone acetonide, 
nonbiodegradable; ( b ) Retisert implanted into pars plana in patient with 
Birdshot chorioretinopathy; ( c ) Posurdex® (Allergan), now known as 
Ozurdex, dexamethasone ([ 93 ,  94 ])       

    Table IV.E-3    Intravitreal implants   

  Delivery system    Intravitreal dose released    Duration of action    Clinical application  
  Implants or inserts  
  Retisert® (fl uocinolone acetonide)  0.5 μg/day  30 months  Chronic noninfectious posterior segment uveitis 
  Iluvien® (fl uocinolone acetonide)  0.2 or 0.5 μg/day  1.5 or 3 years  Same as above and CME due to RVO, uveitis, 

diabetes 
   Ozurdex® (dexamethasone; 

biodegradable) 
 350 or 700 μg  6 months  Same as above 

   a Vitrasert®(ganciclovir)  1 μg/h  8 months  CMV, HSV, VZV 

   RVO  retinal vein occlusion 
  a No longer available  
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The NT-501 Neurotech implant consists of a semipermeable 
outer membrane with 15 nm pores that allows for growth 
factors and oxygen to reach viable human retinal pigment 
epithelial cells that have been engineered to secrete ciliary 
neurotrophic factor (CNTF). This RPE cell line is main-
tained on a polyethylene terephthalate yarn scaffold inside 
the implant. The NT-501 implant is placed into the eye 
through a 2 mm incision through the pars plana. CNTF is a 
cytokine that binds to receptors found on Muller glial cells, 
rods, and cone photoreceptors [ 71 ]. It has been demonstrated 
to retard photoreceptor degeneration in animal models of 
retinitis pigmentosa [ 72 ]. Phase II data for the use of the 
CNTF implant for GA suggest dose-dependent changes in 
retinal thickness that is followed by visual stabilization in the 
high-dose group (96.3 %) and low-dose group (83.3 %) com-
pared to the sham group (75 %) [ 73 ]. For retinitis pigmen-
tosa, phase I study results have been published reporting 
three of seven implanted eyes that could be tracked by con-
ventional reading charts with an improvement in acuity of 
10–15 letters [ 74 ]. There were no serious complications in 
the ten eyes that were implanted. Neurotech has also devel-
oped encapsulated cell technology which has been designed 
with a cell line engineered to release a VEGF receptor 
Fc-fusion protein. This construct is 20-fold more effi cient in 
neutralizing VEGF than ranibizumab, releases the fusion 
protein for up to 1 year in the rabbit vitreous, and is undergo-
ing a phase 1 clinical trial for neovascular AMD outside of 
the United States (  www.clinicaltrials.gov    ).  

   3.  Microspheres 
 The concept of microspheres is to use biodegradable poly-
mers such as polylactide and poly lactic-co-glycolic acid 
(PLGA) to suspend drugs into microparticles (1–1,000 μm) 
or nanoparticles (1–1,000 nm) resulting in controlled release 
of drugs [ 1 ]. They provide sustained drug release for weeks 
to months. Their advantage is that drug is released in a con-
trolled fashion, minimizing the “burst” effect that biodegrad-
able implants have at the end of their lifespan. Microspheres 
are injected into the vitreous cavity, and thus, the disadvan-
tages are synonymous with the complication rates associated 
with any other intravitreal injection although drugs delivered 
in this method would need to be injected much less fre-
quently. An additional complication is that nanoparticles 
may cause temporary clouding of the ocular media, although 
microspheres larger than 2 μm circumvent this problem 
because they sink to the bottom of the vitreous cavity due to 
gravity. However, head and body movement may cause 
upward displacement of the microspheres, blurring vision. 
This technology has been used to incorporate the pegylated 
anti-VEGF peptide, pegaptanib, into a vehicle that, when 
applied using a transscleral technique, released drug for up 
to 20 days, resulting in inhibition of VEGF-induced cell pro-
liferation of human umbilical vein endothelial cells [ 75 ]. 

Cardillo et al. demonstrated in their case series that a micro-
sphere preparation of triamcinolone acetonide was effective 
in reducing foveal thickness and improving visual acuity in 
patients with diabetic macular edema when compared to the 
conventional preparation of triamcinolone [ 76 ]. Microspheres 
may have a shorter half-life in eyes that have undergone 
vitrectomy.  

   4.  Porous Silicon Particles 
 Micro-particulate photonic crystals made from porous silicon 
particles are now being studied as an intraocular sustained- 
release drug delivery system. The drug is chemically attached 
to the inner pores of the microparticle and released as the 
matrix dissolves. A recent  in vivo  study of covalently loaded 
daunorubicin, an antiproliferation medication with a short vit-
reous half-life formulated in oxidized porous silicon for the 
treatment of proliferative vitreoretinopathy, appears to be 
promising, with no toxicity at 6 months [ 77 ]. The microparti-
cles were, on average, 30 × 46 × 15 μm with a pore size of 
15 nm and a reddish color that decreased as the matrix 
degraded and daunorubicin was released [ 77 ]. Long-term and 
human studies are still required to establish effi cacy and safety.  

   5.  Liposomes 
 Liposomes are lipid vesicles made of phospholipids 
25–10,000 nm in diameter that can be used to encapsulate 
both hydrophilic (in the core) and lipophilic (between the 
bilayer) drugs. They undergo phagocytosis by retinal pig-
ment epithelial cells, thus allowing for targeted intracellular 
drug delivery. This technology has been utilized to create 
less toxic formulations of amphotericin B and gentamicin in 
animal models, although their utility in human intraocular 
disease is limited [ 78 ,  79 ]. Liposomes designed to release 
vasoactive intestinal peptide appear to have an anti-infl am-
matory effect in rats with endotoxin- induced uveitis [ 80 ]. 
Bevacizumab encapsulated into liposomes achieved higher 
concentrations in the rabbit vitreous at 28 and 42 days com-
pared to soluble bevacizumab, although toxicity studies have 
not yet been conducted [ 81 ].  

   6.  Suprachoroidal Microinjection 
and Microneedles 

 Microcannulation of drug delivery devices into the supra-
choroidal space is a promising new technique that can poten-
tially directly deliver drug to the macula, optic nerve, and 
posterior pole [ 82 ]. Advantages of this technique include 
higher drug levels to target tissues and decreased unintended 
exposure to nontarget tissues, which could decrease the inci-
dence of cataract and increased IOP. One study used 
microneedles to inject the suprachoroidal space of rabbit 
eyes with fl uorescently tagged dextrans and particles from 
20 nm to 10 μm in size [ 83 ]. Patel et al. found that smaller 
molecules were cleared in hours, whereas suspensions of 
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nano- and microparticles remained in the suprachoroidal 
space for months [ 83 ]. Further research is required to 
improve access to the suprachoroidal space and study this 
system in human eyes. Phase 2 clinical trials for a micronee-
dle device used to inject triamcinolone acetonide into the 
suprachoroidal space for the treatment of noninfectious uve-
itis affecting the posterior segment are underway.    

   V.    Future Drug Delivery Approaches 
and Considerations 

   A.    Iontophoresis 

 Iontophoresis is a nonsurgical technique that utilizes an appli-
cator to deliver a weak electrical current to the sclera to drive 
ionically charged drug molecules across the sclera into the 
choroid, retina, and vitreous [ 84 ,  85 ]. This technique shows 
future promise for the delivery of sustained-release formula-
tions with the ability to modulate dosage by altering the 
strength of current utilized. One study showed successful 
delivery of triamcinolone acetonide and ranibizumab through 
full-thickness rabbit ocular tissue [ 86 ]. Phase 2 clinical studies 
investigating the use of iontophoresis of dexamethasone phos-
phate for the treatment of anterior uveitis have been com-
pleted, and studies for this modality in the treatment of 
noninfectious non-necrotizing anterior scleritis are underway.  

   B.    Refi llable Delivery Systems 

 Refi llable port-delivery systems (PDS, ForSight VISION4, 
Inc.) implemented by Genentech for delivery of ranibizumab 
may decrease the need for repeated intravitreal injections for 
wet AMD. The PDS is implanted surgically into the pars 
plana without scleral sutures and loaded with ranibizumab. 
Phase 1 data presented at the 2012 AAO meeting showed 
proof of concept for sustained release of ranibizumab with 
the PDS. At 12 months, most patients achieved signifi cant 
gains in visual acuity from baseline, and 50 % gained 3 lines 
or more. Examination of devices explanted per protocol at 12 
months, and observation of devices that remained in patients 
at month 36, indicated ongoing integrity and tolerability of 
the device. Alternatively, the microelectromechanical sys-
tems (MEMS) delivery device is a subconjunctival reservoir 
that forces drug through a cannula inserted into the anterior 
or posterior segment.  

   C.    Advances in Sustained-Release 
Intravitreal Injectables 

  Tethadur  (pSivida) is a nanostructured porous silicon mic-
roparticle that can be designed to release various peptides, 

chemical molecules, therapeutic antibodies, and proteins in a 
sustained fashion. De Kozak et al. have used cyanoacrylate 
nanoparticles coated with polyethylene glycol to release 
tamoxifen to reduce infl ammation in a rat model of uveitis 
[ 87 ]. The  Verisome  system (Icon Bioscience, Sunnyvale, 
CA) is an intravitreally injected liquid or viscous gel that is 
biodegradable and can be formulated to release small mole-
cules, peptides, proteins, and monoclonal antibodies [ 87 ]. 
When injected via a 30-gauge needle into the vitreous cavity, 
it forms a spherule that can be assessed visually to monitor 
duration of action. A Verisome spherule designed to release 
a combination of triamcinolone and ranibizumab is being 
studied in phase 2 clinical trials for the treatment of neovas-
cular AMD. It is expected to release drug for up to 1 year 
(  www.clinicaltrials.gov    ). The  Cortiject  emulsion 
(NOVAA63035, Novagali, Pharma) is given as an intravit-
real injection that provides sustained release of corticoste-
roid for 6–9 months. This is being tested in phase 1 studies 
for the treatment of diabetic macular edema, but has not yet 
been tested in uveitis.  

   D.    Emerging Methods for Local Delivery 

 Small interfering RNA (siRNA) and microRNA technology 
can be designed to inhibit the expression of infl ammatory 
cytokines. A phase 2 study of siRNA technology to treat 
AMD was terminated due to a company decision perhaps 
related to lower effi cacy than ranibizumab. Other strategies 
such as designing viral vectors to sustain expression of anti-
bodies that block infl ammatory cytokines have yet to be fully 
developed but may represent an alternative sustained deliv-
ery method. Additionally, nonviral gene transfer techniques 
can be devised to deliver therapeutics to the eye. Behar- 
Cohen and colleagues have developed a recombinant protein 
ocular delivery system that utilizes an electrical current to 
transfer a plasmid encoding a soluble chimeric TNFα recep-
tor directly to the ciliary muscle. This has achieved sustained 
local protein production for up to 3 months after introduction 
and appears to inhibit rat endotoxin-induced uveitis [ 88 ].  

   E.     Vitreous Structure and Intravitreal 
Drug Delivery 

 It is important that all intravitreal drug delivery approaches 
take into consideration that vitreous is not a space or cav-
ity, but a living tissue. Thus, except in the case of eyes that 
have undergone vitrectomy, all calculations of the pharma-
cokinetics of intravitreal drug therapy must be based on a 
more realistic approach than just assuming fi rst-order kinet-
ics. This consideration is further complicated by the fact that 
the molecular composition of vitreous changes with age [see 
chapters   I.A    . Vitreous proteins;   I.F    . Vitreous biochemistry 
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and artifi cial vitreous;   II.C    . Vitreous aging and PVD], refrac-
tive state [see chapter   II.B    . Myopic vitreopathy], and systemic 
disease such as diabetes [see chapter   I.E    . Diabetic vitreopa-
thy]. Drug distribution following intravitreal  administration 
 cannot  be the same in all of these circumstances, and there 
are many more such settings that are currently not receiv-
ing enough consideration. Furthermore, the particular site of 
injection will infl uence pharmacokinetics because vitreous 
structure is quite heterogeneous within the vitreous body, 
except in very young children. The heterogeneity of vitreous 
structure increases with age [ 89 ,  90 ] and different disease 
states, especially diabetes [ 91 ,  92 ]. That an injection into dif-
ferent locations within the vitreous body can have very dif-
ferent pharmacokinetics is considered elsewhere in this text 
[see chapter   VI.A    . Pharmacologic vitreolysis].     
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   I. Introduction 

 Proliferative vitreoretinopathy (PVR) is the most common 
cause of late anatomic failure in retinal detachment surgery, 
with a reported incidence of 5–11 % of all rhegmatogenous 
retinal detachments [ 1 ]. PVR can be considered an exagger-
ated wound healing response in specialized tissue, resulting 
in the formation of complex fi brocellular membranes on 
both surfaces of the retina and the posterior vitreous cortex. 
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 Key Concepts 

     1.    Despite numerous preclinical studies demonstrat-
ing potential pharmacologic candidates in the treat-
ment of proliferative vitreoretinopathy (PVR), few 
have translated into clinical research.   

   2.    The presence of PVR at the time of a recurrent 
detachment is a poor proxy for failing to adequately 
treat the detached retina at the time of initial sur-
gery. The use of perioperative adjunctive agents 
may be effective at modifying the vitreoretinal scar-
ring response, but in the presence of an untreated or 
inadequately treated retinal break, a recurrent 
detachment is likely to ensue.   

   3.    Exploring new modes of local drug delivery in 
sustained- release preparations may provide sus-
tained therapeutic levels over the crucial periods of 
vitreoretinal scarring, although as yet, no clinical 
trials have investigated this approach.     
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Contraction of these membranes then distorts the normal ret-
inal architecture with resultant visually detrimental sequelae 
and/or traction retinal detachment, with re-opening of preex-
isting retinal breaks or the formation of new ones. Based on 
the premise that the primary pathology was centered in the 
vitreous, PVR was previously referred to as massive vitre-
ous retraction syndrome (MVR) or massive preretinal retrac-
tion syndrome (MPR). However, to acknowledge the role of 
periretinal membrane formation and pigment epithelial cell 
proliferation, PVR later became known as massive perireti-
nal proliferation (MPP) [ 2 ]. A unifying classifi cation system 
was established in 1983 by the Retina Society Terminology 
Committee [ 1 ] coining the phrase proliferative vitreoretinop-
athy (PVR), which was later updated in 1991 to the current 
classifi cation system in clinical practice today [ 3 ]. 

 As is typical in medicine, the fi rst treatments for PVR 
were surgical, an approach still practiced today [see chapter    
  V.B.5    . Management of PVR. However with expanding 
knowledge of the cells involved and the cytokine signaling 
that promotes PVR, surgery will be replaced, or at least aug-
mented, by pharmacotherapy directed to the causative cells 
as well as the substrate upon which these cells migrate and 
proliferate – vitreous [see chapter   VI.A    . Pharmacologic vit-
reolysis]. Ultimately with suffi cient knowledge, PVR will be 
preventable by pharmacotherapy, as will be described below.  

   II. Clinical Classifi cation of PVR 

 Although the current classifi cation system has served to stan-
dardize PVR terminology in clinical practice and research, it 

remains limited. The number, location, and size of retinal 
breaks are not included, and many clinicians feel that grad-
ing the extent of PVR membranes in terms of clock hours 
limits their description to one circumferential meridian, e.g., 
when distinguishing linear subretinal bands from confl uent 
sheets    (Tables  IV.F-1  and  IV.F-2 ).

    The following clinical illustrations provide examples of PVR 
and their corresponding grade: (Figures     IV.F-1  and  IV.F-2 )

    The grading of established PVR from photographic 
images may be limited by the fi eld of exposure; however, 
below are examples of retinal detachments with Grade C 
PVR: (Figure  IV.F-3 )

      III. Pathophysiology of PVR 

 The pathophysiology of PVR is a complex sequence of 
events that remain incompletely understood. A simplifi ed 
overview is included in this chapter to aid the reader in iden-
tifying potential targets against which pharmacologic agents 
may be directed. Rhegmatogenous retinal detachment is con-
ventionally viewed as the starting point for PVR develop-
ment. Vitreoretinal scarring can be considered the result of 
the following components:
•    Blood-retinal barrier (BRB) breakdown  
•   Cellular accumulation and proliferation [see chapter   III.J    . 

Cell proliferation at vitreo-retinal interface in PVR & 
related disorders]  

•   Extracellular matrix (ECM) production and fi brin 
deposition  

•   Formed membrane contraction    

   Table IV.F-1    Updated proliferative vitreo-retinopathy grade classifi cation [ 3 ]   

  Grade    Features  
 A  Vitreous haze, vitreous pigment clumps, pigment clusters on inferior retina 
 B  Wrinkling of inner retinal surface, retinal stiffness, vessel tortuosity, rolled and irregular edge of retinal break, decreased mobility 

of vitreous 
 CP 1–12     Posterior to equator; focal, diffuse, or circumferential full-thickness folds, subretinal strands 
 CA 1–12  Anterior to equator; focal, diffuse, or circumferential full-thickness folds, subretinal strands, anterior displacement, condensed 

vitreous strands 

   Table IV.F-2    Updated proliferative vitreo-retinopathy contraction classifi cation [ 3 ]   

  Type  
  Location (in 
relation to equator)    Features  

 Focal  Posterior  Starfold posterior to vitreous base 
 Diffuse  Posterior  Confl uent starfolds posterior to vitreous base; optic disc may not be visible 
 Subretinal  Posterior/anterior  Proliferation under the retina; annular strand near disc; linear strands; moth-eaten- appearing sheets 
 Circumferential  Anterior  Contraction along posterior edge of vitreous base with central displacement of retina; peripheral retina 

stretched; posterior retina in radial folds 
 Anterior  Anterior  Vitreous base pulled anteriorly by proliferative tissue; peripheral retinal trough; displaced ciliary 

processes may be stretched, may be covered by membrane; iris may be retracted 
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  Figure IV.F-1    PVR  Grade A  – pigment clumping in the anterior vitreous       

  Figure IV.F-2    PVR  Grade B  – a rolled edge to a giant retinal tear (image reproduced courtesy of Lippincott, Williams and Wilkins)       
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   A. Blood-Retinal Barrier Breakdown 

 In addition to allowing ingress of liquid vitreous into the sub-
retinal space, a retinal tear results in the dispersion of retinal 
pigment epithelial (RPE) cells into the vitreous cavity. The 
blood-retinal barrier (BRB) breakdown which follows retinal 
detachment appears to have a central role in the dispersion of 
cells and growth factors which promote the further evolution 
of PVR [ 4 ].  

   B. Cell Accumulation and Proliferation 

 Analysis of excised tissue and animal models [see chapter 
  III.J    . Cell proliferation at the vitreo-retinal interface in PVR 
& related disorders] have identifi ed four categories of cells in 
PVR membranes:
    1.    Retinal pigment epithelial cells (RPE) [ 5 – 14 ]   
   2.    Glial cells [ 5 ,  10 – 18 ]   

   3.    Fibroblasts [ 5 – 8 ,  19 – 23 ]   
   4.    Infl ammatory cells (macrophages [ 7 ,  9 ,  21 ,  22 ,  24 ,  25 ] 

and lymphocytes [ 26 – 28 ]    
  Experimental and clinical studies have identifi ed the 

importance of RPE cell chemotaxis, proliferation, and meta-
plastic differentiation into fi broblast morphology under the 
effect of local growth factors/cytokines. Recent studies have 
demonstrated a central role of retinal glial cell activation and 
extension into periretinal membranes [ 29 ,  30 ]. Infi ltrating 
infl ammatory cells are also thought to play a role in  membrane 
formation and contraction through growth factor production.  

   C.  Extracellular Matrix Production 
and Fibrin Deposition 

 Collagen (predominantly types I and III) and fi bronectin (a 
cell attachment protein), derived from RPE and glial cells, 
are key components in PVR membrane formation [ 9 ,  10 ,  31 ]. 

a b

c

  Figure IV.F-3    PVR  Grade C  – ( a ) anterior circumferential contraction 
with diffuse starfolds extending posteriorly, ( b ) multiple starfolds pos-
terior to the equator with a full-thickness retinal tear temporally at 

3 o’clock, and ( c ) a combined schisis-RD with a posterior starfold and 
inner leaf tear       
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Fibrin deposition in the early phase of BRB breakdown may 
also provide a scaffold upon which complex fi brocellular 
PVR membranes may form [ 32 ].  

   D. Formed Membrane Contraction 

 Contraction of complex periretinal and vitreous membranes 
is responsible for the clinical picture of PVR. Membrane 
shortening may be mediated by intrinsic fi broblastic cells, 
some of which have been demonstrated to contain myofi la-
ments [ 6 ,  8 ,  20 ]. However, alternative explanations suggest 
an RPE-collagen interaction via fi bronectin bridges [ 33 ].   

   IV. Adjunctive Agents and Target 

 A wide variety of agents have been identifi ed as potential 
adjuncts to modify the scarring response. Agents may either 
target a specifi c stage of the pathway or multiple stages, with 
the latter offering the advantage of monotherapy, where the 
former may require a combination of agents. The following 
section aims to provide an overview of the pharmacological 
agents that have been tested experimentally and is subdi-
vided by their primary therapeutic target (summarized in 
Table  IV.F-3 ). Selected agents which have been tested in 
clinical trials will be discussed in more detail thereafter 
under their relevant section (summarized in Table  IV.F-4 ).

   Table IV.F-4    Summary of adjunctive agents which have been investigated in clinical trials       

   Table IV.F-3    Targets for 
adjunctive treatment   

  Pathological process    Strategy  
 Blood-retinal barrier breakdown  Anti-infl ammatory treatment 
 Cellular activation  Antiproliferatives, growth factor manipulation 
 Cellular proliferation  Antiproliferatives – (a) cell specifi c (b) nonspecifi c 
 Fibrin formation  Decrease production/increase breakdown 
 Extracellular matrix formation  Inhibition of cellular activation, MMP/TIMP manipulation 
 Membrane contraction  Contraction inhibition 
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      A. Anti-infl ammatory Agents 

   1. Corticosteroids 
 Corticosteroids emerged as the fi rst pharmacological agent 
to be employed as an adjunctive agent to target the scarring 
response. Their anti-infl ammatory properties and secondary 
reduction in blood-ocular barrier breakdown target a key 
component in the PVR process. A variety of modes of corti-
costeroid administration have been investigated: systemic 
(oral), periocular, and intraocular (by direct injection or via 
the infusate). 

   a. Preclinical Evidence 
 Intravitreal injection of corticosteroid was fi rst reported to 
signifi cantly reduce experimental PVR in rabbits by Tano 
et al. in 1980. Traction retinal detachment (TRD) in rabbits 
was signifi cantly reduced from 57 to 24 % and from 84 to 
34 % after a single injection of 1 mg dexamethasone or tri-
amcinolone acetonide, respectively [ 34 ,  35 ]. This effect was 
later confi rmed using 2 mg of intravitreal triamcinolone ace-
tonide in a refi ned experimental PVR rabbit model, with a 
reduction in TRD rate from 90 to 56 % [ 36 ]. Periocular 
administration of methylprednisolone (10 mg) was shown to 
reduce experimental complicated RD from 87 to 14 %, also 
showing a reduction in cell proliferation within the vitreous 
microenvironment [ 37 ]. More recently, this antiproliferative 
effect has been confi rmed by a signifi cant reduction in human 
retinal pigment epithelial cell proliferation  in vitro  following 
a dose-dependent treatment of unpreserved triamcinolone 
acetonide [ 38 ].  

   b. Clinical Evidence 
 The clinical application of corticosteroids as adjuncts to vit-
reoretinal surgery was fi rst reported by Koerner et al. in 1982 
who concluded that the systemic effects of oral prednisolone 
on postoperative retinal fi brosis did not match that of experi-
mental intravitreal triamcinolone [ 39 ]. An infusate containing 
dexamethasone showed a trend toward a reduction in PVR re-
proliferation and a reduction in hypotony, but did not achieve 
statistical signifi cance. Subconjunctival dexamethasone 
(10 mg) injected 5–6 h prior to scleral buckle surgery was 
reported to reduce blood-ocular barrier breakdown, postopera-
tively, as measured by laser fl are photometry, but has not been 
investigated as an adjunctive agent in patients with PVR [ 40 ]. 

 Jonas et al. opened the door to the clinical investigation of 
intravitreal triamcinolone in 2000 by reporting it to be non-
toxic and of potential benefi t through a reduction in postop-
erative intraocular infl ammation [ 41 ], and this has since 
become the most widely clinically investigated adjunctive 
corticosteroid. Its clinical safety profi le has been subse-
quently confi rmed although its therapeutic benefi t has yet to 
be consistently proven. Reduction in blood-ocular barrier 
breakdown [ 42 ] and a proposed benefi t in established PVR 

have been reported [ 43 – 46 ] although these studies were 
either retrospective or non-comparative. A large multicenter, 
prospective, quasi-randomized controlled trial investigating 
the use of varying doses of intravitreal triamcinolone 
 acetonide as an adjunctive surgical tool to aid vitreous visu-
alization showed a signifi cant reduction in intraoperative 
complications [ 47 ] with fewer retinal breaks and intraopera-
tive retinal detachments. However, 1-year follow-up failed to 
show a statistical difference in visual acuity or reoperation 
rate [ 48 ]. The absence of any long-term positive effect may 
be explained by its use as a surgical tool rather than as a 
therapeutic injection, as it is likely that negligible corticoste-
roid concentrations would have remained at the end of the 
procedure following its removal. To date, only one prospec-
tive randomized controlled clinical trial investigating the use 
of triamcinolone acetonide in the eyes with established PVR 
(Grade C) undergoing pars plana vitrectomy with silicone oil 
has been reported [ 49 ]. 75 eyes divided into two groups with 
a 1:1 treatment allocation ratio were investigated. The treat-
ment group received 4 mg of intravitreal triamcinolone into 
the oil-fi lled eye at the end of the procedure. No statistical 
difference in primary anatomical success at 6 months was 
noted (84 and 78 % in the adjunct and control groups, respec-
tively). Neither was there any statistical difference in any of 
the investigated secondary outcomes (visual acuity, reopera-
tion rate, PVR recurrence, macula pucker, IOP rise). The 
authors acknowledge that a positive treatment effect may 
have been masked by a higher than expected primary success 
rate in the control group and a resultant underpowered study. 

 More recently, Koerner et al. have published earlier work 
on the use of systemic oral prednisolone [ 50 ] and its effect 
on cellophane maculopathy in 220 consecutive eyes under-
going scleral buckle surgery for primary RRD. They reported 
signifi cantly fewer cases of cellophane maculopathy in the 
steroid group 27, 24, and 20 % compared with 42, 47, and 
39 % in the control group at 1, 3, and 6 months, respectively. 
They concluded that oral corticosteroids have a prophylactic 
effect against the early stages of PVR, but affi rm the need for 
larger randomized and controlled trials to confi rm whether 
this effect is extended to advanced PVR. It should be noted, 
however, that local corticosteroid administration is prefera-
ble over systemic use, as it achieves signifi cantly higher 
intraocular concentrations [ 51 ] and avoids systemic side 
effects. It is possible that previous clinical studies have been 
limited by the duration of action of the corticosteroid and 
that future success may be achieved by local slow release 
agents, thereby adequately covering the active PVR period, 
in addition to avoiding systemic side effects.   

   2.  Nonsteroidal Anti-infl ammatory 
Agents 

 Nonsteroidal agents, like corticosteroids, are of therapeutic 
value in vitreoretinal scarring through their anti- infl ammatory 
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properties and subsequent reduction in blood-ocular barrier 
breakdown. They have been less widely investigated than 
corticosteroids due to their reduced potency. 

   a. Preclinical Evidence 
 Meclofenamate and indomethacin were fi rst shown to inhibit 
cell proliferation in cell culture in 1984 [ 52 ], but were not 
subsequently investigated as single therapeutic agents, pre-
sumably due to their inability to compete with corticoste-
roids as realistic treatment options. However, in combination 
with 5-FU in a sustained-release preparation, a signifi cant 
benefi t was reported in posttraumatic experimental PVR in 
rabbits. A signifi cant reduction in both the presence and 
severity of PVR was found in animals treated with the co- 
drug preparation [ 53 ].  

   b. Clinical Evidence 
 Topical indomethacin in combination with routine peropera-
tive corticosteroids was found to signifi cantly reduce blood- 
aqueous barrier breakdown in patients undergoing 
extracapsular cataract surgery [ 54 ] as well as decrease post-
operative infl ammation [ 55 ]. However, no clinical trials have 
investigated the use of nonsteroidal anti-infl ammatory agents 
in patients with PVR.    

   B. Inhibitors of Cell Proliferation 

   1. Fluoropyrimidines 
 The fl uoropyrimidines are a family of antimetabolites which 
modify protein synthesis by (a) binding to and inhibiting the 
enzyme thymidylate synthetase and (b) incorporation into 
RNA causing coding errors in protein translation, thus inhib-
iting cell proliferation. They are more commonly used as a 
chemotherapeutic agent in solid tumors, particularly of the 
gastrointestinal tract. 

   a. Preclinical Evidence 
 5-Fluorouracil (5-FU) was fi rst reported to reduce experimen-
tal traction retinal detachment (TRD) in rabbits in 1982. In 
non-vitrectomized eyes, a TRD rate of 73.6 % in control ani-
mals was reduced to 31.5 % following a single intravitreal 
injection of 5-FU [ 56 ]. This effect was replicated in vitrecto-
mized eyes with repeated daily intraocular injections 0.5 mg 
for 7 days [ 57 ] and found to be nontoxic at this dosing regi-
men [ 58 ] following initial toxicity concerns [ 59 ]. 5-FU may 
be converted to 5-fl uorourudine (5-FUR), the latter offering 
the advantage of anti-contractile properties [ 60 ] and increased 
potency with a greater antiproliferative effect [ 61 ,  62 ]. 
However, 5-FUR was found to be signifi cantly more toxic to 
retinal cells [ 63 ] and efforts to translate laboratory work to 
clinical trials have favored 5-FU. Use of a sustained- release 
preparation containing 1 mg of 5-FU was associated with a 

reduction in TRD rates from 89 % in controls to 11 % in 
treated animals, in an experimental PVR model [ 64 ]. 
Sustained intravitreal concentrations of 5-FU of between 1 
and 13 mg/L for at least 14 days were reported, with concen-
trations remaining above 0.3 microgram/mL for almost 21 
days. No toxic effects were observed. Co-drug preparations 
containing 5-FU and either dexamethasone or triamcinolone 
have also been shown to reduce the severity and progression 
of experimental PVR in non-vitrectomized rabbits [ 65 ,  66 ]. 
When a co-drug containing 5-FU and fl uocinolone was 
injected into the gas-fi lled eyes, intravitreal concentrations of 
the drug were unaffected, when compared with controls [ 67 ].  

   b. Clinical Evidence 
 In 1984, a prospective non-comparative pilot study was con-
ducted in 22 patients undergoing surgery for established 
PVR who were treated intraoperatively with additional intra-
ocular and periocular 5-FU. A fi nal reattachment rate of 
60 % was achieved at 6 months. The therapy was considered 
to be well tolerated, nontoxic, and superior to reported stan-
dard care at the time [ 68 ]. This was confi rmed in a prospec-
tive randomized controlled trial using 10 mg of intravitreal 
5-FU on completion of vitrectomy surgery [ 69 ]. A trend 
toward better vision was observed in the treatment group 
compared with controls, but with a lower macula reattach-
ment rate (60 % vs 77 %). More recently, 5-fl uorouracil has 
been investigated in combination with low molecular weight 
heparin in three prospective randomized controlled clinical 
trials [ 70 – 72 ]. These trials will be discussed in detail below.   

   2. Daunorubicin 
 Daunorubicin, or daunomycin, is a chemotherapeutic agent 
of the anthracycline family which was most commonly used 
in combination therapy to treat hematological malignancies. 
It inhibits cellular proliferation by inhibiting DNA 
replication. 

   a. Preclinical Evidence 
 Daunomycin was fi rst tried intravitreally in experimental 
PVR in 1983, where it was shown to reduce dermal fi bro-
blastic proliferation [ 73 ], and after initial concerns regarding 
its narrow safety margin [ 74 ], it later showed promise as a 
potential nontoxic and therapeutic adjunct [ 75 – 79 ]. The 
mode of administration of daunomycin has also been inves-
tigated, through drug delivery systems, and reports suggested 
a reduction in toxicity [ 80 – 83 ]; however, these preparations 
have yet to be tried clinically. In a staggered regime with 
intravitreal triamcinolone, it has been shown to signifi cantly 
reduce experimental TRD in rabbits, with rates of 83.3 % in 
controls compared to 8.3 % in animals treated with combina-
tion therapy. This staggered combination was also found to 
be superior to monotherapy, with TRD rates of 33.3 and 
16.1 %, in the eyes treated with only daunomycin or 
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 triamcinolone, respectively. Human multidrug-resistant 
cells, via P-glycoprotein induction, have been found in 
excised premacular membranes, in the eyes treated with dau-
nomycin, pushing it further down the list of preferred adjunc-
tive agents [ 84 ]. More recently, doxorubicin, a close relative 
to daunorubicin, has been shown in addition to its antiprolif-
erative properties, to attenuate the glial cell response and 
reduce the severity of experimental PVR [ 85 ], and may form 
the basis of future studies, either as a single agent or in com-
bination therapy.  

   b. Clinical Evidence 
 Intravitreal daunorubicin was fi rst shown to be safe and well 
tolerated when administered as a 7.5ug/ml intravitreal 10 
minute infusion in 15 posttraumatic eyes with PVR, prior to 
silicone oil injection [ 86 ]. A larger non-comparative study of 
68 eyes with advanced PVR reported an eventual anatomic 
success rate of 73 % at 18 months, with 89 % achieving a fi nal 
visual acuity of >20/800 [ 87 ]. A multicenter, prospective, ran-
domized, controlled clinical trial studied 286 eyes of patients 
with PVR Grade C2 or greater undergoing vitrectomy and 
silicone oil exchange. Patients were randomized to treatment 
with or without a 10-minute intraoperative infusion of dauno-
rubicin (7.5 μg/mL). The primary outcome measure used was 
primary anatomical success, with a rate of 62.7 % in the treat-
ment group compared to 54.1 % in controls. It marginally 
failed to reach signifi cance ( P  = 0.07); however, the trial did 
demonstrate a statistically signifi cant reduction in the number 
of vitreoretinal reoperations within 1 year ( P  = 0.005) [ 88 ]. 
Further small-scale studies have since suggested a benefi t 
[ 89 ], but daunorubicin has, like many other adjuncts, failed to 
gain widespread clinical acceptance.   

   3. Retinoids 
 Retinoids, or vitamin A compounds, have important roles in 
regulating the cell proliferation and differentiation of multi-
ple cell types throughout the body by mediating gene tran-
scription. They have been shown experimentally to inhibit 
RPE cell proliferation, as well as modify ECM and cell- 
mediated contraction. 

   a. Preclinical Evidence 
 Retinoic acid fi rst emerged as a potential pharmacologic 
agent to prevent vitreoretinal scarring in 1991. Human RPE 
cell proliferation was signifi cantly reduced when grown in 
the presence of 1 μm of retinoic acid. Cells were also found 
to maintain mature RPE cell morphology, rather than undergo 
the phenotypic changes associated with PVR retinal detach-
ments [ 90 ]. This inhibitory effect on cell proliferation was 
subsequently confi rmed [ 91 ], in addition to a reduction in 
cell-mediated contraction. Sustained drug delivery systems 
containing all-trans retinoic acid have been shown to reduce 
experimental PVR from 100 to 36 % in rabbit models [ 92 ], 

but an associated foreign body reaction was reported. Doses 
of 605 micrograms and 1070 micrograms have since been 
found to be therapeutic and nontoxic [ 93 ,  94 ]. In an experi-
mental PVR model in rabbits using silicone oil and heavy 
silicone oil, all-trans retinoic acid signifi cantly reduced the 
severity of traction RDs at concentrations of 15 micrograms/
ml and 10 micrograms/ml, respectively [ 95 ]. This was later 
confi rmed with 13-cis-retinoic acid [ 96 ]. Both isomers of 
retinoic acid were shown to reduce proliferation of PVR 
membrane-derived human RPE cells [ 97 ]. This response was 
dose dependent at a variety of concentrations and found to be 
nontoxic. More recently, all-trans retinoic acid has been 
shown to signifi cantly inhibit RPE cell extracellular matrix 
production (particularly laminin beta-1) and thereby reduce 
cell-mediated collagen contractility [ 98 ]. It therefore offers 
the advantage as a single therapeutic agent active against 
multiple steps in the PVR process.  

   b. Clinical Evidence 
 A small retrospective study compared the outcomes of 10 
patients undergoing surgery for PVR who were additionally 
treated with 40 mg of oral 13-cis-retinoic acid twice daily for 
4 weeks postoperatively, with 10 control patients. A trend 
toward a benefi t was noted in the treatment group by a reduc-
tion in PVR recurrence, with anatomical success in 9 out of 
10 patients at 8 months compared with 4 out of 10 in the 
control group ( P  = 0.061) at 9 months [ 99 ]. A prospective 
randomized controlled clinical trial of 35 patients undergo-
ing surgery for PVR compared the use of 20 mg of oral 
13-cis-retinoic acid twice daily postoperatively for 8 weeks 
(16 patients) with no additional treatment (19 patients) [ 100 ]. 
Both anatomical and visual outcomes were superior in the 
treatment arm compared with the control arm, with reported 
fi nal anatomical success rates of 93.8 and 63.2 % ( P  = 0.047), 
respectively   . Ambulatory vision was achieved in 56.3 % of 
patients in the treatment group, compared with only 10.5 % 
in the control arm ( P  = 0.009). Fewer patients in the treat-
ment group developed macula pucker (18.8 %) compared 
with the control group (78.9 %) ( P  = 0.001). Despite this 
positive treatment effect, retinoic acid has not been univer-
sally adopted clinically. This may be due to the small sample 
size and lack of statistical power, in addition to concerns 
regarding systemic side effects of the treatment.   

   4. Immunotoxins 
 Immunotoxins are chimeric proteins consisting of a modifi ed 
antibody or antibody fragment attached to a biological toxin 
fragment with its natural binding domain removed. The anti-
body is cell specifi c and hence, upon binding to its target, 
allows intracellular incorporation of the toxin and a resultant 
cytotoxic effect. Actively dividing RPE cells have been 
shown to abundantly express transferrin receptors and are 
thus targets for antiproliferative therapy [ 101 ,  102 ]. 
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   a. Preclinical Evidence 
 Transferrin ricin-A (Tfr-rRA) is an immunotoxin comprised 
of an antibody to the RPE transferrin receptor which is linked 
with the A chain of ricin, a potent toxin. It has been shown to 
signifi cantly inhibit both RPE cell [ 103 – 105 ] and fi broblast 
proliferation [ 105 ,  106 ]. In an experimental PVR model in 
rabbits, only 10 % of the eyes developed traction retinal 
detachments when treated with an intravitreal injection of 
2,000 ng of Tfr-rRA compared with 78 % of controls [ 107 ]. 
The VEGF receptors expressed by RPE cells have also been 
targeted using a combination of VEGF 165 and the diphthe-
ria toxin (DT390-VEGF165). RPE cell survival was reduced 
when co-cultured with this immunotoxin in a dose- dependent 
response [ 108 ]. To date, no clinical studies have been con-
ducted to investigate the use of immunotoxins as therapies 
for PVR.   

   5. Colchicine 
 Colchicine is a natural product sourced from the autumn cro-
cus plant ( Colchicum autumnale ). Its use has been traced 
back to ancient Egypt when it may have been employed to 
treat rheumatism as early as 1500 BC. Today, it remains an 
alternative therapeutic agent in the treatment of gout, 
although its narrow therapeutic window limits its use. 
Colchicine prevents cell proliferation by inhibiting microtu-
bule polymerization with a resultant inhibition of mitosis. 

   a. Preclinical Evidence 
 In 1985, colchicine was fi rst shown to inhibit fi broblast 
growth in an experimental model  in vitro  [ 109 ] and later 
shown to be a potent inhibitor of RPE cell chemotaxis [ 110 ]. 
Its antiproliferative effects were subsequently confi rmed in 
animal models, with inhibition of astrocyte and fi broblast 
and RPE cell proliferation and migration at concentrations 
well below levels of ocular toxicity [ 111 ] in cell culture. 
Experimental TRDs in rabbits was shown to be reduced from 
74 to 29.6 % at 5 weeks in animals treated with oral colchi-
cine [ 112 ]. In addition to its effect on proliferation, colchi-
cine has also been shown to reduce RPE cell-mediated 
collagen gel contraction when human RPE cells were treated 
with 0.01–1 μm of colchicine [ 113 ]. More recently, therapies 
where colchicine has been combined with both methylpred-
nisolone and sodium diclofenac [ 114 ] or 5-FU [ 115 ] have 
shown a signifi cant reduction in experimental TRD rate and 
an inhibition of human glial cell proliferation, respectively.  

   b. Clinical Evidence 
 A small prospective controlled study in patients with PVR 
secondary to trauma or proliferative vascular disease com-
pared the use of oral colchicine (1.2 mg daily) with controls 
(vitamin C 250 mg daily). It was concluded that the safe 
therapeutic dose of colchicine does not inhibit PVR [ 116 ]. 
No further clinical studies have been conducted since.    

   C. ECM Modifi ers 

 Collagen (types 1 and 3), fi bronectin, and deposited fi brin 
form key components to the extracellular matrix found in 
PVR membranes. Thus, drugs that affect their production, 
attachment, or contraction offer potential benefi t as thera-
peutic agents against vitreoretinal scarring. 

   1. Cis-hydroxyproline 
 Hydroxyproline is a major constituent of collagen stability, 
and its synthesis can be inhibited by a proline analogue, 
cis-4-hydroxyproline. 

   a. Preclinical Evidence 
 Cis-hydroxyproline was shown to inhibit bovine RPE cell 
proliferation, collagen synthesis, attachment, and migration 
 in vitro , in a dose-dependent manner [ 117 ]. More recently, 
when two sustained-release scleral implants were used in an 
experimental model of PVR, TRD were reduced from 89 % 
in controls to 57 % in treated animals at 1 month [ 118 ]. This 
adjunct has yet to be investigated clinically.   

   2. Matrix Metalloproteinases 
 Turnover and remodeling of extracellular matrix is regulated 
by a group of proteolytic enzymes known as matrix metal-
loproteinases (MMPs) and their natural inhibitors, tissue 
inhibitors of metalloproteinases (TIMPs). MMPs 1, 2, 3, and 
9 and TIMPs 1, 2, and 3 have been demonstrated to be pres-
ent in PVR membranes [ 119 ,  120 ]; thus it is reasonable to 
attempt modulating these factors. 

   a. Preclinical Evidence 
 Prinomastat (AG3340) is a synthetic inhibitor of MMPs that 
has been shown experimentally to reduce PVR in a rabbit 
model [ 121 ] and in posttraumatic rabbit eyes [ 122 ]. It has 
also been shown to reduce premacular membrane formation 
in rat eyes [ 123 ]. This treatment has yet to be investigated 
clinically in patients with PVR.   

   3.  Heparin/Low Molecular Weight 
Heparin (LMWH) 

 Heparin has multiple cellular effects that can potentially 
inhibit PVR development. It inactivates thrombin by binding 
to antithrombin, promoting thrombin-antithrombin complex 
formation. In preclinical studies heparin has been shown to 
reduce fi brin formation and interfere with cell-substrate 
adhesion by binding fi bronectin. It also binds fi brogenic 
growth factors (FGF, EGF, and PDGF) and inhibits cell pro-
liferation, including scleral fi broblasts and RPE cells [ 124 ]. 
A prospective, randomized, controlled trial investigating the 
effect of heparin in the infusate on postoperative fi brin for-
mation showed a positive effect using concentrations of 
10 IU/ml, but a greater tendency to intraocular hemorrhage. 
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Lower concentrations were ineffective at reducing fi brin for-
mation [ 125 ]. Combined heparin and dexamethasone in the 
infusate suggested a trend toward a reduction in postopera-
tive PVR in treated patients, but again higher rates of intra-
ocular hemorrhage were reported [ 126 ]. 

 The low molecular weight fragments of heparin (LMWH) 
have less effect on the coagulation cascade or platelet func-
tion and thus reduce the risk of hemorrhagic complications 
compared with heparin but produce a comparable antithrom-
botic effect [ 124 ]. Intraocular fi brin formation was markedly 
reduced using an infusate containing LMWH in vitrectomy/
lensectomy surgery in rabbits [ 127 ]. 

   a. Clinical Evidence 
 The potential synergistic effect of combining LMWH with 
5-FU to modify PVR development in eyes undergoing vit-
rectomy surgery has been investigated in three large prospec-
tive clinical trials [ 70 – 72 ]. The same adjunctive medication 
regime was used in the treatment arm of all three trials. An 
intraoperative vitrectomy infusion solution of Hartmann 
containing 5-FU at a concentration of  200ug /ml and LMWH 
at a concentration of 5 IU/ml was used for 1 h. Control 
patients received plain Hartmann’s solution as a placebo. 
The three studies investigated (i) high-risk retinal detach-
ments undergoing vitrectomy and gas exchange [ 70 ], (ii) 
established PVR undergoing vitrectomy and silicone oil 
exchange [ 71 ], and (iii) unselected primary retinal detach-
ments undergoing vitrectomy and gas exchange [ 72 ]. 

   i. High-Risk Retinal Detachments 
 High-risk cases were identifi ed using a previously published 
regression formula based in PVR risk factors [ 128 ]. 174 
patients were studied, with PVR recurrence rates signifi -
cantly lower in the treatment group at 12.6 % compared with 
26.4 % in controls and fewer reoperations. In patients who 
developed recurrent PVR, visual outcomes were signifi -
cantly better in the treatment group.  

   ii. Established PVR 
 A total of 157 patients with established PVR (Grade C) 
undergoing vitrectomy surgery with silicone oil tamponade 
were randomized to either receive the adjunctive regime or 
placebo in a 1:1 treatment allocation ratio. No benefi t in pri-
mary anatomical success was found, and neither were there 
any signifi cant differences in secondary outcome measures 
reported (complete or posterior retinal reattachment, visual 
acuity, hypotony, cataract, keratopathy).  

   iii.  Unselected Primary Retinal 
Detachments 

 A total of 641 patients of unselected patients undergoing 
vitrectomy with gas tamponade were studied in a 1:1 treat-
ment to control allocation ratio. No statistical difference 
was noted in primary anatomical success at 6 months with 

rates of 82.3 and 86.8 % in the treatment and control 
groups, respectively. There was no signifi cant difference in 
the proportion of patients who required reoperations due to 
PVR with 7.0 % in the treatment group, compared with 
4.9 % of controls. However, patients with macula-sparing 
retinal detachments were found to have a signifi cantly 
worse visual outcome at 6 months, thus raising concerns 
regarding toxicity.           
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 Key Concepts 

     1.    Gas as an internal tamponade agent offers a high 
tamponade force acting on the retina. However, this 
advantage is accompanied by the disadvantage of a 
relatively short intraocular life-span, which may not 
be suffi cient in particular cases where prolonged 
tamponade is required.   

   2.    Perfl uorocarbon liquids are valuable intraoperative 
tools that offer numerous physical advantages in 
assisting unrolling of the retina and the displace-
ment of subretinal fl uid in retinal detachments.   

   3.    Silicone oils of various viscosities offer different intra-
ocular properties and can behave differently. With the 
refi nement of small-gauge vitrectomy systems, the 
use of silicone oil has become more compatible.     
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          I. Introduction 

 Human vitreous is a natural intraocular polymeric hydrogel 
with distinct biochemical and physiological functions. 
Surgical removal of the vitreous, or vitrectomy, is now com-
monly performed for the treatment of many vitreoretinal 
diseases. This has led to the need for developing substances 
that can be used to replace vitreous. Although early attempts 
for vitreous transplantation have yielded little success [ 1 ], a 
range of other vitreous substitutes has been developed. An 
ideal substitute should have all the good qualities of the 
human vitreous, including transparency, elasticity, buffer 
capacity, and biocompatibility with surrounding ocular tis-
sues. However, none of the currently available vitreous sub-
stitutes possesses all these qualities. In modern vitreoretinal 
surgery, both short-acting (e.g., air, balanced salt solutions, 
expansile gases) and long-acting vitreous substitutes (e.g., 
silicone oil) are used. All these substitutes have signifi cant 
shortcomings, mostly related to the lack of local biocompat-
ibility and inadequate physiological role. In this chapter, we 
discuss the biophysical, biochemical, and physiological 
properties of the available vitreous substitutes, as well as 
their clinical use, advantages, and limitations. A separate 
chapter addresses the future potential of an artifi cial vitre-
ous [see chapter   I.F    . Vitreous biochemistry and artifi cial 
vitreous].  

   II. Short-Acting Vitreous Substitutes 

 During vitrectomy, an aqueous solution is infused. At the 
conclusion of surgery, this can be left in the eye or a short- 
acting vitreous substitute can be introduced. 

   A. Aqueous Vitreous Substitutes 

 Following vitrectomy, various aqueous substances, which 
approximate the human aqueous humor, are left inside the 
eye as a vitreous substitute, ranging from isotonic saline to 
lactated Ringer’s solution and most recently a balanced salt 
solution (BSS), at times supplemented with various constitu-
ents (BSS Plus). 

   1. Isotonic Saline 
 Normal saline is an isotonic solution that has been used in 
the past as infusion fl uid during vitrectomy. However, it is 
now rarely used due to its tendency to cause corneal edema 
even after short periods of infusion, limiting visualization of 
the posterior segment during vitrectomy as well as making it 
not suitable as a vitreous substitute after vitrectomy.  

   2. Lactated Ringer’s Solution 
 Lactated Ringer’s solution contains potassium, calcium, and 
a lactate buffer. These constituents make it more suitable as 
an irrigating solution because they slow down the onset of 
corneal edema. Nevertheless, lactated Ringer’s solution is 
still not ideal due to its relative hypotonicity and acidity and 
also lack of energy source for cellular metabolism.  

   3. Balanced Salt Solution 
 Balanced salt solution (BSS) was introduced in the 1960s 
and is now the most commonly used aqueous vitreous sub-
stitute during or immediately after vitrectomy. Unlike nor-
mal saline or lactated Ringer’s solutions, BSS contains 
magnesium and an acetate-citrate buffer. Subsequently, a 
further enhanced version of the solution called BSS Plus 
was developed, which includes other necessary electro-
lytes, glutathione, and bicarbonate as a buffer. Clinical 
studies have shown that BSS Plus causes less corneal 
edema and endothelial cell loss following vitrectomy than 
lactated Ringer’s solution [ 2 ,  3 ]. It is frequently used as an 
irrigating solution to replace intraocular volume lost by vit-
reous removal intraoperatively. Moreover, it has also been 
used as vehicle to carry drugs for hemostasis, pupillary 
dilatation, and antiinfl ammatory effects [ 4 ]. Recently, low-
molecular-weight heparin and 5-fl uorouracil have been 
added to the infusion to prevent postoperative proliferative 
vitreoretinopathy [ 5 ] [see chapter   IV.F    . Pharmacotherapy 
of PVR].   

   B. Gaseous Vitreous Substitutes 

 Intraocular gas has been used in retinal detachment surgery 
for more than a century. However, its value was not widely 
appreciated until the 1930s, when Rosengren demonstrated 
improved retinal reattachment rates with the use of internal 
air tamponade [ 6 ]. In the 1960s, scleral buckling was coupled 
with intraocular gas injection in treating retinal detachments 
[ 7 ]. In the 1980s, pneumatic retinopexy was made possible 
with the use of expansile gases [ 8 ], although pure air was 
also very successful [ 9 ,  10 ] [see chapter   V.B.7    . Pneumatic 
retinopexy]. Subsequently, intraocular gas injection became 
an integral part of retinal detachment surgery using vitrec-
tomy [ 11 ], resulting in better success rates of retinal reattach-
ment, especially for more complicated cases such as those 
related to proliferative vitreoretinopathy (PVR) and giant 
retinal tears [see chapter      V.B.5    . Management of Proliferative 
Vitreo-Retinopathy]. Furthermore, indications for intraocu-
lar gas also extended to repair of macular hole and pneumatic 
displacement of submacular hemorrhage [see chapter      V.A.1    . 
Age-related macular degeneration Surgery]. 
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   1.  Physical Properties of Intraocular 
Gases 

 A variety of gaseous products have been investigated for 
intraocular use [ 12 – 15 ]. Rational choices should be made 
based on good understanding of the physical characteristics 
of the available products. Key characteristics with direct 
clinical relevance include longevity inside the eye, expan-
sion ratio in pure form, and non-expansile concentration. 
Gases could be used in their pure forms, or as a mixture with 
air. Mixing the pure form with air in different proportions 
can adjust the expansile property of the gas (Table  IV.G-1 ). 
Nowadays, three gases are most commonly used, including 
air, sulfur hexafl uoride (SF6), and perfl uoropropane (C3F8) 
(Table  IV.G-1 ).

     a. Air 
 Air was the initial gas to be utilized in vitreoretinal surgery. 
Air is non-expansile at sea level and remains in the eye for 
around 5 days if the vitreous cavity is entirely fi lled. In 
Europe, air is often used in conventional scleral buckling sur-
gery. McLeod and Chignell described the technique of 
sequential drainage of subretinal fl uid, air injection, cryo-
therapy, and the application of explant in the same issue of 
the  British Journal of Ophthalmology  in 1985 [ 16 ,  17 ]. This 
surgical sequence, now known as the “D-ACE” technique, 
was designed for bullous superior retinal detachment associ-
ated with collapsed vitreous gel. The drainage of subretinal 
fl uid, followed by the injection of air, effectively restores the 
anatomy in that the retina becomes re-apposed to the under-
lying retinal pigment epithelium and choroid. Precise and 
limited cryotherapy can then be applied, as there is no need 
for a large ice ball or to freeze through a depth of subretinal 
fl uid. In addition, indentation by the scleral buckle needs 
only to be low profi le as the retina is already mostly reat-
tached [ 17 ]. Air injection is useful in 3 specifi c ways. Firstly, 
the intraocular pressure is restored after injection. Secondly, 
the surface tension of the air bubble keeps the retina apposed 
and reattached. Thirdly, the non-expansile nature of air is 
uniquely safe when combined with scleral buckling and in 
non-vitrectomized eyes. Unlike expansile gases, there is less 
concern of causing further collapse of the vitreous gel with 
trans-gel traction that can be transmitted to the vitreous base 

inferiorly, giving rise to inferior retinal breaks [ 18 ,  19 ]. 
However, there are potential problems related to air injection 
in non-vitrectomized eyes. An example would be the breakup 
of the air bubble into “fi sh eggs” by poor injection tech-
niques. The physics of air injection is complex involving not 
only buoyancy but also the rate of injection thus the rate of 
growth in size of the intraocular air bubble. The mechanics 
of “fi sh-egg” formation is well described by Aylward et al. 
who emphasized that the speed of injection is as important as 
keeping the needle in the uppermost part of the vitreous cav-
ity. Sebag points out that this principle is also important 
when using pure air for offi ce-based pneumatic retinopexy 
[ 9 ,  10 ] [see chapter   V.B.7    . Pneumatic retinopexy]. 

 Air can also be used in combination with vitrectomy. The 
success of retinal detachment surgery relies on identifying 
and sealing all offending retinal breaks. With increasing use 
of endolaser coupled with vitrectomy, it is generally believed 
that chorioretinal adhesion can develop much quicker. 
Prolonged tamponade may therefore be unnecessary, as the 
duration of the tamponade effect from a gas bubble just 
needs to be long enough for chorioretinal adhesion around 
the breaks to develop. This is part of the rationale behind 
using very short-acting air as opposed to longer-acting SF 6  
and C 3 F 8  gases [ 9 ,  10 ]. Thus, in the absence of any risk fac-
tors for developing proliferative vitreoretinopathy and when 
causative retinal breaks are confi ned to one to three clock 
hours (depending upon the volume of air that is injected, 
since 0.8 ml bubble of air subtends an angle of 120°), air is a 
perfectly acceptable internal tamponade agent. The rapid 
absorption of air permits quicker visual rehabilitation and 
allows earlier air travel, if needed, for patients. It has also 
been suggested that the shorter duration of air mitigates 
against postoperative PVR and macular pucker [ 9 ].  

   b. Long-Acting Gases 
 Longer-acting internal tamponade might be required if reti-
nal breaks are multiple and located widely apart from each 
other. For example, sulfur hexafl uoride (SF 6 ) could be suit-
able in these cases. The non-expansile concentration of SF 6  
is 20 %. As a rule of thumb, if the vitreous cavity were totally 
fi lled, a bubble of 20 % SF 6  (mixed with air) would last for 
about 2 weeks. The bubble would be relatively large for the 

    Table IV.G-1    Commonly used intraocular gases and their physical properties   

 Gas a  
 Chemical 
formula 

 Molecular weight 
(g/mol) 

 Expansion (times 
original size) 

 Time to maximum 
expansion (hours) 

 Non-expansile 
concentration (%)  Longevity 

 Air  –  29  1.0  –  –  5–7 days 
 Sulfur hexafl uoride  SF6  146  2.0  24–48  18  1–2 weeks 
 Perfl uoroethane  C2F6  138  3.3  36–60  15–16  4–5 weeks 
 Perfl uoropropane  C3F8  188  4.0  72–96  14  6–8 weeks 

   a All are odorless, colorless, inert, and infl ammable  
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fi rst few days to give adequately large area of tamponade to 
occlude widely separated retinal breaks. In addition, SF 6  is 
inert, nontoxic, and colorless and is fi ve times heavier than 
air (relevant only intraoperatively during air-gas exchange). 

 Perfl uorocarbon gases are similarly inert, odorless, and 
colorless. They have a generic chemical formula of C x F2 x+2  
(x can be 1–4). Water solubility varies according to the car-
bon chain length. The longer the carbon chain, the lower the 
solubility in water; hence longer is the intraocular longevity. 
For instance, 1 ml of pure C 2 F 6  expands approximately 3.3 
times when injected into the eye and stays in the eye for 4–5 
weeks; but for 1 ml of C 3 F 8 , the same volume expands 4 
times and stays for 6–8 weeks. Both SF 6  and perfl uorocarbon 
gases are heavier than air, which is relevant during intraop-
erative exchange of these expansile gases from an 
air-fi lled eye. 

 Two principal forces act on the gas bubble when it is 
injected into the eye: gravity-related downward and 
buoyancy- related upward forces. According to Archimedes’ 
principle, any fl oating object displaces its own weight of 
fl uid. For example, 1 ml of C 3 F 8  weighs 0.001 g and dis-
places 1 ml of fl uid that weighs 1 g (specifi c gravity of water 
is 1.0). Buoyancy is thus 1 g upward, and the net weight act-
ing on the C 3 F 8  bubble is 0.999 g (i.e., 1 g buoyancy minus 
0.001 g gravity). The specifi c gravity of all gases is low, and 
buoyancy is for all intents and purposes the same for all the 
commonly used gases. The actual force depends on the 
amount of water the bubble displaces and thus on the size of 
the globe. The buoyancy force exerted is highest at the 
uppermost part of the eye cavity. For a normal-size eye of 
2.3 cm diameter, it has been calculated that the force is 
1.6 mmHg. Such a force pushes the bubble upward. The 
magnitude of this upward force for all gaseous tamponade is 
much larger than that of a silicone oil bubble, which has a 
specifi c gravity close to that of water or 1 g/ml. 
Perfl uorocarbon liquid, on the other hand, can have a specifi c 
gravity up to and above 2 g/ml. Therefore, the buoyancy in 
the case of heavy liquids is negative or downward. If we 
assume the specifi c gravity to be 2 g/ml, the net downward 
force would be 1 g/ml. Note that this downward force exerted 
by the heavy liquids is exactly the same as the upward force 
exerted by air. 

 In principle, it is thought that a tamponade gas bubble 
works by making contact with retinal breaks, preventing 
fl uid gaining access to subretinal space via the breaks. In the 
absence of fi xed retinal folds, the risk of the bubble going 
through retinal breaks is minimal, because the high interfa-
cial tension between water and gas keeps it as a single bub-
ble. However, some surgeons believe that direct contact 
between bubble and retinal break might not be necessary. 
Clinical studies have demonstrated that inferior retinal 
breaks can be successfully treated with vitrectomy and gas 
tamponade, even without scleral buckling [ 20 ]. One theory is 

that gas (or oil) bubbles may act as splints inside the eye, 
reducing intraocular fl uid currents. This may allow the retina 
to reattach by itself. Nevertheless, assuming contact is 
important, the shape of the bubble determines the effective-
ness of tamponade. Buoyancy has an important infl uence on 
the shape of an intraocular bubble. In the case of air, every 
molecule wants to fl oat upward, and the bubble takes on the 
shape of a “spherical cap,” that is, a bubble with a virtually 
fl at bottom. Hence, most of the volume contributes to mak-
ing contact with the retina. In contrast, small buoyancy 
occurs (e.g., silicone oil tamponade) when the shape of the 
bubble is rounded or spherical. In such case, less volume 
would contribute to making contact with the retina, as much 
of the bubble would go to form the meniscus, which is usu-
ally not in contact with the retina. An extreme example 
would be a spherical bubble inside a spherical cavity. The 
contact would go from none to total when it is 100 % fi lled. 
In reality, total tamponade is probably unachievable, and the 
volume of the bubble would in fact reduce further during the 
postoperative period. Nonetheless, most surgeons would use 
the non-expansile concentration of gases. The reason is that 
using “slightly expansile” concentration carries the serious 
risk of unpredictably high intraocular pressure as a result of 
the gas bubble, which completely fi lls the vitreous, exerting 
pressure anteriorly and leading to anterior chamber shallow-
ing and secondary angle closure.   

   2.  Functional Properties of 
Intraocular Gases 

 There are fi ve major functions of a gas bubble inside the eye, 
which are to provide internal tamponade, fl atten folded ret-
ina, enable visualization, replace globe volume, and reduce 
intraocular fl uid currents. 

   a. Internal Tamponade 
 Providing internal tamponade for retinal detachments is usu-
ally the chief indication for use of intraocular gas [ 21 ]. The 
high surface tension between gas and fl uid enables formation 
of an effective seal around retinal breaks, allowing retinal 
pigment epithelium to absorb any remaining subretinal fl uid 
to facilitate retinal reattachment. The surface tension of gas 
is high compared to liquid tamponade agents such as silicone 
oil. Notably, the shape of a gas bubble varies with its volume. 
A small bubble takes on a rounded shape, as its shape is 
mainly determined by its high surface tension. With a bigger 
bubble, buoyancy becomes important. Every molecule of the 
bubble wants to fl oat upward, resulting in a fl attened bottom 
surface, which is used as a clinical marker for the size of gas 
bubble [ 22 ]. Upward force is greatest at the apex of the bub-
ble, whereas it is near zero at the bottom. A relatively small 
bubble would provide a large arc of contact. As the bubble 
increases in size, the fi ll and contact is proportional. As the 
bubble approaches its maximal size within the eye, a slight 
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underfi ll would leave a large arc of retina not in contact with 
the bubble [ 23 ]. In clinical settings, inferior breaks are there-
fore diffi cult to tamponade, as complete gas fi ll is usually not 
achievable in reality. Furthermore, the sealing effect of gas 
bubbles on retinal breaks also prevents escape of cellular ele-
ments from under the retina into the vitreous cavity, thus 
reducing the risk of proliferative vitreoretinopathy [ 24 ] [see 
chapter   III.J    . Cell proliferation at vitreoretinal interface in 
PVR and related disorders].  

   b. Flatten Folded Retina 
 The surface tension and buoyancy force of the bubble can 
help unfold the retina. High radial buckles may sometimes 
cause circumferential retinal folds. These folds can be 
reduced by subretinal fl uid drainage and air injection, as the 
air bubble pushes the retina to follow closely the contour of 
the indent. However, a large bubble coupled with incomplete 
subretinal fl uid drainage could lead to the development of 
retinal fold, which may cause visual symptoms when the 
central macula is involved [ 25 ]. This complication could be 
prevented by complete drainage of subretinal fl uid and judi-
cious posturing immediately after surgery [ 26 ].  

   c. Enable Visualization 
 Looking through the gas bubble enables visualization after 
vitrectomy and gas tamponade. For looking at the upper ret-
ina, the surgeon should position lower than the patient, look-
ing through the lower fl at bottom surface of the bubble. 
Similarly, for looking at other parts of the fundus, the patient 
can be asked to lie on their side. If the vantage point is lower 
than the fl uid level, the surgeon should easily see the nasal or 
temporal half of the retina. However, looking through the 
bubble, the retina often appears to be attached. This may 
simply be due to the buoyancy of the bubble displacing sub-
retinal fl uid laterally and posteriorly.  

   d. Restore Globe Volume 
 Globe volume restoration with air is often used in conven-
tional scleral buckling surgery after the drainage of subretinal 
fl uid. It prevents subretinal fl uid from accumulating again, 
and importantly, it also raises intraocular pressure and restores 
the shape of the globe. Without subretinal fl uid, cryotherapy 
would be limited and retinal break localization would be 
more accurate. Normal intraocular pressure also allows for 
safer placement of scleral sutures for external indentation.  

   e. Reduce Intraocular Fluid Currents 
 The presence of a gas bubble reduces intraocular fl uid cur-
rent, because the bubble usually occupies most of the volume 
of the globe. Such dampening of fl uid current may minimize 
the chance of fl uid movement into the subretinal space via 
retinal breaks, particularly the ones not covered by the bub-
ble, i.e., inferior breaks.   

   3.  Dynamic Properties of Gas Inside 
the Eye 

 Prior to complete resorption, an expansile gas bubble under-
goes three phases after intraocular injection – expansion, 
equilibration, and dissolution. 

   a. Expansion 
 Pure SF 6 , C 2 F 6 , and C 3 F 8  will expand inside the eye because 
of their lower water solubility than nitrogen. Such expansion 
occurs due to nitrogen diffusion into the bubble at a rate that 
is higher than that of gas dissolving into surrounding tissue 
fl uid compartment. During the initial 6 to 8 hours, expansion 
is rapid as the rate of expansion is mostly dependent on con-
vection currents in the surrounding vitreous fl uid [ 27 ]. Once 
the diffusion in and out of the bubble equilibrates, the bubble 
reaches its maximum size. This occurs around 1–2 days after 
injection for SF 6  and 3–4 days for C 3 F 8  [ 28 ]. Thus, intraocu-
lar pressure (IOP) may rise if the outfl ow facility cannot cope 
with the rapid increase in intraocular volume. It has been 
shown that the eye may accommodate up to 1.2 ml of pure 
expansile gas injection (20–25 % of vitreous cavity volume) 
without signifi cant changes in IOP [ 15 ,  28 ].  

   b. Equilibration 
 The equilibration phase starts when the partial pressure of 
nitrogen in the bubble equals that in the surrounding fl uid 
compartment. There is a small net diffusion of expansile gas 
into the fl uid compartment because the rate of equilibration 
of nitrogen is generally faster, due to its higher solubility, 
than that of other gases. As a result, the bubble decreases 
slightly in volume during this phase [ 28 ].  

   c. Dissolution 
 The dissolution phase commences when partial pressure of 
all gases within the bubble equals that in the fl uid compart-
ment. The volume of the gas bubble gradually reduces in size 
as gas dissolves into the fl uid compartment, following the 
fi rst-order exponential decay [ 29 ]. While it may take up to 
6–8 weeks for a bubble to completely resorb, internal tam-
ponade is effective during the initial 25 % of the bubble’s 
life-span only, as it requires at least 50 % of the initial size to 
provide an effective tamponade. Internal tamponade is inef-
fective for a bubble smaller than 50 % or broken into a few 
smaller bubbles (i.e., fi sh eggs), even though it may still 
remain in the eye for a long time (Figure  IV.G-1 ).

   Unlike expansile gases, air does not expand and enters the 
dissolution phase immediately after injection. This is because 
the partial pressure of gases in air roughly equals that in the 
blood. In clinical practice, expansile gas is often mixed with 
air to create a “non-expansile” concentration. After injection 
of the gaseous mixture, the decrease in volume of the air 
compartment compensates for the increase in volume of the 
expansile gas compartment. With an appropriate ratio of 
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these two compartments, the overall gas compartment vol-
ume remains constant. Furthermore, the time taken for bub-
ble resorption also depends on other factors, including lens 
status, aqueous turnover, presence of vitreous or periretinal 
membranes, ocular blood fl ow, and ocular elasticity [ 29 ]. For 
example, the life-span of SF 6  and C 3 F 8  may be more than 
twice as long in phakic non-vitrectomized eyes than in apha-
kic vitrectomized eyes [ 30 ].   

   4.  Physiologic Changes of Gas in 
Special Circumstances 
   a.  Interaction with General 

Anesthesia 
 Inhalation of anesthetic gases during general anesthesia may 
affect intraocular gas volume. Nitrous oxide (N 2 O) is 34 
times and 117 times more water soluble than nitrogen and 
SF 6 , respectively [ 30 ]. An intravitreal gas bubble would 
therefore increase in volume due to diffusion of nitrous oxide 
from the fl uid compartment into the bubble. Such expansion 
in bubble volume would be threefold of its original size, 
leading to increased IOP (maximum IOP after 15 to 20 min-
utes of nitrous oxide use). IOP decreases once it is discontin-
ued as it diffuses out of the body through ventilation. As the 
concentration of nitrous oxide in lung alveoli is reduced by 
90 % after it has been stopped for 10 minutes, nitrous oxide 
should be discontinued for at least 15 minutes prior to intra-
ocular gas injection. This would prevent interference in the 
desired bubble volume. If it has been continued during gas 

injection, the resultant bubble will be smaller than expected. 
Importantly, severe visual loss secondary to central retinal 
artery occlusion has been reported in patients with an intra-
ocular gas in situ undergoing general anesthesia for non- 
ocular purposes [ 31 ,  32 ]. This was thought to be a result of 
uncompensated rapid rise in IOP during surgery due to 
nitrous oxide diffusion into the bubble.  

   b. Effects of Variations in Altitude 
 Another important consideration is variation in gas bubble 
size related to changing altitude during air travel and scuba 
diving. Airplane cabin pressure is only equal to atmospheric 
pressure at an altitude up to 8,000 feet. During airplane take-
off, the climb rate is roughly 2,000–3,000 feet per minute, 
leading to rapid expansion in bubble size and subsequent 
IOP rise that may cause central retinal artery occlusion [ 33 , 
 34 ]. To fully appreciate this consideration, it is important to 
understand the physics of bubble expansion. 

 We normally describe intraocular pressure in units of 
mmHg. A reading of 20 mmHg is actually 20 mmHg above 
atmospheric pressure. Given that atmospheric pressure at 
sea level is 760 mmHg, the actual intraocular pressure 
would therefore be 20 + 760 mmHg or 780 mmHg. In com-
mercial airplanes, cabin pressure is around 580 mmHg (the 
equivalent of 8,000 feet). An intraocular bubble will 
expand according to gas law (Boyle’s law). If there was 
1 ml to begin with, the bubble will increase by a factor of 
780/580, which is more than 1.3 times. The real question is 

Gas bubble
>50% filled

Effective tamponade
on the retina by the gas

Fish eggs

Effective tamponade

Ineffective tamponade

  Figure IV.G-1    Fish-egg formation when gas volume reduces during gas resorption. Areas of the retina lying between the fi sh eggs are not sup-
ported by the gas bubbles       
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whether the eye has the capacity to accommodate the addi-
tional 0.3 ml. The normal human aqueous outfl ow rate is 
around 2.5–3 microliters per minute (normal range (95 %) 
is 1.8 to 4.3microliters/min) [ 35 ]. With raised intraocular 
pressure, the outfl ow rate would increase in order to reduce 
intraocular pressure. The question really is whether the 
increased outfl ow can cope with the speed of expansion of 
the bubble. The rate of ascent is therefore important. It is 
not only with fl ying that could give rise to high intraocular 
pressure from gas expansion. Even rapid ascent by train 
has been associated with raised intraocular pressure [ 36 ]. 
The crux of the problem is that the outfl ow facility could 
vary from individual to individual and with the type of sur-
gery performed. Although up to 1.0 ml of intraocular gas 
has been reported to be safe without signifi cant IOP change 
during air travel [ 31 ], this is entirely dependent on outfl ow 
facility, and thus some surgeons feel that no volume is safe 
for air travel. Similarly, air bubble size may change during 
scuba diving [ 37 ], where gaseous equilibrium under atmo-
spheric conditions may be altered by inhalation of oxygen 
from compressed air tanks. On returning to the surface, the 
bubble expands inside the eye and gives rise to an increase 
in IOP.     

   III. Long-Acting Vitreous Substitutes 

 Perfl uorocarbon liquids and silicone oil are both liquid 
tamponades. The former is intended for short-term use but 
has been left inside the eye for days to weeks [ 38 – 40 ]. 
The latter is exclusively used for long-term internal 
tamponade. 

   A. Perfl uorocarbon Liquids 

   1. Properties 
 Perfl uorocarbon liquid (PFCL) was initially engineered as a 
blood substitute [ 41 ,  42 ]. Later, it was investigated by many 
either as an intraoperative tool or as a short-term internal 
tamponade after vitreous surgery [ 43 – 45 ]. Perfl uorocarbon 
liquids (PFCLs) are synthetic fl uorinated hydrocarbon con-
taining carbon-fl uorine bonds. Some incorporate compo-
nents such as hydrogen, nitrogen, and bromide to form 
different chains. These chains form different shapes, such as 
straight chains or cylindrical chains. The molecular structure 
of straight chains contains carbon chains from C5 to C9, 
while that of a cylindrical chain is from C5 to C17. 

 Common PFCLs are colorless and odorless. They have 
low viscosities and higher specifi c gravities and are denser 
than water. Not only are they stable under high temperatures, 
they also do not absorb commonly used lasers. Frequently 
used PFCLs include perfl uoro-n-octane (C 8 F 18 ) [ 46 ], perfl uo-

romethylcyclohexane (C 8 F 16 ) [ 47 ], perfl uorodecaline (C 10 F 18 ) 
[ 48 ,  49 ], perfl uorooctylbromide (C 8 F 17 Br) [ 50 ], perfl uoro-
phenanthrene (C 14 F 24 ) [ 51 ], perfl uorotributylamine (C 12 F 27 N) 
[ 52 ], and perfl uorotri-n-propylamine (C 9 F 21 N) [ 53 ]. Among 
these, C 8 F 18  was approved by the US Food and Drug 
Administration for intraocular use. 

 PFCL quickly became popular as an intraoperative tool 
during retinal surgery because it offers several advantages:
    1.    It is heavier than water. For instance, the specifi c gravity 

of C 8 F 18  is 1.76. This enables it to sink in the presence of 
water, or balanced salt solution. This property aids the 
displacement of subretinal fl uid and fl attening of the ret-
ina in detachments. It also enables the surgeon to unroll 
folded retina and avoids the need to perform posterior 
retinotomy to drain subretinal fl uid.   

   2.    It is immiscible in water. This property is very important 
as it does not mix with water and stays in two separate 
phases in the presence of water. It remains optically clear 
as it resists the incursion by saline or blood during opera-
tion and keeps the operating fi eld clear.   

   3.    The refractive indexes of PFCL and water are different; 
therefore, it is optically visible in the presence of saline, 
especially during removal one can clearly see if there are 
remaining globules that need removal.   

   4.    It has a high boiling point. This allows endolaser photoco-
agulation to be performed under PFCL, and it would not 
vaporize [ 46 ].   

   5.    It has a high interfacial tension. This property helps keep 
the PFCL bubble in one large globule and prevents break-
ing off of small droplets, reducing the risk of PFCL seep-
ing under the retina through retinal breaks.   

   6.    It has low viscosities. This allows ease of injection and 
removal.   

   7.    It is immiscible with silicone oil. This allows direct 
PFCL-silicone oil exchange in diffi cult cases where reti-
nal slippage is likely during PFCL-air exchange.      

   2. Retinal Toxicity 
 Ophthalmologists have long attributed the observed histo-
logical changes associated with the use of perfl uorocarbon 
liquids as due to their weight. It stands to reason, however, 
that changes such as nuclear drop-down and loss of outer 
plexiform layers must be attributed to causes other than 
buoyancy forces. The changes are observed in the superior 
retina with silicone oil that we have demonstrated to have a 
low buoyancy force but not with gas that has a high buoy-
ancy force [ 54 ]. Instead, such pathological changes are 
observed in the inferior retina with perfl uorocarbons that 
have a high (negative) buoyancy force [ 54 ]. 

 We speculated that the “toxic” effects of perfl uorocarbon 
liquids and silicone oil on the retina might be due to the fact 
that they effectively exclude water from the retinal surface. In 
the case of silicone oil, the bubble of tamponade fl oats and 
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displaces water from the retina superiorly; likewise, perfl uoro-
carbon liquid sinks and displaces water from the retina inferi-
orly. There is likely to be a fi lm of water on the surface of the 
retina. Winter et al. suggested that if the fi lm of water is less 
than a given thickness, ionic exchange with the retinal cellular 
elements might be impaired, leading to a high concentration of 
potassium in the preretinal fl uid, which in turn may give rise to 
excitotoxicity [ 54 ]. This is a plausible explanation of the toxic 
effects on the retina when liquid tamponades are used. 

 Thus, with multiple advantages and relatively minimal 
negative attributes, PFLC has been used extensively as an 
intraoperative tool to assist managing retinal problems. It has 
greatly improved the outcomes of complex retinal detach-
ments associated with proliferative vitreoretinopathy. It has 
also made the life of the retinal surgeon much easier when 
handling other diffi cult scenarios. Although there are numer-
ous precautions to take during its usage, it remains one of the 
indispensible tools in modern retinal surgery.   

   B. Silicone Oil 

 Silicone oil (SiO) was initially introduced in the 1960s not as 
a vitreous substitute, but rather to be injected in non- 
vitrectomized eyes [ 11 ]. Later, following the introduction of 
vitreous surgery in the 1970s, using SiO as a vitreous substi-
tute in combination with vitrectomy has led to a surge in inter-
est toward its use [ 55 – 60 ]. By the 1980s, SiO was successfully 
established in its role as a long-term internal tamponade agent 
in many European countries. Its use and potential risks have 
been further defi ned by the Silicone Oil Study [ 61 ,  62 ]. To 
date, SiO remains an indispensable tool in retinal surgery, 
especially in complicated retinal pathologies requiring a long-
term vitreous substitute for internal tamponade. 

   1. Chemical Properties of Silicone Oil 
 To fully understand the physiology of intravitreal SiO use, 
one must fi rst appreciate its chemical properties. Silicone oil 
is in the group of inert hydrophobic liquid polymers com-
prised of a backbone of siloxane. Silicone is made up of 
repeating units of siloxane, which is the backbone of all 
polymers in the silicone family, regardless of its form. The 
basic unit of siloxane is [−Si-O-], which is capable of attach-
ing to different organic or inorganic side chains to form poly-
mers of different properties. Depending on the side chains 
attaching to the base unit, the polymers could be of different 
specifi c gravity, either lighter than water or heavier than 
water. By convention, lighter-than-water SiO polymers are 
usually called “SiO,” whereas heavier-than-water SiO is usu-
ally termed “heavy SiO.” 

 Most commonly, silicone oil consists of polydimethylsi-
loxane (siloxane with two attached methyl side chains), also 
known as PDMS. This has a specifi c gravity of 0.97, hence 
lighter than water. On the other hand, a methyl and a trifl uo-
ropropyl side chain could be added to the siloxane unit to 
form polytrifl uoropropylmethylsiloxane, also known as fl uo-
rosilicone oils [ 63 ]. These have specifi c gravities from 1.25 to 
1.3, hence heavier than water. The physiology of SiO in the 
vitreous cavity created after vitrectomy thus emerges from the 
varying specifi c gravities. (For details, refer to Table  IV.G-2 .)

      2. Physical Properties of Silicone Oil 
   a. Specifi c Gravity 

 The specifi c gravity of a particular SiO not only determines 
whether it fl oats or sinks in the vitreous cavity but also gov-
erns its shape  in situ  [ 59 ]. The aqueous has a specifi c gravity 
around 1.01; hence it is usually considered the same as water. 
Most polydimethylsiloxanes (PDMS) have specifi c gravities 
of 0.97; this is due to the identical molecular densities; hence 

   Table IV.G-2    Chemical properties of silicone oil and other commonly used intraocular tamponade agents   

 Tamponade agent  Chemical composition  Specifi c gravity (g/cm 3  at 25 °C)  Viscosity (centistokes at 25 °C) 
 Silicone oil (1,000 cs)  PDMS – 100 %  0.97  1,000 
 Silicone oil (2,000 cs)  PDMS – 100 %  0.97  2,000 
 Silicone oil (5,000 cs)  PDMS – 100 %  0.97  5,000 
 C8F10  C8F10 – 100 %  1.94  0.69 
 C10F18  C10F18 – 100 %  1.76  2.7 
 F6H8  F6H8 – 100 %  1.35  3.44 
 Densiron 68®  F6H8 – 30.5 %  1.06  1,349 

 PDMS (5,000 cs) – 69.5 % 
 Oxane HD®  RMN3 – 11.9 %  1.02  3,300 

 Oxane 5700–88.1 % 
 HWS 46-3000®  F4H5 – 55 %  1.118  2,903dv 

 PDMS (100,000 cs) – 45 % 
 Air  n/a  <0.0001  n/a 
 C3F8  n/a  <0.0001  n/a 
 SF6  n/a  <0.0001  n/a 

   PDMS  polydimethylsiloxane,  F4H5  perfl uorobutylpentane,  F6H8  perfl uorohexyloctane,  C8F18  perfl uoro-n-octane,  C10F18  perfl uorodecalin  
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they fl oat on water. For heavier SiOs, molecular density 
 varies, so does specifi c gravity, but all are >1; hence all sink 
in the presence of water. 

 For heavy SiOs, the higher specifi c gravity has ignited a 
debate as to whether it would instill damage to the retina. 
Stolba and associates fi lled eyes with perfl uorophenanthrene 
(specifi c gravity almost twice as that of vitreous) and found 
retinal damage in the inferior retina [ 64 – 67 ]. However, con-
tradicting results have been produced by others [ 68 ,  69 ]. 
Some postulate that the force exerted on the retina with 
heavy SiOs is small when compared to the absolute intraocu-
lar pressure and its diurnal variation and may not be account-
able for the observed retinal damage in some studies [ 68 , 
 70 ]. Others attribute the damage to the thin layer of fl uid 
between the heavy SiO and the retina. Winter and associates 
proposed that as the layer of fl uid is so thin, it would not be 
enough for ionic exchange, and this may have affected the 
functions of the Muller cells [ 54 ]. This eventually may lead 
to excessive potassium buildup in situ and excitotoxicity 
when hyperpolarization takes place [ 54 ]. However, this the-
ory is yet to be proven.  

   b. Buoyancy 
 As with intraocular gases, the law of buoyancy governs intra-
vitreal SiO behavior. For any intravitreal SiO bubble, there 
are always two forces acting on it at any given time: one 
being the downward gravity pull and the other being the 
upward buoyancy push. Gravity equals the weight of the SiO 
bubble; e.g., for 1 ml of PDMS SiO with a specifi c gravity of 
0.97, the gravity pull is 0.97 g. On the other hand, 
Archimedes’ principle states that any fl oating object dis-
places its own weight of fl uid. Hence, buoyancy for the same 
SiO bubble is the weight of 1 ml water that it has displaced, 
that is 1 g. Therefore, the net force acting on the 1 ml SiO 
bubble is

  

Force Gravity buoyancy g g
g where d

=( )+ ( )=( )+ +( )=
+ +

. .
. ,

0 97 1 0
0 03 eenotes upward and

denotes downward force    

This force is very small when compared to that for intra-
ocular gases, which in general have specifi c gravities of 
around 0.001:

  

Force Gravity buoyancy

g g g

=( )+ ( )=
( )+ +( )= +−0 001 1 0 0 999. . .    

This is why the tamponade effect of SiO is much weaker 
than that by intraocular gases. 

 The effectiveness of a vitreous substitute to act on the 
retina is governed by the size and shape of the substitute and 

its area in contact with the retina. Buoyancy has a major role 
here: when the buoyancy is large, as in intraocular gases, the 
bubble takes on the shape of the superior part of the retina 
that comes into contact with its superior dome. The bottom 
of the bubble will be relatively fl at. When buoyancy is small, 
as in SiOs, the bubble remains in a relatively spherical shape. 
Therefore, for an equivalent volume of SiO, the area in con-
tact with the retina is much less than that for a gas bubble. It 
has been shown that a small gas bubble (as small as 0.28 ml) 
takes up 90 degrees of arc on the superior retina, but SiO 
bubbles almost do not come into contact with the retina 
other than the superior bit until its almost 100 % fi lled [ 71 , 
 72 ]. Figure   IV.G-2  demonstrates how a gas bubble, even 
when not completely fi lled, provides a relative good tam-
ponade to the superior retina, while the bottom of the bubble 
assumes a relatively fl at shape. This is worse when scleral 
buckles are applied to the outside of the globe and recesses 
are created internally (Figure   IV.G-3 ), hence the importance 
of achieving a near 100 % fi ll when employing SiO as the 
vitreous substitute.

       c.  Surface Tension and Interfacial 
Tension 

 Surface tension refers to the ability of the surface of a fl uid 
body to resist change, given the other phase being gaseous. 
This refers to the forces between like molecules (water- water) 

Gas bubble

Relatively flat bottom
of gas bubble

Tamponade provided is
effective even when eye
is not 100% filled gas

  Figure IV.G-2    Gas is a better internal tamponade agent, and can pro-
vide more effective tamponade area, even if it is not completely fi lled       
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and unlike molecules (SiO-water). Equilibrium is attained 
when the free energy required to keep the interface stable is 
minimum. This is achieved by sorting all like molecules on 
one side and unlike molecules on the other side of the inter-
face. When SiO is instilled in the eye, the other phase is usu-
ally fl uid; hence interfacial tension effects should be 
applicable. The interface acts like a tough    membrane across 
the two “compartments” and keeps the vitreous substitute, 
be it gaseous or SiO, intact [ 73 ]. Without impurities in the 
vitreous, a SiO bubble is able to hold itself in a single bubble 
as the interfacial tension is above what is required. However, 
in the presence of impurities such as proteins, lipids, or blood, 
the interfacial tension can be reduced to a level lower 
than what is required to keep the bubble intact as a whole 
[ 74 ]. Hence, breaking up may occur. Therefore, it is impera-
tive to remove as much blood and residual fl uid before 
 instilling SiO. This reduces not only the risk of SiO bubble 
breakage but also the risk of developing proliferative 
vitreoretinopathy.  

   d. Viscosity 
 Viscosity, also known as shear viscosity, refers to the resis-
tance of a fl uid body to being deformed when put under shear 

stress. It is a measure of the forces existing between mole-
cules in close contact and the frictional force between molec-
ular chains. From fi rst principles, the higher the viscosity, the 
higher the force that is required to deform it. In practicality, 
this has to do with the ease of injection and removal of a SiO 
bubble from the vitreous cavity. The lower the viscosity, the 
easier it is to inject and remove and vice versa. Poiseuille’s 
law states that the fl ow of liquid in a tubular structure is in 
proportion to the fourth power of its radius and in inverse 
proportion to its length. Thus, to maximize effi ciency during 
the injection of SiO, the length of the cannula has to be short, 
and the bore size has to be large. Therefore, we generally 
recommend using a 19 or 20 gauge angiocatheter as the 
injection cannula and making an oblique cut approximately 
3 mm from its root. This length ensures penetration into the 
vitreous cavity while not compromising effi ciency. 

 Another aspect of viscosity that concerns SiO as a vitre-
ous substitute is the extensional viscosity. This measures 
the propensity of SiO to break up and is related to the pro-
portion of low-molecular-weight components [ 75 ]. In prac-
tical terms, it measures the resistance of SiO to breakup 
when pulled into a strand and forming satellite droplets. If 
breaking up is easy, so is the likelihood of emulsifi cation. 
The lower the viscosity of the SiO (i.e., 1,000 cs), the higher 
the risk of breaking up into satellite droplets, hence emulsi-
fi cation. To prevent this from happening, small amounts of 
polymers of higher molecular weights could be added. 
These additives have to be of identical chemical structures 
to the original SiO and will augment the extensional viscos-
ity and prevent pinch-off droplets from forming [ 76 ]. 
Williams and associates added these high-molecular-weight 
polymers to low-viscosity silicone oil (1,000 cs) and pro-
duced equivalent extensional viscosity to that of SiO of 
5,000 cs [ 77 ], thus producing SiO with high ease of injec-
tion and removal, yet low risk of emulsifi cation. A random-
ized clinical trial comparing Siluron 2000 (1,000 cs 
standard PDMS with 5 % of 423,000 molecular weight 
PDMS) against silicone oil 5000 cs has been carried out 
and the results presented at the 2013 Euretina Meeting in 
Hamburg. The unique feature of the trial is that the oils 
were used for the treatment of full-thickness macular hole. 
In the past, the comparisons of oils had been diffi cult 
because it was diffi cult to control the many patient vari-
ables such as the degree of infl ammation, the breakdown of 
blood-ocular barrier, the nature and complexity of rheg-
matogenous retinal detachments, and the type and extent of 
surgery performed. In Leuven, there has long been a tradi-
tion of using silicone oil as the tamponade of choice for the 
treatment of full-thickness macular holes. All patients 
therefore had the same pathology and no infl ammation and 
blood- ocular barrier breakdown; the surgery was fairly 
standard. The assessment includes clinical assessment with 

Tamponade provided is
ineffective as large area
of retina unopposed by
oil bubble

Silicone oil
bubble

Spherical bottom
of an underfilled
silicone oil filled eye

  Figure IV.G-3    Slight underfi lling of the vitreous cavity with silicone 
oil will much reduce the tamponade effect of it against the superior 
retina. This is due to the lower buoyancy of silicone oil as compared to 
that of an intraocular gas bubble       
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slit-lamp biomicroscopy and gonioscopy as well as special 
laboratory investigations using droplet counting using 
microscopy and ultrasonography. The results indicated that 
there was no signifi cant difference between the oils in terms 
of emulsifi cation. This is the fi rst clinical trial that validated 
the design of the new oils.  

   e. Viscoelasticity 
 As with the removal of SiO, extraction of heavy SiO using 
long cannulas is not practical. However, due to its heavier-
than- water nature, it sinks and potentially can pinch off from 
the tip of the cannula if suction is ineffective. Stappler and 
Wong have shown that it is possible to remove heavy SiO 
with a short and small-gauge cannula [ 78 ]. This is possible 
due to the viscoelasticity of heavy SiO, in which extensional 
fl ow occurs when it is aspirated. This allows the bubble 
to assume a conical shape, and thus removal in one go is 
feasible. The “tubeless siphoning” phenomenon aided the 
removal of heavy SiO with the use of a 20 gauge cannula cut 
to only 7 mm long [ 78 ]. Romano and colleagues have shown 
that it was even possible under the 23 gauge system [ 79 ]. 
Figures  IV.G-4  outline how this is being carried out.

         Conclusion 

 Both intraocular gas and silicone oil have proven to be 
invaluable vitreous substitutes in modern vitreoretinal 
surgery, especially in the management of complex 

 retinal detachments. In addition, their use has been 
extended to indications other than retinal detachment. 
The fundamental understanding of the physiological 
properties of these vitreous substitutes is important, as 
it would enable surgeons to make rational choice under 
different circumstances. 

Short extrusion
needle

Tubeless siphoning
of heavy tamponade

  Figure IV.G-4    “Tubeless siphon-
ing” enables removal of a heavy 
silicone oil bubble using a shorter 
cannula and does not require the 
cannula to reach the bottom of the 
eye during removal       

  Abbreviations 

  BSS    balanced salt solution   
  C 2 F 6     hexafl uoroethane   
  C 3 F 8     perfl uoropropane   
  C 8 F 18     perfl uoro-n-octane   
  C 8 F 17 Br    perfl uorooctylbromide   
  C 8 F 16     perfl uoromethylcyclohexane   
  C 10 F 18     perfl uorodecaline   
  C 14 F 24     perfl uorophenanthrene   
  C 12 F 27 N    perfl uorotributylamine   
  C 9 F 21 N    perfl uorotri-n-propylamine   
  D-ACE    drain-air-cryotherapy-explant      
  IOP    intraocular pressure   
  N 2 O    nitrous oxide   
  PDMS    polydimethylsiloxane   
  PFCL    perfl uorocarbon liquid   
  PVR    proliferative vitreoretinopathy   
  SF 6     sulfur hexafl uoride   
  SiO    silicone oil    
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   I. Submacular Surgery 

   A. History 

   1. Trauma and PVR 
 For many years subretinal surgery has been performed in 
eyes with retinal detachments related to proliferative vitreo- 
retinopathy (PVR) and severe trauma [ 1 ,  2 ]. Several tech-
niques have been developed to achieve relaxation of the 
retina and prevent complications like subretinal silicone oil 
or perfl uorocarbon displacement, enlargement of the reti-
notomy into the retinal center, as well as choroidal hemor-
rhage. Routine vitrectomy instruments were used at this 
time, which made subretinal strand removal quite adventur-
ous, and enlargement of the retinotomy was often created 
due to mechanical manipulations. Large retinectomies were 
feared and only more frequently used in the late 1980s when 
Zivonovic actually showed that the retina could be purpose-
fully cut to remove subretinal tissue and relax the retina [ 3 ]. 
With the introduction of liquid perfl uorocarbons in 1986 to 
facilitate treatment of retinal detachments arising from giant 
retinal tears, these manipulations became easier to execute in 
PVR and other surgeries [ 4 ].  

   2.  Choroidal Neovascular Membranes 
in AMD 

 Removal of a choroidal neovascular membrane (CNV) 
together with extensive hemorrhage in AMD patients was 
fi rst described in 1988 by Machemer and Steinhost [ 5 ], 
who considered this as a last attempt in hopeless cases. The 
removal of the subretinal membrane occurring in eyes with 
infl ammatory disease, like presumed ocular histoplasmo-
sis syndrome, was successfully performed by Thomas and 
Kaplan in 1991 [ 6 ]. Visual results were encouraging, and 
recurrences rare compared to other treatment modalities at 
that time. For several years subretinal techniques have been 
refi ned and special instrumentation designed allowing a 
much less traumatic and safer access to the subretinal space. 
Thus, submacular membrane removal in AMD patients 
evolved in an attempt to offer patients with subfoveal CNV 
an alternative treatment to observation or laser photocoagu-
lation. In spite of this, visual results were generally disap-
pointing when this surgery was performed in AMD patients.   

   B.  Instrumentation for Submacular 
Surgery 

 As already mentioned special instruments are mandatory to 
perform subretinal surgery in the least traumatic way. The 
most important is a set of 70–90° angled instruments designed 
by Matthew Thomas in 1991 [ 7 ] which have a longer tip to 
fi rmly grasp a subfoveal membrane from an extrafoveal loca-
tion. The microsurgical set consists of a vertical and horizon-
tal forceps as well as a vertical and horizontal scissors and 
spatulas of different lengths. A tapered fl uid needle with a 
long silicone end tip reaching under the retina to aspirate 
fl uid actively or passively is helpful as well as a silicone tip 
forceps for gentle manipulation of the retina if it needs to be 
grasped.  

   C.  Indications for Submacular Surgery 

 Current indications for subretinal surgery are large subretinal 
hematomas in AMD (below) and subretinal strands due to 
trauma and PVR, although most are managed by large reti-
nectomies to allow direct access, better view, and more com-
plete removal of this pathologic tissue [see chapter   V.B.6    . 
Retinectomy in recalcitrant retinal detachments]. Although 
small extrafoveal membranes are easy to remove and might 
do very well as far as visual acuity and recurrences are con-
cerned, anti-VEGF injections, laser therapy, and PDT are the 
fi rst treatments of choice for neovascularization of different 
origins, and surgery is considered as a last resort. Currently, 
subretinal surgery is a technique that augments the arma-
mentarium of vitreous surgery allowing access and manipu-
lations in the subretinal space to remove scar tissue, many 
types of CNV, and/or large hemorrhages. Whether subreti-

 Key Concepts 

     1.    Submacular surgery was introduced in the early 
1990s as innovative treatment for subfoveal neovas-
cularization. The submacular surgery trial demon-
strated no benefi t for eyes with subfoveal 
neovascularization related to AMD and only mod-
est benefi t for selected eyes with hemorrhagic sub-
foveal CNV in AMD. Today this technique is used 
very rarely.   

   2.    Submacular surgery is effective for large hemato-
mas of recent onset with dramatic results in a minor-
ity. Recurrent hematomas are the most frequent 
complication.   

   3.    Macular translocation was developed to support the 
fovea with healthier pigment epithelium and thus 
restore or maintain vision. Results today are very 
good, indeed superior to PDT in a prospective ran-
domized trial. The introduction of anti-VEGF ther-
apy restricts surgical intervention to a second-line 
treatment for eyes not responding to therapy.   

   4.    Retinal pigment epithelial transplantation has been 
supplanted by anti-VEGF injections, but may in the 
future fi nd renewed interest because of stem cell 
therapies and viral or  nonviral transfection of reti-
nal cells to enhance survival. Thus, the expertise 
gained in the initial experience could be transferred 
to future  applications.     
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nal surgery for juxtafoveal membranes or juxtapapillary 
membranes is more successful than anti-VEGF treatment 
has never been compared. Still, there are small case series 
showing good results with subretinal membranectomy if the 
membrane itself has not yet grown under the fovea. However, 
due to the disappointing visual results of membrane excision 
in eyes with submacular involvement, anti-VEGF treatments 
are now preferentially administered in these patients [ 8 ]. 
On the other hand, knowledge about this technique might 
prove to become very useful for future treatment options in 
retinal degenerative disease amenable to subfoveal trans-
plantation of retinal cells either as suspensions or sheets or 
retinal implants. Moreover, during the performance of this 
procedure for submacular CNV, there were important obser-
vations made regarding the frequency of an attached vitreous 
to the macula in these elderly patients. This led to studies 
that demonstrate a probable role for the vitreous in the patho-
physiology of exudative AMD [see chapter   III.G    . Vitreous in 
age-related macular degeneration].  

   D.  Technique of Submacular Surgery 

 Submacular surgery starts with a standard pars plana vitrec-
tomy. Sclerotomy locations are chosen to enable easy access 
to the submacular pathology by the more dexterous hand of 
the surgeon. Small incision, trocar-guided systems can be used 
for vitreous removal, but in order to introduce the angled sub-
retinal instruments for submacular manipulation, at least one 
self-retaining cannula needs to be removed and the incision 
enlarged. After core vitrectomy, the posterior vitreous cortex 
is lifted and removed if a posterior vitreous detachment is not 
present. Although AMD patients are elderly patients and thus 
one would expect that the posterior vitreous cortex is already 
detached, in more than 80 % of cases with neovascular AMD, 
the posterior vitreous is still attached [ 9 ]. Complete removal of 
the posterior vitreous cortex is mandatory in these cases. 

 The retinotomy site is chosen to be as far away from 
the foveola as possible, yet still allows the surgeon to reach 
the membrane with the 90° angled subretinal instruments. 
The retinotomy is best done by using a 130° angled pick to 
perforate the neurosensory retina. Endodiathermy can be 
used to facilitate perforation and will additionally improve 
visibility of a small retinotomy during later manipulations. 
Subretinal bleeding should be avoided as much as possible. 
If this occurs, intraocular pressure can be raised temporarily 
or a small liquid perfl uorocarbon bubble can be placed over 
the posterior retina to stop or avoid bleeding.

Of paramount importance is that subretinal manipulations 
should be done with slow movements in a rather soft eye to avoid 
incarceration of tissue. –Professor Susanne Binder, 2013 

 A controlled retinal detachment is created to allow a work-
ing space for subretinal manipulation. With a bent cannula that 
is introduced through the retinotomy, balanced salt solution is 

slowly injected into the subretinal space. A bullous confi gura-
tion of the retinal detachment should be avoided because it 
reduces visibility of the subsequent subretinal maneuvers. The 
cannula is also used to gently loosen connective tissue around 
the membrane and to test for adhesions. If some hemorrhage 
becomes visible under the membrane, gentle pressure can be 
applied on the membrane with the cannula for some time to 
achieve hemostasis. If an extrafoveal retinal angiomatous pro-
liferation is present with a vascular connection to the sensory 
retina, it must be treated with careful diathermy and then cut 
with horizontal subretinal scissors. The membrane must be 
completely separated from the retina to avoid tearing and hole 
formation during removal, and its edges should be freed to 
avoid unnecessary removal of adjacent RPE. Then, subretinal 
forceps are introduced, and an edge of the membrane is grasped 
and slowly removed in a rather horizontal or oblique direction 
but never in a vertical direction. Again, if bleeding occurs 
while the tissue is extracted, pressure increases, and perfl uoro-
carbon will help to stop it. Since larger diffuse bleedings can 
occur after the tissue is removed from the eye and the sclerot-
omy is open, it is wiser to hold the membrane in the vitreous 
cavity or let it fall back on the retina for some time until bleed-
ing has ceased. Then the membrane can be grasped again and 
safely removed from the eye, while the posterior retina is cov-
ered with perfl uorocarbon liquid. As there is much elasticity of 
tissue, quite large membranes can be removed via a small reti-
notomy, if it is performed slowly. However if larger fi brotic 
choroidal neovascular membranes and organized blood com-
plexes should be removed with the cutter, the size of the reti-
notomy needs to be adapted and sealed either with diathermy 
before removal or with laser after removal when the retina is 
reattached. Again the vitreous is cleaned from blood and tissue 
particles to reduce postoperative infl ammation. The peripheral 
retina is indented to look for possible tear formation or tissue 
incarceration that can easily occur close to the sclerotomy site 
during tissue removal. The perfl uorocarbon liquid is removed, 
and the surgery is completed with fl uid gas exchange. If a large 
fi brohemorrhagic complex had to be removed via a large reti-
nectomy, a silicone oil tamponade is preferable. 

 In elderly patients with some cataract, vitrectomy is usu-
ally preceded by phacoemulsifi cation of the lens in combina-
tion with a posterior chamber lens implant. 

   1.  Complications of Submacular Surgery 
 As with all types of vitreous surgery, there is a small chance 
of endophthalmitis, retinal detachment, and retinal tear for-
mation in about 2–5 % of cases. In phakic eyes, cataracts will 
develop in more than 80 % of patients over 50 years of age. 
Related to the submacular surgery and retinotomy is insuffi -
cient closure of the retinotomy or a higher incidence of hem-
orrhage postoperatively which might clear within 1–3 weeks. 
While small retinotomies usually close even if not treated 
with laser coagulation, large retinotomies require careful 
laser treatment and a suffi cient internal tamponade to 
 permanently close [ 10 ]. The most common complication 
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during membrane removal in AMD is recurrent choroidal 
neovascularization that occurs in up to 32 % of cases [ 7 ].   

   E.  Functional Results of Submacular 
Surgery 

 In younger patients with infl ammatory neovascularization, 
the CNV is usually a classic type, i.e., well circumscribed 
(focal) and located anterior to the RPE, while in elderly 
patients with AMD, these membranes can be either classic, 
as described for younger patients, or occult, i.e., diffuse 
(non-focal) and located posterior to the RPE. Don Gass 
described classic membranes as type 2 membranes and the 
occult membranes as type 1 in his report about the rationale 
of subfoveal membrane excision [ 11 ]. In large studies of 
membrane excision in AMD patients, visual acuity improve-
ment was reported between 0 and 33 % of patients [ 12 – 14 ]. 
This was much lower than the primary results in young 
patients with infl ammatory disease, who attained postopera-
tive visual acuity of 20/40 in 30–40 % [ 6 ]. The reason for 
this difference can be explained by two facts:
•    Type one, occult, membranes located under the retinal 

pigment epithelium have worse outcomes because the 
overlying pigment epithelium is removed simultaneously 
during membrane excision leaving a larger defect of the 
RPE in comparison to type two classic membranes located 
anterior to the pigment epithelium where the membrane 
can be removed with much lesser mechanical damage to 
the RPE.  

•   In diffuse disease like AMD, the pigment epithelial defect 
created at surgery tends to enlarge over time, while in 
focal disease and young patients, the defect remains either 
stable or become smaller due to cell migration from its 
edges and a healthier Bruch’s membrane/choriocapillaris 
complex than in elderly patients [ 15 – 17 ].    
 In a retrospective meta-analysis evaluating 26 different 

studies and a total of 647 cases of subretinal membrane exci-
sion in AMD patients, it was shown that improvement was 
achieved in about 33 %, but there was also deterioration in 
27 %. Additionally, recurrence of CNV occurred in 25 % 
(0–55 %), which added to further visual loss in initially suc-
cessful cases [ 18 ]. In a prospective multicenter study compar-
ing submacular surgery with laser photocoagulation, the two 
treatment options were found to be equivalent. After 2 years, 
65 % of laser-treated cases versus 50 % of surgically treated 
eyes had a visual acuity that was better than or no more than 
one line worse than baseline [ 19 ]. While in the early years of 
submacular surgery for AMD, small, classic membranes 
were removed surgically, but with the introduction of photo-
dynamic therapy for small classic CNV this became the stan-
dard of care (later replaced by intravitreal anti-VEGF 
injections). Surgery was only performed for large occult 
hemorrhagic membranes with the worst prognosis [ 20 ].   

    II. Macular Translocation in AMD 

 The basic concept of macular translocation is to improve 
vision in patients with subfoveal choroidal neovascularization 
by relocating the macula away from the neovascular complex 
so that it enables the macula to receive nourishment from a 
healthier underlying RPE and choroid. For macular displace-
ment an iatrogenic retinal detachment is created either par-
tially or totally, and the retina is reattached by a tamponade. 

   A. History 

 The fi rst who explored translocation of the retina experimen-
tally was Linsey in 1983 [ 21 ]. In 1985 Tiedemann published 
their proposal for retinal translocation [ 22 ], and in 1993 
Machemer and Steinhorst published their results in the fi rst 
human surgical cases suffering from AMD [ 23 ]. Over the 
years the procedure has gone though multiple evolutionary 
iterations with major developments by Eckardt et al., Toth 
et al., and Tano et al. [ 24 – 26 ]. 

 In 1996 translocation with partial retinotomy was 
described mainly to reduce surgical complications like PVR 
[ 27 ], and in 1998 de Juan invented a limited translocation 
technique combined with scleral infolding for smaller sub-
macular membranes [ 28 ].  

   B. Surgical Technique 

   1. Limited Translocation 
 The original technique of limited translocation included pri-
marily a crescent-shaped partial scleral resection which was 
subsequently followed by scleral infolding performed with 
4–6 mattress sutures to reduce the complexity of the surgery 
[ 28 ]. A modifi ed technique was to achieve scleral shortening 
by scleral outfolding with clips [ 29 ]. 

 Essentially, the surgical procedure consists of four 
major steps:
    1.    Pars plana vitrectomy with posterior vitreous cortex 

removal   
   2.    Iatrogenic retinal detachment   
   3.    Scleral shortening   
   4.    Partial fl uid–air exchange     

   a. Scleral Infolding 
 In scleral infolding, rectus muscle traction sutures are placed 
fi rst and 5–6 mattress sutures preplaced through partial- 
thickness sclera starting 2 mm behind the temporal rectus 
muscle insertion and reaching upwards to the superior rectus 
muscle. Then, a standard 3-port pars plana vitrectomy is 
 performed. By slowly injecting balanced saline solution into 
the subretinal space via a 39 or 41 gauge needle, a retinal 
 detachment is created from the optic nerve to the ora serrata in 
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the temporal 180° of the globe. Following this, the scleral mat-
tress sutures are secured to shorten the sclera, and the  surgery 
is completed with a partial fl uid–air exchange. Postoperatively 
the patient is positioned to attain a shift of the central retina 
away from the choroidal neovascular membrane.  

   b. Outfolding Technique 
 In the outfolding technique a pars plana vitrectomy is per-
formed, and a retinal detachment is created. Then, titanium 
clips are applied to the sclera 2–2.5 mm wide and 10 mm long 
between the temporal lateral muscle and the oblique superior 
muscle. A fl uid–air exchange and positioning are performed in 
a similar way to the aforementioned infolding technique [ 30 ].   

   2.  Full Macular Translocation 
(MTS 360) 

 In this surgery phakic eyes undergo cataract surgery with 
implantation of a posterior chamber intraocular lens at the 
beginning of the procedure. After complete pars plana vit-
rectomy including posterior vitreous cortex removal and 
peripheral vitreous shaving under scleral depression, the 
retina is detached completely via a peripherally placed reti-
notomy and subretinal fl uid injection. Then the retina is cut 
circumferentially as anterior as possible, while posteriorly 
placed perfl uorocarbon liquid can help to stabilize the retina 
during this procedure for a short while. The retina is then 
refl ected after the perfl uorocarbon liquid is removed, and the 
subretinal membranous complex, if present, is carefully 
removed. Then the retina is gently translocated (mostly 
upwards) to cover the fovea with healthier retina using per-
fl uorocarbon liquid placed on the posterior pole. When 
enough displacement is achieved (35–45°), the retina is com-
pletely reattached with additional perfl uorocarbon liquid, 
and endolaser is applied at the edges of the retina. The per-
fl uorocarbon liquid is immediately replaced by a silicone oil 
tamponade. To prevent visual distortion, extraocular muscle 
surgery needs to be performed in these eyes either simultane-
ously [ 24 ] or a few weeks after translocation surgery [ 25 ].   

   C. Complications 

 A large study cohort of 153 cases undergoing limited macu-
lar translocation showed at least one complication in 35 % of 
cases [ 31 ] including retinal tears, retinal detachments, macu-
lar holes, retinal folds affecting the fovea, neovascularization 
at the injection site, and subretinal and choroidal hemor-
rhages. The main problem with this surgery, however, was 
that the amount of translocation was small and insuffi cient 
for larger choroidal neovascular membranes, the amount 
of retinal shift was not predictable, and recurrences were 
frequent [ 32 ]. For MT360, retinal detachment was among 
the most common complications ranging from 7.8 % from 
reports by Cynthia Toth and her group [ 33 ] to 42.8 % in a 

comparative study between different techniques by Ohji and 
coworkers [ 34 ]. Recurrent neovascularization was the sec-
ond most common complication ranging from 3.3 % after an 
extremely long observation period of 90 months in a German 
study [ 35 ] to 27.8 % with a 36-month observation time in 
the comparative Japanese study [ 34 ]. Other complications 
were cystoid macular edema, preretinal membrane forma-
tion, macular hole or tear, hypotony, and keratopathy [ 36 ]. 
As frequently observed with complex surgery, the highest 
complication rates were reported with earlier cases than later 
because the learning curve is long. 

 Because of the large rotation performed in MTS 360, bin-
ocular vision is often not recovered, and extraocular muscle 
surgery is needed [ 37 ].  

   D. Functional Results 

 Functional assessment after limited macular translocation 
showed that after 6 months 48 % of patients gained two or 
more lines of visual acuity, and at 1 year 40 % gained two or 
more lines of visual acuity, while 31 % lost two or more lines 
[ 31 ,  32 ]. For MTS 360 the percentage of patients with 
improvement in distance visual acuity ranges between 43 
and 66 % [ 24 ,  38 ], and gains of more than three lines range 
from 13 to 36 %. In contrast, the number of patients who 
were losing three or more lines after surgery is described 
between 6.6 and 56.2 % [ 24 ,  25 ]. Even more interesting, 
however, are the results in reading vision that have been 
reported to be larger than distance vision in two studies [ 39 ]. 
When compared with PDT in a prospective randomized trial, 
it was shown that macular translocation produced better 
visual results over 2-year observation [ 40 ].   

   III. RPE Transplantation 

   A. Rationale 

 The transplantation of RPE seemed to be a logical approach 
in restoring vision in patients with AMD. The disappointing 
visual results after membrane excision alone were explained 
by the mechanical removal of the RPE together with the 
membrane as well as the primary dysfunction of the RPE in 
these cases. Consequently, restoring RPE became an objec-
tive. Retinal rotation techniques (see above) have actually 
provided us with the proof of principle that this kind of  auto-
transplantation  can in fact restore useful vision and that 
reading visual acuity can be regained from an extrafoveal 
location. Thus, reconstituting central RPE structure and 
function via transplantation became a priority. 

 Following the path of successful experimental neuronal 
transplantation [ 41 ,  42 ], transplantation of retinal cells has 
been performed in animal and human eyes during the last 
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two decades. Despite evidence that transplantation was 
somewhat effective in animal models, effi cacy in humans has 
been confounded by various diffi culties. Indeed, successful 
transplantation requires the following:
•    A viable source of cells  
•   A technique for safe delivery  
•   Survival of the transplanted cells within the host  
•   No transdifferentiation of the grafted cells from their nor-

mal RPE phenotype (i.e., ideally restoration of the retinal 
pigment epithelium monolayer)  

•   A restoration of normal retinal architecture  
•   A permanent stabilization or improvement in vision     

   B. History 

 Options for patients with exudative AMD and subfoveal cho-
roidal neovascularization were subretinal membrane excision 
only, laser treatment, or observation. With the introduction of 
photodynamic therapy for classic choroidal neovasculariza-
tion and limited lesion sizes, submacular surgery was only 
indicated for  large or mainly occult lesions complicated by 
bleeding. With the introduction of anti-VEGF therapy as the 
fi rst line of treatment in exudative AMD, retinal cell therapy 
came almost to a halt. It is only with several years of experi-
ence with anti-VEGF treatment that we have learned that this 
treatment delays but does not prevent further visual loss 
because of retinal atrophy. Consequently, there is and will 
continue to be a resurgence of interest in cell transplantation. 

   1. Transplantation of Ocular Tissues 
 The fi rst experiments detailing the behavior of transplanted 
neural tissue were performed in 1946 by Tansley, who trans-
planted embryonic eyes into rat brains [ 43 ]. Although the use 
of the anterior chamber as a tissue culture chamber to observe 
the behavior and growth of various transplanted tissues had 
already been reported previously, the fi rst transplantation of 
fetal retina into the anterior chamber of maternal eyes in rats 
was performed in 1959 by Royo and Quay [ 44 ]. No further 
experiments were reported for more than 20 years.  

   2.  Retinal Pigment Epithelial 
Transplantation 

 The concept of retinal pigment epithelial (RPE) transplanta-
tion evolved from the successful culturing of RPE from 
donor eyes by Flood et al. in 1980 [ 45 ]. In 1984 and 1985, 
cultured human retinal cells were transplanted in the eyes of 
monkeys, fi rst by open sky techniques and later with closed 
eye methods by Gouras and others [ 46 – 48 ]. Finally, the ther-
apeutic potential of RPE transplantation was demonstrated 
in the Royal College of Surgeons (RCS) rat model when 
radiolabeled RPE suspension grafts delivered through a bleb 
detachment were fully capable of phagocytosing host outer 
segments [ 49 ,  50 ]. The retinal atrophy that occurred in the 
RCS rat within 2 months after birth as a result of the inher-

ited phagocytosis defect of the photoreceptor outer segment 
was therefore prevented [ 51 – 53 ]. 

 The RPE is known to produce a variety of cytokines both 
in vivo and in vitro [ 54 ]. In addition to the expected rescue 
effects observed over areas with transplanted RPE cells, fi ne 
cellular processes extending from the transplanted RPE over 
long distances were observed with electron microscopy. This 
suggested that trophic factors secreted from the graft may be 
involved in rescue of the overlying retina as well [ 49 ]. It is 
well known that experimental debridement of Bruch’s mem-
brane in normal pigmented rabbits will lead to atrophy of the 
underlying choriocapillaris and the overlying neural retina 
[ 55 ,  56 ]. Interestingly, intravitreal administration of basic 
fi broblast growth factors (bFGF) in RCS rats also led to a 
transient effect of photoreceptor rescue, which therefore may 
support such a trophic factor interaction [ 57 ,  58 ].  

   3. RPE Transplantation in Human Eyes 
 RPE transplantation in humans was fi rst performed by 
Peyman et al. in 1991 in two cases of terminal AMD [ 59 ]. 
Photoreceptor transplantation was attempted in human eyes 
in patients with retinitis pigmentosa by two groups: del Cerro 
and Das [ 60 ,  61 ]. Kaplan and his group treated two patients 
who were NLP preoperatively with outer retinal sheet trans-
plants derived from adult cadaver eyes with no complica-
tions; however, no visual improvement was reported [ 62 ]. In 
1994 Algvere and Gouras transplanted small patches as well 
as cell suspensions of previously cultured human fetal RPE 
into the foveal area after membrane excision [ 63 ]. Because 
of disappointing visual results, immune reaction to the 
homologous cells was considered as the main culprit in all 
the aforementioned experiments. 

 An interesting strategy to eliminate rejection has been the 
use of autografts of iris pigment epithelium (IPE) to replace 
defective RPE [ 64 ,  65 ]. Iris pigment epithelium cells have 
been used by groups in Japan and Germany [ 66 ,  67 ]. This 
concept is intriguing due to the ease by which the IPE can be 
harvested. The surgery can be performed in a one-step proce-
dure or in two steps where iridectomy is performed in com-
bination with cataract surgery and the IPE thereafter 
expanded in cell culture or transfected. Several investigators 
have shown the ability of IPE to phagocytose outer segments 
in vitro [ 68 ,  69 ]. However, when compared to the RPE, the 
IPE has been demonstrated to digest outer segments much 
more slowly and thus not as well as RPE [ 70 ]. It was thus 
reasonable to search for a safe way to harvest autologous 
RPE cells to transplant them subfoveally in eyes with subfo-
veal neovascularization related to AMD [ 71 ].   

   C. Surgical Techniques 

   1. Cell Suspensions (See Video  V.A.1-1 ) 
 The technique we used was experimentally tested [ 72 ] and 
then used in a pilot study in humans and in a  subsequent trial 

S. Binder and L.P. Chong



559

comparing membrane excision with and without RPE trans-
plantation [ 73 ,  74 ]. The procedure is as follows:
•    After pars plana vitrectomy and careful removal of the 

posterior vitreous cortex, a bleb retinal detachment is cre-
ated nasally from the optic disc via a small retinotomy.  

•   With a special instrument the RPE is gently harvested and 
aspirated in a tube and a microsyringe over an area of 
approximately 4–5 disc diameters.  

•   While these cells are counted and centrifuged by a surgical 
assistant, the subfoveal choroidal neovascular  membrane 
is removed by the surgeon via a second retinotomy created 
away from the fovea but close enough to the lesion to 
grasp it with subretinal forceps (see above).  

•   A perfl uorocarbon liquid bubble is used to cover the pos-
terior pole and prevent bleeding.  

•   Now the RPE cell suspension prepared by the assistant is 
slowly injected into the subretinal space via a small can-
nula connected to a tuberculin syringe with the perfl uoro-
carbon liquid still in place to avoid refl ux of cells into the 
vitreous.  

•   The retinotomies are sealed with endolaser photocoagulation.  
•   PFCL is aspirated after some minutes to allow cells to 

settle and the vitreous cleaned from cellular debris.  
•   The retinal periphery is inspected carefully for retinal 

tears or vitreous incarceration.  
•   A fl uid–air exchange is performed.  
•   The sclerotomy wounds are closed.    

 Postoperatively, the patient is asked to maintain a supine 
position for 1 h to further allow the cells to settle in the sub-
retinal space and is then turned into a prone position until the 
next day. Complications with cell suspension transplantation 
were rather low and mainly related to vitrectomy. In a pilot 
study and in a trial, we reported about 8.7 % retinal detach-
ment, all treatable [ 73 ,  74 ]. No recurrence of CNV was 
observed during the observation period of 17 months but 
reached 5–8 % after 2 years. 

 While the suspension technique bears the advantages of 
being technically easy and has complication rates close to 
standard vitrectomy, it bears the disadvantage that the cells 
are irregularly distributed on a defective or diseased Bruch’s 
membrane which makes their survival diffi cult. This limita-
tion is being addressed by experiments that are underway to 
create artifi cial basal lamina to provide better survival of 
these cells by improving this  cell culture  milieu from its dis-
eased environment and by approaches using artifi cial lami-
nas rather than cell suspensions.  

   2.  RPE/Bruch’s Membrane/Choroid 
Patch 

 Another strategy using autologous material is the transplan-
tation of a full-thickness RPE–choroidal patch or sheet taken 
from the periphery of the same eye to cover the foveal defect. 
The fi rst who performed full-thickness RPE patch transplan-
tation that was taken from adjacent areas of the CNV in nine 
patients was Bill Awylard 1998 to 1999. Unfortunately these 

fl aps demonstrated sequestration after an observation period 
of 1–2 years [ 75 ], although some remaining functions were 
demonstrated by microperimetry [ 76 ]. As with retinal rota-
tion, bleeding and infl ammation need to be kept to a mini-
mum to provide a basis for success with this surgery. 

 Over the following years full-thickness patch transplanta-
tion has gone some technical changes with large contributions 
by Jan van Meurs and Drs. Pertile and Parolini [ 77 – 79 ]. As 
with full retinal rotation surgery, phakic patients undergo cata-
ract surgery with lens implantation at the beginning of surgery. 
The classic transplantation consists of the following steps:
•    A complete 3-port pars plana vitrectomy including ante-

rior vitrectomy and removal of the posterior vitreous 
cortex.  

•   A retinotomy temporal from the lesion is created, and the 
fi bromembranous complex is carefully removed under 
perfl uorocarbon liquid.  

•   An area for the patch is identifi ed nasal to the optic disc or 
inferior to the vascular arcade.  

•   Diathermy and/or laser is performed at the borders of the 
transplant which was chosen as large as possible, but in 
general 4 × 5 mm.  

•   With horizontal scissors the full-thickness patch is cut 
90 % with the overlying retina left as long as possible to 
prevent damage to the RPE with instruments. If bleeding 
occurs from the choroid during cutting, this must be man-
aged immediately with diathermy and transient intra-
ocular pressure rise; otherwise, all manipulations are 
performed in a soft eye.  

•   Now some fl uid is injected into the subretinal space to 
allow easier access with the patch.  

•   After the patch is freed completely and the overlying ret-
ina removed, it is grasped carefully at the edge and slowly 
transferred into the subfoveal space.  

•   Now the anterior vitreous is excised and the vitreous fi lled 
with perfl uorocarbon liquid anterior from the equator.  

•   Addition laser treatment is applied to the retinotomies.  
•   A direct perfl uorocarbon liquid–silicone oil exchange is 

performed, and the sclerotomy wounds are closed.    

 A variation mainly performed by Drs. Pertile and others is 
the following:
•    After vitrectomy, a 180° retinotomy is created in the tem-

poral periphery of the fundus, and the retina is detached 
and fl apped nasally.  

•   PFCL is used to hold the retina in place when the neovas-
cular complex and blood are removed.  

•   Bleeding vessels are treated with diathermy.  
•   The patch is prepared under perfl uorocarbon liquid in a 

similar way as with the classic technique and then gently 
translocated over the foveal defect.  

•   A perfl uorocarbon liquid “rock and roll” technique is 
used to allow this. The subretinal perfl uorocarbon liquid 
is gently removed and the retina unrolled with new per-
fl uorocarbon liquid.  
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•   Laser photocoagulation is applied at the edges of the 
retinotomy.  

•   A direct perfl uorocarbon liquid–silicone oil exchange is 
performed.    
 This technique has the clear advantage that it minimizes 

bleeding and provides better access to the neovascular lesion 
which tends to be quite large to justify surgical intervention 
and easier preparation of the patch. Whether a residual fi lm 
of perfl uorocarbon liquid around the transplant might reduce 
cell function has never been separately evaluated. 

 Complications with patch transplants were higher than cell 
suspension techniques, especially with the occurrence of pro-
liferative vitreo-retinopathy in up to 45 % [ 76 – 80 ]. As already 
pointed out with MTS 360, complication rates were lower in 
reports from those groups who performed the surgery for sev-
eral years in higher numbers [ 81 – 83 ]. Figures  V.A.1-1 ,  V.A.1-2 , 
 V.A.1-3 ,  V.A.1-4 ,  V.A.1-5 ,  V.A.1- 6  ,  V.A.1-7 ,  V.A.1-8 ,  V.A.1-
9 ,  V.A.1-10 ,  V.A.1-11 , and  V.A.1-12  show two cases of RPE–
choroid patch transplantation performed by Dr. Binder. Both 
are last eye patients. Nr 1 (Case 2) turned out to be less suc-
cessful (Figures  V.A.1-1 ,  V.A.1-2 ,  V.A.1-3 ,  V.A.1-4 ,  V.A.1-5 , 
 V.A.1-6 , and  V.A.1-7 ), and Nr 2 (case 5) was indeed a perma-
nent success (Figures  V.A.1-8 ,  V.A.1-9 ,  V.A.1-10 ,  V.A.1-11 , 
and  V.A.1-12 ).

                  D. Functional Results 

 While functional results in the pilot study of 14 cases with 
RPE suspensions were very promising since 57.5 % of cases 
gained two or more lines after 17 months of observation 
[ 73 ], later results were rather disappointing. When these 
experiments were started, PDT was not available, and 

patients with small foveal lesions were candidates for sur-
gery. In the subsequent trial, however, patients who qualifi ed 
for PDT were excluded from the surgery trial; thus, the 
patients who underwent surgery had larger lesions and more 
hemorrhage. In spite of that we saw a trend that was not sta-
tistically signifi cant but suggested superiority in visual gain 
when cell suspension injection was compared with mem-
brane removal alone. A signifi cant difference, however, was 
observed in clinical tests like multifocal ERG and micrope-
rimetry [ 74 ]. Similar experiences have been reported also 
after iris pigment transplantation [ 67 ]. 

 With patch transplantation signifi cant improvement in 
distance and reading vision can be reached in a certain per-
centage of cases, but unfortunately due to the high number of 
complications, this advantage is lost (in a study). A mean 
gain of one line was described by Van Meurs and his group 
[ 83 ]. With the success of anti-VEGF therapy as fi rst-line 

  Figure V.A.1-1    Case Nr 1. Full-thickness RPE/Bruch’s membrane 
choroidal patch transplantation. Case 2. A 76-year-old male. VA on 
admission = hand motions. History: Status post PDT Jan 2005. Massive 
subretinal hemorrhage from CNV. Other eye: end-stage AMD, 
VA = hand motions       

  Figure V.A.1-2    Area where patch has been removed in superior 
quadrant       

  Figure V.A.1-3    One month postoperatively. Well-centered transplant 
patch that is perfused on fl uorescein angiography. VA = 0.05 (20/400)       
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treatment in exudative AMD today, this surgery is only 
reserved as rescue therapy for isolated cases, but the experi-
ence that has been gained techniques that have been devel-
oped will be very useful for future therapies.   

   IV.  Surgical Management of Submacular 
Hematoma 

   A. History 

 Submacular hematoma may be caused by a number of differ-
ent conditions including exudative age-related macular 
degeneration and other causes of choroidal neovascular 
membrane, ruptured retinal macroaneurysm, complications 
of scleral buckle surgery, trauma, sickle cell disease, and 
retinal tears in primary rhegmatogenous retinal detachments. 
Systemic anticoagulants or antithrombotics may increase the 

risk of submacular hemorrhage for exudative age-related 
macular degeneration [ 84 ,  85 ], and long-term anticoagula-
tion or antiplatelet therapy may be associated with larger 
subretinal hemorrhages [ 86 ]. A variant of choroidal neovas-
cular membrane, polypoidal choroidal vasculopathy, is also 
at increased risk of submacular hemorrhage [ 87 ]. Polypoidal 
choroidal vasculopathy is a common presentation of age- 
related macular degeneration in Asian patients [ 88 ]. 

 Glatt and Machemer observed that in a rabbit model sub-
retinal blood irreversibly damaged the outer retina within 
24 h [ 89 ]. They hypothesized three mechanisms for this 
damage: thick subretinal blood created a diffusion barrier 
between the retinal pigment epithelium choroid and the pho-
toreceptors, contraction of the blood clot caused mechanical 
damage, and/or iron toxicity. Fibrin was associated with tear-
ing of sheets of photoreceptor inner and outer segments by 
7–14 days in a cat model [ 90 ] supporting the concept of early 
therapeutic intervention. 

  Figure V.A.1-4    One month 
postoperatively. OCT of trans-
plant shows cystic changes, 
intact retinal layers       

  Figure V.A.1-5    Three months postoperatively. Central patch appears 
smaller and folded. VA = 0.03 (20/400). Silicone oil removal planned       

  Figure V.A.1-6    Two months postoperatively. Silicone was removed 
uneventfully. Patch  has lost pigmentation. VA = 0.02 (20/800)       
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 The natural history of thick submacular hemorrhage in 
exudative macular degeneration is especially poor when 
compared to other etiologies without choroidal neovascular 
membranes such as choroidal rupture [ 91 – 93 ], At 36 months 
44 % of eyes with subfoveal blood had lost six or more lines 
of vision, and size and height of the subretinal blood were 
important factors [ 94 ]. Preexisting abnormalities of the pho-
toreceptor and retinal pigment epithelium in age-related 
macular degeneration may lower the threshold to damage 
from subretinal blood. The results of anti-VEGF monother-
apy for submacular hemorrhage due to AMD may be better 
than the natural history, but good visual acuity is rarely 
attained [ 95 – 97 ].  

   B. Surgery for Submacular Hematoma 

   1. History 
 In 1987 Hanscom and Diddie in California fi rst reported the 
evacuation of subretinal hemorrhage of 1 week’s duration 
from two patients (one with AMD and one with ruptured 
macroaneurysm) [ 98 ]. In 1988 de Juan and Machemer 
reported improvement in visual acuity after pars plana vit-
rectomy and removal of the subretinal clots in three of four 
patients with large submacular hemorrhage and 
AMD. Subsequent reports followed [ 93 ,  99 ,  100 ]. The sur-
geon waited for the submacular hemorrhage to hemolyze 
before performing pars plana vitrectomy. After pars plana 

  Figure V.A.1-7    OCT 12 months 
postoperatively. Loss 
of intraretinal structure with 
fi brosis       

  Figure V.A.1-8    Case Nr 2: 71-year-old female. History. Massive hem-
orrhage after PDT. VA = LP+, other eye enucleated after trauma in 
childhood. One month after surgery residual hemorrhage nasally from 
transplant. Good centration of transplant but surrounding rim of atro-
phic area ( black arrows )       

  Figure V.A.1-9    Six months postop. VA = 0.04 (20/400). Bridging 
between healthy pigment epithelium and transplant visible ( black arrows )       
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vitrectomy, a retinotomy was made through which intraocu-
lar forceps were introduced to grasp the clot and extract it or 
liquefi ed blood was lavaged. There was signifi cant discus-
sion about the timing of the intervention. Intervention too 
early could physically shear and damage the photoreceptors. 
A delay in intervention could result in an irreversibly dam-
aged sensory retina.  

   2. Tissue Plasminogen Activator 
 Tissue plasminogen activator (tPA) is a serine protease found 
on endothelial cells. It is an enzyme that catalyzes the con-
version of plasminogen to plasmin, the major enzyme 
responsible for hemolysis [ 101 ]. It has advantages over other 
thrombolytic agents such as streptokinase and urokinase 
because its activity is enhanced in the presence of a fi brin 
clot, and a complex of fi brin, tissue plasminogen activator, 
and plasminogen is formed. These qualities make it fi brin 
specifi c and clot selective [ 102 ]. tPA available for clinical 

use is manufactured using recombinant biotechnology and 
includes alteplase, reteplase, and tenecteplase. Alteplase is 
FDA approved for treatment of myocardial infarction with 
ST elevation, acute ischemic stroke, acute massive pulmo-
nary embolism, and central venous access devices. Reteplase 
is FDA approved for acute myocardial infarction. 
Tenecteplase is indicated for acute myocardial infarction. 

 The introduction of subretinal injection of tPA allowed 
immediate surgical intervention of submacular hemorrhage. 
A number of animal studies established the retina toxicity 
profi les for intravitreal injection of tPA injected in the rabbit 
[ 103 ,  104 ], and cat [ 105 – 107 ]. In the rabbit eye, toxicity was 
not seen in doses up to 50 microgram/0.1 cc. Above 
50 μg/0.1 cc, large necrotic retinal holes, bullous retinal 
detachment, and marked retinal vessel attenuation were seen. 
In the human, four patients developed exudative retinal 
detachment followed by hyperpigmentation after intravitreal 
injection of 100 μg of tPA [ 108 ]. The retinal toxicity of tPA 
has been attributed to l-arginine in the vehicle which pre-
vents the self-degradation of tPA [ 106 ]. Hemolytic effects 
have been seen clinically with doses as low as 6 μg (deliv-
ered in 0.1 cc volume) injected into the vitreous [ 109 ] and 
6 μg/0.1 cc injected into the subretinal space [ 110 ]. Clinically 
doses between 5 and 50 μg per 0.1 cc are used. 

 Early worries that tPA could not enter the subretinal space 
because of its large size (molecular weight of over 70 kD) 
were seemingly confi rmed when labeled tPA injected into 
the vitreous could not be detected in the subretinal space of 
rabbits [ 111 ]. Yet intravitreally injected albumin at 69 kD 
diffused through the retina within 1 h in rabbit eyes [ 112 ], 
and subretinal clots were hemolyzed by intravitreal tPA 
compared to saline injections in rabbits [ 113 ] and pigs [ 114 ]. 
These worries were quickly dispelled by its clinical effec-
tiveness. Kimura et al. found hemolyzed blood at time of 
vitrectomy 12–36 h after intravitreal injection of tPA [ 109 ]. 
More recently this discrepancy between failure of tPA to 
penetrate the rabbit retina and its clinical utility has been 

  Figure V.A.1-10    Six months 
postoperatively. OCT shows nice 
integration of patch as 
well as a connection with healthy 
RPE       

  Figure V.A.1-11    Twenty-eight months postoperatively. Same clinical 
situation. VA improved to 0.1 (20/200) Jaeger 7       
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attributed to species differences. A third-generation throm-
bolytic agent, a variation of native tPA produced by recombi-
nant DNA technology with multiple point mutations, was 
shown to penetrate all layers of the pig eye after intravitreal 
injection [ 115 ]. Subretinal injection of tPA in experimental 
animal models enhanced the clearance of subretinal hemor-
rhage [ 104 ,  107 ], or facilitated surgical removal [ 116 ] and 
protected the outer retina.  

   3. Surgery 
 The use of subretinal tPA allowed earlier surgical intervention 
and the prospect of better visual outcome [ 110 ,  117 – 119 ]. 
Small gauge subretinal cannulas which had been developed 
to infuse fl uid underneath the retina for excision of subfoveal 
choroidal neovascular membrane and macular transloca-
tion were adapted for injection of tPA (see Video  V.A.1-2 ). 
Preoperative intravitreal injection of tPA also seemed to 
facilitate the removal of subretinal hemorrhage during pars 
plana vitrectomy a day later [ 109 ]. Perfl uorocarbon liquids 
could be used to squeeze the liquefi ed blood into the vitreous 
cavity [ 110 ,  120 ]. To date published reports of surgical inter-
ventions for submacular hemorrhage have been retrospec-
tive, studying relatively few patients with variable follow-up 
and hemorrhage size. The SST Group B trial randomized 
336 patients with relatively large hemorrhages (subfoveal 
choroidal neovascular lesions greater than 3.5 disc areas and 
composed of at least 50 % blood), but could not demonstrate 
any benefi t to submacular surgery [ 121 ]. However, tPA was 
used in only 38 % of eyes, blood remained underneath the 
fovea in 62 % of eyes with greater than 4 disc areas of blood, 
and the duration of hemorrhage before intervention was not 
reported. 

 At the 1996 Vail Vitrectomy Meeting Heriot presented his 
success in displacing submacular hemorrhage from the fovea 
with intravitreal tPA, intravitreal gas injection, and facedown 

positioning [ 122 ]. Other reports followed [ 108 ,  123 – 125 ]. 
One hundred micrograms of tPA was injected through the 
pars plana in a volume of 0.1 cc. A day later gas was injected 
into the eye. The patient was positioned in a prone position 
to localize the gas bubble to the macula to displace the hemo-
lyzed blood. This captured the imagination of retinal sur-
geons around the world. There was discussion about how 
long to wait after tPA injection before gas should be injected. 
Submacular hemorrhage could be displaced even without 
tPA [ 126 ]. Surgeons soon adapted Heriot’s idea of displacing 
submacular hemorrhage to the surgical management of this 
problem [ 127 ]. Eighty-seven percent of eyes had no subfo-
veal blood after this technique with 2 line visual acuity 
improvement in 59 % of eyes [ 128 ]. The risk of retinotomy- 
related complications was avoided. Direct injection of tPA 
into the subretinal space appeared to be more effi cacious and 
predictable than intravitreal tPA. 

   a. Technique 
 The author (LPC) uses the following technique:
•    Tissue plasminogen activator at a concentration of 

25 μg/0.1 cc is prepared in the pharmacy and delivered to 
the operating room. The tPA is transferred to a 3 cc Luer- 
Lock syringe on the surgical fi eld.  

•   A 39 or 41 gauge subretinal cannula is connected to the 3 cc 
syringe with a small length of intravenous tubing. This iso-
lates movement at the syringe from inadvertently displacing 
the tip of the subretinal cannula at the time of tPA injection. 
All air in the tubing and cannula is carefully removed.  

•   After pars plana vitrectomy, the subretinal cannula is 
advanced to the surface of the retina until the choroid 
focally whitens. The view of a 68 diopter macula pan-
oramic contact lens (Advanced Visual Instruments, Inc., 
New York, New York) provides both magnifi ed detail as 
well as an arcade to arcade view of the macula.  

  Figure V.A.1-12    Twenty-eight 
months postoperatively. OCT 
shows well-integrated patch and 
development of foveal contour       
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•   The surgical assistant depresses the plunger on the syringe 
to inject the tPA into the subretinal space. These injections 
are made at the borders of the submacular hemorrhage 
and not over the clot itself. Injections made directly over 
the clot may result in failure at the retinotomy site from 
clot contraction or proliferation stimulated by the clot.  

•   Multiple injections are usually necessary to bathe the 
blood clot. The optic nerve limits the subretinal tPA from 
migrating to the nasal side.  

•   The induced detachment of the retina should be limited to 
the posterior pole just outside the temporal vascular 
arcades. Induction of retinal detachment beyond the equa-
tor increases the risk of postoperative rhegmatogenous 
retinal detachment.  

•   After subretinal tPA injection a small air bubble is injected 
into the subretinal space. This augments the displacement 
of the subfoveal blood to the periphery [ 129 ].  

•   In the recovery room, the patient is positioned supine for 
1 h before positioning the head erect for 24 h.    
 Intraocular gas is not necessary to displace the blood or to 

tamponade the small retinotomies made by the 39 or 41 
gauge subretinal cannulas. Therefore, I do not put any gas 
into the eye. Should gas be injected, then the head is conven-
tionally positioned face down. Stopa et al. concluded that the 
head erect positioning is preferential to prone positioning 
because this maximizes the force of gravity force parallel to 
the subretinal space [ 130 ]. Foster and Chou demonstrated 
that a partial gas bubble has no buoyant force at the top in a 
vessel with gas in the upper portion and liquid in the lower 
portion [ 131 ]. This also favors head erect positioning with-
out an intraocular gas bubble in the immediate postoperative 
period. The retina is usually completely attached after 24 h. 
This means that submacular hemorrhage is again locked into 

place after 24 h, and further head erect positioning beyond 
this time is not useful. The submacular hemorrhage is most 
often displaced to just beyond the inferotemporal arcade and 
is a function of the volume of tPA injected into the subretinal 
space (Figures  V.A.1-13  and  V.A.1-14    ).

       b. Complications 
 Complications include spontaneous rupture at the fovea with 
release of subretinal hemorrhage through the fovea during 
tPA injection, postoperative rhegmatogenous retinal detach-
ment, inadequate displacement of hemorrhage, and break-
through of submacular hemorrhage into the vitreous cavity. 
The fovea is the thinnest point of the sensory retina and there-
fore prone to spontaneous rupture. Despite this occurrence, 
the visual outcome remains good similar to successful macu-
lar hole repair. As mentioned, creation of retinal detachment 
beyond the equator increases the risk of rhegmatogenous reti-
nal detachment. The subretinal blood can stimulate the devel-
opment of proliferative vitreo-retinopathy. Inadequate 
displacement of hemorrhage may necessitate a repeat proce-
dure to displace the remaining hemorrhage. Recurrent sub-
macular hemorrhage is rarely seen after successful 
displacement of submacular hemorrhage secondary to exuda-
tive age-related macular degeneration. A defi nitive choroidal 
neovascular membrane is often not identifi able by fl uorescein 
angiography. 

 Massive submacular hemorrhages for which displace-
ment is ineffective are best managed with subretinal tPA and 
360 retinotomy techniques. These techniques were described 
in the seminal report by Machemer and Steinhorst describing 
this approach in three eyes with severe and recent massive 
submacular hemorrhage [ 23 ] [see section  II . Macular trans-
location in AMD].  

a b

  Figure V.A.1-13    ( a ) Preoperative photograph of the left eye in a 
77-year-old man with exudative age-related macular degeneration and 
submacular hemorrhage lowering visual acuity to count fi ngers 
(Courtesy of J. Sebag, MD; VMR Institute for Vitreous Macula Retina). 

( b ) Preoperative fl uorescein angiography of the same eye as in fi gure 
(a) demonstrating profound blocked fl uorescence by the submacular 
hemorrhage (Courtesy of J. Sebag, MD; VMR Institute for Vitreous 
Macula Retina)       
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Keywords

 

Key Concepts

still uncertain. Surgery should be performed if there 

is progressive visual acuity loss or metamorphopsia 

or if there are signs on spectral-domain OCT of 

photoreceptor damage. Surgery should include core 

and peripheral vitrectomy with premacular mem-

brane and inner limiting membrane (ILM) removal, 

in order to avoid recurrences.

 2. Lamellar macular holes and macular pseudoholes 

are conditions that progress slowly, and surgery 

should be performed only in those cases in which 

there is deterioration on OCT with visual acuity 

loss. If performed, surgery should include premacu-

lar membrane and ILM removal with the use of a 

gas tamponade to ensure closure of the hole.

undergo surgery soon after diagnosis. Surgery 

should include ILM removal and a gas tamponade 

to ensure macular hole closure.

 4. Vitrectomy in patients with vitreomacular traction 

should be performed at diagnosis if visual acuity is 

worse than 20/40 or if there is severe metamorphopsia. 

In patients presenting good visual acuity, surgery 

should be performed if there is a decrease in visual acu-

ity with increased traction on OCT. It is important to 

proceed cautiously when inducing a posterior vitreous 

detachment surgically because vitreous may be firmly 

attached to the fovea, requiring sharp dissection.

Outline

I.  Macular Pucker
A.  Prognostic Factors and Indications for Surgery

B.  Surgical Technique

1.  Inner Limiting Membrane (ILM) Peeling  

with and without Chromodissection

C.  Surgical Outcomes

1.  Complications

II.  Macular Pseudoholes

III.  Lamellar Macular Holes
A.  Prognostic Factors and Indications for Surgery

B.  Surgical Technique

C.  Surgical Outcomes and Complications

IV.  Full-Thickness Macular Hole (FTMH)
A.  Prognostic Factors

B.  Surgical Technique

1.  Chromodissection

2.  Internal Tamponade

3.  Contemporaneous Cataract Surgery

4.  Pharmacologic Vitreolysis

C.  Surgical Outcomes and Complications

V.  Vitreomacular Traction (VMT)
A.  Surgical Technique and Outcomes

References

http://www.springerimages.com/videos/978-1-4939-1085-4
http://www.springerimages.com/videos/978-1-4939-1085-4
http://dx.doi.org/10.1007/978-1-4939-1086-1_33
http://dx.doi.org/10.1007/978-1-4939-1086-1_33
mailto: inescon3@yahoo.com
mailto: figueroa@servicom2000.com


572

I.  Macular Pucker

referred to as an “epiretinal” membrane. However, the 

term “epi” means adjacent to, which could be subretinal. 

Furthermore, the membranes in question are attached to the 

macula; thus the term “premacular” is more precise for two 

reasons. This premacular membrane is a fibrocellular pro-

liferation that grows on the inner limiting membrane of the 

macula [see chapter III.F. Vitreous in the pathobiology of 

to progressive distortion of the macular structure, produc-

ing visual acuity loss and metamorphopsia (Figure V.A.2-1). 

Vitrectomy with membrane peeling has been shown to release 

the traction exerted on the macula, with an improvement in 

very frequent pathology [1

optimum time for surgery remains unclear. Furthermore, in 

some cases in spite of an adequate removal of the premacu-

lar membrane, visual outcomes are  unsatisfactory. In the last 

few years, several reports have focused on the prognostic 

factors that may help to determine when to recommend sur-

gery to a specific patient.

Spectral-domain optical coherence tomography (SD-OCT) 

with its high scanning speed and its resolution of up to 3 μm 

allows a layer-by-layer analysis of the retina and is capable of 

detecting subtle pathologic changes of the retina. Four highly 

reflective bands are clearly depicted in the outer retina on a 

SD-OCT image of a healthy eye. Recently, the following con-

sensus has been reached on what these lines represent and 

how to refer to them: the outermost line represents the retinal 

pigment epithelium (RPE) and Bruch’s membrane complex, 

and the innermost line represents the external limiting mem-
brane (ELM), which consists of zonular adherence between 

photoreceptor inner segments and Müller cell processes. 

Posterior to the ELM is a band that has often been attributed 

to the boundary between the inner and outer segments of the 

photoreceptors but which actually aligns with the ellipsoid 

Figure V.A.2-1 Fundus appearance of a premacular membrane

M.S. Figueroa and I. Contreras
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portion of the outer segments and will be referred to as the 

ellipsoid zone. Between this zone and the RPE is what has 

been previously referred to as the COST line or the Verhoeff 
membrane. This band was attributed to scattering from the 

tips of the cone outer segments. It actually seems to corre-

spond to an ensheathment of these outer segments by apical 

processes of the RPE and is now called interdigitation zone. 

The ellipsoid zone reflects the integrity of the photoreceptor 

outer segments: a distinct and continuous line indicates nor-

mal alignment of the membranous discs in the photoreceptor 

outer segments. As alignment of the discs is necessary for 

normal functioning of the photoreceptors, the presence of a 

normal ellipsoid zone strongly suggests that the photorecep-

tors are functioning normally.

A.  Prognostic Factors and Indications 
for Surgery

The main factors that have been associated with a better 

visual acuity after surgery are a shorter duration of symp-

toms, better baseline visual acuity, and pre- and postoperative 

photoreceptor integrity. Experience has taught us that struc-

tural changes are more easily reversible if not long- standing. 

However, in most cases patients are uncertain about the onset 

of symptoms, which would explain why some studies have 

found a significant correlation between the duration of symp-

toms with postoperative visual acuity [2

not [3 -

rity are intimately related. The preservation of the ellipsoid 

and interdigitation lines has been shown in multiple reports to 

be correlated with visual outcomes [4 10 V.A.2-2). 

Damaged photoreceptors may recover with time after surgery 

7

this is not frequent [10 V.A.2-3). This suggests that 

prompt surgery is beneficial to prevent irreversible photore-

ceptor impairment. However, it is important to note that pho-

toreceptor damage might also occur during surgery, leading 

to postoperative disruption of previously intact ellipsoid and 

interdigitation zones [10

Premacular membrane contraction produces an increase in 

-

lated with visual acuity [3, 6

intact [10

has been associated with better functional outcomes [4

(Figure V.A.2-4). However, visual acuity improvement is 

often achieved without restoration of the foveal contour 

(Figure V.A.2-5). These results lead to speculation that the 

tractional force generated by a premacular membrane can alter 

the macular structure and the interface between the outer seg-

ment tips and the RPE without being sufficiently detrimental 

to severely damage the photoreceptor [9

that photoreceptor integrity is the main prognostic factor.

Regarding metamorphopsia, it has been associated preop-

3, 11

well as with a greater disruption of the ellipsoid zone [11

More specifically, metamorphopsia is correlated with edema 

in the inner nuclear layer [3, 8, 12

Figure V.A.2-2 Premacular membrane with preservation of the ellipsoid and interdigitation zones

V.A.2. Vitreomaculopathy Surgery



574

after surgery is more frequent in eyes with intense metamor-

phopsia at baseline [3, 6, 11

ellipsoid zone both at baseline and after surgery [11

there can be as many as four centers of retinal contraction 

[13 -

significant higher incidence of intraretinal cysts and macular 

might benefit from surgery sooner than eyes with only one or 

two centers of retinal contraction. In another study using 

SD-OCT/SLO imaging, intraretinal cysts were also found 

vitreo-papillary adhesion as compared to those with total 

PVD [14

and facilitating surgery.

B.  Surgical Technique

-

nulas are usually employed (Video V.A.2-1). The conjunc-

tiva is displaced approximately 2 mm with a cotton tip, and 

the sclera is penetrated by a trocar 3.5 mm posterior to the 

limbus, at an angle between 20° and 30°. Once reaching the 

trocar sleeve, the cannula is redirected toward the center of 

the globe. The cuff of the cannula is held in place by forceps, 

and the trocar removed. At the end of surgery, the cannulas 

are withdrawn from the sclera, and the conjunctiva is pushed 

laterally with a cotton tip. Pressure is applied over the sclera 

for a few seconds for wound closure. If there is any signifi-

suture through the conjunctiva. The suture is secured with a 

in the office. Transient sutures should be performed when-

-

junctival sutures produce severe conjunctival inflammation. 

If it is impossible to locate the scleral wound through the 

conjunctiva, a small conjunctival incision should be per-

formed, so that the sclera is closed with a standard suture, 

followed by suturing of the conjunctiva.

of three-port pars plana vitrectomy (Video V.A.2-1). Core 

vitrectomy is performed, followed by peripheral vitrectomy 

under indentation. This is to eliminate the possibility of vit-

reous incarceration when inserting and extracting instruments 

since vitreous traction may lead to iatrogenic retinal tears. If 

a b

Figure V.A.2-3 (a) Premacular membrane causing foveal detachment and photoreceptor damage. (b) Recovery of damaged photoreceptors after 

surgery

b

a

Figure V.A.2-4 (a) Premacular membrane contraction produces an 

b) Restoration of the foveal con-

tour after surgery

M.S. Figueroa and I. Contreras
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 necessary, a posterior vitreous detachment is induced by suc-

tion with the vitrectomy probe around the optic nerve head. 

enough to be grasped with forceps. They should be carefully 

removed by exerting traction tangential to the retina and avoid-

ing anteroposterior traction that could lead to foveal retinal 

tears (Videos V.A.2-1 and V.A.2-2). At the end of the operation, 

a detailed examination of the peripheral retina with indentation 

is repeated. Retinal tears or holes are treated by endolaser.

1.  Inner Limiting Membrane (ILM) 
Peeling with and without 
Chromodissection

remains a controversial issue. When performed, our tech-

carefully applied with a cannula over the posterior pole to 

stain the ILM. After 30 s, the dye is removed with the vitrec-

tomy probe. The ILM is gripped with ILM forceps near the 

vascular arcades and peeled off with circular movements, in 

a capsulorhexis-style maneuver. (Video V.A.2-2) The ratio-

nale for ILM peeling is that removal of the ILM reduces the 

scaffold upon which myofibroblasts would proliferate. 

Table V.A.2-1 shows some of the studies that have directly 

-

out ILM peeling. In all these studies, ILM removal reduced 

or avoided recurrences [15 17 17 -

ILM peeling. Histopathological analysis of the ILM speci-

mens indicated that a portion of the premacular membrane 

remained on the unpeeled ILM, probably as a result of vit-

reoschisis [18 20

in detail, and residual premacular membrane was found on 

the ILM in 6 cases (40 %). In the 6 eyes that underwent reop-

-

ing in 2 eyes and total ILM remaining in 4 eyes [17

Some studies have reported worse visual results, as well 

as the development of visual field defects, in patients in 

which the ILM was removed [16, 21

rather than the removal of the ILM per se might be respon-

sible for these unfavorable outcomes. Indeed, in a study 

in which the ILM was removed with or without staining, 

Haritoglou et al. [22

-

22

large prospective series including more than 200 eyes, 

Shimada et al. [17 -

comes in patients with or without brilliant blue-assisted peel-

ing. Although all dyes are potentially toxic to the retina [23, 

24 -

ity at the dose and time exposure we propose [see chapter 

V.A.3

developing concern is the possibility that ILM removal may 

(Figure V.A.2-6). [see chapter V.A.4. Macular Hole & 

As regards the use of microincisional vitrectomy, several 

large prospective series have reported favorable outcomes 

visual improvement and less postoperative inflammation 

than the 20 gauge vitrectomy in epiretinal membrane surgery 

[25

(in most cases) contribute to the comfort of both the patient 

and the surgeon [26

below) appears to be similar or lower with microincisional 

vitrectomy [25, 26

C.  Surgical Outcomes

Table V.A.2-2 shows the results of some of the most recently 

-

a b

Figure V.A.2-5 (a) Premacular membrane with a preoperative VA of 20/40. (b) Postoperatively VA improved to 20/25 despite the absence of 

restoration of the foveal contour

V.A.2. Vitreomaculopathy Surgery

http://dx.doi.org/10.1007/978-1-4939-1086-1_35
http://dx.doi.org/10.1007/978-1-4939-1086-1_34


576

of visual acuity is rare, ranging between 5 and 10 %. Central 

Significant improvement of visual acuity and reduction of 

-

ular membrane peeling, with 71.5 % of the total increase in 

best-corrected visual acuity and 61.3 % of the total reduction 

However, visual acuity continues to improve up until 12 

months after surgery [11

is slower; complete regression of metamorphopsia has been 

reported in 33 % of eyes [11 -

sia has been shown to improve up until 12 months after sur-

gery [6

better visual outcomes appear to be strongly correlated with 

the recovery of the photoreceptors after surgery, which may 

be identified in SD-OCT as an intact ellipsoid and interdigi-

tation zones.

1.  Complications

appears to have relatively few complications. The most fre-

quent complication is the development of intra- or postoper-

ative retinal tears, with a reported incidence that ranges 

between 2.2 and 8.4 %. Retinal tears seem to be significantly 

related to the induction of a posterior vitreous detachment 

[26

end of surgery with scleral indentation should identify any 

-

[25 27 -

25, 26

25 27

order to avoid postoperative hypotony, which may lead to 

choroidal detachment. Endophthalmitis is rare, with reported 

25 27

25

Premacular membrane recurrence rates are highly variable 

(between 1 and 20 % [2, 15 17

reported in eyes without ILM peeling, as discussed above.

II.  Macular Pseudoholes

Macular pseudoholes are caused by the centripetal contrac-

tion of a premacular membrane (Figure V.A.2-7). Publications 

on macular pseudoholes are scarce and must be interpreted 

with caution because in many cases the distinction between 

macular pseudohole and lamellar macular hole may not be 

completely correct, especially in reports previous to the 

28

the evolution of 25 eyes with macular pseudoholes. During a 

follow-up period that ranged between 12 and 84 months, 

they found that the visual acuity of eyes that did not develop 

cataracts was unchanged, at a mean of 0.18 LogMAR (range 

28

There is only one report on the surgical results of macular 

pseudoholes in which the diagnosis was made with OCT 

Table V.A.2-1 Studies directly comparing outcomes after premacular membrane surgery with or without ILM peeling

Author, year [Ref]
Type of study

Minimum 
follow-up

ILM removal 
(dye employed)

Eyes 
included

Preoperative 
BCVA

Postoperative 
BCVA P value Complications P value

15

Retrospective

18 months 25 eyes 0.77 ± 0.50 0.46 ± 0.37 0.048 1 RD

0 % recurrence

0.030

18 eyes 0.96 ± 0.18 0.65 ± 0.32 16.7 % recurrence

1 retinal detachment

16

Retrospective

3 months Yes 20 eyes Improved 

100 %

0.01 0 % recurrence

24 eyes Improved or 

unchanged 

79 %

21 % recurrence

Shimada (2009) 

[17

Prospective

12 months 142 eyes 0.7681 0 % recurrence <0.0001

staining

46 eyes 0.57 ± 0.31 0.29 ± 0.28 0 % recurrence

PMM-TA 

staining

42 eyes 0.56 ± 0.31 0.28 ± 0.30 0 % recurrence

staining

54 eyes 0.59 ± 0.36 0.23 ± 0.26 0 % recurrence

104 eyes 0.56 ± 0.34 0.30 ± 0.32 16.3 % recurrence

Visual acuities are reported in LogMAR scale; mean and standard deviation or range

PMM premacular membrane, BBG TA triamcinolone acetonide, ILM inner limiting membrane, ICG indocyanine green, BCVA 

best-corrected visual acuity, NR not reported

M.S. Figueroa and I. Contreras
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[29

what they call macular pseudoholes with straight foveal 

edges and macular pseudoholes with stretched edges com-

bined with a partial cleavage between the inner and outer 

retina. We believe only the former group represents true 

macular pseudoholes and the latter lamellar macular holes. 

a

c

e
f

d

b

Figure V.A.2-6 Premacular membrane. OCT and topographic map. (a, b). Preoperative images. (c, d) Retinal dimples are visible in the area of 

ILM peeling 2 months after surgery. (e, f). Increase in the number of inner retinal defects 6 months after surgery

V.A.2. Vitreomaculopathy Surgery
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The surgical results of 14 eyes treated with pars plana vitrec-

tomy, premacular membrane removal, and trypan blue- 

assisted ILM peeling were good, with visual acuity 

prospective series [29

macular pseudoholes should be performed only in cases with 

visual acuity deterioration and metamorphopsia. If vitreous 

surgery is performed, it should include ILM removal to avoid 

III.  Lamellar Macular Holes

A.  Prognostic Factors and Indications 
for Surgery

There are few reports on the natural evolution of lamellar 

macular holes. Theodossiadis et al. [30

diagnosed with lamellar macular holes for 3 years. Visual 

deterioration occurred in only 11 eyes (22 %); in the other 

30 eyes (78 %), visual changes were minimal. The most 

a

b

Figure V.A.2-7 (a, b) SD-OCT of a macular pseudohole showing verticalization of the foveal margin, a cylindrical appearance of the fovea, and 

a steepened foveal pit caused by the centripetal contraction of a premacular membrane

V.A.2. Vitreomaculopathy Surgery
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significant causes of visual deterioration were cystoid mac-

ular edema, an increase in the diameter of the foveal defect, 

30

et al. [28

macular holes. During a follow-up period that ranged 

between 12 and 84 months, they found that the visual acu-

ity of eyes that did not develop cataracts was unchanged, at 

28

studies have focused on factors associated with visual out-

comes after surgery. In 2009 Sebag et al. reported that in 

eyes with lamellar macular holes and vitreo-papillary adhe-

sion, intraretinal cysts were present in 75 % as compared to 

43 % in eyes without vitreo- papillary adhesion [31

et al. identified that the prevalence of vitreo-papillary adhe-

sion in eyes with lamellar macular holes and intraretinal 

cysts was 50 %, as compared to 20 % in eyes with lamellar 

macular holes but no cysts [14

et al. [32 -

isting vitreo-papillary adhesion, the prevalence of vitreo-

retinal cysts increases to 46 %, as compared to 9.6 % 

without vitreo-papillary adhesion. Intraretinal cysts were 

significantly correlated with a poor functional prognosis 

[32

directly correlated with preoperative visual acuity [33, 34

and the largest diameter of the hole, and results are unclear 

33, 

34

34, 35

these studies suggest that surgical treatment should be pro-

posed only in cases with progressive visual loss or meta-

morphopsia or in those eyes in which a disruption of the 

photoreceptors is detected on OCT.

B.  Surgical Technique

The presence of a premacular membrane is a constant fea-

ture in both OCT and surgery in several series [34, 36 38

(Video V.A.2-4 and Figure V.A.2-8). Many of the premacu-

lar membranes associated with a lamellar macular hole have 

ultrahigh-resolution OCT [39 V.A.2-9). In our 

view, these premacular membranes cause a centrifugal trac-

tion, tearing the inner retina and leading to the intraretinal 

horizontal splits visible on OCT (Figure V.A.2-10). These 

splits always occur at the same level: between the outer 

plexiform layer and the outer nuclear layer, possibly due to 

lower resistance at this level. In fact, SD-OCT clearly shows 

the presence of remnants of tissue connecting the outer and 

inner retina in the intraretinal horizontal splits 

(Figure V.A.2-11). Since premacular membrane contraction 

appears to play a role in lamellar hole formation, removal of 

the membrane is mandatory to improve surgical results 

(Video V.A.2-5). Even in cases in which the lamellar macu-

lar hole still persists after surgical intervention, the removal 

of the premacular membrane and ILM prevents further 

stretching of the retina and visual deterioration, and so even 

in these cases there is benefit to surgery. Although some 

authors now perform surgery with no internal tamponade 

(see Table V.A.2-3

face-down positioning because the margins of the hole are 

usually rigid, and we believe gas and positioning are neces-

sary to allow the margins to reposition and to achieve 

 complete closure of the hole.

C.  Surgical Outcomes and Complications

Table V.A.2-3 provides the results of most published series 

reporting the outcomes of vitrectomy for lamellar macular 

40 41

reported excellent anatomic and functional outcomes for 

vitrectomy with ILM peeling in patients with progressive 

et al. [42 -

tour in 50 % of cases (13 eyes). In 27 % (seven eyes) the 

foveal contour was slightly irregular. In another four eyes 

(15.3 %) a defect similar to a macular pseudohole was 

found, and in two eyes (7.7 %) a lamellar defect persisted 

[42

surgery in lamellar holes starts in the inner retinal layers, 

proceeding progressively toward the outer layers. This 

would explain the frequent image of a retinal pseudocyst 

seen with spectral- domain OCT during follow-up. Visual 

acuity may improve in spite of the presence of this pseudo-

(Figure V.A.2-12) [36

Complications include not only those related to the 

removal of the premacular membrane but also the develop-

V.A.2-3).

IV.  Full-Thickness Macular Hole (FTMH)

A.  Prognostic Factors

the main factors associated with a better visual acuity after 

surgery is preoperative visual acuity [43 45

of macular hole prior to surgery has not been directly corre-

unsure of the exact time of the onset of symptoms [44

Recent reports have studied the characteristics of the macu-

lar hole in optical coherence tomography that are correlated 

with surgical outcomes. Base diameter [44, 46 48

M.S. Figueroa and I. Contreras
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hole inner opening [48 44, 

46 48

 success (Figure V.A.2-13). Although some groups have tried 

to calculate different indexes derived from these basic mea-

surements, there appears to be no real advantage to be gained 

[48

in this regard, as it has the strongest association with ana-

tomical and visual outcome and is easily measured on an 

OCT scan. The choice of base diameter seems sensible when 

one considers that this parameter (the hole at the level of the 

RPE) is itself the basic retinal lesion being treated. Primary 

anatomic success rates of 100 % have been reported for mac-

ular holes of up to 500 μm in diameter [44

extent of the defect of the ellipsoid zone, which reflects pho-

toreceptor damage, has also been shown to have a good pre-

dictive value for postoperative macular sensitivity [49

visual acuity [50

B.  Surgical Technique

Very recently, the results of two randomized clinical trials 

have provided very interesting information on surgery for 

Limiting Membrane Peeling Study (FILMS), a pragmatic 

clinical trial, included 127 eyes with stage 2 or 3 macular 

holes with a 6-month follow-up period [51

were randomized to undergo vitrectomy with or without try-

pan blue-assisted ILM peeling. Cataract surgery was per-

follow-up visit, macular hole closure was observed in 56 

(84 %) eyes in the ILM-peel group compared with 31 (48 %) 

in the no-ILM-peel group; this difference was statistically 

significant (odds ratio 6.23; P < 0.001). A substantial number 

of eyes (38 %) initially in the non-ILM-peeling group under-

went repeat surgery during the 6-month follow-up period to 

Figure V.A.2-8 Fundus appearance of a lamellar macular hole cause by a premacular membrane

V.A.2. Vitreomaculopathy Surgery
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remove the ILM. With respect to visual outcome, the FILMS 

found no evidence of a difference between groups in distance 

visual acuity at the end of the follow-up period. However, 

there was a difference of 5 ETDRS letters favoring ILM peel-

ing. This, together with the higher rates of macular hole clo-

sure and the corresponding fewer reoperations needed in the 

ILM-peel group, suggests that ILM peeling is the treatment of 

51

Video V.A.2-6).

1.  Chromodissection
The use of dyes to stain the ILM, recently been termed “chro-

modissection” [see chapter V.A.3. Chromodissection in vitreo-

macular holes [52

of a clinical trial in which 78 eyes with macular holes with no 

evidence of premacular fibrosis were randomized to undergo 

vitrectomy alone without retinal surface manipulation, vitrec-

-

pan blue (TB)-assisted ILM peeling [53

closure was obtained in 11 of 25 eyes (44 %) in the non-peel-

Figure V.A.2-10

a b

Figure V.A.2-11 (a, b) Lamellar macular hole. Premacular membrane causes a centrifugal traction, tearing the inner retina. Remnants of tissue 

connecting the outer and inner retina are visible on HD-OCT

Figure V.A.2-9 Coronal OCT showing a lamellar macular hole and a 

M.S. Figueroa and I. Contreras

http://dx.doi.org/10.1007/978-1-4939-1086-1_34
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a

c

b

Figure V.A.2-12 Lamellar macular hole. (a) Preoperative OCT. VA of 20/40. (b c) One 

year after surgery. VA 20/30

Figure V.A.2-13 white double-headed arrow), macular hole inner opening (yellow 
double-headed arrow), and minimum linear diameter (red double-headed arrow) are associated with both anatomic and visual success

M.S. Figueroa and I. Contreras
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and 16 of 18 (89 %) in the TB chromodissection group 

(P < 0.01). Sixteen of the 18 patients without primary macular 

declined reoperation, and one patient (TB peeling group) 

experienced late primary closure of the macular hole between 

3 and 6 months of follow-up. Although the non-peeling group 

required a higher number of surgeries to achieve anatomic clo-

sure, no significant differences were found in visual outcomes 

at the end of follow-up between the three groups [53

would appear that for patients with stage 2 and 3 macular 

holes, the surgical procedure should include ILM removal in 

order to obtain a higher rate of primary closure (Video V.A.2-6) 

(Figure V.A.2-14). However, in 2001, Tadayoni et al. [54

described an anatomical feature after ILM removal that they 

-

sisted of numerous arcuate striae within the posterior pole in 

surrounding retina. This feature had no functional effect 

noticeable by the patient and did not preclude good visual 

recovery [54

region in as many as 42.9 % of eyes undergoing ILM peeling 

12 months after surgery [43, 46 -

ence in visual acuity or in mean total deviation of sensitivity in 

the central 10°, as obtained from 30 to 2 automated perimetry. 

But the development of more advanced systems of scanning 

laser ophthalmoscopy (SLO) microperimetry combined with 

spectral-domain optical coherence tomography (SD-OCT) 

function. In a retrospective, nonrandomized study of 16 eyes 

of 16 consecutive patients who had experienced idiopathic 

macular hole closure, comparing 8 eyes with ILM peeling and 

8 eyes without, Tadayoni et al. [55

sensitivity was significantly lower (by about 3.4 dB) in eyes 

that underwent peeling than in those that did not. Postoperative 

microscotomas were also significantly more frequent in eyes 

that had undergone peeling. These abnormalities, which are 

difficult to detect, may reduce the quality of vision, even if 

they do not actually reduce visual acuity. The authors specu-

late that the retinal sensitivity deterioration and the develop-

the retina, especially of the Müller cells, whose end-feet are 

closely connected to the ILM and may be affected by ILM 

peeling [55

including 84 eyes and comparing eyes with and without ILM 

peeling, found that for macular holes >400 μm in diameter, the 

primary closure rate was of 100 % with ILM peeling versus 

73.3 % without (p = 0.015) [56

holes, the rates were 100 % in both groups. Postoperative gain 

in visual acuity was not significantly different in eyes with 

ILM peeling and those without. Thus, they suggest that in 

view of the probable reduction in retinal sensitivity after ILM, 

this procedure should, in holes smaller than 400 μm, be 

reserved for rare cases of first surgery failure or of recurrence, 

as this strategy would ensure the best quality of vision for the 

remaining large majority of these patients [56

series, Spaide [57

SD-OCT of 25 eyes of 24 patients that had undergone macular 

holes. Eighteen eyes had planned peeling of the ILM (assisted 

a

c

b

Figure V.A.2-14 a) Preoperative image. (b
starts in the inner retina and progresses toward the external retina. (c) Complete closure of the macular hole 2 months after surgery

V.A.2. Vitreomaculopathy Surgery
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in 15 eyes with brilliant blue chromodissection). Volume ren-

dering showed that 13 of the eyes had pitting or dimples of the 

inner retinal surface that seemed to follow the course of the 

nerve fiber layer in the region of the macula. Close examina-

tion of the B-scans in regions of the dimples appeared to show 

thinning of the ganglion cell layer and also what may be a loss 

in reflectivity of the overlying nerve fibers. All 13 eyes with 

inner retinal dimpling had intentional ILM peeling, whereas 5 

eyes with ILM peeling did not have inner retinal dimpling 

(chi-square test, p
peeling showed inner retinal dimpling [57 V.A.2-15).

2.  Internal Tamponade
-

the macular hole dry, prevents entry of vitreous into the hole, 

Figure V.A.2-15 OCT appearance of dissociated optic nerve fiber lay-

ers following vitrectomy and ILM peeling in a stage 1 macular hole 

with a preoperative VA of 20/70 and a severe metamorphopsia.  

(a) Preoperative coronal OCT. (b f) Retinal dimples appeared as soon 

as 15 days after surgery and progressed for the following 2 years.  

(g l) Topographic map during the follow-up showing more dimples in 

the temporal macula

a b

c d

M.S. Figueroa and I. Contreras
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e f

g h

i j

Figure V.A.2-15 (continued)

V.A.2. Vitreomaculopathy Surgery
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and provides a scaffold for glial cell proliferation. Additionally, 

the surface tension, which is constant around the bubble’s 

interface with the retina, covers the macular hole as long as the 

volume of intraocular gas is sufficient (two-thirds to three-

quarters of the vitreous volume). Face- down posturing is 

thought to aid macular hole closure by allowing the buoyant 

force of the intraocular gas bubble, which is maximal at the 

apex of the bubble, to be in contact with the macula. However, 

recent studies have suggested that prolonged face-down posi-

tioning may not be critical for achieving macular hole closure 

et al. [58

macular holes smaller than 400 μm was not influenced by the 

postoperative position. However, the anatomic success rate in 

holes larger than 400 μ
-

down (p = 0.045) [58

down posturing compared with posturing for 24 h or less, but 

the difference was not statistically significant [59

3.  Contemporaneous Cataract Surgery
Another controversial issue is whether cataract surgery should 

macular hole surgery. The advantage of combined surgery 

would be the possibility of performing a more thorough vitrec-

tomy, which would allow a greater gas bubble to be introduced 

into the eye. Posturing would not be as critical, since the 

required level of gas to obtain macular hole closure would be 

subcapsular posterior cataracts. The main disadvantage of 

combined surgery is that postoperative inflammation is often 

intense and may lead, among other complications, to the devel-

opment of posterior iris synechiae. Christensen et al. [53

reported a 31.2 % incidence of posterior synechiae, even in 

cases in which cataract surgery was performed 1 month before 

vitrectomy. Delayed cataract surgery, if the crystalline is clear 

enough to allow a detailed view of the macula, would avoid this 

increased inflammation. Furthermore, recent studies have not  

delayed surgery [60 -

ferences in the rate of primary anatomic success between com-

bined phacovitrectomy and vitrectomy followed by cataract 

surgery (100 % in combined surgery versus 96 % in the con-

secutive group), although patients in the consecutive group did 

not achieve a recovery of visual acuity similar to the combined 

surgery group until after cataract surgery was performed [61

In summary and following the lessons learned from 

evidence- based medicine, in patients with macular hole we 

perform microincisional vitrectomy with brilliant blue chro-

modissection of the ILM. In patients with stage 2 macular 

holes, we employ 16 % SF6 as the internal tamponade agent 

and recommend face-down positioning for at least 3 days. In 

patients with stage 3 or 4 macular holes, we use SF6 16 % 

phacovitrectomy only in those eyes in which the lens opacity 

would preclude adequate viewing of the macula.

4.  Pharmacologic Vitreolysis
Pharmacologic vitreolysis [62, 63 -

ment for the past decade [64

the treatment of symptomatic vitreomacular adhesion and 

vitreomacular traction [65 66

Very recently, the results of two phase III studies of the intra-

vitreal injection of ocriplasmin for patients with macular 

holes have been published [67 VI.E.2. Clinical 

with macular holes of less than 400 μm diameter, nonsurgi-

cal closure of the macular hole was achieved in 40.6 % of 

ocriplasmin-injected eyes, as compared with 10.6 % of 

placebo- injected eyes (P < 0.001) [67

may represent an alternative for surgery in certain cases [see 

chapter VI.A

C.  Surgical Outcomes and Complications

Anatomic success rates vary among the series published (see 

Table V.A.2-4), probably because case series are highly 

prone to selection bias and often report better outcomes than 

k l

Figure V.A.2-15 (continued)

M.S. Figueroa and I. Contreras

http://dx.doi.org/10.1007/978-1-4939-1086-1_47
http://dx.doi.org/10.1007/978-1-4939-1086-1_53
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those seen in clinical trials. Thus, success rates range between 

84 and 100 % [44, 58, 68

rates are reported in the clinical trials [51, 53

69

Database found that only 58.3 % (207 of 355 with recorded 

visual acuity) of eyes achieved visual success, defined as a 

0.30 LogMAR units [69

-

cess (p = 0.027) than eyes without ILM peel. Christensen 

et al. [53

trial reached a visual acuity ≥20/40 and 60 of 77 (77.9 %) 

gained ≥3 lines on the ETDRS chart. Visual outcomes con-

tinued to improve up until 12 months after surgery [53

recovery of the ELM and of the ellipsoid zone after surgery 

have been associated with better visual outcomes [47, 50, 

70

RPE and the ELM) is another parameter that reflects photo-

receptor recovery and is also strongly correlated with visual 

acuity [47

Some of the main intraoperative complications reported 

32 %) [51, 53, 69 51, 69

51, 69

maneuvers to detach the posterior vitreous cortex and peel 

posterior capsular rupture (0.9 %) [69

During the postoperative period, retinal detachment has 

51, 53

15 % [51, 53

visual outcome.

V.  Vitreomacular Traction (VMT)

In contrast to the aforementioned conditions, where tangen-

tial traction is the pathogenic mechanism, anomalous PVD 

[see chapter III.B

exert anteroposterior traction upon the macula resulting in 

vitreomacular traction [see chapter III.D. Vitreo-macular 

adhesion/traction and macular holes: pseudo, lamellar and 

natural evolution of VMT and on the outcomes of surgery. 

Charalampidou et al. [71

with tractional cystoid macular edema presenting with good 

visual acuities (Snellen ≥20/40). After a mean follow-up of 

9.2 (±7.4) months, 8 eyes (53 %) exhibited spontaneous and 

complete posterior vitreous detachment, with resolution of 

the tractional cystoid macular edema and restoration of 

 normal foveal anatomy in 6 eyes and persistence of a single 

foveal cyst in 2 eyes. Visual acuity in the eyes that under-

went complete posterior vitreous detachment improved 

from Snellen 20/32 to Snellen 6/8 [71

resolve spontaneously in a substantial proportion of cases 

within months of presentation. Why do some eyes develop 

complete posterior vitreous detachment while others show 

VMT? In 2004 Sebag proposed the unifying concept of 

anomalous PVD [72

was identified and later described in greater detail [18

years later Chang et al. [73 -

ysis of surgical specimens. Their findings suggested that in 

patients with vitreomacular traction, there is a splitting 

within the vitreous cortex, leaving remnants of vitreous on 

the foveal surface that act as scaffolding for cell prolifera-

tion (Video V.A.2-7). The corresponding side of the split 

vitreous cortex forms the outer surface of the cone of the 

detached vitreous. This portion of the vitreous cortex 

appears to be able to act as scaffolding for the proliferation 

of cells as well. This proliferation is identified on SD-OCT 

as areas of hyper- reflectivity on the posterior vitreous cortex 

(Figure V.A.2-16). The proliferating cells and their associ-

ated extracellular matrix may fortify the attachment strength 

of the vitreoretinal adhesion to the fovea, helping to prevent 

the ordinarily expected complete separation of the vitreous 

from the macular surface. Thus, persistent vitreomacular 

adhesion may be due to an exaggerated wound healing 

response [73

Earlier reports described different patterns of vitreomacu-

lar traction that may be associated with different visual out-

comes. Eyes with a VMT with a detached vitreous both 

temporal and nasal to the fovea (V-shaped pattern) seemed to 

have better visual outcomes than patients in which the vitre-

ous remains attached nasally (J-shaped pattern) [74 76

(Figures V.A.2-17 and V.A.2-18). However, it seems that the 

diameter of the vitreoretinal adhesion may be the determin-

ing factor in the development of structural abnormalities in 

vitreomacular traction syndrome. In eyes with focal vitreo- 

foveal traction (1,500 μm or less), there is a high traction 

force per unit area. This leads to an intraretinal cavitation 

V.A.2-19). 

This cavitation may evolve to a lamellar macular hole if it is 

unroofed (Figure V.A.2-20

hole if the defect progresses toward the external layers of the 

retina (Figure V.A.2-21). Focal traction may also lead to a 

foveal detachment, although this appears to be less frequent 

(Figure V.A.2-22). If there is a broad vitreomacular traction 

(more than 1,500 μm), the traction force is spread out over a 

edema and epiretinal membranes (Figure V.A.2-23). This 

distinction based upon the extent (greater or less than 

1,500 μm) of vitreomacular adhesion was found to be a 

 predictor of response to pharmacologic vitreolysis with ocri-

M.S. Figueroa and I. Contreras
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plasmin [66

new International Classification of VMT [77

75

patients with a lamellar separation of foveal layers or with 

subfoveal fluid had worse visual and anatomic results than 

patients with cystoid macular edema or perifoveal traction. 

They suggested that treatment of patients with the former 

OCT appearance should include surgical approaches more 

-

nal membranes and possibly the internal limiting membrane, 

as well as injection of a gas bubble [75 -

gies, final visual outcomes after surgery have been correlated 

with preoperative visual acuity [78

symptoms [74 -

ular traction should be performed at diagnosis if visual acu-

ity is under 20/40 or if there is severe metamorphopsia. In 

patients presenting good visual acuity, surgery should be 

performed if there is a decrease in visual acuity with 

increased traction on OCT.

Figure V.A.2-16 3D OCT. Vitreomacular traction. Fibroglial proliferation on the posterior vitreous cortex identified on SD-OCT as a hyper-

reflective plaque

V.A.2. Vitreomaculopathy Surgery
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A.  Surgical Technique and Outcomes

In patients with vitreomacular traction, we perform microin-

cisional vitrectomy. It is important to proceed cautiously 

when inducing a posterior vitreous detachment because the 

vitreous may be firmly attached to the fovea, requiring sharp 

dissection (Video V.A.2-8). The ILM should be removed if 

there is a coexisting premacular membrane or a macular 

hole.

Reports on surgical outcomes are scarce (Table V.A.2-5). 

The rate of visual acuity improvement of two or more lines 

ranges between 45 and 91 % of eyes [74 81 V.A.2-24 

and V.A.2-25). The studies that report worse outcomes are 

those that include eyes with coexisting pathologies. The 

main complication of vitrectomy in vitreomacular traction is 

These complications are more frequent in eyes with more 

extended traction.

Figure V.A.2-17 Vitreomacular traction. V-shaped pattern

Abbreviations

BCVA Best-corrected visual acuity

CME Cystoid macular edema

ELM External limiting membrane

ETDRS Early Treatment Diabetic Retinopathy 

Study

Limiting Membrane Peeling Study

ILM Internal limiting membrane

LMH Lamellar macular hole

LogMAR Logarithm of the minimum angle of 

resolution

OCT Optical coherence tomography

PMM Premacular membrane

PVD Posterior vitreous detachment

RPE Retinal pigment epithelium

SD Standard deviation

SD-OCT Spectral-domain optical coherence 

tomography

SLO Scanning laser ophthalmoscopy

TA Triamcinolone acetonide

TB Trypan blue

VA Visual acuity

VMT Vitreomacular traction

M.S. Figueroa and I. Contreras
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Figure V.A.2-18 Vitreomacular traction. J-shaped pattern
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Figure V.A.2-19 Focal vitreo-

macular traction with intraretinal 

cavitation

Figure V.A.2-20 Focal vitreo-

macular traction. Intraretinal 

cavitation evolved to nearly a 

lamellar macular hole

Figure V.A.2-21 Focal vitreo-

macular traction. Intraretinal cavi-

tation evolved to nearly a 

M.S. Figueroa and I. Contreras
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Figure V.A.2-22 Focal vitreo-

macular traction with foveal 

detachment

Figure V.A.2-23 Broad vitreo-

macular traction with loss of 

foveal contour

V.A.2. Vitreomaculopathy Surgery
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a

b c

Figure V.A.2-24 Vitreomacular traction. (a) Preoperative OCT showing a severe intraretinal cavitation with a VA of 20/50. (b) Postoperative 

OCT 1 month after surgery. (c) Resolution of the intraretinal cavitation and improvement in VA to 20/30 3 months after surgery

V.A.2. Vitreomaculopathy Surgery
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   I. Introduction 

 The literature contains frequent reference to “epiretinal 
membranes (ERM).” This term is inaccurate for two reasons: 
The term “epi” refers to a location next to or beside a struc-
ture, in this case the retina. Thus, the term “epiretinal” could 
refer to a subretinal as well as preretinal location. In all of the 
situations discussed herein, the membrane location is in front 
of the retina; thus, the prefi x “pre-” is more accurate and will 
be used instead of “epi.” Furthermore, all of the conditions 
discussed herein are maculopathies, not retinopathies. Thus, 
the term “premacular membrane” is the more precise termi-
nology and will be employed herein to refer to what has pre-
viously been described as “ERM.” The term “macular 
pucker” will be used to refer to one clinical consequence of 
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 Key Concepts 

     1.    The use of staining substances in vitreoretinal sur-
gery facilitates complex surgical procedures such as 
ILM peeling.   

   2.    All staining substances need to be used with care 
regardless of which application technique is used, 
since the mechanisms of potential adverse effects 
are not completely understood.   

   3.    There might be other relevant tissue-dye interac-
tions besides the actual staining effect, such as in 
increase of the rigidity of the stained tissue, account-
ing in part for effi cacy.     
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an abnormal premacular membrane. Furthermore, the term 
“idiopathic ERM” is no longer an appropriate term to refer to 
macular pucker, since we now know that vitreous is the cause 
of this condition. 

   A. Rationale: Why Chromodissection? 

 The introduction of staining substances to visualize other-
wise transparent and barely visible structures such as the vit-
reous, premacular membranes, and the inner limiting 
membrane (ILM) of the retina has greatly facilitated chal-
lenging surgical procedures such as ILM peeling during sur-
gical interventions at the vitreoretinal interface. Today, there 
is common agreement that a crucial part for successful sur-
gery for tractional vitreo- maculopathies is the dissection of 
the ILM from the underlying tissue using the retinal surface 
of the ILM as a cleavage plane in order to remove all cellular 
proliferations and vitreous collagen remnants and relieve all 
relevant tractional forces. The selective staining properties of 
the dyes currently being used allow for differentiation of tis-
sues such as premacular proliferations or the ILM. While the 
unstained ILM can only be identifi ed by a glistening refl ex at 
the retinal surface, which turns into a slight whitening after 
removal of the ILM, the stained ILM can be removed more 
easily and in larger fragments. Furthermore, it is safe to 
assume that better visualization of this structure may help 
minimize surgical trauma to the underlying retinal nerve 
fi bers. In addition, it appears easier to identify areas of 
unpeeled ILM. Therefore, this surgical technique has become 
workable even for the less trained surgeon. 

 Since the early reports on potential toxic effects of 
indocyanine green (ICG), one of the fi rst dyes introduced 
for selective ILM staining, there is growing interest in the 
fi eld of “chromodissection.” Several alternative and poten-
tially safer dyes for ILM and also for premacular mem-
brane removal are under investigation at present. The 
following will give an overview on the current “state of the 
art” in chromodissection, including some comments on 
specifi c dyes and surgical techniques, but will also discuss 
some relevant aspects with regard to tissue-dye interaction 

and toxicity and will give a perspective on future concepts 
in this emerging fi eld.   

   II. Chromodissection Techniques 

   A. Staining Substances 

 Several dyes are in clinical use to selectively visualize the tar-
get structure (Table  V.A.3-1 ). The dyes are either injected into 
the fl uid-fi lled or air-fi lled globe, and different concentrations 
are used. While the following substances represent true dyes 
with selective staining properties, triamcinolone acetonide 
represents more or less an adjunct to visualize the vitreous and 
facilitate the induction of a posterior vitreous detachment as 
the crystals of the suspension are entrapped between the col-
lagen fi bers of the vitreous. Fluorescein provides a slight stain-
ing of the vitreous, which can sometimes be noted if vitrectomy 
is performed shortly after angiography.

     1. Indocyanine Green (ICG) 
 ICG is a near-infrared diagnostic tricarbocyanine dye with a 
molecular weight of 775.0 g/M, which was developed as a 
photographic dye. ICG typically has a maximum absorption 
peak at approximately 800 nm. However, it has been shown 
that the absorption qualities of ICG have signifi cant varia-
tions depending on the solvent medium, for example, plasma 
or water, and the dye concentration. Another infl uence on the 
absorption spectrum results from progressive aggregate for-
mation with increasing concentration [ 2 ]. 

 This hydrophilic dye is delivered as a sterile powder and has 
been used in humans since 1956. The principal advantages 
were the confi nement to the vascular compartment by binding 
to plasma proteins and rapid excretion almost exclusively into 
the bile. In 1959, it was approved by the FDA and became 
popular to record dilution curves in order to measure cardiac 
output or organ perfusion and was also used for liver function 
diagnosis following intravenous injection. Both absorption and 
fl uorescence maximum of ICG are within the near-infrared 
spectral range, and human tissue is relatively transparent for 
near-infrared light, allowing for a noninvasive detection of the 

    Table V.A.3-1    Contrasting agents that are currently used for chromodissection during vitreoretinal surgery   

 Dye (concentration) 
 Premacular 
membrane  ILM  Vitreous  Mode of application a   Additional comments 

 ICG (0.5–0.05 %)  –  Selective +++  –  Usually fl uid-fi lled globe  Question of toxicity, off-label 
 Brilliant blue (0.025 %)  –  Selective ++  –  Fluid-fi lled globe (if 

heavy BBG is used) 
 Approved in Europe 

 Trypan blue (0.15 %)  +++  (+)  (+)  Fluid- or air-fi lled globe  Approved in Europe 
 Triamcinolone acetonide  –  Nonselective (+)  +++  Fluid-fi lled globe  No dye, pharmacologic properties 
 Fluorescein  –  –  +  Intravitreal, intravenous, 

or peroral application 

   a Surgical techniques may vary depending on individual preference  
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dye using absorption measurements or fl uorescence imaging 
techniques. In ophthalmology, intravenous ICG has a long his-
tory of safety for choroidal angiography [ 3 ]. For diagnostic 
purposes such as choroidal angiography or cardiac diagnostics, 
the intravenous ICG dosage ranges between 0.1 and 0.3 mg/kg 
body weight. 

 Besides intravenous application, ICG can also be admin-
istered topically as a vital dye for donor corneal endothe-
lium and to assist capsulorrhexis in eyes with mature 
cataract [ 4 ]. In addition, it was observed that ICG can also 
stain to some degree the vitreous cortex, especially the ante-
rior vitreous base. The fi rst description of ICG staining of 
the ILM was presented by Vivian Kim at the meeting of the 
American Academy of Ophthalmology (AAO) in 1999 
(poster 349), followed by the fi rst reports on ICG-assisted 
ILM peeling by Kadonosono in the year 2000 [ 5 ] 
(Figure  V.A.3-1 ). It was demonstrated that ICG selectively 
stains the ILM, as a staining effect could only be achieved 
when the vitreous cortex or premacular tissue had been thor-
oughly removed [ 6 ]. Several published studies have empha-
sized the obvious advantages of the dye in visualization and 
easier and more complete removal of the ILM [ 7 – 9 ]. ICG 
has not been approved for intraocular injection and repre-
sents an off-label use for this indication. The concentration 
typically injected into the vitreous chamber varies between 
0.5 and 0.05 % (Video V.A.3-4).

      2. Trypan Blue 
 Trypan blue is a large hydrophilic tetrasulfonated anionic 
dye with a large planar aromatic system and a lipophilic 

domain sandwiched between sulfonated naphthyl end units 
[ 10 ]. The absorption maxima are 607 nm in methanol and 
588 nm in water, and the emission when bound to protein is 
in the red; the solubilities are 1 % in water, 7.2 % in ethyl-
ene glycol, trivially in ethanol, and insoluble in xylene 
[ 10 ]. This dye has been commonly used as a vital stain. 
While trypan blue is excluded by most living cells, it can be 
taken into phagocytes and certain other cells. Therefore, 
current applications include a wide spectrum of viability 
testing such as frozen sperm [ 11 ] and aortic muscle cells 
[ 12 ]. In embryology the dye is used as a fl uorescent tracer 
of cell populations [ 13 ]. After binding to proteins, mainly 
albumin, the resulting complex emits red fl uorescence, a 
quality that has been used in studies on exudation from 
blood vessels in the injured nervous system [ 14 ]. Other 
applications include the assessment of arterial endothelial 
barrier dysfunction [ 15 ] and creatine kinase release as a 
sign of injured myocytes [ 16 ]. Trypan blue is used by 
oncologists as a tumor promoter modulating permeability 
of lysosomal membranes [ 17 ]. 

 In ophthalmology, trypan blue is used in concentrations 
from 0.0125 to 0.1 % to stain the lens capsule to assist cap-
sulorrhexis during surgery for mature cataract and for the 
evaluation of the corneal endothelium of donor tissue 
before penetrating keratoplasty [ 18 – 21 ]. In the posterior 
segment of the eye, trypan blue is mainly used to stain 
premacular  membranes (Figure  V.A.3-2 ). The staining of 
the ILM is weak compared to other selective ILM dyes 
[ 22 ]. There are no major concerns of trypan blue-related 
toxicity after  vitreoretinal surgery. However, as long-term 

  Figure V.A.3-1    Indocyanine green-assisted ILM peeling (Courtesy of 
Dr. Henrich, Basel)       

  Figure V.A.3-2    Peeling of a premacular membrane after trypan blue staining       
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results are not yet available, trypan blue should be used 
with caution.

      3. Brilliant Blue 
 Brilliant blue, or acid blue, or Coomassie, is a blue anionic 
amino triarylmethane dye and appears to be a promising new 
dye for ILM staining. Brilliant blue-assisted ILM staining 
(Figure  V.A.3-3 ) was initially described by Enaida and 
coworkers [ 23 – 25 ]. Several experimental studies addressed 
the retinal toxicity of brilliant blue either in cell culture models 
or subretinal injections in animals as well as functional assess-
ments including electrophysiological studies [ 26 ,  27 ]. They 
revealed a very good biocompatibility of BBG in contrast to 
control dyes including indocyanine green and trypan blue. An 
experimental study exposing glial cells to indocyanine green 
and brilliant blue disclosed ICG toxicity, as seen by the induc-
tion of apoptosis involving induction of the caspase cascade 
through p38 MAPK phosphorylation, while BBG did not 
cause apoptosis and therefore could be considered a safer 
adjuvant [ 28 ]. With regard to the excellent safety profi le of 
other dyes of the same class of anionic triarylmethane dyes 
such as methylene blue or aniline blue, one may hypothesize 
that this class of dyes provides alternative candidate dyes to be 
used for ILM peeling [ 29 ]. Today, brilliant blue for ILM stain-
ing is approved in many European countries and commercially 
available in a concentration of 0.025 %. As the dye is usually 
injected into the fl uid-fi lled globe, adjuncts such as deuterium 
oxide or polyethylene glycol have been added in order to cre-
ate “heavier than water” solutions, which facilitate the appli-
cation of the dye directly over the retinal surface without 
uncontrolled distribution within the vitreous chamber [ 30 ] but 

do not further enhance the contrast obtained [ 31 ]. Similar to 
indocyanine green, brilliant blue can be considered a selective 
“ILM dye.” However, it has been shown that the contrast pro-
vided by brilliant blue is less remarkable compared to indo-
cyanine green but still suffi cient for ILM peeling [ 32 ].

      4. Other Experimental Dyes 
 Chromodissection is an emerging fi eld in vitreoretinal surgery, 
and therefore several other dyes are under investigation in 
experimental  in vivo  and  in vitro  studies. These include sub-
stances such as methyl violet, crystal violet, eosin Y, Sudan 
black B, methylene blue, toluidine blue, light green, indigo car-
mine, fast green, Congo red, Evans blue, brilliant blue, and bro-
mophenol blue [ 29 ,  33 – 35 ]. Comparing the selective ILM dyes 
already used by vitreoretinal surgeons, a better contrast has 
been described for indocyanine green. Brilliant blue may pro-
vide a better safety profi le [ 25 ,  26 ], yet the staining effect is 
weaker compared to indocyanine green [ 32 ]. In addition to the 
potential toxic effects of ICG and the narrow safety margin of 
this compound [ 36 – 39 ], ICG may not be an ideal candidate for 
ILM staining as its maximum absorption is in the near infrared 
and not within the spectral sensitivity of the human eye [ 40 ] 
(Figure  V.A.3-4 ). This means that the majority of light absorp-
tion of ICG is useless or of low value during vitreoretinal sur-
gery because it is in the invisible NIR and in the bathochromic 
region of the visible spectrum. As a consequence, relatively 
high dye concentrations are required to achieve a suffi cient 
contrast at the vitreoretinal interface. In addition, the absorp-
tion spectrum of ICG overlaps with different types of illumina-
tion, posing the risk of phototoxicity to the retina [ 40 – 42 ]. 
Therefore, it seems that an ideal candidate dye would be a dye 
incorporating the excellent contrast provided by ICG and the 
high biocompatibility of brilliant blue (i.e., strongly absorbing 
at visible wavelengths, conveniently tissue binding, nontoxic, 
and physiologically degradable at a practical time scale). This 
may be reached by altering the molecular structure of ICG and 
thereby changing the absorption qualities and the affi nity of the 
dye molecule (Figure  V.A.3-5 ), resulting in improved absorp-
tion and fl uorescent qualities. Compared to indocyanine green, 
the staining properties may be expected to be equal with an 
improved safety profi le [ 43 ] as it is adapted to the spectral sen-
sitivity of the human eye and to the standard illumination used 
during surgery. In addition, the dye implies both the blue 
absorption color and an even stronger purple fl uorescence color 
which enhances the contrast obtained [ 43 ].

        B. Surgical Techniques 

 Currently, chromodissection dyes are usually injected into the 
fl uid-fi lled vitreous. Approved and commercially available 
brilliant blue solutions contain solutes being heavier than 
water allowing for a controlled application directly over the 

  Figure V.A.3-3    Brilliant blue-assisted peeling of the ILM in a case of 
a traumatic macular hole       
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area of interest. Trypan blue may still be applied following 
fl uid-air exchange, although this step is not mandatory. The 
choice of a visualizing agent depends on its staining character-
istics (see Table  V.A.3-1 ) and the  underlying  disease, espe-

cially the presence or absence of premacular cellular 
proliferations. In addition, some histopathological aspects 
should be considered in order to use these adjuncts in a reason-
able fashion. Further, premacular membranes often represent 
multilayered structures with a vitreous collagen layer inter-
spersed between the ILM and the cellular proliferation, most 
likely the result of vitreoschisis [ 44 ,  45 ]. Successful surgery 
requires complete removal of both the premacular membrane 
and the underlying ILM. In contrast, for the repair of a macu-
lar hole, usually a single layer, the ILM, needs to be peeled off 
as it represents the most relevant structure for the transmission 
of the underlying pathological tangential and anterior-poste-
rior tractional forces and the amount of premacular prolifera-
tion is limited. The described selective staining properties of 
trypan blue for premacular membranes and brilliant blue and 
indocyanine green for the ILM in theory allow for a step-by-
step removal of tissue at the vitreoretinal interface. 

   1. Single Staining 
 In the presence of a premacular membrane, trypan blue may 
be used to stain and peel the membrane. When using selective 
ILM dyes such as brilliant blue or indocyanine green during 
surgery for premacular membranes, it is a common observa-
tion that the presence of a premacular membrane impairs a 
suffi cient visualization of the ILM. The  premacular mem-
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brane does not stain using these dyes, and its borders can 
therefore be delineated intraoperatively as it is surrounded by 
bluish areas of stained ILM (Video V.A.3-3). Some authors 
have referred to this as a “negative staining” of premacular 
membranes (Figure  V.A.3-6 ). Consequently, in the presence 
of a premacular membrane, the surgeon may either choose to 
peel off the premacular membrane fi rst, followed by the injec-
tion of an ILM dye to identify ILM remnants (Figure  V.A.3-7 ) 
which need to be additionally removed in order to prevent a 
re-proliferation of the premacular membrane (Video V.A.3-2). 
Should the application of the dye reveal that the ILM had 
already been removed along with the premacular membrane, 
no further manipulation is required (Figure  V.A.3-8 ).

     Alternatively, one might consider applying the dye before 
the removal of the premacular membrane. Then, the removal 
of the tissue can be initiated in an area of stained ILM, and 

both tissue sheets may be removed together or one may peel 
the demarcated “negatively” stained premacular tissue fol-
lowed by the removal of the ILM, which can be identifi ed by 
the bluish contrast around the area of the removed premacu-
lar membrane (Video V.A.3-1). 

 However it may be achieved, suffi cient ILM removal is 
crucial for successful premacular membrane surgery, as pre-
vious investigations have shown the ILM is often only partly 
removed along with a premacular membrane. Remaining 
ILM fragments have been associated with recurrent premac-
ular membrane formation as there is an indeterminate extent 
of cells and collagen remaining on the vitreous side of the 
ILM which serves as a scaffold for cellular re-proliferations 
and leads to recurrence of disease. Therefore, a thorough 
removal of the ILM is crucial for anatomic and functional 
long-term success [ 46 – 50 ].  

  Figure V.A.3-6    After the injection and washout of brilliant blue, the 
ILM can be nicely visualized by its bluish appearance, surrounding 
the premacular proliferation that did not stain (“negative staining” of 

the membrane). The unstained membrane is then peeled off using a 
forceps ( middle  and  bottom )       
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   2. Double Staining 
 It has also been described in the literature to fi rst inject try-
pan blue to stain and remove the premacular membrane, fol-
lowed by a selective ILM dye to visualize the ILM. This 
technique is referred to as the “double staining technique” 
[ 51 ]. However, in most cases premacular membranes can be 
identifi ed easily and be peeled off in a controlled fashion 
even without dye application. Therefore, one may question 
whether it is necessary to apply vital dyes to stain and remove 
premacular tissue in cases of macular pucker. It may well be 
suffi cient to remove premacular tissue without dye assis-
tance and limit the use of the dye to visualize ILM. As we do 
not completely understand the interactions of the dyes 
applied during surgery and the stained tissue as well as the 
underlying neurosensory retina, it seems advisable to use 

these adjuncts carefully and limit their administration as 
much as possible with respect to potential toxic effects. In 
addition, as there is no standardized protocol for dye applica-
tion at the vitreoretinal interface, modes of application, 
exposure times, and concentrations may vary and should also 
be taken into account.    

   III.  Tissue-Dye Interaction: Staining 
and Beyond 

 The ILM is at present the most relevant target structure in vit-
reo-macular surgical interventions (see chapter   II.E    . Vitreo-
retinal interface and ILM). It is due to its high rigidity that this 
transparent and delicate structure of only 0.01–0.3 μm 

a

c

b

  Figure V.A.3-7    Sequential peeling of the unstained premacular membrane ( a ), followed by an injection of brilliant blue in order to identify 
the remnant ILM ( b ). Note that the ILM is completely present in this case after the premacular membrane had been removed ( c )       
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thickness [ 52 ] can be peeled using a forceps at all. Halfter 
and coworkers previously demonstrated that the mechanical 
strength of the ILM is very similar to articular cartilage [ 53 –
 55 ]. It has also been reported that the retinal aspect of the 
ILM is approximately fi vefold stiffer than the vitreous sur-
face of the ILM, which explains why the ILM curls up toward 
the vitreous side during peeling [ 56 ,  57 ]. Interestingly, the 
stained ILM can be peeled off more easily and often in larger 
fragments compared to the unstained tissue. This observa-
tion holds true both for indocyanine green as well as brilliant 
blue. It is therefore obvious that there are other modes of 
interaction of the dyes and the tissue beyond the obvious bet-
ter visualization. Ongoing studies using atomic force micros-
copy (AFM) have shown that both indocyanine green and 
brilliant blue signifi cantly increase the stiffness of the ILM, 
an effect that was more pronounced for ICG [ 57 ]. It remains 
rather hypothetical what the underlying mechanism may be. 
Former studies focused on indocyanine green, a dye with 
known photosensitizing properties, which according to the 
present knowledge are likely to contribute to the adverse 
effects observed in experimental and clinical  trials [ 42 ,  58 ]. 
Wollensak and coworkers reported an increased stiffness of 
the ICG-stained and illuminated porcine ILM, showing a 
signifi cant increase in ultimate force and a decrease in ulti-
mate elongation [ 59 ,  60 ]. They concluded that the stiffening 
effect of ICG is related to a photosensitizing effect of ICG by 
the formation of a triplet state of the ICG molecule and reac-
tive oxygen species (type I reaction of photooxidation) [ 59 , 
 61 ], which then lead to photooxidative damage of cells and 

physical cross-linking of collagen fi bers such as the type IV 
collagen of the ILM [ 59 ,  60 ]. However, other still unknown 
effects need to be considered, as increased rigidity is clini-
cally also seen for brilliant blue, a triarylmethane dye with-
out photosensitizing properties.  

   IV. Clinicopathological Correlations 

 ICG was the fi rst dye to be introduced for ILM staining and 
soon became a subject of debate, as its administration 
appeared to be associated with peculiar alterations of the 
retinal pigment epithelium, less favorable functional out-
come, and a high incidence of visual fi eld defects, at least in 
some clinical studies as mentioned above. The underlying 
pathogenic mechanisms are somewhat hypothetical, but it 
seems very likely that adverse events are related to phototox-
icity and the decomposition products of the ICG molecule 
after illumination as several studies have now indicated [ 62 ]. 

 Histological evaluations of ILM specimens obtained 
during indocyanine green-assisted macular surgery revealed 
the presence of larger cellular fragments and greater amount 
of retinal debris as well as entire cell bodies adherent to the 
 retinal surface of the ILM compared to unstained speci-
mens. It was concluded that the use of indocyanine green 
resulted in an alteration of the cleavage plane from the reti-
nal surface of the ILM to the innermost retinal layers [ 37 , 
 63 ]. However, small cellular retinal fragments in a lesser 

a b

  Figure V.A.3-8    Sequential peeling of the unstained premacular membrane ( a ). Note that the ILM has been completely removed along with the 
premacular tissue in this case. The borders of the area of peeled ILM can be nicely seen ( b )       
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degree were also seen after conventional ILM peeling in 
microscopic studies as well as immunohistochemical stud-
ies [ 64 ] and appeared confi ned to areas of folded ILM in 
specimens obtained during surgery for premacular mem-
branes [ 65 ]. These cellular fragments were attributed to 
glial cells and neuronal cell debris, in particular Müller cell 
end feet and cell fragments of the retinal nerve fi ber layer. 
It was suggested that this observation might be on one hand 
somewhat inevitable due to the intimate association of the 
Müller cell end feet with the ILM, which represent their 
basal lamina. One the other hand, it was suggested that the 
increased rigidity of a multilayered structure such as a 
premacular membrane compared to the bare ILM may be 
accountable, and the presence of retinal debris was inter-
preted as the result of a mechanical trauma and disruption 
of cellular elements during peeling [ 65 ]. 

 Recently, Kenawy et al. [ 66 ] confi rmed that the plane of 
separation during ILM peeling for preretinal membrane sur-
gery may be altered, although not related to the use of the 
dye, but should be interpreted as a result of the premacular 
membrane formation or of the macular pucker-inducing 
pathology such as the modulation of GFAP within Müller 
cells or the continuity between components of premacular 
membranes and the retina through pores of the ILM, which 
may increase the adhesion forces between these cells and the 
ILM [ 66 ,  67 ].  

   V. Future Perspectives 

 Looking at future trends in vitreo-macular surgery and the 
place of chromodissection within this fi eld, the previous 
problem of whether to use ICG or not was actually solved by 
the introduction of alternative dyes such as brilliant blue, 
which are no longer off label, but commercially available in 
many countries. Although the concept of ILM peeling is cur-
rently widely accepted by vitreoretinal surgeons for success-
ful treatment of tractional vitreo-maculopathies such as 
macular holes or macular pucker, there is growing evidence 
that we do not have to peel the ILM in all cases of macular 
holes, especially smaller macular holes which may be closed 
by a complete induction of a posterior vitreous detachment 
(PVD) and removal of preretinal tissue if present. In addi-
tion, the concept of pharmacologic vitreolysis has emerged 
and may help to relieve tractional forces and induce PVD by 
an intravitreal injection without further vitreoretinal surgery 
[ 68 – 70 ]. That notwithstanding, vital dyes will remain impor-
tant adjuncts for vitreoretinal surgeons. Alternative dyes and 
dye classes are currently under investigation to better under-
stand the effects of a dye on retinal tissue and function. In 
addition, new concepts of staining and absorption versus 
fl uorescence are being evaluated. 
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 Key Concepts 

     1.    Vitrectomy with membrane peeling for macular 
pucker and chromodissection for macular holes is a 
highly successful operation. Failures are typically 
due to persistent membranes related to vitreoschisis 
or recurrent membranes.   

   2.    Reoperation is typically performed using inner lim-
iting membrane peeling, typically with chromodis-
section and usually with good success. Rare cases 
of poor postoperative vision, either in primary pro-
cedures or more commonly in reoperations, are due 
to dissection that is too deep, injuring the retinal 
nerve fi ber layer inducing a secondary optic neu-
ropathy referred to as IRON (inner retinal optic 
neuropathy).   

   3.    Reoperations performed later than 6 months follow-
ing the initial procedure have a lower likelihood of 
retinal nerve fi ber layer injury and IRON with a 
higher likelihood of good vision, probably due to an 
adequate enough time between the two operations 
for Müller cells to organize their fi brillar processes 
allowing the reformation of a protective tissue layer 
over the denuded retinal nerve fi ber layer.     

 Keywords    
 Vitreous   •   Anomalous PVD   •   Vitreoschisis   •  
 Inner limiting membrane   •   Premacular membrane 
(PMM, previously ERM)   •   Macular hole   •   Macular 
pucker   •   Vitrectomy   •   Treatment failure   •   Disease 
recurrence   •   Re-Operation   •   Chromodissection   •   Inner 
retinal optic neuropathy 

   * The original material in this chapter was accepted for publication 
by Investigative Ophthalmology and Visual Science on September 8, 
2014. 
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           I. Introduction 

 Recent advances in the techniques of vitrectomy with mem-
brane peeling [See chapter   V.A.2    . Vitreo-maculopathy sur-
gery], at times with chromodissection [See chapter   V.A.3    . 
Chromodissection in vitreo-retinal surgery], have greatly 
improved patient outcomes. There are, however, risks associ-
ated with these procedures, and on rare occasions there can be 
much worse vision following surgery than preoperatively. This 
chapter will review the current concepts of pathogenesis and 
surgical management of macular holes and macular pucker. 
Special emphasis will be placed on failed cases and reoperations.  

   II. Macular Hole 

   A. Pathogenesis of Macular Hole 

 There are differing theories on the mechanism of macular hole 
formation, though central to all of them is the idea that trac-
tional forces by vitreous induce structural defects in the mac-
ula. Anteroposterior traction can be exerted by a fi rmly attached 
posterior vitreous cortex (PVC) [ 1 – 3 ], and tangential traction 
can be induced by a premacular membrane (PMM) [ 4 ] that 
consists of the PVC plus cells and additional collagen synthe-
sized by some of these cells. Under normal conditions, the cen-
tral cone of Müller cells provides structural support and binds 
together foveal photoreceptor cells in the fovea centralis [ 5 ]. 
Tractional forces exerted by the PVC can dislodge the Müller 
cell cone from its photoreceptor attachments [ 1 – 3 ]. The forma-
tion of a foveal cyst progresses to a weakening of the roof of the 
cystic cavity and eventually to complete dehiscence [ 1 ]. The 
underlying neurosensory retina, now without Müller cell sup-
port, undergoes centrifugal expansion to form a full-thickness 
hole [ 5 ,  6 ]. There is elevation of the edges at times and almost 
always the appearance of pericentral cystoid spaces on optical 
coherence tomography (OCT) imaging [ 7 ,  8 ], previously 
believed to be retinal detachment. Macular holes are also no 
longer considered idiopathic as they are known to be caused by 
vitreous [ 9 ,  10 ], at times associated with high myopia, status 
post trauma (usually blunt force), or other retinal pathologies 
(tears, detachments), and rarely iatrogenic after posterior seg-
ment surgery [ 11 ] [See chapter   III.C    . Pathology of vitreo- 
maculopathies]. A new classifi cation system of vitreo- macular 
traction and macular holes refl ects the important role of vitre-
ous [See chapter   III.D    . Vitreo-macular adhesion/traction and 
macular holes  (Pseudo, Lamellar & Full-Thickness Holes)].  

   B. Therapy of Macular Hole 

 Until the 1990s, the only macular holes that were usually 
treated were those with retinal detachments. Meyer- 
Schwickerath, in 1961, utilized a combination of scleral 

buckling, laser photocoagulation, and subretinal fl uid drain-
age to fl atten a macular hole retinal detachment [ 12 ]. Two 
decades later success was also attained without scleral buck-
ling [ 13 ]. Early on, laser photocoagulation was attempted to 
treat macular holes even without retinal detachment [ 14 – 16 ], 
but this approach was never widely adopted and was subse-
quently abandoned when vitrectomy surgery proved to be 
the treatment of choice. 

   1. Macular Hole Surgery 
 In 1991 Neil Kelly and Rob Wendel published their initial 
experience with vitrectomy for macular hole closure [ 17 ], 
introducing for the fi rst time a defi nitive treatment for a  disease 
previously believed to be incurable [ 18 ]. Starting from an 
 initial published cure rate of 58 %, the team was able to 
improve their success rates to 73 % after 2 years of practice 
[ 17 ,  19 ]. The initial procedure consisted of a pars plana vitrec-
tomy with peeling of the PVC and any visible PMM to release 
vitreous traction that was thought to cause the macular hole. 
This was followed by a long-acting intraocular tamponade 
with prone positioning under the assumption that fl uid was the 
cause and that this would keep the hole free of fl uid, but also 
to allow apposition of the separated edges and provide struc-
tural bridging for fi brocellular proliferation [ 17 ,  19 ]. 

 A number of randomized controlled trials have studied 
the natural history at different stages of macular holes. The 
primary aim of these studies was to determine whether 
observation alone would result in better outcomes compared 
to surgical management. The Vitrectomy for Prevention of 
Macular Hole (VPMH) study group looked at stage 1 macu-
lar holes and found that the benefi t from a vitrectomy would 
likely be minimal as most do not progress to full-thickness 
holes. Indeed, many stage 1 holes self-resolve, particularly if 
smaller than 250 μm, thus making the case for conservative 
management [ 20 ]. The Moorfi elds Macular Hole Study 
(MMHS) studied stage 2, 3, and 4 holes and found an overall 
closure rate of 80.6 % in the surgical group versus 11.5 % in 
the observation alone group at 24 months follow-up. 
Additionally, eyes that underwent surgery had improved 
fi nal Snellen visual acuity (6/36 to 6/18) compared to the 
group with observation alone, which had visual deterioration 
(6/36 to 6/60) [ 21 ]. The Vitrectomy for Treatment of Macular 
Hole Study (VMHS) investigated stage 3 and 4 holes and 
found a closure rate of 69 % in the surgical group versus 4 % 
in the observation alone group at 6 months. The fi nal visual 
acuity from the surgical group was also statistically better 
than the observation alone group (20/115 versus 20/166 on 
an ETDRS chart, respectively) [ 22 ]. Thus, both the MMHS 
and VMHS studies showed clear benefi t from surgical man-
agement of stage 3 and 4 holes [ 21 ,  22 ]. Furthermore, since 
the fi rst published studies by Kelly and Wendel, vitreoretinal 
specialists have continued to refi ne the surgical technique 
resulting in closure rates that have continually increased over 
the years. 
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   a.  Benefi ts and Risks of ILM 
Chromodissection  

 Inner limiting membrane (ILM) peeling was introduced 
and hypothesized to assist in macular hole closure by ensur-
ing complete removal of residual posterior vitreous cortex 
and subclinical PMMs [ 23 ]. Vitreoschisis, a common event 
that occurs in diabetic eyes, but also in at least half of eyes 
with macular holes and macular pucker [ 10 ,  24 ], may give 
the appearance of vitreous separation while tractional 
forces actually persist [ 10 ,  24 – 26 ]. The removal of a poten-
tial scaffold for contractile tissue to redevelop upon and 
once again exert tangential traction, as well as the micro-
trauma induced by an ILM peel which is thought to enhance 
the localized fi brocellular proliferation needed for glial 
repair [ 27 – 29 ], is believed to prevent future macular hole 
reopening [ 30 ,  31 ]. Furthermore, the development of cys-
toid macular edema has been associated with the reopening 
of a macular hole, and the removal of the ILM can be pro-
phylactic against edema formation [ 32 ,  33 ]. Finally, studies 
have shown that the duration of facedown positioning can 
be reduced or even eliminated in cases where an ILM peel 
is performed, an important consideration in patients who 
may have diffi culty complying with a prone positioning 
regimen [ 34 – 37 ]. 

 Mester and Kuln performed a meta-analysis of 1,654 
macular holes and found that ILM peeling resulted in 
primary hole closure rates of 96 % versus 77 % in eyes 
without peeling [ 38 ]. Tognetto et al, in a multicenter ret-
rospective study of 1,627 macular holes, found a 94 % pri-
mary closure rate in eyes undergoing an ILM peel, versus 
89 % without peeling [ 39 ]. Kumagai et al. studied 877 eyes 
with macular hole and found a 0.39 % recurrence rate of 
holes after ILM peeling compared to a 7.2 % recurrence 
rate without peeling [ 40 ]. More recently, a number of ran-
domized clinical trials have looked at the effects of ILM 
peeling on primary closure and subsequent reopening of the 
hole. A multicenter randomized clinical trial by Lois et al. 
(the FILMS group) looked at 141 eyes with stage 2 or 3 
idiopathic full-thickness macular holes. The group found 
a signifi cantly higher rate of primary hole closure in the 
ILM-peel group at 1 month follow- up (84 % vs. 48 %) and 
also fewer reoperations necessary at 6 months (12 % vs. 
48 %) [ 41 ]. Two smaller such trials in China (49 patients) 
and Denmark (75 patients) found similar anatomic benefi ts 
from ILM peeling [ 35 ,  42 ]. 

 While there are clear benefi ts to anatomical outcome in 
terms of improved primary closure and reduced chances for 
reopening, the effects on functional outcome are less well 
established. In a number of studies, an improvement in post-
operative visual acuity has been described [ 38 ,  43 – 45 ], while 
in other studies, results were not statistically signifi cant [ 39 , 
 46 – 48 ]. It should be noted, however, that ILM peeling itself 
is a risky procedure which can result in complications such 
as the formation of micro-hemorrhages, defects in the retinal 

pigment epithelium, damage to the neurosensory retina 
resulting in scotomata, phototoxicity from prolonged surgi-
cal manipulation, and possible toxic effects from dyes used 
to assist in the procedure [ 49 ,  50 ], known as chromodissec-
tion [ 51 ] [See chapter   V.A.3    . Chromodissection in vitreo- 
retinal surgery]. Furthermore, it has been suggested that 
multiple unsuccessful attempts at ILM peeling often lead to 
a poor functional outcome despite successful anatomic clo-
sure [ 52 ]. 

 Because of the ILM’s close proximity to the underly-
ing neurosensory retina, inadvertent injury to the retinal 
nerve fi ber layer (RNFL) is not uncommon [ 49 ,  52 ,  53 ]. 
To  standardize the procedure and reduce possible trauma 
resulting from membrane peeling, vitals dyes have been 
introduced to stain the ILM for better visibility. Indocyanine 
green (ICG) is the most commonly utilized vital dye for 
chromodissection of the ILM and has been shown to 
decrease the amount of time it takes to remove the mem-
brane, as well as increase the ability to perform a thorough 
peel. However, the use of ICG is controversial as some stud-
ies have suggested potential side effects including wors-
ening of the functional outcome despite enhanced rates of 
successful anatomic closure [ 54 ,  55 ]. The inconsistency of 
literature regarding the outcomes of ICG-assisted peels is 
likely related to the broad range of dye concentrations and 
durations of application used by different surgeons [ 56 ]. 
Though the exact dose and duration is surgeon-specifi c, it is 
agreed that the lowest concentration for the least amount of 
exposure time is ideal [ 57 ].    

   C.  Primary Failure Versus Macular 
Hole Reopening 

 One of the complications associated with macular hole sur-
gery is primary surgical failure, an event that has decreased 
in frequency with the progressive refi nement of surgical 
techniques. The only preoperative factor that has been defi n-
itively shown to be predictive of primary failure is the size 
of the hole, where there is an inverse relationship between 
size and closure rates [ 21 ]. Rarely does surgery cure macular 
holes greater than 400 μm in diameter. Disease chronicity 
may also have an impact on closure success, with primary 
holes of <6 months’ duration being easier to successfully 
treat [ 21 ]. Evidence for the importance of chronicity is not 
strong, however, as the duration of symptoms is a notoriously 
subjective measure. Furthermore, based on the aforemen-
tioned MMHS and VMHS studies, it is apparent that surgery 
is far superior to conservative management for stages 2–4 
holes. Thus, in these cases, delaying intervention may result 
in a poorer prognosis [ 21 ,  22 ]. 

 Failure to surgically close macular holes primarily is 
believed to be due an inability to form a stable glial plug. 
The reason for this may be due to incomplete peeling of 
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the PVC, the presence of a subclinical PMM resulting in 
residual traction at the hole, or inadequate gliosis [ 58 ,  59 ]. 
Schumann et al. studied the ILM and associated PMM 
removed after a second operation in 16 eyes with macu-
lar holes that had failed primary surgery. Ultrastructural 
analysis revealed a signifi cant amount of fi brocellular pro-
liferation on the vitreous side of the ILM in all specimens, 
supporting the hypothesis that residual ILM and remnant 
vitreous cortex may stimulate postoperative traction and 
surgical failure [ 60 ]. 

 The reopening of a macular hole is another potential 
complication that most often occurs within months of ini-
tial  successful closure, but can even present years later 
[ 43 ,  58 ,  61 – 64 ]. Just as a PMM can cause immediate sur-
gical failure, its presence and progression has been corre-
lated with a signifi cant portion of recurrent macular holes. 
Similar to a primary macular hole with traction from the 
PVC, a PMM is thought to exert tangential traction and 
cause foveal dehiscence [ 58 ,  59 ]. Cystoid macular edema is 
also a signifi cant factor associated with as much as a 7-fold 
increase in the risk of reopening of a previously closed 
macular hole [ 33 ]. The development of cystoid macular 
edema and the associated infl ammatory fi brinolysis has 
also been proposed as a causative agent for hole reopen-
ing [ 33 ,  61 ]. Finally, Kumagai et al. proposed that surger-
ies complicated by intraoperative retinal tears and also eyes 
with high degrees of myopia both may be risk factors for 
macular hole reopening [ 40 ,  65 ]. 

 A complication associated with pars plana vitrectomy is 
the development and/or progression of cataracts, occurring 
in up to 76 % of cases at 2 years post vitrectomy [ 66 – 70 ]. 
Although cataracts themselves are not a serious problem, the 
subsequent removal of cataracts after macular hole surgery 
has been associated with hole reopening, usually within 6 
months of cataract extraction [ 33 ,  61 ,  63 ]. The hypothesis for 
this relates both the risk of developing cystoid macular edema 
and the risk of PMM formation after cataract surgery due 
to the same underlying cause – postoperative infl ammatory 
mediators that break down the blood-retinal barrier. To avoid 
these complications, some retinal surgeons have elected to 
proceed with a combined macular hole surgery with phaco-
emulsifi cation. These combined surgeries have been shown 
to be effective and safe without increased risks of adverse 
events [ 71 – 73 ]. Another factor that has been implicated in 
the reformation of macular holes is Nd:YAG laser capsulot-
omy for treatment of posterior capsular opacifi cation. The 
mechanism of action is thought to be related to perifoveal 
vitreous contraction associated with the laser pulse [ 74 ], but 
is more likely due to biochemical changes in the vitreous fol-
lowing capsulotomy after cataract surgery [ 75 ,  76 ]. Indeed, 
YAG capsulotomy has been shown to be associated with 
nearly a doubling in the incidence of PVD [ 77 ], due most 
likely to the same biochemical changes [ 78 ] [See chapters 
  II.C    . Vitreous aging and PVD;   III.B    . Anomalous PVD and 
Vitreoschisis].   

   III. Macular Pucker 

   A. Pathogenesis of Macular Pucker 

 Premacular membranes are avascular, fi brocellular mem-
branes that develop anterior to the ILM [ 79 ,  80 ]. The lit-
erature refers to these membranes as “epiretinal”; however, 
this term is inappropriate because “epi” refers to a location 
next to or beside the retina. Thus, the term “epiretinal” could 
refer to a subretinal as well as preretinal location. In  macular 
pucker, the pathologic membrane location is in front of the 
retina; thus, the prefi x “pre” is more accurate than “epi.” 
Furthermore, since this membrane forms primarily in front 
of the macula, or at least is only relevant to vision in front 
of the macula, the term “premacular membrane” is a more 
precise term than “epiretinal membrane.” The former term 
will be used here and elsewhere. 

 Histopathological studies have shown a number of differ-
ent cell types to be associated with PMMs depending on the 
etiology, including glial cells, retinal pigment epithelial 
cells, myofi broblasts, and macrophages [ 81 – 84 ]. When the 
proliferation occurs in the region of the macula, it can cause 
tangential traction and wrinkling of the underlying neurosen-
sory retina, resulting in macular pucker and visual distortion 
[ 85 – 88 ]. The development of PMM can be primary, i.e., the 
result of anomalous PVD with vitreoschisis, or secondary, 
i.e., associated with a number of retinal diseases including 
retinal breaks, retinal detachment, retinal vascular diseases, 
diabetic retinopathy, infl ammatory conditions, and others 
[ 89 ]. Anomalous PVD with vitreoschisis may indeed be an 
important mechanism in many of these conditions [See chap-
ter   III.B    . Anomalous PVD and vitreoschisis]. 

 In the setting of anomalous PVD, vitreoschisis produces 
a split between the anterior and posterior portions of the 
PVC, leaving the outermost (posterior) layer attached to 
the macula [ 9 ,  25 ]. If the vitreoschisis split occurs anterior 
to the level of hyalocytes (approximately 50–75 μm ante-
rior to the ILM), the hyalocytes embedded in the outer layer 
can elicit monocyte migration from the circulation and/or 
undergo transdifferentiation into myofi broblasts as well as 
secrete collagen, a key component of PMM [ 90 ] [See chap-
ter   III.J    . Cell Proliferation at vitreo-retinal interface in PVR 
and related disorders]. Based on the anomalous PVD theory 
proposed by Sebag, if vitreoschisis occurs at a level resulting 
in hyalocytes that remain attached to the macula, then there 
is considerable risk of contractile PMM formation and the 
development of macular pucker [ 9 ,  25 ] [See chapter   III.F    . 
Vitreous in the pathobiology of macular pucker].  

   B. Macular Pucker Surgery 

 The standard cure for macular pucker is surgical removal of 
the offending PMM, thus releasing the tangential traction, 
resulting in resolution of metamorphopsia in most cases 
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and, less frequently, visual acuity improvement. Prognostic 
factors associated with a better postoperative visual acuity 
include a better preoperative visual acuity, better preop-
erative photoreceptor integrity documented on OCT, and a 
shorter duration of symptoms [ 91 – 93 ]. Indeed, a number 
of studies have shown that earlier surgery results in better 
results postoperatively, perhaps due to a reduced duration of 
neurosensory disruption [ 94 – 96 ]. Studies employing coronal 
plane  en face  OCT/SLO imaging identifi ed that there can be 
as many as 4 centers of retinal contraction in an eye with 
macular pucker [ 10 ,  97 ]. Cases with 3 or 4 centers had a 
higher incidence of retinal cysts and more macular thick-
ening than cases with 1 or 2 centers of retinal contraction. 
Thus, it may be that eyes with more than 2 centers of retinal 
contraction should undergo surgery sooner. 

 Surgery involves vitrectomy followed by peeling of 
the PMM with or without the additional peeling of the 
ILM. Several studies have shown that PMM removal will 
concurrently result in unintentional ILM removal. However, 
the rates of inadvertent ILM stripping vary widely between 
studies, ranging from 27 to 77 % depending on surgical tech-
nique and use of chromodissection [ 98 – 102 ]. Ducournau 
and Ducournau found that cleavage planes between the ILM 
and the underlying retina could be easily induced in primary 
(post-anomalous PVD with vitreoschisis) PMMs, but that the 
ILM was more diffi cult to peel in secondary cases of PMM 
[ 103 ]. Thus, in cases of secondary PMM, more aggressive 
dissection may be required if the intention is to remove the 
ILM in addition to the PMM. There is some controversy in 
the literature, however, regarding postoperative visual acuity 
after ILM peeling in macular pucker surgery. Early papers 
described poor functional outcomes associated with ILM 
peeling [ 84 ,  104 ]; however, a considerable body of evidence 
has since been published that shows no adverse effects from 
ILM removal in PMM surgery, and indeed a number of stud-
ies demonstrate improved visual acuity with ILM removal 
[ 101 ,  105 – 108 ]. It is unclear why there is such a discrepancy 
between early reports and more recent literature on postop-
erative functional outcomes related to ILM removal, but it is 
at least partly due to improved surgical techniques, instru-
mentation, and development of vital dyes that can assist in 
tissue visualization [See chapter   V.A.3    . Chromodissection in 
vitreo-retinal surgery].  

   C.  Primary Failure Versus Macular 
Pucker Recurrence 

 Immediate postsurgical failure to resolve metamorphopsia 
or improve visual acuity after macular pucker surgery is 
thought to relate to incomplete removal of the PMM, whereas 
delayed recurrence of symptoms is thought to be due to true 
disease recurrence. Incomplete removal is most likely due to 
the lamellar anatomy of the PVC [See chapter   II.E    . Vitreo- 
retinal interface and ILM], which can split  during surgery 

to peel the PMM and relieve the pucker, essentially  intra-
operative vitreoschisis . In this case, membranes are often 
transparent or semi-transparent [ 31 ,  109 ,  110 ]. If the PMM 
forms directly on the ILM and is tightly apposed to it, then 
it is more likely for both to be peeled together in a single 
dissection. However, if vitreoschisis occurs, surgical dissec-
tion may remove the PMM and inner (anterior) portions of 
the PVC, while sparing the ILM and residual cortical vitre-
ous and cells. This is even more likely in the setting of an 
incomplete ILM peel [ 9 ,  25 ,  111 ]. Fortunately, this issue is 
currently not as common owing to the use vitals dyes during 
chromodissection [ 31 ,  102 ,  107 ,  112 ]. Furthermore, intraop-
erative OCT will likely be very useful in mitigating these 
circumstances [ 113 ,  114 ]. 

 True recurrence, which in our experience only occurs 
about 10 % of the time, can develop after complete removal 
of the PMM as a result of cell (primarily glial) migration via 
breaks in the ILM that were induced during membrane peel 
surgery and subsequent proliferation of these cells on the 
anterior surface of the macula [ 102 ,  115 ]. In this regard, the 
issue of ILM peeling is important because the ILM can serve 
as a scaffold for the proliferation of another PMM. When 
the PMM is removed without attempts to further dissect the 
ILM, rates of recurrence have been reported to be as high 
as 56 % [ 101 ,  106 ,  115 ], although it is not known whether 
these studies distinguished between persistent and recur-
rent disease, as described above. However, when combined 
PMM and ILM removal is pursued, recurrence is observed 
to be less than 9 % [ 101 ,  106 ,  115 ], more consistent with our 
experience. The higher incidence of recurrence when PMM 
removal is performed in isolation may be due to a number 
of factors. One big risk is that residual ILM provides a scaf-
fold for the re-proliferation of a PMM [ 100 ]. Haritoglou 
et al. found that there was a layer of collagen between the 
ILM and PMM which helps explain the high rate of PMM 
recurrence when ILM peeling is not undertaken [ 116 ]. Other 
studies found that recurrent PMMs had a higher frequency 
of myofi broblasts, supporting the theory that re-proliferation 
is an important mechanism for pucker recurrence [ 117 ]. 
Gandorfer et al. showed that residual ILM left on the macula 
contained cells that expressed alpha-smooth muscle actin 
and were capable of exerting continued tangential traction 
[ 100 ]. Park et al. showed that reformation of an PMM occurs 
directly on residual ILM [ 106 ]. Thus, by completely remov-
ing the ILM, one can eliminate a number of potential sources 
for treatment failure and/or disease recurrence. Complete 
ILM removal, however, places the patient at risk for inner 
retinal optic neuropathy (IRON; see below). 

 Shimada et al. [ 107 ] studied the effects of different types 
of staining and peeling patterns and its effect on PMM and 
ILM removal. They found that peeling without staining 
resulted in a high percentage (78 %) of residual ILM due to 
an unclear PMM-ILM border. They noted that without chro-
modissection, not only was it diffi cult to remove the PMM 
completely, but the ILM was left intact in the  majority of 
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cases. When staining with Brilliant Blue G dye, they noted 
that a single episode of staining with a single episode of 
peeling resulted in reduced rates of residual ILM (39 %). 
Furthermore, they noted that restaining the peeled zone 
with a second course of Brilliant Blue G dye and re-peeling 
to ensure thorough removal of residual ILM helped to fur-
ther reduce recurrence rates of PMM. Beyond studying the 
effects of staining, the group also demonstrated that grade 
3 PMM cases had a much higher rate of total ILM remain-
ing after a single peel attempt, indicating that the thicker 
the PMM, the more aggressive the initial peel may need to 
be [ 107 ] [See chapter   V.A.3    . Chromodissection in vitreo-
retinal surgery]. 

 The ILM is a multi-laminar structure [See chapter   II.E    . 
Vitreo-retinal interface and ILM]. Removal of the innermost 
layer(s) during ILM peeling is effective because it assures 
removal of all vitreous and pathologic cellular membranes 
attached to the anterior surface of the ILM. ILM peeling is 
safe because the posterior layers, which are adjacent to the 
RNFL and fi rmly adherent to the inner segment of Müller 
cells, are likely left undisturbed. In cases where there is no 
split in the ILM and full-thickness ILM peeling is performed, 
there is damage to the inner retina, at times severely affecting 
vision. This is especially true during reoperations when 
much of the inner ILM was removed at the fi rst procedure.   

   IV.  Retreatment of Persistent/Recurrent 
Disease 

   A. Retreatment Strategies 

   1. Macular Hole Reoperations 
 The approach to re-treating a macular hole largely depends 
on what was already performed during the primary surgery. 
If clinically apparent cystoid macular edema exists, then its 
resolution should be sought nonsurgically. If a PMM was 
missed during the initial procedure or formed postopera-
tively, then it should be removed. If an ILM peel was not 
performed initially, then ILM peel should be performed dur-
ing reoperation to ensure that all traction is released and no 
future PMMs develop [ 31 ,  39 ,  114 ,  118 ]. However, the vast 
majority of failed surgeries and reopened macular holes do 
not have any obvious features that can be resolved with 
revised surgery [ 61 ]. To address this, different techniques 
have been described with varying degrees of success. Some 
surgeons have restained the macula to ensure that the ILM 
was adequately removed and subsequently pursue a further 
expansion of the original dissection [ 119 ]. Studies have also 
looked at the effi cacy of an increased duration of tamponade 
using gases and oils. Heavy silicone oils, in particular, have 
gained popularity as an internal tamponade agent that can be 
used in noncompliant macular hole patients as it does not 
require patient positioning [ 120 ,  121 ]. 

 Methods have also been described that attempt to enhance 
glial proliferation, which is thought to help bridge the hole and 
promote healing [ 27 – 29 ]. These include the use of adjuvants 
such as autologous platelets [ 122 ], autologous serum [ 123 ], 
transforming growth factor beta [ 124 ], as well as disruption of 
the underlying retinal pigment epithelium via photocoagula-
tion [ 125 ]. These techniques, however, have not been studied 
in-depth and lack suffi cient clinical evidence to be routinely 
recommended. There are also sporadic reports of spontaneous 
closure of macular holes (both primary and recurrent) that 
have been described in literature, though the incidence is very 
low [ 11 ,  126 – 131 ] and usually limited to small holes. These 
events are thought to be related to the self-resolution of an 
underlying inciting factor: resorption of cystoid macular 
edema [ 131 ], relief of vitreous traction [ 129 ], or the growth of 
a therapeutic PMM in a direction that relieves tension [ 124 , 
 127 ,  128 ]. However, unless the macular hole is small 
(<250 μm), the chance for spontaneous resolution is low [ 20 ]. 

 One prominent hypothesis of why macular holes close 
after surgery is that fi brocellular proliferation occurs, bridg-
ing the two separated retinal edges [ 27 – 29 ]. Indeed, there are 
scattered case reports of macular holes spontaneously clos-
ing, with the only evidence being the presence of a PMM that 
formed over the hole. However, the presence of a PMM has, 
more often than not, been the culprit underlying the forma-
tion or reformation of macular holes [ 28 – 31 ,  132 – 135 ], 
owing to its infl uence on cell organization into a therapeutic 
membrane. Indeed, histopathological analyses of PMMs 
associated with reformed macular holes have shown haphaz-
ard proliferation of fi brous astrocytes and Müller cells [ 60 ]. 

 Hillenkamp et al. found that after a failed primary clo-
sure, a repeat surgery would be more likely to close if the 
hole had a cuff of elevation (claimed to be due to subretinal 
fl uid) on OCT. The rationale is that the closure of a macular 
hole requires the displaced retinal tissue to reoccupy the 
fovea, and thus having a separation of the retinal tissue off of 
the underlying retinal pigment epithelium may facilitate the 
centripetal transition [ 136 ]. Interestingly, the hole size prior 
to repeat surgery was found not to be associated with either 
functional or anatomic success, unlike in cases of primary 
macular hole surgery.  

   2. Macular Pucker Reoperations 
 Much like reoperations for macular holes, retreatment for 
persistent/recurrent macular pucker depends largely on what 
was already performed during the fi rst surgery. If the most 
likely cause for the persistence/recurrence of symptoms 
(reduced visual acuity, metamorphopsia) is incomplete 
removal of the PMM, then enhancement of PMM visualiza-
tion can be performed with a number of staining methods 
during chromodissection, including ICG, trypan blue, triam-
cinolone acetonide, and Brilliant Blue G [ 98 ,  102 ,  103 ,  111 ]. 
If the ILM was not peeled initially, or if there was possibly 
inadequate ILM peeling, then staining for improved 

B.X. Pan et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_11
http://dx.doi.org/10.1007/978-1-4939-1086-1_34


619

 visualization can be performed and further ILM removal 
attempted [ 98 ,  102 ,  103 ,  108 ,  111 ]. Finally, in cases where 
both  adequate PMM and ILM peeling have been performed 
in the region of the macula, it has been suggested that further 
ILM removal toward the edges of the vascular arcades may 
be an option [ 106 ].   

   B. Inner Retinal Optic Neuropathy (IRON) 

 Abrupt optic neuropathy following any type of eye surgery is a 
well-known phenomenon that is often due to anterior ischemic 
optic neuropathy (AION) [ 137 ,  138 ]. In this setting, the patient 
usually describes the sudden onset of a scotoma that occurs 
hours, days or even weeks after cataract surgery. The ophthal-
mologist will note signifi cant loss of visual acuity, an afferent 
pupillary defect (APD), and a visual fi eld defect that is often 
altitudinal. The optic disc often appears hyperemic and edema-
tous and then progresses, in about 2 months, to optic atrophy. 

 In contradistinction, inner retinal optic neuropathy 
(IRON) seems to occur specifi cally after vitrectomy with 
membrane peeling. As described, the patient notes a dark 
patch in the center of their vision hours or days after surgery. 
And, as in AION, there is an APD. However, unlike in AION, 
the visual fi eld loss in IRON does not respect the horizontal 
raphe (it is not altitudinal). Furthermore, there is no disc 
edema. But like AION, there will be optic atrophy in about 2 
months. The optic atrophy of IRON is more likely to be con-
fi ned to the temporal aspects of the optic disc. In both AION 
and IRON, the condition is static with little likelihood of pro-
gression or resolution. Unfortunately, in both cases, there is 
no effective treatment [ 139 ].  

   C. Timing of Reoperations 

 Nakamura et al. looked at the effects of ILM peeling on the 
vitreoretinal interface. In their study, 10 monkey eyes under-
went pars plana vitrectomy with ILM peeling assisted by 
ICG chromodissection. Eyes were enucleated at 3, 6, and 12 
months post vitrectomy to evaluate the process of healing 
and regeneration. It was noted that 3 months following sur-
gery there were regions of the retina where ILM peeling had 
been performed which had evidence of Müller cell fragmen-
tation and exposed areas of the RNFL. At the 6- and 12-month 
time points, reactive gliosis from the remaining Müller cells 
formed a mesh-like network that expanded across the origi-
nally denuded surface. There was no evidence of complete 
ILM regeneration even at the 12-month time point [ 27 ]. 

 Pan et al. studied the timing of repeat surgeries in 10 
patients and found that patients who underwent reoperation 
at least 6 months after the primary surgery ( n  = 6) had better 
functional outcomes [ 140 ] (Figure  V.A.4-1 ). Reoperating 
too soon (<6 months) after an initial surgery was associated 

with poor visual results (postoperative decimal visual 
 acuity = 0.13 ± 0.19; equivalent to 20/800). On the other 
hand, waiting ≥6 months before reoperation was associated 
with excellent functional outcomes (postoperative decimal 
visual acuity = 0.45 ± 0.24 (equivalent to 20/50);  P  = 0.03). 
The proposed explanation was that peeling of the ILM causes 
a signifi cant amount of trauma to the underlying Müller cell 
foot processes that form the outer layers of the ILM. If a 
repeat peel was performed too soon (<6 months out from the 
primary), there would be a much greater chance to injure the 
underlying RNFL and neurosensory retina as the Müller 
cells would not have had enough time to reform a protective 
layer. This hypothesis was confi rmed by studying OCT mea-
surements of RNFL thickness and histopathological features 
of the inner retina in cases of membrane peel surgery.

   RNFL thickness measurements were obtained after repeat 
operation in the study patients (Figure  V.A.4-2 ). In the 
<6 month group, the average thickness and standard devia-
tion of the temporal, inferior, superior, and nasal quadrants 
were 53.75 ± 8.42 μm, 80.50 ± 10.38 μm, 86.75 ± 27.20 μm, 
and 74.50 ± 8.06 μm, respectively, with an overall peripapil-
lary thickness of 73.75 ± 7.41 μm. In the ≥6 month group, the 
measurements were 72.60 ± 13.26 μm, 87.80 ± 19.15 μm, 
103.60 ± 7.02 μm, and 85.20 ± 24.69 μm, respectively, with 
an overall peripapillary thickness of 87.00 ± 14.95 μm. This 
difference in the temporal quadrant between groups was sta-
tistically signifi cant ( P  = 0.04). However, no such difference 
was detected in the inferior, superior, nasal, or overall thick-
ness measurements.

   Tissues removed from 6 eyes at the time of reoperation 
were processed for immunohistochemistry with antibodies tar-
geting neurofi lament, a component of the RNFL. This allowed 
for unmistakable identifi cation of neurosensory retinal in the 
tissue removed. In the early intervention group (<6 months), 
positive neurofi lament staining was present in 2/2 (100 %) 
specimens (Figures  V.A.4-3  and  V.A.4-4 ). Transmission EM 
confi rmed the presence of cellular debris (Figure  V.A.4-5 ), 
ostensibly fragments of the RNFL. Postoperative vision in 
each subject was very poor. In the late (≥6 months) reopera-
tion group, there was no evidence of neurofi lament staining 
in 4/4 (100 %) of specimens (Figures  V.A.4-3  and  V.A.4-4 ). 
Postoperative vision was good in all cases. These fi ndings sug-
gest that in cases of reoperation, the risk of iatrogenic RNFL 
damage is heightened if the second operation is performed 
too soon (in this study before 6 months) after the fi rst opera-
tion. The aforementioned experimental data suggest that this 
unfortunate consequence occurs when there has been too little 
time for reformation of a Müller cell barrier and the inner reti-
nal surface is still exposed. During reoperation on an eye that 
has not reformed this “protective” barrier, membrane peeling, 
especially with chromodissection, risks damaging the RNFL, 
as found in this study. To reduce the risk of IRON follow-
ing reoperation, a minimum duration of 6 months should be 
allowed between consecutive membrane peel operations.
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  Figure V.A.4-2    Retinal nerve fi ber thickness measured by optical 
coherence tomography demonstrates thinning in the superior, inferior, 
and temporal quadrants of the eye affected ( OS ) with inner retinal optic 
neuropathy (IRON) following membrane peeling with chromodissec-

tion during reoperation for macular pucker. Nasal fi bers remain unaf-
fected as the membrane peel is performed temporal to the optic nerve 
OD right eye, OS left eye       
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  Figure V.A.4-1    Graphic presentation of visual acuity change after a 
repeat operation for macular hole/macular pucker. The  x -axis represents 
the duration of time that elapsed between the fi rst and the second sur-
geries, in weeks. The  vertical line  represents the 6-month demarcation. 
The  y -axis represents the change in visual acuity (represented in 
LogMAR format) after the second surgery, calculated using the second 
surgery postoperative visual acuity minus the associated preoperative 

visual acuity. The  horizontal line  demarcates loss of visual acuity 
( above the line ), gain of visual acuity ( below the line ), and no change in 
visual acuity ( on the line ). It is notable that 3 of the 4 patients who 
received repeat surgeries before 6 months had elapsed between surger-
ies had worsening of visual acuity. In contrast, patients who received a 
repeat surgery after 6 months had elapsed between surgeries either had 
improved or stable visual acuities       
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Macular Hole Macular Hole 

VA = CF at 1’ VA = 20/40

  Figure V.A.4-3    Surgical specimens obtained from patients with macu-
lar hole. Specimens were processed for immunohistochemistry target-
ing neurofi lament, a component of the retinal nerve fi ber layer.  Brown 
staining  is indicative of neurosensory retina that was removed with the 
surgical specimen. Image on the left is from a patient who received a 

repeat operation <6 months after the fi rst, while the image on the right 
is from a patient who received a repeat operation >6 after the fi rst opera-
tion. Postoperative vision was far better in the latter case ( right image ). 
 VA  visual acuity,  CF  count fi ngers. Large scale bar = 50 μm; small scale 
bar = 5 μm       

  Figure V.A.4-4    Surgical specimens obtained from patients with macu-
lar pucker. Specimens were processed for immunohistochemistry tar-
geting neurofi lament, a component of the retinal nerve fi ber layer. 
 Brown staining  is indicative of neurosensory retina that was removed 
with the surgical specimen. Image on the left is from a patient who 

underwent a repeat operation< 6 months after the fi rst, while the image 
on the right is from a patient who underwent reoperation >6 after the 
fi rst surgery. Postoperative vision was far better in the latter case ( right 
image ).  VA  visual acuity. Large scale bar = 50 μm; small scale bar = 5 μm       
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Snellen VA = CF 1 ft.
Pos (+) NF IHC

Snellen VA = 20/25
Neg (−) NF IHC

  Figure V.A.4-5    Ultrastructural analysis of 
tissues taken from patients who had repeat 
surgeries for macular hole. The  upper image  
is taken from a patient who underwent 
reoperation <6 months after the primary 
surgery, whereas the  lower image  is taken 
from a patient who underwent reoperation 
>6 months after the fi rst surgery. The  upper 
image shows a signifi cant amount of cellular 
tissue  adherent to the retinal aspect of the 
inner limiting membrane, ostensibly fragments 
of the retinal nerve fi ber layer.  VIT  vitreous, 
 RET  retina,  CF  count fi ngers,  Pos  positive, 
 Neg  negative,  NF  neurofi lament, 
 IHC  immunohistochemistry. Scale bar = 2 μm       

  Abbreviations 

  AION    Anterior ischemic optic neuropathy   
  APD    Afferent pupillary defect   
  ICG    Indocyanine green   
  ILM    Inner limiting membrane   
  IRON    Inner retinal optic neuropathy   
  MMHS    Moorfi elds Macular Hole Study   
  OCT    Optical coherence tomography   
  PMM     Premacular Membrane (previously referred 

to as epiretinal membrane, or ERM)   
  PVC    Posterior vitreous cortex   
  RNFL    Retinal nerve fi ber layer   
  VMHS     Vitrectomy for treatment of macular hole study   
  VPMH    Vitrectomy for Prevention of Macular Hole    

Available at:   http://www.ncbi.nlm.nih.gov/pubmed/11530047    . 
Accessed 15 Jan 2014.  

     3.    Tanner V, Chauhan DS, Jackson TL, Williamson TH. Optical coher-
ence tomography of the vitreoretinal interface in macular hole for-
mation. Br J Ophthalmol. 2001;85(9):1092–7. Available at:   http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1724123&too
l=pmcentrez&rendertype=abstract    . Accessed 15 Jan 2014.  

    4.    Gass JD. Idiopathic senile macular hole. Its early stages and patho-
genesis. Arch Ophthalmol. 1988;106(5):629–39. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/3358729    . Accessed 15 Jan 
2014.  

     5.    Gass JD. Müller cell cone, an overlooked part of the anatomy of the 
fovea centralis: hypotheses concerning its role in the pathogenesis 
of macular hole and foveomacualr retinoschisis. Arch Ophthalmol. 
1999;117(6):821–3. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/10369597    . Accessed 15 Jan 2014.  

    6.    Tanner V, Williamson TH. Watzke-Allen slit beam test in macular 
holes confi rmed by optical coherence tomography. Arch 
Ophthalmol. 2000;118(8):1059–63. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/10922198    . Accessed 15 Jan 2014.  

    7.    Hee MR, Puliafi to CA, Wong C, et al. Optical coherence tomogra-
phy of macular holes. Ophthalmology. 1995;102(5):748–56. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/7777274    . 
Accessed 15 Jan 2014.  

    8.    Hangai M, Ojima Y, Gotoh N, et al. Three-dimensional imaging of 
macular holes with high-speed optical coherence tomography. 
Ophthalmology. 2007;114(4):763–73. Available at:    http://www.
ncbi.nlm.nih.gov/pubmed/17187861    .     Accessed 15 Jan 2014.  

       9.    Sebag J. Anomalous posterior vitreous detachment: a unifying con-
cept in vitreo-retinal disease. Graefes Arch Clin Exp Ophthalmol. 
2004;242(8):690–8. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/15309558    . Accessed 20 Apr 2012.  

             References 

      1.    Gaudric A, Haouchine B, Massin P, Paques M, Blain P, Erginay 
A. Macular hole formation: new data provided by optical coherence 
tomography. Arch Ophthalmol. 1999;117(6):744–51. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/10369584    . Accessed 15 Jan 
2014.  

   2.    Azzolini C, Patelli F, Brancato R. Correlation between optical 
coherence tomography data and biomicroscopic interpretation of 
idiopathic macular hole. Am J Ophthalmol. 2001;132(3):348–55. 

 

B.X. Pan et al.

http://www.ncbi.nlm.nih.gov/pubmed/10369584
http://www.ncbi.nlm.nih.gov/pubmed/15309558
http://www.ncbi.nlm.nih.gov/pubmed/15309558
http://www.ncbi.nlm.nih.gov/pubmed/17187861
http://www.ncbi.nlm.nih.gov/pubmed/17187861
http://www.ncbi.nlm.nih.gov/pubmed/7777274
http://www.ncbi.nlm.nih.gov/pubmed/10922198
http://www.ncbi.nlm.nih.gov/pubmed/10922198
http://www.ncbi.nlm.nih.gov/pubmed/10369597
http://www.ncbi.nlm.nih.gov/pubmed/10369597
http://www.ncbi.nlm.nih.gov/pubmed/3358729
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1724123&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1724123&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1724123&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11530047


623

       10.    Sebag J, Gupta P, Rosen RR, Garcia P, Sadun AA. Macular holes 
and macular pucker: the role of vitreoschisis as imaged by optical 
coherence tomography/scanning laser ophthalmoscopy. Trans 
Am Ophthalmol Soc. 2007;105:121–9; discussion 129–31. 
Available at:   http://www.pubmedcentral.nih.gov/articlerender.fcg
i?artid=2258095&tool=pmcentrez&rendertype=abstract    . 
Accessed 20 Apr 2012.  

     11.    Cour M, Friis J, la Cour M. Macular holes: classifi cation, epidemi-
ology, natural history and treatment. Acta Ophthalmol Scand. 
2002;80(6):579–87. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/12485276    . Accessed 21 Apr 2012.  

    12.    Meyer-Schwickerath G. Indications and limitations of light coagula-
tion of the retina. Trans Am Ophthalmol Soc. 1959;63:725–38.  

    13.    Harris MJ, de Bustros S, Michels RG. Treatment of retinal detach-
ments due to macular holes. Retina (Philadelphia, Pa). 
1984;4(3):144–7. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/6494630    . Accessed 10 Feb 2014.  

    14.    Hanselmayer H. Laser-photocoagulation of macular holes (author’s 
transl). Klin Monbl Augenheilkd. 1976;169(2):231–4. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/988419    . Accessed 10 Feb 
2014.  

   15.    Schocket SS, Lakhanpal V, Miao XP. Treatment of macular holes 
with the argon laser. Trans Am Ophthalmol Soc. 1987;85:159–75. 
Available at:   http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=1298771&tool=pmcentrez&rendertype=abstract    . Accessed 
10 Feb 2014.  

    16.    Schocket SS, Lakhanpal V, Miao XP, Kelman S, Billings E. 
Laser treatment of macular holes. Ophthalmology. 1988;95(5):574–
82. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/3174018    . 
Accessed 10 Feb 2014.  

      17.    Kelly NE, Wendel RT. Vitreous surgery for idiopathic macular 
holes. Results of a pilot study. Arch Ophthalmol. 1991;109(5):654–
9. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/2025167    . 
Accessed 13 Aug 2012.  

    18.    Sebag J. Indocyanine green-assisted macular hole surgery: too pio-
neering? Am J Ophthalmol. 2004;137(4):744–6. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/15059715    . Accessed 25 Jan 
2014.  

     19.    Wendel RT, Patel AC, Kelly NE, Salzano TC, Wells JW, Novack 
GD. Vitreous surgery for macular holes. Ophthalmology. 
1993;100(11):1671–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/8233393    . Accessed 15 Jan 2014.  

     20.    De Bustros S. Vitrectomy for prevention of macular holes. Results 
of a randomized multicenter clinical trial. Vitrectomy for Prevention 
of Macular Hole Study Group. Ophthalmology. 1994;101(6):1055–
9; discussion 1060. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/8008347    . Accessed 15 Jan 2014.  

        21.    Ezra E, Gregor ZJ. Surgery for idiopathic full-thickness macular 
hole: two-year results of a randomized clinical trial comparing 
natural history, vitrectomy, and vitrectomy plus autologous serum: 
Morfi elds Macular Hole Study Group RAeport no. 1. Arch 
Ophthalmol. 2004;122(2):224–36.  

      22.    Freeman WR, Azen SP, Kim JW, el-Haig W, Mishell DR, Bailey 
I. Vitrectomy for the treatment of full-thickness stage 3 or 4 macu-
lar holes. Results of a multicentered randomized clinical trial. The 
Vitrectomy for Treatment of Macular Hole Study Group. Arch 
Ophthalmol. 1997;115(1):11–21.  

    23.    Eckardt C, Eckardt U, Groos S, Luciano L, Reale E. Removal 
of the internal limiting membrane in macular holes. Clinical 
and morphological fi ndings. Der Ophthalmologe. 1997;94(8)
:545–51.  

     24.    Gupta P, Yee KMP, Garcia P, et al. Vitreoschisis in macular diseases. 
Br J Ophthalmol. 2011;95(3):376–80. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/20584710    . Accessed 13 Apr 2012.  

      25.    Sebag J. Vitreoschisis. Graefes Arch Clin Exp Ophthalmol. 
2008;246(3):329–32. Available at:   http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=2258312&tool=pmcentrez&rendertyp
e=abstract    . Accessed 20 Apr 2012.  

    26.    Sebag J. Vitreoschisis in diabetic macular edema. Invest Ophthalmol 
Vis Sci. 2011;52(11):8455–6; author reply 8456–7. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/22042822    . Accessed 21 Apr 
2012.  

       27.    Nakamura T, Murata T, Hisatomi T, et al. Ultrastructure of the 
vitreoretinal interface following the removal of the internal limit-
ing membrane using indocyanine green. Curr Eye Res. 
2003;27(6):395–9. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/14704923    .  

    28.    Funata M, Wendel RT, de la Cruz Z, Green WR. Clinicopathologic 
study of bilateral macular holes treated with pars plana vitrectomy 
and gas tamponade. Retina (Philadelphia, Pa). 1992;12(4):289–98. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/1485013    . 
Accessed 15 Jan 2014.  

      29.    Madreperla SA, Geiger GL, Funata M, de la Cruz Z, Green 
WR. Clinicopathologic correlation of a macular hole treated by 
cortical vitreous peeling and gas tamponade. Ophthalmology. 
1994;101(4):682–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/8152763    . Accessed 15 Jan 2014.  

    30.    Yooh HS, Brooks HL, Capone A, L’Hernault NL, Grossniklaus 
HE. Ultrastructural features of tissue removed during idiopathic mac-
ular hole surgery. Am J Ophthalmol. 1996;122(1):67–75. Available 
at:   http://www.ncbi.nlm.nih.gov/pubmed/8659600    . Accessed 15 Jan 
2014.  

        31.    Kwok AK, Li WW, Pang CP, et al. Indocyanine green staining and 
removal of internal limiting membrane in macular hole surgery: 
histology and outcome. Am J Ophthalmol. 2001;132(2):178–83. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/11476676    . 
Accessed 21 Apr 2012.  

    32.    Ameli N, Lashkari K. Macular hole following cataract extraction. 
Semin Ophthalmol. 2002;17(3–4):196–8. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/12759850    . Accessed 15 Jan 2014.  

       33.    Bhatnagar P, Kaiser PK, Smith SD, Meisler DM, Lewis H, Sears 
JE. Reopening of previously closed macular holes after cataract 
extraction. Am J Ophthalmol. 2007;144(2):252–9. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/17543876    . Accessed 13 Apr 
2012.  

    34.    Tadayoni R, Gaudric A, Haouchine B, Massin P. Relationship 
between macular hole size and the potential benefi t of internal lim-
iting membrane peeling. Br J Ophthalmol. 2006;90(10):1239–41. 
Available at:   http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=1857449&tool=pmcentrez&rendertype=abstract    . Accessed 
15Jan 2014.  

    35.    Kwok AKH, Lai TYY, Wong VWY. Idiopathic macular hole sur-
gery in Chinese patients: a randomised study to compare indocya-
nine green-assisted internal limiting membrane peeling with no 
internal limiting membrane peeling. Hong Kong Med 
J. 2005;11(4):259–66. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/16085942    . Accessed 15 Jan 2014.  

   36.    Van De Moere A, Stalmans P. Anatomical and visual outcome of 
macular hole surgery with infracyanine green-assisted peeling of 
the internal limiting membrane, endodrainage, and silicone oil tam-
ponade. Am J Ophthalmol. 2003;136(5):879–87. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/14597040    . Accessed 15 Jan 
2014.  

    37.    Hasler PW, Prünte C. Early foveal recovery after macular hole 
surgery. Br J Ophthalmol. 2008;92(5):645–9. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/18296507    . Accessed 15 Jan 
2014.  

     38.    Mester V, Kuhn F. Internal limiting membrane removal in the man-
agement of full-thickness macular holes. Am J Ophthalmol. 
2000;129(6):769–77. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/10926987    . Accessed 21 Apr 2012.  

      39.    Tognetto D, Grandin R, Sanguinetti G, et al. Internal limiting mem-
brane removal during macular hole surgery: results of a multicenter 
retrospective study. Ophthalmology. 2006;113(8):1401–10. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/16877079    . 
Accessed 15 Jan 2014.  

V.A.4. Macular Hole and Macular Pucker Surgery with Special Emphasis on Reoperations

http://www.ncbi.nlm.nih.gov/pubmed/16877079
http://www.ncbi.nlm.nih.gov/pubmed/10926987
http://www.ncbi.nlm.nih.gov/pubmed/10926987
http://www.ncbi.nlm.nih.gov/pubmed/18296507
http://www.ncbi.nlm.nih.gov/pubmed/18296507
http://www.ncbi.nlm.nih.gov/pubmed/14597040
http://www.ncbi.nlm.nih.gov/pubmed/16085942
http://www.ncbi.nlm.nih.gov/pubmed/16085942
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1857449&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1857449&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/17543876
http://www.ncbi.nlm.nih.gov/pubmed/12759850
http://www.ncbi.nlm.nih.gov/pubmed/12759850
http://www.ncbi.nlm.nih.gov/pubmed/11476676
http://www.ncbi.nlm.nih.gov/pubmed/8659600
http://www.ncbi.nlm.nih.gov/pubmed/8152763
http://www.ncbi.nlm.nih.gov/pubmed/8152763
http://www.ncbi.nlm.nih.gov/pubmed/1485013
http://www.ncbi.nlm.nih.gov/pubmed/14704923
http://www.ncbi.nlm.nih.gov/pubmed/14704923
http://www.ncbi.nlm.nih.gov/pubmed/22042822
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2258312&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2258312&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2258312&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/20584710
http://www.ncbi.nlm.nih.gov/pubmed/20584710
http://www.ncbi.nlm.nih.gov/pubmed/8008347
http://www.ncbi.nlm.nih.gov/pubmed/8008347
http://www.ncbi.nlm.nih.gov/pubmed/8233393
http://www.ncbi.nlm.nih.gov/pubmed/8233393
http://www.ncbi.nlm.nih.gov/pubmed/15059715
http://www.ncbi.nlm.nih.gov/pubmed/2025167
http://www.ncbi.nlm.nih.gov/pubmed/3174018
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1298771&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1298771&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/988419
http://www.ncbi.nlm.nih.gov/pubmed/6494630
http://www.ncbi.nlm.nih.gov/pubmed/6494630
http://www.ncbi.nlm.nih.gov/pubmed/12485276
http://www.ncbi.nlm.nih.gov/pubmed/12485276
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2258095&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2258095&tool=pmcentrez&rendertype=abstract


624

     40.    Kumagai K, Furukawa M, Ogino N, Larson E. Incidence and fac-
tors related to macular hole reopening. Am J Ophthalmol. 
2010;149(1):127–32. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/19875088    . Accessed 15 Mar 2012.  

    41.    Lois N, Burr J, Norrie J, et al. Internal limiting membrane peeling 
versus no peeling for idiopathic full-thickness macular hole: a prag-
matic randomized controlled trial. Invest Ophthalmol Vis Sci. 
2011;52(3):1586–92. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/21051731     . Accessed 21 Apr 2012.  

    42.    Christensen UC, Krøyer K, Sander B, et al. Value of internal 
 limiting membrane peeling in surgery for idiopathic macular hole 
stage 2 and 3: a randomised clinical trial. Br J Ophthalmol. 
2009;93(8):1005–15. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/19028741     . Accessed 15 Jan 2014.  

     43.    Brooks HL. Macular hole surgery with and without internal limit-
ing membrane peeling. Ophthalmology. 2000;107(10):1939–48; 
discussion 1948–9. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/11013203    .  

   44.    Ben Simon GJ, Desatnik H, Alhalel A, Treister G, Moisseiev 
J. Retrospective analysis of vitrectomy with and without internal lim-
iting membrane peeling for stage 3 and 4 macular hole. Ophthalmic 
Surg Lasers Imaging. 2004;35(2):109–15. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/15088820    . Accessed 15 Jan 2014.  

    45.    Sheidow TG, Blinder KJ, Holekamp N, et al. Outcome results in 
macular hole surgery: an evaluation of internal limiting membrane 
peeling with and without indocyanine green. Ophthalmology. 
2003;110(9):1697–701. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/13129864     . Accessed 15 Jan 2014.  

    46.    Al-Abdulla NA, Thompson JT, Sjaarda RN. Results of macular 
hole surgery with and without epiretinal dissection or internal limit-
ing membrane removal. Ophthalmology. 2004;111(1):142–9. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/14711726    . 
Accessed 15 Jan 2014.  

   47.    Ando F, Sasano K, Ohba N, Hirose H, Yasui O. Anatomic and visual 
outcomes after indocyanine green-assisted peeling of the retinal 
internal limiting membrane in idiopathic macular hole surgery. Am J 
Ophthalmol. 2004;137(4):609–14. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/15059697     . Accessed 25 Apr 2012.  

    48.    Kumagai K, Furukawa M, Ogino N, Uemura A, Demizu S, Larson 
E. Vitreous surgery with and without internal limiting membrane 
peeling for macular hole repair. Retina. 2004;24(5):721–7. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/15492625    .  

     49.   Tewari A, Almony A, Nudleman E, et al. Techniques, rationale, and 
outcomes of internal limiting membrane peeling. Retina. 2011. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/22105502    . 
Accessed 20 Apr 2012.  

    50.    Graham K, D’Amico DJ. Postoperative complications of epiretinal 
membrane surgery. Int Ophthalmol Clin. 2000;40(1):215–23. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/10713927    . 
Accessed 22 Apr 2012.  

    51.    Bababeygy SR, Sebag J. Chromodissection of the vitreo-retinal 
interface. Retinal Physician. 2009;6(3):16–21.  

     52.    Smiddy WE, Feuer W, Cordahi G. Internal limiting membrane 
peeling in macular hole surgery. Ophthalmology. 2001;108(8):1471–
6; discussion 1477–8. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/11470703    .  

    53.    Yamashita T, Uemura A, Kita H, Sakamoto T. Analysis of the reti-
nal nerve fi ber layer after indocyanine green-assisted vitrectomy for 
idiopathic macular holes. Ophthalmology. 2006;113(2):280–4. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/16458094    . 
Accessed 27 Mar 2012.  

    54.    Haritoglou C, Gandorfer A, Gass CA, Schaumberger M, Ulbig 
MW, Kampik A. Indocyanine green-assisted peeling of the internal 
limiting membrane in macular hole surgery affects visual outcome: 
a clinicopathologic correlation. Am J Ophthalmol. 2002;134(6):836–
41. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/12470751    . 
Accessed 21 Apr 2012.  

    55.    Ando F, Sasano K, Ohba N, Hirose H, Yasui O. Anatomic and visual 
outcomes after indocyanine green-assisted peeling of the retinal 
internal limiting membrane in idiopathic macular hole  surgery. Am 
J Ophthalmol. 2004;137(4):609–14. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/15059697    . Accessed 15 Jan 2014.  

    56.    Abdelkader E, Lois N. Internal limiting membrane peeling in 
vitreo- retinal surgery. Surv Ophthalmol. 2008;53(4):368–96. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/18572054    . 
Accessed 18 Sept 2013.  

    57.    Lai MM, Williams GA. Anatomical and visual outcomes of idio-
pathic macular hole surgery with internal limiting membrane 
removal using low-concentration indocyanine green. Retina 
(Philadelphia, Pa). 2007;27(4):477–82. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/17420702    . Accessed 15 Jan 2014.  

      58.    Paques M, Massin P, Santiago PY, Spielmann AC, Le Gargasson JF, 
Gaudric A. Late reopening of successfully treated macular holes. 
Br J Ophthalmol. 1997;81(8):658–62. Available at:   http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=1722272&tool=p
mcentrez&rendertype=abstract    .  

     59.    Yoshida M, Kishi S. Pathogenesis of macular hole recurrence and 
its prevention by internal limiting membrane peeling. Retina 
(Philadelphia, Pa). 2007;27(2):169–73. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/17290198    . Accessed 20 Apr 2012.  

     60.    Schumann RG, Rohleder M, Schaumberger MM, Haritoglou C, 
Kampik A, Gandorfer A. Idiopathic macular holes: ultrastructural 
aspects of surgical failure. Retina (Philadelphia, Pa). 
2008;28(2):340–9. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/18301041    . Accessed 20 Apr 2012.  

       61.    Christmas NJ, Smiddy WE, Flynn HW. Reopening of macular 
holes after initially successful repair. Ophthalmology. 
1998;105(10):1835–8. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/9787352    .  

   62.    Scott IU, Moraczewski AL, Smiddy WE, Flynn HW, Feuer 
WJ. Long-term anatomic and visual acuity outcomes after initial 
anatomic success with macular hole surgery. Am J Ophthalmol. 
2003;135(5):633–40. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/12719070     . Accessed 15 Jan 2014.  

    63.    Paques M, Massin P, Blain P, Duquesnoy AS, Gaudric A. Long- 
term incidence of reopening of macular holes. Ophthalmology. 
2000;107(4):760–5; discussion 766. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/10768340    .  

    64.    Haritoglou C, Gass CA, Schaumberger M, Gandorfer A, Ulbig 
MW, Kampik A. Long-term follow-up after macular hole surgery 
with internal limiting membrane peeling. Am J Ophthalmol. 
2002;134(5):661–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/12429240    . Accessed 15 Jan 2014.  

    65.    Kumagai K, Ogino N, Demizu S, et al. Incidence of reopening and 
variables that infl uence reopening after macular hole surgery. Jpn J 
Ophthalmol. 2001;45(1):112–3. Available at:   http://www.ncbi.nlm.
nih.gov/pubmed/11341897    . Accessed 21 Apr 2012.  

    66.    Sebag J, Yee KMP, Wa CA, Huang LC, Sadun AA. Vitrectomy for 
fl oaters: prospective effi cacy analyses and retrospective safety pro-
fi le. Retina (Philadelphia, Pa). 2014;34:1062–8. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/24296397    . Accessed 15 Jan 2014.  

   67.    Cherfan GM, Michels RG, de Bustros S, Enger C, Glaser 
BM. Nuclear sclerotic cataract after vitrectomy for idiopathic 
epiretinal membranes causing macular pucker. Am J Ophthalmol. 
1991;111(4):434–8. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/2012145    . Accessed 15 Jan 2014.  

   68.    Thompson JT. The role of patient age and intraocular gases in cata-
ract progression following vitrectomy for macular holes and epiret-
inal membranes. Trans Am Ophthalmol Soc. 2003;101:485–98. 
Available at:   http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=1359001&tool=pmcentrez&rendertype=abstract    . Accessed 
13 Aug 2012.  

   69.    Thompson JT, Glaser BM, Sjaarda RN, Murphy RP. Progression of 
nuclear sclerosis and long-term visual results of vitrectomy with 

B.X. Pan et al.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1359001&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1359001&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/2012145
http://www.ncbi.nlm.nih.gov/pubmed/2012145
http://www.ncbi.nlm.nih.gov/pubmed/24296397
http://www.ncbi.nlm.nih.gov/pubmed/24296397
http://www.ncbi.nlm.nih.gov/pubmed/11341897
http://www.ncbi.nlm.nih.gov/pubmed/11341897
http://www.ncbi.nlm.nih.gov/pubmed/12429240
http://www.ncbi.nlm.nih.gov/pubmed/12429240
http://www.ncbi.nlm.nih.gov/pubmed/10768340
http://www.ncbi.nlm.nih.gov/pubmed/10768340
http://www.ncbi.nlm.nih.gov/pubmed/12719070
http://www.ncbi.nlm.nih.gov/pubmed/12719070
http://www.ncbi.nlm.nih.gov/pubmed/9787352
http://www.ncbi.nlm.nih.gov/pubmed/9787352
http://www.ncbi.nlm.nih.gov/pubmed/18301041
http://www.ncbi.nlm.nih.gov/pubmed/18301041
http://www.ncbi.nlm.nih.gov/pubmed/17290198
http://www.ncbi.nlm.nih.gov/pubmed/17290198
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1722272&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1722272&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1722272&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/17420702
http://www.ncbi.nlm.nih.gov/pubmed/17420702
http://www.ncbi.nlm.nih.gov/pubmed/18572054
http://www.ncbi.nlm.nih.gov/pubmed/15059697
http://www.ncbi.nlm.nih.gov/pubmed/15059697
http://www.ncbi.nlm.nih.gov/pubmed/12470751
http://www.ncbi.nlm.nih.gov/pubmed/16458094
http://www.ncbi.nlm.nih.gov/pubmed/11470703
http://www.ncbi.nlm.nih.gov/pubmed/11470703
http://www.ncbi.nlm.nih.gov/pubmed/10713927
http://www.ncbi.nlm.nih.gov/pubmed/22105502
http://www.ncbi.nlm.nih.gov/pubmed/15492625
http://www.ncbi.nlm.nih.gov/pubmed/15059697
http://www.ncbi.nlm.nih.gov/pubmed/15059697
http://www.ncbi.nlm.nih.gov/pubmed/14711726
http://www.ncbi.nlm.nih.gov/pubmed/13129864
http://www.ncbi.nlm.nih.gov/pubmed/13129864
http://www.ncbi.nlm.nih.gov/pubmed/15088820
http://www.ncbi.nlm.nih.gov/pubmed/15088820
http://www.ncbi.nlm.nih.gov/pubmed/11013203
http://www.ncbi.nlm.nih.gov/pubmed/11013203
http://www.ncbi.nlm.nih.gov/pubmed/19028741
http://www.ncbi.nlm.nih.gov/pubmed/19028741
http://www.ncbi.nlm.nih.gov/pubmed/21051731
http://www.ncbi.nlm.nih.gov/pubmed/21051731
http://www.ncbi.nlm.nih.gov/pubmed/19875088
http://www.ncbi.nlm.nih.gov/pubmed/19875088


625

transforming growth factor beta-2 for macular holes. Am 
J Ophthalmol. 1995;119(1):48–54. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/7825689    . Accessed 15 Jan 2014.  

    70.    De Bustros S, Thompson JT, Michels RG, Enger C, Rice TA, Glaser 
BM. Nuclear sclerosis after vitrectomy for idiopathic epiretinal 
membranes. Am J Ophthalmol. 1988;105(2):160–4. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/3341433    . Accessed 15 Jan 
2014.  

    71.    Gottlieb CC, Martin JA. Phacovitrectomy with internal limiting 
membrane peeling for idiopathic macular hole. Can J Ophthalmol. 
2002;37(5):277–82; discussion 282. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/12322859    . Accessed 15 Jan 2014.  

   72.    Theocharis IP, Alexandridou A, Gili NJ, Tomic Z. Combined 
phacoemulsifi cation and pars plana vitrectomy for macular hole 
treatment. Acta Ophthalmol Scand. 2005;83(2):172–5. Available 
at:   http://www.ncbi.nlm.nih.gov/pubmed/15799728    . Accessed 15 
Jan 2014.  

    73.    Kotecha AV, Sinclair SH, Gupta AK, Tipperman R. Pars plana vit-
rectomy for macular holes combined with cataract extraction and 
lens implantation. Ophthalmic Surg Lasers. 2000;31(5):387–93. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/11011707    . 
Accessed 15 Jan 2014.  

    74.    García-Arumí J, Palau MM, Espax AB, Martínez-Castillo V, 
Garrido HB, Corcóstegui B. Reopening of 2 macular holes after 
neodymium:YAG capsulotomy. J Cataract Refract Surg. 
2006;32(2):363–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/16565020    . Accessed 15 Jan 2014.  

    75.    Osterlin S. Vitreous changes after cataract extraction. In: Freeman 
H, Hirose T, Schepens C, editors. Vitreous surgery and advances in 
fundus diagnosis and treatment. New York: Appleton; 1977.  

    76.    Osterlin S. Macromolecular composition of the vitreous in the 
aphakic owl monkey eye. Exp Eye Res. 1978;26(1):77–84. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/414928    . 
Accessed 25 Jan 2014.  

    77.    McDonnell PJ, Patel A, Green WR. Comparison of intracapsular 
and extracapsular cataract surgery. Histopathologic study of eyes 
obtained postmortem. Ophthalmology. 1985;92(9):1208–25. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/4058884    . 
Accessed 25 Jan 2014.  

    78.    Larsson L, Osterlin S. Posterior vitreous detachment. A combined 
clinical and physiochemical study. Graefes Arch Clin Exp 
Ophthalmol. 1985;223(2):92–5. Available at:   http://www.ncbi.nlm.
nih.gov/pubmed/4007512    . Accessed 25 Jan 2014.  

    79.    Hiscott PS, Grierson I, McLeod D. Natural history of fi brocellular 
epiretinal membranes: a quantitative, autoradiographic, and immu-
nohistochemical study. Br J Ophthalmol. 1985;69(11):810–23. 
Available at:   http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=1040751&tool=pmcentrez&rendertype=abstract    . Accessed 
15 Jan 2014.  

    80.    Foos RY. Vitreoretinal juncture; epiretinal membranes and vitreous. 
Invest Ophthalmol Vis Sci. 1977;16(5):416–22. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/852943    . Accessed 13 Aug 2012.  

    81.    Kampik A, Green WR, Michels RG, Nase PK. Ultrastructural 
 features of progressive idiopathic epiretinal membrane removed by 
vitreous surgery. Am J Ophthalmol. 1980;90(6):797–809. Available 
at:   http://www.ncbi.nlm.nih.gov/pubmed/7446667    . Accessed 15 
Jan 2014.  

   82.    Gandorfer A, Rohleder M, Kampik A. Epiretinal pathology of vit-
reomacular traction syndrome. Br J Ophthalmol. 2002;86(8):902–
9. Available at:   http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=1771255&tool=pmcentrez&rendertype=abstract    . 
Accessed 15 Jan 2014.  

   83.    Green WR, Kenyon KR, Michels RG, Gilbert HD, De La Cruz 
Z. Ultrastructure of epiretinal membranes causing macular pucker 
after retinal re-attachment surgery. Trans Ophthalmol Soc U K. 
1979;99(1):65–77. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/297384    . Accessed 15 Jan 2014.  

     84.    Smiddy WE, Maguire AM, Green WR, et al. Idiopathic epiretinal 
membranes. Ultrastructural characteristics and clinicopathologic 
correlation. Ophthalmology. 1989;96(6):811–20; discussion 821. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/2740079    . 
Accessed 15 Jan 2014.  

    85.    Wilkins JR, Puliafi to CA, Hee MR, et al. Characterization of epiret-
inal membranes using optical coherence tomography. 
Ophthalmology. 1996;103(12):2142–51. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/9003350    . Accessed 15 Jan 2014.  

   86.    Sebag J, Wang MY, Nguyen D, Sadun AA. Vitreopapillary adhe-
sion in macular diseases. Trans Am Ophthalmol Soc. 2009;107:35–
44. Available at:   http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=2814571&tool=pmcentrez&rendertype=abstract    . 
Accessed 13 Apr 2012.  

   87.    Okamoto F, Sugiura Y, Okamoto Y, Hiraoka T, Oshika 
T. Associations between metamorphopsia and foveal microstruc-
ture in patients with epiretinal membrane. Invest Ophthalmol Vis 
Sci. 2012;53(11):6770–5. Available at:   http://www.ncbi.nlm.nih.
gov/pubmed/22969078    . Accessed 15 Jan 2014.  

    88.    Niwa T, Terasaki H, Kondo M, Piao C-H, Suzuki T, Miyake 
Y. Function and morphology of macula before and after removal of 
idiopathic epiretinal membrane. Invest Ophthalmol Vis Sci. 
2003;44(4):1652–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/12657605    . Accessed 15 Jan 2014.  

    89.    Mitchell P, Smith W, Chey T, Wang JJ, Chang A. Prevalence and 
associations of epiretinal membranes. The Blue Mountains Eye 
Study, Australia. Ophthalmology. 1997;104(6):1033–40.  

    90.    Kohno R, Hata Y, Kawahara S, et al. Possible contribution of hyalo-
cytes to idiopathic epiretinal membrane formation and its contrac-
tion. Br J Ophthalmol. 2009;93(8):1020–6. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/19429593    . Accessed 15 Jan 2014.  

    91.    Kim JH, Kim YM, Chung EJ, Lee SY, Koh HJ. Structural and func-
tional predictors of visual outcome of epiretinal membrane surgery. 
Am J Ophthalmol. 2012;153(1):103–10.e1. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/21937015    . Accessed 15 Jan 2014.  

   92.    Christensen UC, Krøyer K, Sander B, Jorgensen TM, Larsen M, la 
Cour M. Macular morphology and visual acuity after macular hole 
surgery with or without internal limiting membrane peeling. Br J 
Ophthalmol. 2010;94(1):41–7. Available at:   http://www.ncbi.nlm.
nih.gov/pubmed/19692379    . Accessed 15 Jan 2014.  

    93.    Salter AB, Folgar FA, Weissbrot J, Wald KJ. Macular hole surgery 
prognostic success rates based on macular hole size. Ophthalmic 
Surg Lasers Imaging. 2012;43(3):184–9. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/22320413    . Accessed 15 Jan 2014.  

    94.    De Bustros S, Thompson JT, Michels RG, Rice TA, Glaser 
BM. Vitrectomy for idiopathic epiretinal membranes causing 
macular pucker. Br J Ophthalmol. 1988;72(9):692–5. Available 
at:   http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=10
41558&tool=pmcentrez&rendertype=abstract    . Accessed 15 Jan 
2014.  

   95.    Rice TA, De Bustros S, Michels RG, Thompson JT, Debanne SM, 
Rowland DY. Prognostic factors in vitrectomy for epiretinal mem-
branes of the macula. Ophthalmology. 1986;93(5):602–10. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/3725320    . 
Accessed 15 Jan 2014.  

    96.    Wong JG, Sachdev N, Beaumont PE, Chang AA. Visual outcomes 
following vitrectomy and peeling of epiretinal membrane. Clin 
Experiment Ophthalmol. 2005;33(4):373–8. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/16033349     . Accessed 15 Jan 2014.  

    97.    Gupta P, Sadun AA, Sebag J. Multifocal retinal contraction in mac-
ular pucker analyzed by combined optical coherence tomography/
scanning laser ophthalmoscopy. Retina (Philadelphia, Pa). 
2008;28(3):447–52. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/18327137    . Accessed April 20, 2012.  

      98.    Kampik A, Kenyon KR, Michels RG, Green WR, de la Cruz 
ZC. Epiretinal and vitreous membranes. Comparative study of 56 
cases. Arch Ophthalmol. 1981;99(8):1445–54.  

V.A.4. Macular Hole and Macular Pucker Surgery with Special Emphasis on Reoperations

http://www.ncbi.nlm.nih.gov/pubmed/18327137
http://www.ncbi.nlm.nih.gov/pubmed/18327137
http://www.ncbi.nlm.nih.gov/pubmed/16033349
http://www.ncbi.nlm.nih.gov/pubmed/16033349
http://www.ncbi.nlm.nih.gov/pubmed/3725320
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1041558&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1041558&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/22320413
http://www.ncbi.nlm.nih.gov/pubmed/22320413
http://www.ncbi.nlm.nih.gov/pubmed/19692379
http://www.ncbi.nlm.nih.gov/pubmed/19692379
http://www.ncbi.nlm.nih.gov/pubmed/21937015
http://www.ncbi.nlm.nih.gov/pubmed/21937015
http://www.ncbi.nlm.nih.gov/pubmed/19429593
http://www.ncbi.nlm.nih.gov/pubmed/19429593
http://www.ncbi.nlm.nih.gov/pubmed/12657605
http://www.ncbi.nlm.nih.gov/pubmed/12657605
http://www.ncbi.nlm.nih.gov/pubmed/22969078
http://www.ncbi.nlm.nih.gov/pubmed/22969078
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2814571&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2814571&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/9003350
http://www.ncbi.nlm.nih.gov/pubmed/9003350
http://www.ncbi.nlm.nih.gov/pubmed/2740079
http://www.ncbi.nlm.nih.gov/pubmed/297384
http://www.ncbi.nlm.nih.gov/pubmed/297384
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1771255&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1771255&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/7446667
http://www.ncbi.nlm.nih.gov/pubmed/852943
http://www.ncbi.nlm.nih.gov/pubmed/852943
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1040751&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1040751&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/4007512
http://www.ncbi.nlm.nih.gov/pubmed/4007512
http://www.ncbi.nlm.nih.gov/pubmed/4058884
http://www.ncbi.nlm.nih.gov/pubmed/414928
http://www.ncbi.nlm.nih.gov/pubmed/16565020
http://www.ncbi.nlm.nih.gov/pubmed/16565020
http://www.ncbi.nlm.nih.gov/pubmed/11011707
http://www.ncbi.nlm.nih.gov/pubmed/15799728
http://www.ncbi.nlm.nih.gov/pubmed/12322859
http://www.ncbi.nlm.nih.gov/pubmed/12322859
http://www.ncbi.nlm.nih.gov/pubmed/3341433
http://www.ncbi.nlm.nih.gov/pubmed/7825689
http://www.ncbi.nlm.nih.gov/pubmed/7825689


626

   99.    Kifuku K, Hata Y, Kohno R, et al. Residual internal limiting mem-
brane in epiretinal membrane surgery. Br J Ophthalmol. 
2009;93(8):1016–9. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/19211605    . Accessed 15 Jan 2014.  

     100.    Gandorfer A, Haritoglou C, Scheler R, Schumann R, Zhao F, 
Kampik A. Residual cellular proliferation on the internal limiting 
membrane in macular pucker surgery. Retina (Philadelphia, Pa). 
2012;32(3):477–85. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/22068175    . Accessed 13 Apr 2012.  

      101.    Bovey EH, Uffer S, Achache F. Surgery for epimacular mem-
brane: impact of retinal internal limiting membrane removal on 
functional outcome. Retina. 2004;24(5):728–35. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/15492626    . Accessed 20 
Apr 2012.  

        102.    Gibran SK, Flemming B, Stappler T, et al. Peel and peel again. Br 
J Ophthalmol. 2008;92(3):373–7. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/18055573    . Accessed 20 Apr 2012.  

      103.   Ducournau Y, Ducournau D. Aspects anatomopathologiques des 
membranes epiretiniennes idiopathiques et secondaires. Dans “La 
Chirigie de la Macula.” Bulletin des Societes d’Ophthalmologie 
de France, Rapport Annuel. Nov 1996:87–119.  

    104.    Sivalingam A, Eagle RC, Duker JS, et al. Visual prognosis corre-
lated with the presence of internal-limiting membrane in histo-
pathologic specimens obtained from epiretinal membrane surgery. 
Ophthalmology. 1990;97(11):1549–52. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/2255528    . Accessed 7 Aug 2012.  

    105.    Schadlu R, Tehrani S, Shah GK, Prasad AG. Long-term follow-up 
results of ilm peeling during vitrectomy surgery for premacular 
fi brosis. Retina. 2008;28(6):853–7. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/18536602    . Accessed 21 Apr 2012.  

       106.    Park DW, Dugel PU, Garda J, et al. Macular pucker removal with 
and without internal limiting membrane peeling: pilot study. 
Ophthalmology. 2003;110(1):62–4. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/12511347    . Accessed 20 Apr 2012.  

      107.    Shimada H, Nakashizuka H, Hattori T, Mori R, Mizutani Y, 
Yuzawa M. Double staining with brilliant blue G and double peel-
ing for epiretinal membranes. Ophthalmology. 2009;116(7):1370–
6. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/19427701    . 
Accessed 15 Mar 2012.  

     108.    Kwok AK, Lai TY, Yuen KS. Epiretinal membrane surgery with 
or without internal limiting membrane peeling. Clin Experiment 
Ophthalmol. 2005;33(4):379–85. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/16033350    . Accessed 15 Jan 2014.  

    109.    Margherio RR, Cox MS, Trese MT, Murphy PL, Johnson J, Minor 
LA. Removal of epimacular membranes. Ophthalmology. 
1985;92(8):1075–83. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/4047601    . Accessed 15 Jan 2014.  

    110.    Wilkinson CP. Recurrent macular pucker. Am J Ophthalmol. 
1979;88(6):1029–31. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/517606    . Accessed 15 Jan 2014.  

      111.    Sebag J. Vitreous: the resplendent enigma. Br J Ophthalmol. 
2009;93(8):989–91. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/19633281    .  

    112.    Gandorfer A, Messmer EM, Ulbig MW, Kampik A. Indocyanine 
green selectively stains the internal limiting membrane. Am 
J Ophthalmol. 2001;131(3):387–8. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/11239880    . Accessed 22 Apr 2012.  

    113.    Binder S, Falkner-Radler CI, Hauger C, Matz H, Glittenberg 
C. Feasibility of intrasurgical spectral-domain optical coherence 
tomography. Retina (Philadelphia, Pa). 2011;31(7):1332–6. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/21273942    . 
Accessed 25 Jan 2014.  

     114.   Matz H, Binder S, Glittenberg C, et al. Intraoperative applications 
of OCT in ophthalmic surgery. Biomedizinische Technik. Biomed 
Eng. 2012;57 Suppl 1. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/23096340    . Accessed 25 Jan 2014.  

      115.    Kwok AKH, Lai TYY, Li WWY, Woo DCF, Chan NR. Indocyanine 
green-assisted internal limiting membrane removal in epiretinal 
membrane surgery: a clinical and histologic study. Am 
J Ophthalmol. 2004;138(2):194–9. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/15289126    . Accessed 21 Apr 2012.  

    116.    Haritoglou C, Gandorfer A, Schaumberger M, et al. Trypan blue 
in macular pucker surgery: an evaluation of histology and func-
tional outcome. Retina (Philadelphia, Pa). 2004;24(4):582–90. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/15300080    . 
Accessed 15 Jan 2014.  

    117.    Maguire AM, Smiddy WE, Nanda SK, Michels RG, de la Cruz Z, 
Green WR. Clinicopathologic correlation of recurrent epiretinal 
membranes after previous surgical removal. Retina (Philadelphia, 
Pa). 1990;10(3):213–22. Available at:   http://www.ncbi.nlm.nih.
gov/pubmed/2236947    . Accessed 15 Jan 2014.  

    118.    Rezende FA, Kapusta MA. Internal limiting membrane: ultrastruc-
tural relationships, with clinical implications for macular hole heal-
ing. Can J Ophthal. 2004;39(3):251–9. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/15180142    . Accessed 15 Jan 2014.  

    119.    Haritoglou C, Neubauer AS, Gandorfer A, Thiel M, Kampik 
A. Indocyanine green for successful repair of a long-standing 
macular hole. Am J Ophthalmol. 2003;136(2):389–91. Available 
at:   http://www.ncbi.nlm.nih.gov/pubmed/12888079    . Accessed 15 
Jan 2014.  

    120.    Lappas A, Foerster AMH, Kirchhof B. Use of heavy silicone oil 
(Densiron-68) in the treatment of persistent macular holes. Acta 
Ophthalmol. 2009;87(8):866–70. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/18983619    . Accessed 13 Apr 2012.  

    121.    Rizzo S, Genovesi-Ebert F, Vento A, Cresti F, Miniaci S, 
Romagnoli MC. Heavy silicone oil (Densiron-68) for the treat-
ment of persistent macular holes: Densiron-68 endotamponade for 
persistent macular holes. Graefes Arch Clin Exp Ophthalmol. 
2009;247(11):1471–6. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/19649646    . Accessed 13 Apr 2012.  

    122.    Kapoor KG, Khan AN, Tieu BC, Khurshid GS. Revisiting autolo-
gous platelets as an adjuvant in macular hole repair: chronic mac-
ular holes without prone positioning. Ophthalmic Surg Lasers 
Imaging. 2012;43(4):291–5. Available at:   http://www.ncbi.nlm.
nih.gov/pubmed/22589336    . Accessed 15 Jan 2014.  

    123.    Kung Y-H, Wu T-T. The effect of autologous serum on vitrectomy 
with internal limiting membrane peeling for idiopathic macular 
hole. J Ocul Pharmacol Ther. 2013;29(5):508–11. Available at: 
  http://www.ncbi.nlm.nih.gov/pubmed/23323888    . Accessed 15 
Jan 2014.  

     124.    Lansing MB, Glaser BM, Liss H, et al. The effect of pars plana 
vitrectomy and transforming growth factor-beta 2 without epireti-
nal membrane peeling on full-thickness macular holes. 
Ophthalmology. 1993;100(6):868–71; discussion 871–2. Available 
at:   http://www.ncbi.nlm.nih.gov/pubmed/8510899    . Accessed 15 
Jan 2014.  

    125.    Cho HY, Kim YT, Kang SW. Laser photocoagulation as adjuvant 
therapy to surgery for large macular holes. Korean J Ophthalmol. 
2006;20(2):93–8. Available at:   http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=2908834&tool=pmcentrez&renderty
pe=abstract     . Accessed 15 Jan 2014.  

    126.    Lo WR, Hubbard GB. Macular hole formation, spontaneous clo-
sure, and recurrence in a previously vitrectomized eye. Am 
J Ophthalmol. 2006;141(5):962–4. Available at:   http://www.ncbi.
nlm.nih.gov/pubmed/16678522    . Accessed 20 Apr 2012.  

    127.    Gross JG. Late reopening and spontaneous closure of previously 
repaired macular holes. Am J Ophthalmol. 2005;140(3):556–8. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/16139019    .  

    128.    Takahashi H, Kishi S. Optical coherence tomography images of 
spontaneous macular hole closure. Am J Ophthalmol. 
1999;128(4):519–20. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/10577602    . Accessed 15 Jan 2014.  

B.X. Pan et al.

http://www.ncbi.nlm.nih.gov/pubmed/10577602
http://www.ncbi.nlm.nih.gov/pubmed/10577602
http://www.ncbi.nlm.nih.gov/pubmed/16139019
http://www.ncbi.nlm.nih.gov/pubmed/16678522
http://www.ncbi.nlm.nih.gov/pubmed/16678522
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2908834&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2908834&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2908834&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/8510899
http://www.ncbi.nlm.nih.gov/pubmed/23323888
http://www.ncbi.nlm.nih.gov/pubmed/22589336
http://www.ncbi.nlm.nih.gov/pubmed/22589336
http://www.ncbi.nlm.nih.gov/pubmed/19649646
http://www.ncbi.nlm.nih.gov/pubmed/19649646
http://www.ncbi.nlm.nih.gov/pubmed/18983619
http://www.ncbi.nlm.nih.gov/pubmed/18983619
http://www.ncbi.nlm.nih.gov/pubmed/12888079
http://www.ncbi.nlm.nih.gov/pubmed/15180142
http://www.ncbi.nlm.nih.gov/pubmed/15180142
http://www.ncbi.nlm.nih.gov/pubmed/2236947
http://www.ncbi.nlm.nih.gov/pubmed/2236947
http://www.ncbi.nlm.nih.gov/pubmed/15300080
http://www.ncbi.nlm.nih.gov/pubmed/15289126
http://www.ncbi.nlm.nih.gov/pubmed/15289126
http://www.ncbi.nlm.nih.gov/pubmed/23096340
http://www.ncbi.nlm.nih.gov/pubmed/23096340
http://www.ncbi.nlm.nih.gov/pubmed/21273942
http://www.ncbi.nlm.nih.gov/pubmed/11239880
http://www.ncbi.nlm.nih.gov/pubmed/11239880
http://www.ncbi.nlm.nih.gov/pubmed/19633281
http://www.ncbi.nlm.nih.gov/pubmed/19633281
http://www.ncbi.nlm.nih.gov/pubmed/517606
http://www.ncbi.nlm.nih.gov/pubmed/517606
http://www.ncbi.nlm.nih.gov/pubmed/4047601
http://www.ncbi.nlm.nih.gov/pubmed/4047601
http://www.ncbi.nlm.nih.gov/pubmed/16033350
http://www.ncbi.nlm.nih.gov/pubmed/16033350
http://www.ncbi.nlm.nih.gov/pubmed/19427701
http://www.ncbi.nlm.nih.gov/pubmed/12511347
http://www.ncbi.nlm.nih.gov/pubmed/12511347
http://www.ncbi.nlm.nih.gov/pubmed/18536602
http://www.ncbi.nlm.nih.gov/pubmed/18536602
http://www.ncbi.nlm.nih.gov/pubmed/2255528
http://www.ncbi.nlm.nih.gov/pubmed/2255528
http://www.ncbi.nlm.nih.gov/pubmed/18055573
http://www.ncbi.nlm.nih.gov/pubmed/18055573
http://www.ncbi.nlm.nih.gov/pubmed/15492626
http://www.ncbi.nlm.nih.gov/pubmed/22068175
http://www.ncbi.nlm.nih.gov/pubmed/22068175
http://www.ncbi.nlm.nih.gov/pubmed/19211605
http://www.ncbi.nlm.nih.gov/pubmed/19211605


627

    129.    Kokame GT, McCauley MB. Spontaneous reopening of a sponta-
neously closed macular hole. Am J Ophthalmol. 2002;133(2):280–
2. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/11812442    . 
Accessed 15 Jan 2014.  

   130.    Menchini U, Virgili G, Giacomelli G, Cappelli S, Giansanti 
F. Mechanism of spontaneous closure of traumatic macular hole: 
OCT study of one case. Retina (Philadelphia, Pa). 2003;23(1):104–
6. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/12652242    . 
Accessed 15 Jan 2014.  

     131.    Shaikh S, Garretson B. Spontaneous closure of a recurrent macu-
lar hole following vitrectomy corroborated by optical coherence 
tomography. Ophthalmic Surg Lasers Imaging. 2003;34(2):172–
4. Available at:   http://www.ncbi.nlm.nih.gov/pubmed/12665236    . 
Accessed 15 Jan 2014.  

    132.    Duker JS, Wendel R, Patel AC, Puliafi to CA. Late re-opening of 
macular holes after initially successful treatment with vitreous sur-
gery. Ophthalmology. 1994;101(8):1373–8. Available at:   http://
www.ncbi.nlm.nih.gov/pubmed/8058282    . Accessed 13 Apr 2012.  

   133.    Li J, Tang S, Luo Y, Zhang J, Lin S. The preliminary report of 
pathological changes of epiretinal membranes and internal limit-
ing membrane removed during idiopathic macular hole surgery. 
Yan Ke Xue Bao. 2002;18(3):143–6. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/15510742    . Accessed 15 Jan 2014.  

   134.    Fekrat S, Wendel RT, de la Cruz Z, Green WR. Clinicopathologic 
correlation of an epiretinal membrane associated with a recurrent 
macular hole. Retina (Philadelphia, Pa). 1995;15(1):53–7. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/7754248    . 
Accessed 20 Apr 2012.  

    135.    Uemoto R, Yamamoto S, Takeuchi S. Epimacular proliferative 
response following internal limiting membrane peeling for idio-
pathic macular holes. Graefes Arch Clin Exp Ophthalmol. 
2004;242(2):177–80. Available at:   http://www.ncbi.nlm.nih.gov/
pubmed/14648135    . Accessed 20 Apr 2012.  

    136.    Hillenkamp J, Kraus J, Framme C, et al. Retreatment of full- 
thickness macular hole: predictive value of optical coherence 
tomography. Br J Ophthalmol. 2007;91(11):1445–9. Available at: 
  http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2095
445&tool=pmcentrez&rendertype=abstract    . Accessed 13 Apr 
2012.  

    137.    Hayreh SS. Anterior ischemic optic neuropathy. IV. Occurrence 
after cataract extraction. Arch Ophthalmol. 1980;98(8):1410–6. 
Available at:   http://www.ncbi.nlm.nih.gov/pubmed/7417076    . 
Accessed 9 Feb 2014.  

    138.    McCulley TJ, Lam BL, Feuer WJ. Incidence of nonarteritic ante-
rior ischemic optic neuropathy associated with cataract extraction. 
Ophthalmology. 2001;108(7):1275–8. Available at:   http://www.
ncbi.nlm.nih.gov/pubmed/11425687    . Accessed 9 Feb 2014.  

    139.   Yee K, Pan B, Ross-Cisneros F, Chu E, Sadun A, Sebag 
J. Immunohistochemistry detects inner retina in excised mem-
branes from vitreo-maculopathies with poor post-operative vision. 
In: Association for Research in Vision and Ophthalmology. 
Ft. Lauderdale, FL. 2012.  

    140.   Pan B, Yee K, Sadun A, Sebag J. A longer time interval before 
re-operation is associated with less retinal damage and better 
visual acuity in macular hole and macular pucker. In: Association 
for Research in Vision and Ophthalmology. Seattle, WA. 2013.    

V.A.4. Macular Hole and Macular Pucker Surgery with Special Emphasis on Reoperations

http://www.ncbi.nlm.nih.gov/pubmed/11425687
http://www.ncbi.nlm.nih.gov/pubmed/11425687
http://www.ncbi.nlm.nih.gov/pubmed/7417076
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2095445&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2095445&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/14648135
http://www.ncbi.nlm.nih.gov/pubmed/14648135
http://www.ncbi.nlm.nih.gov/pubmed/7754248
http://www.ncbi.nlm.nih.gov/pubmed/15510742
http://www.ncbi.nlm.nih.gov/pubmed/15510742
http://www.ncbi.nlm.nih.gov/pubmed/8058282
http://www.ncbi.nlm.nih.gov/pubmed/8058282
http://www.ncbi.nlm.nih.gov/pubmed/12665236
http://www.ncbi.nlm.nih.gov/pubmed/12652242
http://www.ncbi.nlm.nih.gov/pubmed/11812442


629J. Sebag (ed.), Vitreous: in Health and Disease,
DOI 10.1007/978-1-4939-1086-1_36, © Springer Science+Business Media New York 2014

      Surgery of Diabetic Vitreo-Retinopathy 
and Diabetic Macular Edema 

              Simon     Brunner       and     Susanne     Binder            

V.A.5.

        S.   Brunner ,  MD      (*) •    S.   Binder ,  MD      
  Department of Ophthalmology ,  Rudolph Foundation Hospital , 
  Vienna ,  Austria    

  The Ludwig Boltzmann Institute for Retinology and 
Biomicroscopic Laser Surgery ,   Vienna ,  Austria   
 e-mail: simon.brunner@wienkav.at; susanne.binder@wienkav.at  

Outline

I. Introduction

II. Indications and Timing of Surgery
A. Cataract
B. Vitreous Hemorrhage
C. Diabetic Maculopathy
D. Retinal Detachment
E. Neovascular Glaucoma

III. Surgical Procedures
A. Preparation and Anesthesia
B. Modern Surgical Equipment

1. Microscope
2. Vitrectomy Machine
3. Surgical Instruments
4. Viewing Systems
5. Chromodissection
6. Internal Tamponade

C. Cataract Surgery
D. Glaucoma Surgery

1. Aqueous Shunt Procedures
2. Cyclodestruction

E. Vitrectomy Surgery
1. Sclerotomies
2. Pars Plana Vitrectomy

a.  Management of Incomplete Posterior Vitreous 
Cortex Separation

3. Retinal breaks and Detachment
4. Endolaser Photocoagulation
5. Vitreous Substitutes
6. Wound Closure

IV. Surgical Complications
A. Intraoperative Complications

1. Anterior Segment
a. Corneal Opacifi cation
b. Small Pupil
c. Lens

 Keywords   

  Vitreous   •   Diabetic retinopathy   •   Proliferative diabetic 
vitreo-retinopathy   •   Vitreoretinal surgery   •   Vitreous 
hemorrhage   •   Diabetic macular edema   •   Neovascular 
glaucoma   •   Fibrinoid syndrome   •   Anterior hyaloidal 
fi brovascular proliferation   •   Complications in vitreous 
surgery 

 Key Concepts 

     1.    Vitreo-retinal surgery plays a major role in treat-
ing diabetic vitreo-retinopathy by removing 
media opacities, relieving vitreo-retinal adhesion/
traction, deactivating ischemic retina, and apply-
ing internal tamponades or intravitreal medica-
tions. Comprehensive equipment is necessary: 
coaxial microscope, wide-angle viewing, endola-
ser probe, diverse microinstruments, as well as 
different internal tamponades and dyes for 
chromodissection.   

2. Posterior Segment
a. Intraocular Hemorrhage
b. Subretinal Infusion
c. Retinal Breaks and Detachment

B. Postoperative Complications
1. Anterior Segment

a. Conjunctiva
b. Cornea
c. Uveitis or Iritis
d. Intraocular Pressure Elevation

2. Vitreous Hemorrhage
3. Fibrinoid Syndrome
4.  Anterior Hyaloidal Fibrovascular Proliferation

References

mailto: susanne.binder@wienkav.at
mailto: simon.brunner@wienkav.at


630

   I. Introduction 

 Intraocular surgery experienced a great revolution in the 
1970s, when pars plana vitrectomy was developed. In the 
past decades, improvements in technique and  instrumentation 
have broadened its use [ 1 – 3 ]. In recent times, it became an 
established tool in the management of the most severe com-
plications of diabetic retinopathy [ 4 ]. Nonetheless, the deci-
sion for surgery of diabetic vitreoretinopathy depends on 
many factors and has to be carefully balanced against con-
servative treatments. The potential improvement of visual 
function or stabilization of anatomic structures has to be 
determined and compared with the patient’s expectations 
and needs. All possible surgical side effects and benefi ts, as 
well as the consequences of alternative strategies, must be 
discussed in detail. Lastly, the timing of surgical intervention 
is an important consideration. 

 According to the natural history of disease, one of the 
milestones in the evolution of diabetic retinopathy is pro-
gressive retinal microvascular occlusion with consequent 
retinal ischemia. This is the main cause of chronic tissue 
hypoxia with subsequent development of retinal, optic disc, 
and and/or iris neovascularization. These changes are trig-
gered by different proangiogenic factors, as insulin-like 
growth factor 1 (IGF-1), vascular endothelial growth factor 
(VEGF), basic fi broblast growth factor (bFGF), and others 
[ 5 – 7 ]. VEGF is suspected to mobilize and augment endothe-
lial progenitor cells (EPC) from bone marrow to the sites of 
ischemia by acting as a chemoattractant protein [ 8 – 10 ]. In 
the fi nal stages, these processes lead to the development of 
fi brovascular proliferations and membranes, proliferating in 
the space between vitreous and retina, thus bearing a high 
risk of vitreous hemorrhage, retinal tractional detachment, or 

fi nally neovascular glaucoma. Surgery should be contem-
plated well before these advanced stages of disease. Lastly, 
the surgical principles and techniques described in this chap-
ter may be applied to the  treatment of other ischemic reti-
nopathies as well (e.g., Coats’ disease, retinal vascular 
occlusions, or retinopathy of prematurity).  

   II. Indications and Timing of Surgery 

   A. Cataract 

 Modern small-incision cataract surgery with implantation 
of an intraocular lens (IOL) is usually well tolerated even 
in advanced diabetic retinopathy as long as there is no 
severe anterior segment neovascularization [ 11 ]. In addi-
tion, lens removal allows for better fundus evaluation and/
or further treatment, e.g., panretinal photocoagulation 
(PRP). However, any coexisting diabetic macular edema 
might progress after cataract surgery. There is some evi-
dence that this progression might be lower when grid/focal 
laser is applied before cataract surgery or when PRP is 
applied after lens extraction instead of before [ 12 ]. 
Proliferative diabetic retinopathy should be still treated 
with PRP before cataract surgery, but it is also regarded as 
safe when PRP is applied at the time of surgery or shortly 
thereafter [ 13 ]. In recent times, an increasing trend for 
simultaneous cataract surgery and pars plana vitrectomy 
has been observed, following many considerable improve-
ments in vitrectomy surgery techniques [ 14 ]. The advan-
tage of a simultaneous cataract extraction and vitrectomy 
is a much better intraoperative view and access to the vit-
reous base, which is of great importance, especially in 
cases of diabetic fi brovascular proliferations. Following 
the observations of Schiff et al., reoperation rates seem to 
decrease when the lens has been removed during vitrec-
tomy [ 15 ]. Accordingly, neovascularization of the anterior 
segment after combined surgery has become less hazard-
ous when PRP and/or anti-VEGF drugs were carefully 
applied during surgery. However, in young diabetic 
patients with more or less clear lenses, the possible loss of 
accommodation has to be weighed against an earlier cata-
ract formation after vitrectomy with the need of another 
surgical procedure [ 11 ,  15 ].  

   B. Vitreous Hemorrhage 

 Non-clearing vitreous hemorrhage from diabetic retinopathy 
is the still most common indication for vitrectomy for over 
40 years, as there is a trend for an even earlier surgery in 
most institutions. In the past, patients were observed for 
many months together with head elevation during sleep, in 

   2.    In diabetic maculopathy, it is not only necessary to 
know the different techniques of vitrectomy, but 
also to consider adjunctive therapies such as laser 
treatment and/or intravitreal anti- angiogenic injec-
tions prior to and/or during surgery to treat the non-
tractional component of diabetic macular edema.   

   3.    In complex cases with advanced retinal ischemia, 
endophotocoagulation, silicone oil tamponade, and 
the injection of anti-angiogenic drugs may inhibit 
propagation of angiogenesis. Combined vitrectomy 
and cataract extraction is recommended, especially 
in those cases, with posterior capsule preservation 
to mitigate iris neovascularization. Silicone IOLs 
must not be used, as they can swell and opacify 
when in contact with intravitreal oil.     
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the hopes of spontaneous blood clearing, allowing for PRP to 
induce regression of active retinal neovascularization. 
However, early vitrectomy, defi ned by the Diabetic 
Retinopathy Vitrectomy Study (DRVS) as within 1–4 months 
from onset, usually results in earlier functional recovery and 
better outcome after 2 and 4 years [ 16 ]. This benefi t was 
even greater in patients with type 1 diabetes, compared to 
type 2, perhaps due to a signifi cantly higher incidence of 
 diabetic macular edema, as well as preexisting posterior vit-
reous detachment in type 2 diabetic patients [ 17 ]. 

 In cases with dense premacular hematoma, blood from 
fi brovascular proliferation is trapped either between the poste-
rior vitreous cortex and the internal limiting membrane or 
within a posterior vitreoschisis cavity. Ultrasound and histopa-
thology studies have shown that vitreoschisis is present in 
80 % of cases with proliferative diabetic retinopathy [ 18 ]. In 
these cases the hemorrhage is generally well demarcated, 
leading to massive vision loss centrally. It may be associated 
with traction macular detachment, which is also a common 
indication for an early vitrectomy [ 19 ]. Other treatment 
options include short-term observation, laser membranotomy, 
or intravitreal injections with recombinant tissue plasminogen 
activator (r-tPA) with/without gas. Pharmacologic vitreolysis 
with hyaluronidase (Vitrase®) to clear vitreous hemorrhage 
failed clinical trials and never received FDA approval, most 
likely because too many type I patients were enrolled. These 
subjects were young and likely did not have PVD; thus, recur-
rent vitreous hemorrhage and traction retinal detachment 
necessitated vitrectomy [see chapter   VI.F    . Hyaluronidase as a 
vitreous liquefactant]. In the absence of spontaneous improve-
ment, vitrectomy accelerates functional recovery or decreases 
the risk of complications [ 19 ,  20 ]. A longer delay than a few 
months at most for vitrectomy surgery is not advisable, as with 
disease progression, the surgical procedure and membrane 
dissection may become more diffi cult [ 21 ,  22 ]. In non-clear-
ing vitreous hemorrhage together with rubeosis iridis and/or 
severe progressive proliferative diabetic retinopathy in the fel-
low eye, immediate vitrectomy is recommended, especially in 
eyes where no PRP has been applied before [ 16 ,  21 ].  

   C. Diabetic Maculopathy 

 The term “maculopathy” may include many different indica-
tions for vitreoretinal surgery: from classic macular pucker 
or macular holes to newer indications such as diabetic macu-
lar edema, vitreo-macular traction syndrome, or vitreo- 
papillary traction. All these entities have specifi c features in 
their clinical course and surgical management [ 23 – 25 ]. In 
diabetic patients, they may occur after premacular hemor-
rhage or even after extensive PRP [ 19 ]. Vitreo-macular trac-
tion may eventually result in tractional retinoschisis and is 
often associated with stronger vitreoretinal adhesions than in 

nondiabetic patients [ 26 ]. Preretinal membrane formation 
with or without opacifi cation of posterior vitreous cortex 
may result in severe visual loss, commonly associated with 
metamorphopsia [ 27 ]. Vitreo-papillary traction is suggested 
to play a causative role for diabetic macular edema as well; 
however, the benefi t of vitrectomy for this rather rare indica-
tion has to be further elucidated [ 28 ]. 

 In contrast to macular pucker, diabetic premacular mem-
branes have an increased risk of proliferative activity and are 
more likely to have focal attachments to the macula [ 24 ]. In cases 
with tangential traction, diabetic macular edema, or after previ-
ous intravitreal surgery, macular holes may develop [ 23 ,  29 ]. 

 The procedure to surgically induce vitreo-macular separa-
tion in cases with diabetic macular edema is based on the fi nd-
ing that a posterior vitreous detachment was less common in 
patients with diffuse diabetic macular edema than in diabetic 
controls without edema [ 30 – 32 ]. Unfortunately, the majority 
of studies lack homogenous defi nitions or inclusion criteria. 
Therefore, results show a large variety concerning the effects 
of vitrectomy. Even in those trials reporting both morphologic 
and functional improvements, the effects on morphology have 
been always more pronounced than the acuity gain. This could 
be caused by ischemia, subretinal exudates or fi brosis, previ-
ous focal/grid laser therapy, the presence of submacular fl uid, 
or a longer duration of diabetic macular edema [ 33 – 36 ]. The 
effect of an additional inner limiting membrane peel is still not 
clear; potential benefi ts in releasing traction have to be 
weighed against surgical complications, as possible toxic 
effects of (indocyanine green) chromodissection [ 37 ,  38 ]. 

 To prevent a rapid progression of diabetic macular edema, 
PRP (if necessary) can be divided into smaller sessions or be 
applied after intravitreal injections of anti-VEGF medication 
instead of before [ 39 ]. However, in most cases of diabetic 
macular disorders, the functional outcome is negatively asso-
ciated with preoperative visual acuity and the degree of mac-
ulopathy [ 23 ]. As the gain in visual function might be rather 
small, these pathologies are indications for early, extensive, 
and careful surgical treatment, performed by experienced 
vitreoretinal surgeons – usually vitrectomy combined with 
membrane peeling [ 40 ]. It is important to note that diabetic 
macular edema can often have vitreoschisis [ 41 ], causing 
two or more membranes to be present on the macula. Thus, 
meticulous dissection of all membranes is important and this 
procedure can be monitored by pre- and postoperative serial 
high-resolution optical coherence tomography (hr-OCT) or 
experimental intraoperative OCT.  

   D. Retinal Detachment 

 In proliferative diabetic retinopathy, a progressive prolifera-
tion of fi brovascular preretinal tissue may occur despite 
PRP. Severe fi brovascular proliferations can fi nally lead to 
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profound loss of vision due to retinal detachment involving 
the macula and necessitate surgical intervention [ 11 ,  21 ] 
(Figures  V.A.5-1  and  V.A.5-2 ). Overall, the benefi t of vitreo-
retinal surgery tends to increase with increasing severity of 
neovascularization. Eyes with a combination of severe 
 fi brovascular proliferations and at least moderately severe 
neovascularization despite full-scatter PRP are defi nite indi-
cations for an early vitrectomy [ 4 ,  16 ]. On average, stable or 
even improved visual function may be achieved after surgery 
in 78 % of cases. Factors such as a better baseline visual acu-
ity (>5/200), no iris neovascularization, or a younger age 
(<40 years), and complete preoperative PRP were found to 
be good prognostic factors [ 19 ,  21 ,  42 ] (Table  V.A.5-1 ).

     When neovascular    membranes and fi brovascular prolif-
erations grow into the cortical vitreous gel, forming fi rm 
vitreoretinal adhesion, contraction over time [ 25 ] results in 
traction retinal detachment [ 43 ]. Twenty years ago traction 
macular detachment in diabetics had been the most com-

mon indication for vitrectomy [ 21 ]. Nevertheless, patients 
showing severe macular traction detachment do still have 
poor functional results, even after successful vitrectomy 
[ 44 ,  45 ]. Accordingly, reoperation rates in diabetic traction 
detachment are higher than 24 % on average, reaching up 
to 47 % [ 34 ,  46 ] (Table  V.A.5-1 ). In most severe prolifera-
tive diabetic cases, dense fi brovascular proliferation may 
cause traction and progressive membrane contraction, 
resulting in posterior retinal breaks, often combined with 
white hydration lines [ 47 ]. These holes are often located 
posteriorly or adjacent to vitreoretinal traction sites, some-
times combined with subretinal hemorrhage and retinal 
elevations [ 48 ]. In those desperate cases, the use of sili-
cone oil may fi nally at least reduce the incidence of further 
complications, as neovascular glaucoma, and phthisis. 
Despite a generally high rate of reattachments, silicone oil 
cases usually obtain just a small to moderate functional 
improvement [ 48 ,  49 ].  

    Table V.A.5-1    Vitrectomy for diabetic tractional retinal detachment: literature   

 Author, year   n  = 
 Scl.Buck. 
(%) 

 Lensect. 
(%) 

 Gas/Sil.Oil 
(%) 

 Outcome 

 Retina 
attached 
(%) 

 ≥5/200 
(%) 

 ≥20/200 
(%) 

 Re- OP 
(%) 

 Improv. 
(%) 

 Phthisis 
(%) 

    Rice, 1983 [ 126 ]  197  >35  47  n.r./0  57  59  n.r.  29  57  9 
 Thompson, 1987 [ 127 ]  360  22  29  42/0  69  64  n.r.  24  48  11 
 Oldendoerp, 1989 [ 128 ]  100  39  0  65/9  81  77  47  9  71  4 
 Williams et al. 1989 [ 129 ]   69  17  7  51/0  83  71  n.r.  47  n.r.  6 
 Steinmetz, 2002 [ 44 ]   67  24  6  64/1  93  70  57  33  72  0 

   n  number of cases in trials,  Scl.Buck . Scleral Buckling procedure,  Lensect . Lensectomy,  Gas / Sil.Oil  percentage of fl uid/gas exchange or silicone 
oil instillation,  Ret . Retina,  Re - OP  reoperations rate,  Improv . percentage of functional (visual) improvement,  Phthisis  percentage of postoperative 
phthisis bulbi,  n.r . not reported  

  Figure V.A.5-1    Combined traction-rhegmatogenous detachment with 
dense fi brovascular proliferations over optic disc and arcades also caus-
ing tractional retinoschisis       

  Figure V.A.5-2    Postoperative appearance after successful vitrectomy, 
membranectomy, endophotocoagulation, and silicone oil tamponade/
removal       
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   E. Neovascular Glaucoma 

 In diabetic neovascular glaucoma, neovascularization or the 
growth of fi brovascular membranes in the chamber angle 
obstructs aqueous outfl ow so that the intraocular pressure 
rises. The ischemic retina is seen as the source of different 
vasoproliferative growth factors that diffuse into the anterior 
chamber [ 50 ]. Consequently, the fi rst strategy is to reduce or 
even eliminate the ischemic neovascular stimulus by full- 
scatter PRP or cryotherapy. This can be combined with intra-
vitreal or intracameral anti-VEGF medications as a short-term 
adjunct, especially when PRP fails to cause regression of 
rubeosis [ 51 ,  52 ]. In cases with opacifi ed optical media, as 
cataract or vitreous hemorrhage, suffi cient PRP can only be 
applied during or after vitrectomy with cataract extraction 
and a possible silicone oil tamponade. This procedure has 
been shown to reduce recurrent vitreous hemorrhage and 
rubeosis, thereby improving neovascular glaucoma [ 53 ]. 
Argon laser trabeculoplasty, as well as other non- penetrating 
glaucoma procedures are generally not recommended in dia-
betic neovascular glaucoma – as it has been shown that angle 
closure can even deteriorate after  surgery [ 54 ]. 

 Patients with progressive neovascular glaucoma or even 
synechial angle closure frequently need additional glaucoma 
surgery. Unfortunately, success rates for classic fi ltering sur-
gery or the implantation of glaucoma-drainage tubes in dia-
betic neovascular glaucoma are much lower than surgery for 
primary or secondary open-angle glaucoma [ 54 ,  55 ]. To 
improve outcomes the intraoperative use of antimetabolites, 
such as mitomycin C, is strongly recommended, as well as 
an intensive anti-infl ammatory treatment. Again,  concomitant 
anti-VEGF injections and PRP, eventually combined with 
vitrectomy, can improve the outcome [ 52 ,  56 ,  57 ]. In 
advanced diabetic neovascular glaucoma with very low 
visual function, transscleral cryo- or diode-laser cyclocoagu-
lation, is still a helpful, widely used method to control intra-
ocular pressure [ 58 ,  59 ]. Desperate cases of painful, blind 
eyes may be treated with retrobulbar alcohol injections or 
fi nally, by enucleation as last resort [ 60 ].   

   III. Surgical Procedures 

   A. Preparation and Anesthesia 

 Before surgery, all patients should be referred to an internist 
to evaluate the medical and glycemic status, especially car-
diovascular problems, since in the presence of advanced dia-
betic retinopathy, there is a much higher risk of coexistent 
macrovascular disease [ 10 ]. General medical fi ndings may 
infl uence the decision for the timing and extent of surgery 
[ 61 ]. In addition, optimal diabetes management can be pro-
tective against perioperative wound healing dysfunction or 

infection [ 62 ]. Patients should be well informed about prog-
nosis, including all advantages and risks of surgery, and 
about necessary adjustments of medications. 

 In the operating room right before surgery, a 10 % poly-
vidone iodine solution is recommended to be applied on 
the eyelids and a 5 % solution in the conjunctival sac. To 
guarantee adequate disinfection, applied solutions should 
dry out for at least 3 min [ 63 ]. For optimal intraocular 
visualization, a combination of different mydriatic, cyclo-
plegic, and sympathomimetic drops should be instilled 
repeatedly before surgery to allow for a maximal pupillary 
dilatation [ 61 ]. 

 Surgery of diabetic vitreoretinopathy is sometimes per-
formed under general anesthesia, which must be conducted 
by a specialized anesthesiologist. Alternatively, local anes-
thesia, sedoanalgesia, or a combination of those is possible 
[ 64 ]. The appropriate form of anesthesia depends on many 
factors, such as the patient’s physical condition, the dimen-
sion and duration of surgery, diverging geographic and eco-
nomic factors, or just the individual preference of the patient 
and/or surgeon.  

   B. Modern Surgical Equipment 

 Surgeons undertaking high-risk procedures as complicated 
as those for diabetic retinopathy require advanced skills and 
the use of highly developed equipment or instruments. Rapid 
advances in microsurgical techniques require regularly mod-
ernizing equipment and proper maintenance of all surgical 
instruments as well as frequent training of surgical skills to 
all operating room personnel [ 61 ]. 

   1. Microscope 
 For modern vitreoretinal surgery, a binocular stereomicro-
scope with coaxial illumination (Halogen and/or Xenon) is 
needed, allowing for a 10–40× magnifi cation. The micro-
scope should be fi tted with motorized power focusing, X-Y- 
positioning and a power zoom via foot pedals. It must be also 
equipped with different corresponding color laser fi lters to 
permit laser coagulation. To provide co-visualization of the 
operating personnel or live video recording, a beam splitter 
is necessary [ 65 ].  

   2. Vitrectomy Machine 
 The basic equipment for surgery of diabetic vitreoretinopa-
thy consists of a modern vitrectomy cutter, combined with a 
suction unit. Furthermore, an air pump, a fi beroptic light 
probe, and an infusion of balanced salt solution are needed. 
Modern vitrectomy machine units usually provide all those 
basic functions in different combinations, with or without 
integrated endo-diathermy, endolaser photocoagulation, gas 
fi lling, or phacoemulsifi cation modules. 
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 The connected vitrectomy probe allows for cutting and 
dissecting diabetic membranes or fi brovascular prolifera-
tions. Newer probes, where the port is closer to the probe tip 
than in former constructions, facilitate and secure shaving of 
peripheral vitreous or membranous fi brovascular prolifera-
tions. Illuminators range from standard handheld single- 
function illumination probes to sophisticated multipurpose 
illuminated forceps, scissors, or even vitrectomy probes. In 
some cases of complex diabetic vitreoretinopathy, bimanual 
dissection with the use of a “chandelier” light illuminator, 
inserted manually or through additional sclerotomies, may 
be necessary [ 66 ,  67 ].  

   3. Surgical Instruments 
 Numerous types of surgical instruments have been created 
and further adapted over the past decades. Generally, there is 
a trend towards disposable single-use instruments for opti-
mal aseptic conditions. For surgery in advanced diabetic reti-
nopathy, 20-gauge vitrectomy systems were standard for 
many years and are still in use, as they offer the greatest 
diversity of instruments with minimal fl ex [ 61 ,  68 ]. In recent 
years, smaller gauge (23-, 25-, and 27-gauge) instruments 
have been developed, enabling sutureless sclerotomies, 
thereby reducing operating time and postoperative irritation 
to the patients [ 69 – 71 ]. However, in more complex cases, the 
effi ciency of small-gauge vitrectomy is still a matter of 
debate. 23-gauge systems are mostly used today, showing 
safer and more reproducible results in cases of advanced dia-
betic retinopathy, compared to 25-gauge [ 69 ,  72 ]. 

 There is also a great variety of tissue cutting or dissecting 
instruments. Many different scissors, forceps, or spatulas are 
available to cut, remove, or peel preretinal membranes. Picks 
or cannulas may be helpful for subretinal surgery. In com-
plex fi brovascular proliferations, vertical scissors are used 
for tissue segmentation and horizontal scissors for delamina-
tion of the vitreous cortex from the retina [ 73 ,  74 ]. For retinal 
laser coagulation, retinotomy, or retinopexy procedures, 
scleral indentators, endo-diathermy, or endolaser probes for 
all incision sizes are available.  

   4. Viewing Systems 
 Noncontact wide-angle lens systems (130°) are another stan-
dard equipment and guarantee for optimal fundus visualization 
by neutralizing the cornea’s refractive power. They can be man-
aged by the surgeon alone, offering a great depth of fi eld and 
better visualization through media opacities [ 65 ,  75 ]. The addi-
tive use of methylcellulose gel or similar substances at the cor-
neal surface during surgery is necessary for corneal clarity.  

   5. Chromodissection 
 Dyes are helpful to identify vitreous, retinal, and preretinal 
structures [see chapter   V.A.3    . Chromodissection in vitreo- 
retinal surgery]. Various groups of dyes are in use for different 

indications: corticosteroid crystals (e.g., triamcinolone ace-
tonide) may be used for easier identifi cation of the vitreous 
cortex, e.g., in diabetic vitreoretinopathy or retinal detach-
ment surgery [ 63 ,  76 ]. In addition, corticosteroids have no 
toxic effects and help to prevent fi brin exudation in those 
cases due to their anti-infl ammatory effects [ 65 ,  77 ]. For 
chromodissection of preretinal membranes in advanced dia-
betic retinopathy, dyes such as trypan blue are available, as 
all fi brovascular proliferations or preretinal membranes 
should be carefully removed to prevent proliferative vitreo-
retinopathy. Brilliant blue, infracyanine green, or indocya-
nine green are more specifi c for staining the inner limiting 
membrane, whereas preretinal membranes and other struc-
tures appear in negative contrast with those dyes [ 78 ,  79 ]. 
For infracyanine or indocyanine green dyes, surgeons must 
be aware of possible toxic retinal effects or peripheral visual 
fi eld defects that could be time- and dose-dependent [ 79 ,  80 ].  

   6. Internal Tamponade 
 Various gases and liquids provide internal tamponade of the 
retina [chapter   IV.G    . Physiology of vitreous substitutes]. 
Perfl uorocarbon liquid is frequently used as a short-term 
intraoperative instrument to reattach the retina or to protect 
the retina against damage from intraocular foreign bodies [ 81 , 
 82 ]. Filtered air is useful as a short-term tamponade for sev-
eral days. To provide a more prolonged tamponade in cases of 
diabetic vitreoretinopathy or retinal detachment, intraocular 
gases such as SF6, C2F6, or C3F8 are available, providing 
tamponade times from 2 to 8 weeks. These gases are pre-
ferred in patients where some postoperative positioning is 
indicated, especially for superior or posterior pathologies 
[ 83 ]. In most complicated cases, however, silicone oil is still 
the instrument of choice, as it provides long-acting tampon-
ade. Different types and brands of silicone oil from 1,000 to 
10,000 centistokes are available. Silicone oil may also serve 
as a barrier to inhibit cytokines or growth factors from distrib-
uting to sensitive ocular tissues. To reduce the risk of silicone 
oil-related complications, these tamponade agents should be 
removed from the eye after about 3–6 months [ 84 – 86 ].   

   C. Cataract Surgery 

 In patients needing vitrectomy surgery for diabetic retinopa-
thy, concomitant cataract surgery may be considered, since 
lens extraction provides much better intraoperative access to 
the anterior vitreous, which has a great importance for progno-
sis, especially in cases of proliferative diabetic  vitreoretinopathy. 
Likewise, it was found that in aphakic or pseudophakic eyes, 
more complete PRP and resection of fi brovascular prolifera-
tions were possible [ 15 ]. There are  different surgical options: 
cataract and vitrectomy surgery can be performed separately 
(by one or two surgeons) or be combined in one single 
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procedure [ 87 ]. Surgeons can start with cataract extraction, 
followed by vitrectomy and lens implantation at the end of 
surgery, but lens implantation may be done right after cataract 
surgery as well. In younger diabetic patients with clear crystal-
line lenses, patients should be informed that an earlier cataract 
formation is common after vitrectomy [ 11 ,  15 ]. 

 In our center, combined phacoemulsifi cation directly fol-
lowed by implantation of a posterior chamber lens is per-
formed in almost all patients undergoing vitrectomy for 
diabetic vitreoretinopathy, irrespective of the presence of sig-
nifi cant cataract. It can be an issue to perform a capsulorhexis 
in an eye with a dense vitreous hemorrhage disabling the red 
fundus refl ex. Thus, dying of the anterior capsule may be 
helpful, but the vitreous surgeon has to be an experienced 
cataract surgeon as well or at least be assisted by an experi-
enced anterior segment specialist. In modern small- gauge vit-
rectomy, all sclerotomies are usually set and trocars inserted 
before cataract surgery to avoid hypotony or iris incarceration 
through the corneal incisions. For the same reason, the infu-
sion line was preplaced and sutured but not connected before 
lens surgery in traditional 20-gauge vitrectomy.  

   D. Glaucoma Surgery 

   1. Aqueous Shunt Procedures 
 Management of advanced open-angle glaucoma or neovas-
cular glaucoma in diabetic patients can be challenging. Most 
patients will ultimately need some sort of glaucoma surgery, 
depending on the stage of angle closure or functional prog-
nosis. However, the outcome of invasive as well as noninva-
sive procedures is usually worse than in nondiabetics – despite 
the use of antimetabolites, usually due to an elevated risk for 
infl ammation and hemorrhage in diabetic eyes [ 54 ,  56 ,  88 ]. 

 Improved pressure control can be attained by intravitreal 
injections of bevacizumab combined with PRP, followed by 
glaucoma surgery 10–14 days later [ 89 ]. Another option are 
glaucoma-drainage tubes, such as Ahmed, Molteno or  
Baerveldt implants, which can be placed in the anterior 
 chamber or in the sulcus ciliaris [ 88 ]. Nevertheless, func-
tional results are not better than after standard trabeculec-
tomy procedures, due to bleb formation, scarring of epibulbar 
tissue, or recurrent intracameral hemorrhages [ 55 ]. Other 
complications include decompensation of the corneal endo-
thelium or exposure of tube material [ 89 ,  90 ]. In addition, 
vitrectomy surgery may be considered even at earlier stages 
of glaucoma in proliferative diabetic retinopathy, as it can be 
easily combined with full-scatter PRP ab interno or different 
glaucoma-drainage implants [ 57 ,  55 ].  

   2. Cyclodestruction 
 In eyes with end-stage neovascular glaucoma and poor visual 
prognosis, cyclodestructive procedures, such as transscleral 

cryo- or diode-laser cyclocoagulation, can be a safe and 
helpful alternative [ 58 ,  59 ,  88 ]. Under these circumstances 
they have proven similar effi cacy as trabeculectomy or drain-
age implant surgery [ 91 ]. The footplate of the diode-laser 
handpiece is placed along the limbus in order to concentrate 
the laser energy in the target tissue. Power is set between 
1,500 and 2,500 mW with a pulse duration between 1.5 and 
2.0 s. A total of 15–25 laser spots are applied to the full cir-
cumference, with sparing of the horizontal meridians [ 88 ]. 
Alternatively, cyclo-cryocoagulation of the ciliary body or 
cryocoagulation of the peripheral retina is performed in a 
similar way by indirect ophthalmoscopy. Cryocoagulation 
with no funduscopic control carries the risk of inducing cho-
roidal neovascularization or overtreating with resultant 
hypotension and phthisis [ 53 ]. 

 Surgery is performed under retrobulbar local anesthesia, 
and after surgery, topical diclofenac, prednisolone, and atro-
pine are given.   

   E. Vitrectomy Surgery 

   1. Sclerotomies 
 For many decades three-port vitrectomy has been used as a 
worldwide standard technique: one inferotemporal pars pla-
nar sclerotomy for intraocular infusion and two more inci-
sions in the superotemporal and superonasal quadrants. All 
sclerotomies are prepared in a distance of 3.5–4.0 mm from 
the limbus. To reduce surgical trauma and postoperative dis-
comfort, transconjunctival small-gauge trocar-guided sys-
tems (23-g and 25-g) are used with increasing frequency for 
almost all indications today, thereby replacing the classical 
20-g system [ 68 ,  69 ,  72 ]. To assure optimal sclerotomy con-
struction without intra- or postoperative wound dehiscence, 
all incisions should be oriented parallel to the limbus and 
trocars inserted 25° oblique to the scleral surface. To avoid 
suprachoroidal infusion and choroidal detachment, exact 
infusion cannula placement is critical (Figure  V.A.5-3 ). In 
eyes with anterior retinal displacement, anterior fi brovascu-
lar proliferations, or obscured view, a 6-mm infusion cannula 
can be used instead of the standardized 4-mm cannula. In 
cases after silicone oil implantation, suturing of sclerotomies 
is always recommended to avoid subconjunctival extrusion 
of oil. In complicated cases of diabetic vitreoretinopathy, a 
4-port vitrectomy allows for a safer bimanual dissection. For 
this purpose, a chandelier light probe is fi xed between the 
two superior sclerotomies or in the nasal inferior quadrant.

      2. Pars Plana Vitrectomy 
 The endo-illuminator and vitrectomy probes are fi rst inserted 
through the upper sclerotomies and vitrectomy is started 
under microscopic view (Figure  V.A.5-3 ). To avoid displace-
ment of intraocular structures, infusion is turned on only 
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when the endo-illuminator and cutter probes are in the eye, 
ready to start vitreous removal. After removing the most 
anterior vitreous behind the lens, a noncontact wide-angle 
lens system, e.g., BIOM, is inserted to perform central (core) 
vitreous removal. For easier identifi cation of the posterior 
vitreous cortex or vitreous remnants on the retina, 2–4 mg of 
triamcinolone acetonide will offer suffi cient staining with no 
retinal toxicity [ 65 ,  76 ,  77 ]. Furthermore, the anti- 
infl ammatory and antiangiogenic effects may prevent post-
operative complications, especially in proliferative diabetic 
vitreoretinopathy. 

 In the presence of a complete or nearly complete poste-
rior vitreous detachment, the posterior vitreous cortex is 
incised and the opening enlarged to improve visualization of 
the posterior pole and retina [ 7 ] (Figure  V.A.5-4 ). However, 
surgeons should always be aware of  posterior vitreoschisis  
that can mimic posterior vitreous separation in diabetic 
patients [ 92 ]. For the core vitrectomy, a higher cutting rate 
is used (3,000–5,000 cuts/min) and aspiration can be 
increased, but should be decreased again during removal of 
the posterior vitreous to reduce tractional forces to the ret-
ina. Pooled unclotted blood at the posterior pole can be aspi-
rated with a soft-tipped fl uid needle (Figure  V.A.5-5 ). As 
soon as visualization of the retina is optimized, bleeding 
areas of  (fi brovascular) neovascularization can be identifi ed 
and treated with diathermy. In addition, dyes can be used to 
look for residual preretinal or premacular membranes or to 
remove the internal limiting membrane. Vitrectomy is fi n-

ished by removing all blood and vitreous remnants at the 
vitreous base under 360° indentation to prevent postopera-
tive hemorrhage, tissue contraction, or neovascular glau-
coma. However, in phakic eyes, usually more residual 

  Figure V.A.5-3    Standard vitrectomy preparation: an infusion cannula 
is inserted in the inferotemporal pars plana sclerotomy. A fi beroptic 
illuminator and the vitreous cutter are positioned in the anterior vitreous 
cavity and visualized through the pupil       

  Figure V.A.5-4    Easy incision of the posterior vitreous cortex with the 
vitreous cutter, as a complete posterior vitreous detachment is present       

  Figure V.A.5-5    Layered preretinal (retro-cortical) hemorrhage may be 
safely removed using a soft-tipped cannula       
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vitreous will remain than in pseudophakic eyes. For the 
same reason, full-scatter endolaser coagulation is now per-
formed up to the retinal periphery. Finally, a fl uid-air 
exchange can be performed to reduce the risk of  postoperative 
hypotony and hemorrhage.

      a.  Management of Incomplete 
Posterior Vitreous Cortex 
Separation 

 In patients with incomplete separation of the posterior vit-
reous cortex, vitrectomy can be diffi cult even for experi-
enced surgeons. Generally a core vitrectomy is performed 
fi rst to get an overview of the areas of vitreoretinal adhe-
sion or the tangential connections between them. 
Subsequently, anterior- posterior traction can be relieved 
with the vitreous cutter in all areas of existing vitreoretinal 
separation. In areas where the posterior vitreous is closely 
adjacent to the retina, gentle suction with the vitrector 
might be suffi cient to provide a safe dissection of the vitre-
ous from the retina (Figures  V.A.5-5  and  V.A.5-6 ). However, 
if the access to the subcortical (preretinal) space is more 
diffi cult, then gentle suction can be used to localize areas 
with less vitreoretinal adherence, e.g., areas of subcortical 
hemorrhage. A sharp blade may be used to create an access 
to the subcortical space, preferentially around the optic 
disc. Once any part of the posterior vitreous cortex is lifted 

up, relief of traction and separation of fi brovascular tissue 
is performed, usually centrifugally. Bleeding sources need 
to be cauterized immediately to maintain a controlled situ-
ation all the time.

       3. Retinal breaks and Detachment 
 In cases of retinal breaks or detachment, the surrounding tis-
sue must be carefully excised to eliminate residual traction. 
Other dissecting instruments, such as scissors or spatulas, 
might be needed to carefully separate the tissues, eventually 
with the injection of viscoelastic substances between the retina 
and posterior vitreous cortex [ 93 – 95 ]. Some perfl uorocarbon 
might be useful to fl atten out a localized retinal detachment 
and facilitate suffi cient laser treatment of the holes. Several 
surgical techniques for removal of vitreoretinal adhesions or 
fi brovascular membranes have been developed. In  segmenta-
tion , tangential tractions between centers of adhesions are 
removed [ 7 ,  96 ] (Figures  V.A.5-7  and  V.A.5-8 ), while in 
 delamination  the connections between the posterior vitreous 
cortex and the internal limiting membrane are cut [ 96 ,  97 ] 
(Figure  V.A.5-9 ). The  en bloc technique  is designed to remove 
vitreous and associated vitreoretinal membranes [ 98 ] 
(Figure  V.A.5-10 ). After core vitrectomy, the posterior vitre-
ous cortex is opened in an area close to the optic nerve. Now it 
should be tried to gently loosen the connected fi brovascular 
tissue over the posterior pole in one piece. The remaining 
peripheral vitreous cortex will then lift the residual vitreous 
and membranes up into the mid- vitreous cavity, where it can 

  Figure V.A.5-6    Principle of incomplete posterior vitreous detachment 
with several focal vitreoretinal adhesions. To get access to the retro- 
cortical space, a hole is made in the outer cortical vitreous in an area of 
vitreoretinal separation. The port of the cutter is directed against the 
cortical vitreous and away from the retina       

  Figure V.A.5-7    The vitreous cutter is releasing tangential traction by 
excising remnants of the posterior vitreous cortex and fi brovascular tis-
sue between areas of stronger vitreoretinal adhesion       
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be removed safely. If adhesions are too strong during the  en 
bloc technique , a change to   delamination  or  segmentation  is 
advisable, although the current cutters of the 23-g systems 
have an opening close to the tip, allowing for segmentation of 
tissue without scissors or forceps. If all bleeding sources are 
cauterized and fi brovascular proliferations or membranes are 
cleaned up to the anterior retina, circular 360° laser coagula-
tion treatment in multiple rows is performed up to the ora ser-
rata under indentation. The tamponade of choice is either a 
long-acting gas tamponade or silicone oil.

      For stabilization of the posterior pole during peripheral tis-
sue removal, perfl uorocarbon liquid can be used. However, 
the use of perfl uorocarbon is not harmless if the retina is 
inelastic and shortened. Small retinal breaks can turn into a 
large holes and perfl uorocarbon or silicon oil tamponade 
might glide into the subretinal space. Careful inspection of 
the retinal periphery during indentation is needed. Anteriorly 
dislocated retina must be freed from fi brotic tissue. 
Retinotomies and retinectomies cannot replace a careful 
membrane dissection and should be reserved only for selected 
cases, e.g., in eyes where reoperations become  necessary or 
severe anterior hyaloid fi brovascular proliferations develop. 

 Diathermy must be applied to the margins of the intended 
retinotomy and surrounding vessels before the retina is cut. 
Sometimes, a shallow retinal detachment must be created in 

  Figure V.A.5-8    In cases where posterior vitreous separation is not 
large enough to allow access of the vitreous cutter, the space between 
the posterior vitreous cortex and retina can be opened and augmented 
with vertical membrane peeler-cutter scissors       

  Figure V.A.5-9    Delamination: smaller fi brovascular adhesions to the 
posterior vitreous cortex are excised with horizontal scissors, mostly 
parallel to the retinal surface       

  Figure V.A.5-10    En bloc vitrectomy. First, an opening is made into 
the posterior vitreous cortex adjoining tractional fi brovascular prolifer-
ations. Second, membrane peeler-cutter scissors enter the retro-cortical 
space separating the vitreous and fi brovascular tissue from the retina. 
The unremoved formed anterior vitreous provides anterior traction, 
which helps to identify and cut the sites of adhesion       
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order to cut without traumatizing the choroid. Retinotomies and 
retinectomies can be cut either with the vitrectomy cutter or 
scissors. They should be dimensioned to reach vital retinal tis-
sue around the area of traction and to release all tractions around 
retinal holes, even in the anterior region. Surgeons must keep in 
mind that eyes requiring retinectomies have a much poorer out-
come and visual prognosis than those not requiring [ 99 ]. 

 In primary procedures, the retina is usually more elastic 
and an additional encircling band might make retinectomies 
unnecessary. It can also be useful in younger diabetics with 
suffi cient central visual acuity in the presence of severe 
active fi brovascular proliferations and retinal detachment. 
In those cases combined surgery is started with the epi-
scleral procedure. After a 360° dissection of the conjunctiva 
1–2 mm behind the limbus, a Tenon’s capsule peritomy is 
performed. All four rectus muscles are held with suture 
loops and four additional 5.0 nylon mattress sutures pre-
pared intrasclerally in each quadrant to fi x the encircling 
band. The distance between the sutures should be chosen 
2 mm wider than the diameter of the silicone band to pro-
duce suffi cient indentation, whereas the anterior suture is 
always placed 2–4 mm behind the rectus muscle insertions. 
The band is then placed under the muscles and the sutures 
that are fi xed to secure the band. To reduce pressure during 
buckle placement and fi xation, a paracentesis can be per-
formed. However, a shallow buckle is usually enough to 
support the vitreous base. In eyes where lens surgery is 
planned, the infusion line is fi rst prepared but not turned on. 
The anterior chamber is fi lled with viscoelastic through a 
small limbal incision, followed by standard phacoemulsifi -
cation and intraocular lens implantation. To secure the cata-
ract wound in complex diabetic vitrectomy with intra- and 
postoperative changes in intraocular pressure, a 10/0 nylon 
suture is advisable.  

   4. Endolaser Photocoagulation 
 Full-scatter PRP with an endolaser coagulation probe is a 
standard procedure today during vitrectomy surgery of dia-
betic vitreoretinopathy. The main goal is to achieve regres-
sion of neovascularization and to create adhesions around 
retinal breaks, retinotomies, and retinectomies [ 4 ,  25 ,  95 , 
 100 ]. Additional photocoagulation is applied even in the 
presence of preexisting PRP, especially to the anterior ret-
ina and to areas around neovascularizations, eventually 
with the help of scleral depression. To get an adequate 
coagulation effect, the retina must be attached to the retinal 
pigment epithelium which might make it necessary to use 
internal tamponades with a high surface tension, as perfl uo-
rocarbon liquids [ 101 ]. To get suffi cient gray-whitish laser 
effects, the power of the laser beam has to be adjusted con-
tinuously, depending on the clarity of media or the distance 
to the retina. Furthermore, the angle of the laser pipe in 
relation to the retinal plane will determine the intensity of 

coagulation; anyway, hard hyperintense laser effects should 
be avoided [ 25 ,  102 ].  

   5. Vitreous Substitutes 
 To allow for adequate internal tamponade of the retina at the 
end of surgery, several liquids and gases are available. Heavy 
perfl uorocarbon liquid is often used intraoperatively to reat-
tach the retina or permit retinal laser coagulation. At the end 
of surgery, it must be removed to avoid retinotoxic effects 
[ 81 ,  82 ]. Perfl uorocarbon can be replaced by fl uid or fi ltered 
air that will be absorbed after a few days. To perform a fl uid/
air exchange, air from an air pump is supplied through the 
infusion port and BSS is stopped. To aspirate the fl uid from 
the vitreous cavity, a fl uted needle is used [ 7 ]. In cases of 
retinal breaks, hemorrhage, or detachment, different gases 
(SF6, C2F6, C3F8) with more prolonged tamponade times 
(up to 8 weeks) are necessary, especially for posterior or 
superior pathologies [ 83 ]. After fl uid/air exchange, the eye 
may be fl ushed with the gases in the desired non-expansive 
concentration (18 % for SF6, 16 % for C2F6, and 14 % for 
C3F8) to minimize the risk of  intraocular pressure elevation. 
If a longer tamponade is required in severe cases of PVR, 
after retinectomies, or severe hemorrhages or if positioning 
is diffi cult, silicone oil may be instilled after fl uid/air 
exchange or in exchange to perfl uorocarbon liquid. In apha-
kic eyes, an inferior iridectomy prevents silicone oil from 
entering the anterior chamber. To avoid late silicone-oil- 
related complications, such as glaucoma, optic disc atrophy, 
or keratopathy, the oil should be removed after 3–6 months 
on average [ 85 ,  86 ,  103 ,  104 ].  

   6. Wound Closure 
 After all silicone oil procedures, as well as in 20-gauge vit-
rectomies, all sclerotomies should be sutured with intra-
scleral 7.0 or 8.0 Vicryl sutures, starting with the superior 
sclerotomies. In small-gauge (23-g, 25-g, or 27-g) transcon-
junctival vitrectomies, intraocular pressure is slightly low-
ered before removal of the cannulas, and sclerotomies can 
remain unsutured or may be stabilized with an intravitreal air 
or gas bubble. However, delayed wound healing and higher 
risk of infections is often present in diabetic patients so 
suturing can be reasonable even after small-gauge surgery. 
Finally, sub-Tenon’s injection of steroids as well as topical 
antibiotics, cycloplegics, and steroids are given together with 
a sterile dressing to prevent postoperative infl ammation or 
infection [ 61 ,  72 ].    

   IV. Surgical Complications 

 As surgical techniques have continuously improved in con-
junction with a better understanding of pathogenesis in dia-
betic eye disease, the frequency and severity of complications 
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have decreased dramatically. However, adequate and  effi cient 
management of all possible complications is still essential to 
optimize surgical results. 

   A. Intraoperative Complications 

   1. Anterior Segment 
   a. Corneal Opacifi cation 

 Diabetic patients are generally predisposed to develop cor-
neal edema intra- or postoperatively due to glycosylation- 
induced basement membrane disease, as occurs throughout 
the body, resulting in endothelial cell dysfunction [ 7 ,  105 ]. 
Corneal edema may occur in relation to an intraocular pres-
sure elevation, the duration of surgery, or trauma to the endo-
thelium [ 106 ]. To prevent its occurrence, the use of lubricants 
(e.g., methylcellulose) at the corneal surface or into the ante-
rior chamber maintains a longer corneal integrity and clarity. 
If a corneal haze is developing, gentle wiping of the corneal 
surface with a cotton tip may help to reduce the edema. 
Mechanical debridement of the epithelium decreased with 
the use of noncontact wide-angle lens systems, as the BIOM, 
and should be avoided if possible [ 107 ]. If a corneal epithe-
lial debridement is necessary, a bandage contact lens should 
be applied at the end of surgery to provide a fast and painless 
healing of the epithelial defect. Folds in Descemet’s mem-
brane (e.g., during fl uid-air exchange) might also distort the 
fundus view and can be prevented by intracameral use of vis-
coelastics [ 7 ].  

   b. Small Pupil 
 Decreased pupil size or miosis hampers visualization of the 
fundus periphery. It may occur after hypotony, direct 
mechanical trauma, or prolonged surgery. Modern wide- 
angle lens systems usually allow for suffi cient fundus visual-
ization even with medium-sized pupils. To provide medical 
dilation, mydriatic drops or other agents might be used topi-
cally or injected into the anterior chamber. As a temporary 
mechanical option, fl exible iris retractors or ring retractors 
are available [ 108 ].  

   c. Lens 
 As diabetic vitrectomies are increasingly combined with lens 
surgery and IOL implantations, the problem of intra- or post-
operative cataract formation is becoming less signifi cant. 
However, the incidence of postoperative lens opacifi cation 
after vitrectomy surgery for diabetic eyes was reported to be 
from 17 to 37 % [ 7 ,  11 ,  109 ]. Lens opacities may develop 
from direct mechanical contact, fl uctuations in serum glu-
cose levels during surgery, or after prolonged surgery. The 
current concept of post-vitrectomy cataract pathogenesis 
relates to increased intravitreal oxygen levels and the effects 
of reactive oxygen species on lens proteins [see chapter   IV.B    . 
Oxygen in vitreo-retinal physiology and pathology]. 

Immediate cataract extraction during surgery can become 
necessary in cases of dense opacities; however, if there are 
only mild, peripheral opacities, cataract surgery can also be 
delayed. Lens touch may be prevented by careful dissection; 
eventually a thin layer of vitreous gel can be left behind the 
lens to protect it during surgery [ 109 ]. Given that vitreous is 
known to contain antioxidants, this protection is biochemical 
as well as mechanical. Lastly, some surgeons prefer to 
include high dose glucose in the infusate during vitrectomy 
to mitigate against cataract formation intraoperatively [ 109 ].   

   2. Posterior Segment 
   a. Intraocular Hemorrhage 

 Intraocular hemorrhage frequently occurs during surgery for 
diabetic vitreoretinopathy and poses a potential serious com-
plication. Generally, all bleeding sources need to be con-
trolled immediately to improve the surgical outcome. As a 
fi rst step, transient elevation of intraocular pressure might be 
suffi cient to stop the bleeding source. However, the elevated 
pressure must then be normalized soon to prevent ischemic 
damage to other ocular structures. The next option is a 
mechanical compression of the hemorrhage with a viscoelas-
tic, such as perfl uorcarbon liquid bubble directly applied 
with a silicone-tipped fl uid needle. Larger hemorrhages or 
damage to choroidal vessels needs to be cauterized. Blood 
clots should be carefully removed in order not to provoke 
rebleeding. A small amount of fi brin can be left on site to 
support the hemostatic cascade. The preoperative intravitreal 
application of anti-VEGF medication (e.g., bevacizumab) 
might facilitate surgery and reduce intra- and postoperative 
complications, such as hemorrhage, in severe proliferative 
diabetic retinopathy [ 110 ,  111 ]. Before fi nishing surgery, 
intraocular pressure can be temporarily reduced to identify 
possible bleeding spots [ 7 ].  

   b. Subretinal Infusion 
 Infusion fl uid, perfl uorocarbon liquid, or silicone oil can 
enter the subretinal space under certain circumstances and 
pose a rather serious complication. If the infusion tip cannot 
be clearly visualized in cases of diabetic vitreous  hemorrhage, 
the infusion fl uid (BSS) can produce choroidal detachment 
with a rapidly enlarging indentation. In such cases, the infu-
sion line must be removed. A new sclerotomy is then created 
in another quadrant, eventually using a longer (6 mm) infu-
sion cannula. Perfl uorocarbon or silicone oil can slip under 
the retina in severe cases of proliferative diabetic vitreoreti-
nopathy, when the retina is atrophic or under traction. To 
remove these substances completely from the subretinal 
space can be challenging, but is necessary. In cases with sub-
retinal perfl uorocarbon, drainage can be tried through an 
existing retinal break with a fl uted needle, or a new retinot-
omy can be created more posteriorly. Silicone oil is hard to 
remove from the subretinal space. Active aspiration with a 
23-g cannula can be used for larger silicone bubbles; 
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however, a retinotomy or retinectomy often has to be created 
or enlarged for successful removal. This maneuver is some-
times also necessary for relaxation of the retina [see chapter 
  V.B.6    . Retinectomy in recalcitrant retinal detachments]. At 
the end of surgery, a new perfl uorocarbon bubble is carefully 
injected and all retinotomies and breaks must be surrounded 
with dense photocoagulation. The perfl uorocarbon is then 
exchanged with silicone oil.  

   c. Retinal Breaks and Detachment 
 In surgery for diabetic vitreoretinopathy, retinal breaks 
may occur more frequently than in other vitrectomies and 
represent a serious complication that has to be meticu-
lously managed [ 93 ,  112 ]. Preexisting breaks may be hid-
den under fi brovascular tissue or hemorrhages and must be 
relieved from any traction around them. Iatrogenic breaks 
should be avoided; however, in atrophic tissue they may 
develop more easily, especially in the posterior pole in 
eyes with traction retinal detachments or massive fi brovas-
cular proliferations [ 112 ]. After careful preparation the 
breaks can be marked with diathermy for easier identifi ca-
tion and laser coagulation under perfl uorocarbon. A 
detached retina is fl attened by perfl uorocarbon and all 
breaks or tears must be surrounded by laser coagulation. In 
the absence of more serious pathologies, a gas tamponade 
usually is suffi cient to support the detached retina and the 
breaks [ 93 ]. To avoid postoperative entry-site-related reti-
nal incarceration and re-detachment, residual vitreous or 
fi brovascular tissue around the sclerotomies must be care-
fully removed. With the use of modern vitreoretinal equip-
ment and small-gauge trocar systems, the frequency of 
retinal incarceration or entry-side detachments has 
decreased considerably.    

   B. Postoperative Complications 

   1. Anterior Segment 
   a. Conjunctiva 

 To prevent conjunctivitis or scleritis from stitch infections or 
wound dehiscence, careful suturing with inverted knots is 
advisable, together with adequate postoperative local antibi-
otic therapy. In the case of infections or abscesses, a swab is 
taken to determine resistant germs, and local therapy should 
be continued until resorption of all sutures. Subconjunctival 
silicone oil can be the consequence of leaking or non-sutured 
sclerotomies [ 105 ].  

   b. Cornea 
 Due to neuropathy and pathologic changes in the basement 
membrane, corneal epithelial defects during or after vitrec-
tomy are more common in diabetic patients. They are 
caused or increased by intraoperative debridement or a long 
 operating time. Careful postoperative management is man-

datory due to a poorer wound healing in diabetics. Soft 
contact lenses in combination with lubricants and local 
antibiotics can reduce pain and accelerate epithelial closure 
to prevent keratitis or corneal scarring [ 106 ,  107 ,  113 ].  

   c. Uveitis or Iritis 
 These complications are usually mild after diabetic vitrec-
tomy surgery. However, the accumulation of intraocular 
fi brin or an increasing, painful infl ammation can be indica-
tive of a beginning endophthalmitis. It should not be con-
fused with chalk-white deposits of cortisone crystals that 
can also simulate an intraocular infl ammation or hypopyon 
[ 25 ,  114 ].  

   d. Intraocular Pressure Elevation 
 Elevated intraocular pressure over 30 mmHg is a common 
early complication after vitrectomy for diabetic vitreoreti-
nopathy [ 115 ,  116 ]. The incidence was reported to be 
around 35 % in the fi rst 24 h after surgery. It can be caused 
by hemorrhage or signifi cant postoperative infl ammation or 
be related to gas or silicone oil tamponade. A stepwise 
treatment has shown to be most effi cient, starting with topi-
cal or oral anti-glaucomatous drugs in addition to anti- 
infl ammatory and mydriatic drops. When intraocular 
pressure does not normalize after resolution of infl amma-
tion or swelling of tissues, transscleral laser or cryocoagu-
lation can be applied. In some cases with fair visual 
prognosis, glaucoma fi ltering surgery may become indi-
cated. In eyes with an intraocular gas bubble, the tampon-
ade may cause angle closure and has to be reduced by 
aspiration through a sclerotomy (or paracentesis in aphakic 
eyes), if facedown positioning is unsuccessful [ 117 ]. Angle 
closure may also be provoked by choroidal detachment or 
swelling after scleral buckling procedure which is treated 
by local corticosteroids and  cycloplegics and systemic anti-
infl ammatory drugs [ 7 ].   

   2. Vitreous Hemorrhage 
 About two thirds of patients will suffer a mild postoperative 
vitreous hemorrhage, but in only one third this will occur 
repeatedly [ 118 ]. As it is often associated with retinal fi bro-
vascular proliferations or anterior chamber neovasculariza-
tion, a thorough intraoperative control of all bleeding sources 
and fi brovascular tissue may prevent further bleeding com-
plications. If the postoperative hemorrhage clears within the 
fi rst month, no additional surgery is necessary. In the case of 
recurrent bleeding with impaired funduscopic view, repeated 
ultrasound examinations are necessary. If the retinal anatomy 
is unclear, another vitrectomy procedure is mandatory to 
wash out the hemorrhage and remove eventual residual fi bro-
vascular tissue. This procedure will become necessary in 
only 5–10 % of patients. An additional photocoagulation is 
then advisable, together with a longer acting gas or silicone 
oil tamponade [ 21 ,  97 ,  119 ].  
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   3. Fibrinoid Syndrome 
 Vitrectomy surgery for diabetic vitreoretinopathy can pro-
voke or increase a failure of the blood-retina barrier, which 
can lead to fi brin deposits in the anterior chamber or the vit-
reous cavity (the so-called fi brinoid syndrome), which was 
reported to occur in 5 % of patients [ 7 ,  120 ]. Risk factors 
include extensive prior surgery, lensectomy, buckle proce-
dures, and a younger patient’s age. Further complications 
may include an acute glaucoma due to a pupillary block, cili-
ary body or traction retinal detachment, hypotony, or fi nally 
neovascular glaucoma [ 120 ,  121 ]. Eyes with traction detach-
ments have a poor functional prognosis with recurrent fi brin 
deposition and re-detachments. Prophylaxis and therapy 
consist of subconjunctival or peribulbar injections of dexa-
methasone and frequent topical application of steroids. In 
cases with massive fi brin formation in the vitreous cavity, an 
intracameral injection with recombinant tissue plasminogen 
activator can be given; however, additional vitrectomy with 
fi brin excision and silicone oil tamponade can sometimes 
become necessary [ 7 ,  122 ].  

   4.   Anterior Hyaloidal Fibrovascular 
Proliferation (AHFVP) 

 This extremely severe complication has very poor functional 
outcome and affects up to 13 % of patients with severe pro-
liferative diabetic retinopathy [ 25 ,  123 ]. AHFVP consists of 
the growth of fi brovascular membranes onto the peripheral 
retina, the vitreous base, and ciliary body up to the iris and 
lens capsule. Patients at higher risk are male, type I diabetics, 
phakic, with no or insuffi cient PRP, or had prior buckling 
surgery [ 123 ,  124 ]. The clinical picture of AHFVP may 
include rubeosis iridis, recurrent vitreous hemorrhage, 
peripheral traction retinal detachment, or hypotony [ 25 ]. 
Extensive treatment with the whole armamentarium can 
become necessary, as cataract extraction, scleral buckling, 
vitrectomy with extensive anterior dissection or retinectomy, 
and dense laser or cryocoagulation. Pre- and intraoperative 
injections of anti-VEGF (e.g., bevacizumab) can facilitate 
dissection of the vascularized tissues and reduce the risk of 
perioperative hemorrhage [ 125 ]. However, as the visual 
prognosis is usually poor, prevention and early treatment of 
AHFVP are essential [ 25 ,  123 ,  125 ].  
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 Key Concepts 

     1.    Initial success of vitrectomy with surgical embolec-
tomy for retinal arterial occlusions awaits corroborat-
ing evidence derived from well-designed clinical 
trials.   

   2.    Vitrectomy with radial optic neurotomy or shea-
thotomy, either alone or in combination with other 
modalities, is a valid therapeutic option that should 
be reserved for selected patients with retinal vein 
occlusion seeking the advantage of a more perma-
nent effect.   

   3.    Intravitreal drugs for treating retinal vein occlusion 
(anti- VEGF/VEGF-Trap/Ozurdex) are superior to 
surgical treatment, but in most cases need repeated 
injections over a long period of time.     
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           I. Introduction 

 Retinal vascular occlusions are traditionally considered 
major causes of ocular morbidity due to their drastic impact 
on central visual function. Modern ophthalmology has intro-
duced an array of new therapeutic modalities that are being 
tested through clinical trials with promising results. Therapies 
such as anti-vascular endothelial growth factors, VEGF 
receptor binding agents, and steroid pharmacotherapy are 
rapidly evolving to replace traditional conservative treatment 
and laser therapy. While pharmacologic therapy will 
 probably be the gold standard of practice in the near future, 
modern vitreoretinal surgery offers important treatment 
options that would complement pharmacotherapy. Surgical 
embolectomy for retinal arterial occlusions and radial optic 
neurotomy and sheathotomy for retinal vein occlusions are 
techniques that have long been regarded intimidating. 
Refi ned instrumentation and better vitrectomy viewing sys-
tems greatly reduce the surgical risk of these procedures and 
make them feasible for most vitreoretinal surgeons, thereby 
rendering them effective backup options in those patients in 
whom pharmacotherapy carries a guarded prognosis.  

   II. Retinal Artery Occlusions 

 The term  retinal artery occlusions  describes a group of dis-
eases characterized by sudden obstruction of arterial blood 
fl ow in the retinal arterial circulation with consequent isch-
emic damage to the retina [ 1 ]. In terms of retinal survival 
time in ischemic states, an experimental study by Hayreh 
and Jonas [ 2 ] demonstrated that central retinal artery occlu-
sion (CRAO) lasting for approximately 240 min results in 
massive, irreversible damage. The study therefore con-
cluded that treatment should be instituted no later than 4 h 
after loss of vision. This experimental model, however, does 
not simulate most acute clinical situations because in the 
majority of eyes with CRAO, some residual retinal blood 
fl ow can be detected. Additionally, in the animal model the 
obstruction was created at the point of entrance of the cen-
tral retinal artery into the optic nerve, while in humans the 
obstruction probably does not routinely occur at this loca-
tion. Indeed, recovery of good vision has been noted to 
occur as long as 4 days after CRAO in humans [ 2 ,  3 ]. 

   A.  Surgical Treatment of Non-arteritic 
Retinal Artery Occlusions 

 It is noteworthy that the surgical options described below are 
meant to address non-arteritic forms of retinal artery occlu-
sions. Arteritic retinal artery occlusions are associated with 
giant cell arteritis and almost invariably with arteritic ante-
rior ischemic optic neuropathy. In these cases, immediate 

intensive systemic corticosteroid therapy is of the essence to 
prevent further visual loss [ 4 ]. 

   1.  Local Intra-arterial Fibrinolysis (LIF) 
 In the early 1990s, Schmidt et al. [ 5 ] pioneered LIF as a 
treatment modality of CRAO. LIF involves super-selective 
administration of a thrombolytic agent directly into the oph-
thalmic artery. A range of outcomes was reported, from no 
 improvement to complete restoration of visual acuity. Their 
work sparked interest in the use of LIF as treatment for 
CRAO, and several reports were released through the 1990s 
purporting favorable results of LIF. A meta-analysis summa-
rized these studies and was reviewed by Beatty and Au Fong 
[ 6 ]. They identifi ed 16 studies, all were retrospective and 
nonrandomized, and 100 subjects were analyzed. Mean 
delay between onset of symptoms and treatment was 11.6 h. 
They found that a fi nal visual acuity of 20/20 or better was 
seen in 14 % of patients following LIF, and a visual acuity of 
20/40 or better was seen in 27 % of subjects. A poor fi nal 
visual acuity of 20/400 or worse was seen in 60.6 % of eyes 
treated with LIF. These results compared favorably with con-
ventional forms of therapy. Potential serious complications 
were seen in four patients (hemiplegia with recovery and 
hypertensive crisis with recovery). They concluded that there 
may be a marginal visual benefi t associated with LIF com-
pared to conventional management, but stressed that in the 
absence of a randomized clinical trial, LIF for CRAO cannot 
be recommended. 

 Another systematic review of published literature about 
LIF was conducted by Noble et al. [ 7 ] who analyzed eight 
studies with 158 patients. Treatment was instituted within an 
average of 8.4 h of symptom onset. They found that visual 
improvement occurred on average in 93 % of patients with 
13 % achieving 20/20 or better, 25 % achieving 20/40 or bet-
ter, and 41 % achieving 20/200 or better. Complications 
occurred in 4.5 % of cases, including local hemorrhage, tran-
sient ischemic attack, hypertensive crisis, intracerebral hem-
orrhage, and stroke. They concluded that there was 
insuffi cient evidence to support the routine use of LIF to treat 
CRAO and recommended well-designed prospective ran-
domized trials to be conducted. 

   a.  European Assessment Group 
for Lysis in the Eye (EAGLE) Study 

 EAGLE is a prospective randomized multicenter clinical 
superiority trial comparing functional outcome following 
conservative standard treatment (CST) and LIF in acute non- 
arteritic CRAO. Patients were randomly assigned to CST or 
LIF. Data from 82 patients were analyzed, 40 patients in CST 
group, and 42 patients in LIF group. The mean interval 
between fi rst symptoms and CST or LIF was 10.99 and 
12.78 h respectively. Best-corrected visual acuity (BCVA) 1 
month after treatment was the primary endpoint, whereas 
safety was the secondary endpoint. The authors found no sta-
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tistically signifi cant difference in mean BCVA between both 
groups and detected complications in 37.1 % in LIF group 
versus 4.3 % in CST group. The study was stopped at fi rst 
interim analysis as per recommendation of the  data and 
safety monitoring committee  because of apparently similar 
effi cacy of CST and LIF and higher rate of adverse reaction 
in the LIF group. Accordingly, the EAGLE study did not rec-
ommend LIF for the management of acute CRAO [ 8 ].   

   2.  Surgical Embolectomy 
 Removal of the embolus through surgical arteriotomy was 
fi rst reported by Peyman and Gremillion [ 9 ]. They presented 
a case with emboli in the superotemporal and inferotemporal 
branch retinal arteries of 60 h duration. Their technique con-
sisted of standard pars plana vitrectomy (PPV) followed by 
dissection of the nerve fi ber layer over the plaque using the 
bent tip of a 30-gauge needle and fi nally dislodging the 
embolus into the vitreous cavity. The artery underwent 
intense spasm with no bleeding encountered. The patient 
recovered 20/200 visual acuity from a baseline of counting 
fi ngers (CF) and remained stable for 3 months. 

 A histopathological study of BRAO demonstrated that 
though signifi cant inner retinal damage occurred after 
300 min, it is possible to maintain some retinal function past 
this time point as it was observed that only a small area sur-
rounding the lesion was affected [ 10 ]. A prospective study 
by Garcia-Arumi et al. [ 11 ] included seven patients with reti-
nal arterial occlusion of less than 36 h duration. Mean fol-
low- up duration was 12 months. The incision in the affected 
artery was made using a 25-gauge microvitreoretinal (MVR) 

blade. Tano asymmetrical vitreoretinal forceps were used to 
express the embolus outside the artery if it did not dislodge 
spontaneously. Surgical embolectomy succeeded in six 
patients (87.5 %). Reperfusion of the occluded artery was 
confi rmed by fl uorescein angiography in four out of these six 
cases. Median visual acuity improved to 20/40 from baseline 
median of 20/400 (Figures  V.A.6-1a, b  and  V.A.6-2a–d ).

    A larger series of retinal arterial occlusion by Garcia- 
Arumi et al. [ 12 ] (unpublished data) included 19 patients 
(aforementioned 7 patients in addition to 12 new ones). 
Surgical embolectomy (see Video  V.A.6-1 ) was partially or 
totally achieved in 84.2 % of cases; reperfusion of the 
occluded artery occurred in 73.6 % of cases. Statistically sig-
nifi cant improvement in both visual acuity and visual fi eld 
defects was noted in 68.4 % of cases. Thus, in our experi-
ence, surgical embolectomy for BRAO seems to be effective 
given the short postoperative time interval of visual recovery 
and restoration of visual fi eld. This suggests that the classic 
dogma that irreversible damage to the retina occurs in 
240 min might not hold true in cases of BRAO as the macula 
might receive some perfusion from the opposite temporal 
artery. Nevertheless, a randomized clinical trial is essential 
to provide evidence base for such intervention [ 11 ,  12 ]. 

   a.  Retinal Arterial Occlusion Study 
(RAO) 

 RAO is an ongoing prospective multicenter international 
study, looking at the effi cacy and safety of surgical embolec-
tomy in retinal arterial occlusions as compared to published 
natural history. The study is currently recruiting patients [ 12 ].     

a b

  Figure V.A.6-1    ( a ) An MVR blade is used to penetrate the anterior arterial wall adjacent to the embolus, followed by a longitudinal incision. 
( b ) Embolus expression and removal by microvitreoretinal forceps       

 

V.A.6. Vitreous Surgery of Arterial and Venous Retinovascular Diseases



650

   III. Retinal Vein Occlusions 

 Retinal vein occlusion is by far the most common retinal 
vascular occlusive disorder. It affects 0.7 % of the popula-
tion according to one population-based study and 1.6 % 
according to another [ 13 ,  14 ]. The natural history of both 
central retinal vein occlusion (CRVO) and branch retinal 
vein occlusion (BRVO) causes signifi cant ocular morbid-
ity, which mandates prompt diagnosis and treatment to 
halt their potential drastic impact on central visual func-
tion. In addition to the classic laser therapy and, more 
recently, intravitreal injection of different therapeutic 
agents, vitreoretinal surgery offers important treatment 
options. 

   A.  Surgical Treatment of Central Retinal 
Vein Occlusion 

   1.  Radial Optic Neurotomy (RON) 
   a.  Rationale 

 RON is based on the compartment syndrome theory of 
pathogenesis of CRVO. Compartment syndromes are condi-
tions in which pressure within a confi ned space results in 
tissue ischemia and dysfunction. It is hypothesized that 
CRVO is a vascular compression syndrome resulting from 
increased pressure within the confi ned space of scleral outlet 
[ 15 ]. As it enters the globe, the optic nerve has a diameter of 
3 mm and is comprised of myelinated optic nerve fi bers, the 
central retinal artery (CRA), and central retinal vein (CRV). 

a b

c d

  Figure V.A.6-2    ( a ) Inferotemporal BRAO in a 67-year-old female of 
22 h duration and CF visual acuity. Note retinal whitening and cherry-
red spot at the macular area. The embolus is located at the ONH  ( circle ). 
( b ) Fluorescein angiogram (40 s after intravenous injection), before 
embolus removal. ( c ) Forty-eight hours after surgery, retinal whitening 

markedly decreased and visual acuity improved to 20/100. Two weeks 
later, visual acuity further improved to 20/30. ( d ) Fluorescein angio-
gram (28 s after intravenous injection) 48 h after embolus removal. 
Note reperfusion of the affected territory and absence of arterial wall 
staining       
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The myelinated nerve fi bers lose their myelin sheaths as they 
pass through the lamina cribrosa and share the available 
space with the CRA and the CRV within the scleral outlet 
whose internal diameter is 1.5 mm. This unique tissue archi-
tecture at the scleral outlet results in an anatomic bottleneck- 
like confi guration. Contributions from several pathogenic 
mechanisms could increase pressure within this confi ned 
space and compress the lumen of the CRV triggering turbu-
lent fl ow and vascular endothelial damage eventually leading 
to thrombus formation [ 15 ]. RON was therefore introduced 
to decompress the scleral outlet via an internal vitreoretinal 
approach (see Video  V.A.6-2 ). The endpoint of the surgical 
procedure was to make a relaxing incision at the level of the 
cribriform plate, scleral ring, and adjacent sclera, thus reliev-
ing compression on the outfl ow of vessels [ 15 ]. Opremcak 
sought corroborating evidence for his theory from the histo-
pathology study published by Green et al. [ 16 ], who demon-
strated that the common fi nding in patients with terminal 
CRVO was a thrombus in the area of the lamina cribrosa. 
Other studies demonstrated that RON promotes and speeds 
up the development of retinochoroidal collateral vessels 
(RCVs), and established the protective effect of RCVs 
against poorer visual outcome through draining edema and 
hemorrhage. These vessels are a common fi nding after 
CRVO substantially draining the retinal venous circulation 
into the choroidal circulation and vortex veins. They usually 
develop after a mean time of 6.7 months. In RON, RCVs 
were reported to develop over a much shorter time period, 
ranging from 3 weeks to 3 months [ 17 – 19 ].  

   b.  Technique 
 The surgical approach, originally described by Opremcak 
et al. [ 15 ], includes standard three-port vitrectomy followed 
by the use of an MVR blade to perform RON (see Video 
 V.A.6-3 ). The tip of the blade is placed at the edge of the 
optic disc. The blade is then directed posteriorly into the 
optic nerve in a radial incision whose depth placed the blade 
just beyond the widest portion of the diamond-shaped tip. 
The incision is constructed radial to the optic disc and paral-
lel to the nerve fi ber pattern thus minimizing damage to the 
nerve fi bers via separation rather than transection of neurons. 
Preoperative biomicroscopy and fl uorescein angiography are 
done to assess the optic disc and its vascular pattern. The 
clock hour site of the incision is then carefully selected to 
avoid major retinal vessels and to allow access to the 
 central- most portion of the optic disc. Intraoperative hemor-
rhage during RON can be controlled by raising the intraocu-
lar pressure (IOP) to 70–85 mmHg for 10–15 s along with 
gentle pressure by the tip of the microvitrectome. More 
recently a special CRVO blade was designed to maximize 
safety and accuracy of RON. The blade has a rounded edge 
to be placed toward the center of the disc reducing the risk of 
a razor- sharp edge accidentally lacerating the central retinal 

vessels. The tip is blunted and the knife has a score mark to 
provide a depth guide [ 15 ,  20 ].  

   c.  Results 
 The initial report of RON by Opremcak et al. [ 15 ] was a ret-
rospective pilot study that included 11 cases: fi ve had per-
fused CRVO and six had indeterminate CRVO. All patients 
had severe visual loss of 20/400 or worse. Average duration 
of the disease prior to RON was 4 months. Average follow-
 up period was 9 months. Postoperatively, the authors reported 
equal or better Snellen postoperative visual acuity in 9 
patients (82 %). Eight patients (73 %) gained an average of 5 
lines of vision. All patients had improvement of clinical pic-
ture in terms of retinal hemorrhage and venous congestion. 
There were no complications in any case. Opremcak et al. 
[ 20 ] reported another series of 117 consecutive cases that 
underwent RON for CRVO with severe visual loss (20/200 
or worse). Sixty-four patients (55 %) had perfused CRVO, 
28 patients (24 %) had non-perfused CRVO, while 15 
patients (13 %) had indeterminate CRVO. The average dura-
tion of symptoms was 7 months, and the average follow-up 
period was 9 months. Analysis was made on 111 patients. 
The authors saw marked improvement of fundus appearance 
in 106 patients (95 %). In terms of visual acuity gain, 79 
patients (71 %) gained an average of 2.5 lines. Two or more 
lines, ≥3 lines, ≥4 lines, and ≥6 lines were gained in 53 %, 
41 %, 25 %, and 14 % of patients, respectively. RCVs devel-
oped in 8 % of patients at RON site. Complications included 
intraoperative bleeding and subretinal hemorrhage at the 
RON site, vitreous hemorrhage developing later during post-
operative period, and cataract progression. Anterior segment 
neovascularization developed in 6 % of subjects. Persistent 
macular edema and macular pigmentation after resolution of 
CRVO correlated with poorer prognosis for central macular 
function. 

 Garcia-Arumi et al. [ 18 ] published a prospective study of 
14 patients without controls. Recruited patients had RON for 
nonischemic CRVO with severe visual loss of less than 8 
months’ duration. Mean follow-up period was 9.6 months. 
The authors reported statistically signifi cant improvement of 
visual acuity as compared to the baseline level: mean postop-
erative acuity was 20/80 whereas mean preoperative acuity 
was 20/250. Macular edema improved from a preoperative 
range of 418–1,000 μm to a postoperative range of 206–
559 μm. Eight of their patients (57.1 %) gained one or more 
lines of vision, while six patients (42.9 %) gained two or 
more lines. RCVs developed in six patients (42.9 %) at the 
site of RON after a mean of 35 days and correlated with bet-
ter visual acuity (median 20/60) as compared to patients who 
did not develop RCVs (median 20/110). The difference, 
however, was not statistically signifi cant. The authors did not 
encounter major complications in their study 
(Figure  V.A.6-3a–c ).
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   Another prospective case series by Garcia-Arumi et al. 
[ 21 ] included 13 cases with hemi-central retinal vein occlu-
sion (HCRVO) treated with RON. Duration of symptoms was 
less than 12 weeks. Median preoperative BCVA was 20/100 
and median preoperative central foveal thickness (CFT) was 
558 μm. Mean follow-up period was 8 months. The authors 
reported statistically signifi cant improvement of median 
BCVA (20/50) and median CFT (252 μm) postoperatively. 
RCVs developed in six patients (46.1 %) and correlated with 
better visual outcome in patients who developed shunt vessels 
as compared to those who did not, though without statistical 
signifi cance. Garcia-Arumi et al. [ 22 ] further compared the 
effi cacy of RON in young and adult patients. In their prospec-
tive series they recruited 43 patients who had RON for 
CRVO. Patients were distributed into two groups according to 
their age. Group I (≤50 years) included 18 patients, whereas 
group II (≥50 years) included 25 patients. Mean preoperative 

BCVA was 1.2 and 1.38 logMAR in groups I and II, respec-
tively. Mean preoperative CFT was 731 and 646 μm in groups 
I and II, respectively. Mean time of CRVO onset was 16 and 
22 weeks in groups I and II, respectively. Mean follow-up 
was 15 and 18 months in groups I and II, respectively. The 
authors reported statistically signifi cant improvement of post-
operative BCVA to mean values of 0.5 and 0.8 logMAR in 
groups I and II, respectively. Likewise, statistically signifi cant 
improvement in CFT was noted in both groups postopera-
tively. Mean values were 318 and 326 μm in groups I and II, 
respectively. RCVs at RON site developed in 55.6 and 54.2 % 
in groups I and II, respectively and correlated signifi cantly 
with better visual outcome. Their study revealed that RON 
was effective in both young and old populations, though bet-
ter functional results were seen in patients aged 50 years or 
less, consistent with the greater capacity of retinal function 
recovery in younger patients. 

a b

c

  Figure V.A.6-3    ( a ) Color fundus photo of the right eye of a  60-year-old 
female with CRVO. Preoperative visual acuity was 20/400, while CFT 
was 666 μm as per OCT examination. ( b ) Fundus view 3 months after 
RON. Note that retinal hemorrhages and macular edema almost 

 disappeared and a chorioretinal anastomosis has developed at RON site. 
Visual acuity improved to 20/80. ( c ) Fluorescein angiography 3 months 
after RON showed residual macular edema and drainage of retinal veins 
into the chorioretinal anastomosis       
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 In a retrospective study by Hasselbach et al. [ 23 ], 107 
patients were recruited for RON. Sixty-fi ve patients (60.7 %) 
had ischemic CRVO, whereas 42 patients (39.3 %) had non-
ischemic CRVO. The median duration of CRVO prior to 
RON was 60 days. Median follow-up period was 6 months. 
Preoperatively, the authors classifi ed patients on basis of 
peripapillary swelling into severe, moderate, and mild. They 
found that those patients who had severe preoperative peri-
papillary swelling derived most benefi t from RON with a 
mean gain of 4.2 lines of vision at 6-month follow-up. They 
considered this fi nding as further corroborating evidence for 
the compartment syndrome theory. Among patients exam-
ined for the presence of RCVs, the authors verifi ed develop-
ment of shunt vessels in 54.1 and 70.4 %, at 3 and 6-month 
follow-up visits, respectively. In addition, they found that 
those patients who developed RCVs had signifi cant better 
visual outcome with a mean gain of six lines, as compared to 
a mean gain of two lines in patients who did not develop 
RCVs. This fi nding provided further evidence of the favor-
able outcome associated with RCV’s development at a RON 
site. In terms of complications, they had iatrogenic injury of 
CRA in one patient, visual fi eld defects correlated with the 
site of RON in 25 % of patients who underwent visual fi eld 
examination (68 patients), and choroidal neovascularization 
at the RON site in 5.6 %, 11.5, and 3.3 % of patients at 3-, 6-, 
and 12-month follow-up visits, respectively. The authors 
concluded that it was unclear whether the outcome of visual 
acuity was equivalent to the results of natural history of the 
CRVO, that the development of RCVs is a major factor infl u-
encing postoperative visual acuity, and that patients with 
pronounced peripapillary swelling and CRVO of less than 90 
days’ duration are more likely to benefi t from RON. 

   i.  Long-Term Results 
 Results of long-term follow-up following RON were pro-
vided by Binder et al. [ 24 ]. In an interventional case series 
including 14 patients who had RON for ischemic CRVO 
(43 %) and nonischemic CRVO (57 %), the authors had a 
minimum follow-up period of 24 months, range 24–48 
months. Median duration of CRVO prior to RON was 9 
months. They reported improvement of median postopera-
tive visual acuity as compared to median baseline visual acu-
ity at 24-month follow-up examination (1.005 logMAR as 
compared to 1.05 logMAR;  P  = 0.013). Six patients (43 %) 
gained one or more lines of vision, while four patients (29 %) 
gained three or more lines of vision. OCT study at 24-month 
examination revealed statistically signifi cant reduction of 
median central thickness postoperatively (408 μm) com-
pared to median preoperative value (627.5 μm) in 13 patients 
(93 %). Eyes with nonischemic CRVO demonstrated statisti-
cally signifi cant better visual acuity and less macular edema 
than eyes with ischemic CRVO. RCVs developed in three 
patients with nonischemic CRVO at the site of RON between 

4 and 12 months and correlated with better visual acuity than 
nonischemic CRVO eyes that did not develop RCVs.   

   d.  Complications 
 The Pan-American Collaborative Retina Study (PACORES) 
is a multicenter, retrospective, interventional case series of 
73 consecutive patients (without controls). The study’s 
objective was to evaluate complications after RON for isch-
emic and nonischemic CRVO. The study found that follow-
ing RON, 32 % of cases in ischemic CRVO group had better 
BCVA, 35.8 % had worse BCVA, and 32 % had their BCVA 
unchanged. In the nonischemic group 50 % had improved 
BCVA, 15 % had worse BCVA, and 35 % had the same 
BCVA postoperatively [ 25 ]. Such outcome did not differ 
substantially from the natural history of CRVO described by 
the Central Vein Occlusion Study Group (CVOSG) [ 26 ]. 
Complications were detected in 71.2 % of cases. The authors 
concluded that though RON may improve visual acuity in 
some eyes with CRVO, the procedure does not seem to 
improve the fi nal outcome as compared to natural history of 
the disease, complications are common, and benefi ts of RON 
do not outweigh its risks [ 25 ]. It is noteworthy that the 
PACORES experienced an unmatched extremely high inci-
dence of complications attributed to RON. It is diffi cult not 
to question such high complication rates given the relatively 
straightforward nature of the surgery. The retrospective study 
design and the fact that RON was performed by multiple sur-
geons with different surgical skills are other concerns. 
Prospective randomized controlled studies would provide 
more reliable data input than provided by PACORES.   

   2.  Comparing Surgery 
to Pharmacotherapy: The ROVO 
Study 

 The Radial Optic Neurotomy for Central Vein Occlusion 
(ROVO) study is a prospective placebo-controlled random-
ized multicenter study comparing surgical outcome and effi -
cacy of RON versus intravitreal triamcinolone injection 
(IVTA) in CRVO, along with comparison to natural history. 
The study included 83 patients randomized to receive a sin-
gle IVTA injection 4 mg (25 patients), treatment with RON 
(38 patients), or placebo treatment (20 patients). Consecutive 
patients with history of CRVO less than 12 months and 
baseline acuity ≥0.3 logMAR were enrolled. Ischemic 
CRVO patients were included directly, whereas patients 
with nonischemic CRVO were only eligible if their baseline 
visual acuity was >1.0 logMAR. One year after RON, a sta-
tistically signifi cant greater number of patients experienced 
visual acuity improvement compared to IVTA and placebo 
group (47 % versus 20 % versus 10 % respectively), though 
the difference in logMAR was not signifi cant between the 
three groups. After 12 months, patients treated with RON 
improved from mean baseline logMAR 1.46 to mean 0.75 
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logMAR. In addition, RON patients showed statistically 
signifi cant improvement of reading vision as compared to 
placebo. Three patients (8 %) in the RON group developed 
major complications related to surgery. The most threaten-
ing complications of CRVO, such as rubeosis iridis and neo-
vascular glaucoma, occurred more often in the natural 
history group. The ROVO study concluded that RON offered 
signifi cantly better long-term visual acuity than that of 
untreated patients. Also, signifi cantly more untreated 
patients developed deterioration of visual acuity than those 
treated with RON [ 27 ]. 

 It is noteworthy that ROVO demonstrated clear superior-
ity in terms of visual outcome over the natural course of 
CRVO described by CVOSG [ 26 ], IVTA use in SCORE 
[ 28 ], and the laser chorioretinal anastomosis in central reti-
nal vein bypass study [ 29 ]. Visual outcomes of CRUISE 
[ 30 ] and COPERNICUS [ 31 ] were superior to ROVO 
though with a narrow margin. Thus, in our opinion, the best 
candidates for RON would be those patients with CRVO 
duration less than 1 month, baseline visual acuity <20/60, 
and CFT >400 μm. In this group of patients, combined regi-
men of RON and anti-VEGF/Ozurdex, along with laser 
photocoagulation for peripheral ischemic    areas to down-
regulate VEGF production, would yield the best results. 

   a.  Controversies 
 Hayreh considered that the histopathological study of enucle-
ated eyes by Green et al. [ 16 ], demonstrating that the site of 
occlusion in CRVO was at the lamina cribrosa, was not repre-
sentative of the entire population of CRVO eyes. Hayreh went 
on to state that the compartment syndrome theory was there-
fore a wrong assumption and accordingly RON an invalid pro-
cedure [ 32 ]. A reply to Hayreh’s argument lies in a simple-logic 
question, “Why would a thrombus form within the CRV exit-
ing from the globe unless there was anatomic predisposition 
such as compression of the vein within a scleral outlet and 
downstream turbulence?” The exact location of the thrombus 
would be irrelevant and the mainstay of RON would be revers-
ing the hemodynamic abnormalities precipitated by bottle-
neck confi guration of the scleral outlet [ 33 ]. Another concern 
raised by Hayreh regarding favorable functional outcome of 
RON was  inadvertent mixing  of ischemic and nonischemic 
CRVO subtypes. Such mixing has resulted from using the 
common criterion of 10-disc diameter capillary non-perfusion 
to differentiate both types, which Hayreh considered to be of 
poor reliability when used alone [ 32 ]. However, the use of 
angiographic criteria to assign patients to ischemic and non-
ischemic subtypes was not derived from sheer whim, but 
rather from solid evidence- based medicine provided by the 
Central Vein Occlusion Study Group (CVOSG) which is con-
sidered by most experts the gold standard of practice since the 
mid-1980s and remains the benchmark study against which all 
other studies concerning CRVO are compared. Moreover, 

strict inclusion criteria and statistical analysis methodology in 
a prospective randomized controlled trial as ROVO indeed 
challenge the so-called inadvertent mixing of CRVO sub-
groups, which is the backbone of Hayreh’s argument against 
favorable outcome of RON.   

   3.  Retina Endovascular Surgery (REVS) 
in CRVO 

 REVS entails delivery of a bolus of a fi brinolytic agent 
directly into the thrombosed vein to induce thrombolysis and 
restore venous fl ow. Two approaches have been described, 
vitreoretinal and neuroradiological. 

   a.  Vitreoretinal Approach 
 REVS with injection of recombinant tissue plasminogen 
activator (r-tPA) in patients with CRVO was described by 
Weiss et al. [ 34 ], in a prospective non-comparative inter-
ventional case series that included 28 patients with 
CRVO. The technique consisted of standard PPV followed 
by introduction of an angled glass cannula through a scle-
rotomy. IOP was lowered to 5 mmHg and a peripapillary 
branch retinal vein chosen for cannulation was pierced by 
the cannula. A bolus (average volume 3.4 ml of 200 μg/ml 
r-tPA) was injected toward the optic nerve head. A pulsatile 
fl uid wave through the blood vessel was visualized during 
infusion, consisting of injected r-tPA pushing the blood 
column toward the CRV. The authors proposed that since 
the fl ow rate achieved during retinal vein infusion is much 
higher than normal retinal venous blood fl ow, this proce-
dure would combine both virtues of thrombolysis and 
fl ushing. The latter could have a positive effect especially 
in cases of CRVO with long duration. Average duration of 
CRVO prior to intervention was 4.9 months. Baseline 
BCVA was 20/63 or worse. Average follow-up period was 
11.8 months. Twenty-two patients (79 %) experienced at 
least one line of visual improvement during the follow-up 
period, and the same number had this level of improvement 
at the last follow-up examination. Fifteen patients (54 %) 
gained ≥3 lines of vision within 3 months after the proce-
dure, and 14 patients (50 %) had visual acuity at the last 
follow-up at least 3 lines better than baseline acuity. Ten 
patients (36 %) improved at least 5 lines of acuity at the last 
follow-up, and fi ve patients improved at least 8 lines. 
Complications included vitreous hemorrhage occurring in 
seven patients and single case of retinal detachment from 
peripheral break. In a more recent case report of two 
patients by the same authors [ 35 ], they combined IVTA 
with REVS using r-tPA. They believed that this combina-
tion would promote visual recovery better than either treat-
ment alone, in the sense that r-tPA would improve retinal 
perfusion whereas IVTA would improve macular edema. 
They reported an improvement of visual acuity of 8 lines in 
one patient and 11 lines in the other. 
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   i.  Concerns 
 Recombinant tissue plasminogen activator is a thrombolytic 
enzyme available through recombinant DNA technology 
[ 36 ]. Upon contact with fi brin, r-tPA converts plasminogen 
into plasmin, which then acts to degrade fi brin. It is pre-
sumed that intravitreal r-tPA might diffuse across the ILM 
and enter the retinal circulation through vessels damaged by 
breakdown of the blood-retina barrier (BRB) due to venous 
occlusion. The effectiveness of thrombolytic therapy for 
venous diseases is directly related to the age of the clot. In 
the case of mature thrombi, fi brin is cross-linked by factor 
XIII and becomes resistant to thrombolysis by r-tPA. In addi-
tion, in patients with extensive intraretinal hemorrhage, r-tPA 
may be bound up by fi brin in the intraretinal blood and ham-
pered from reaching the clot [ 37 ]. 

 There are serious concerns regarding r-tPA use. Injection 
of r-tPA could lead to lysis of smaller secondary fi brin clots 
at the retinal capillary level that are deposited in response to 
the damage caused by vein occlusion. A differential clot 
lysis could ensue in which secondary clot lysis occurs while 
lysis of the main clot does not. In such an instance, retinal 
venous pressure remains elevated, and increase in exudation 
could lead to macular edema and exudative retinal detach-
ment. Another concern is that injecting thrombolytic agents 
into an eye with active bleeding may increase the risk of 
intraretinal or vitreous hemorrhage [ 37 ]. 

 Our experience in REVS is limited to ten patients (unpub-
lished data). All patients were young and had CRVO of less 
than 1 month’s duration. The injected r-tPA bolus failed to 
induce thrombolysis and promote reperfusion of the occluded 
vein in all cases. Moreover, it was associated with retrograde 
fl ux that led to signifi cant increase in macular edema postop-
eratively. Accordingly we abandoned REVS as treatment 
option for CRVO [ 12 ].   

   b.  Neuroradiological Approach 
 Super-selective ophthalmic artery fi brinolytic therapy was 
described by Paques et al. [ 38 ] in a retrospective pilot study 
that included 26 patients. All patients underwent selective 
ophthalmic artery catheterization with injection of uroki-
nase. The procedure was performed under local anesthesia 
by a neuroradiologist trained in the catheterization of intra-
cranial vessels. The internal carotid artery (ICA) was cathe-
terized via a femoral artery approach with a 5-Fr guide 
catheter. The catheter was positioned inside the proximal 
extracranial portion of the ICA. A 1.8/1.5-Fr fl ow guide 
microcatheter was advanced through the guide catheter to 
the ostium of the ophthalmic artery. Urokinase (300,000 IU 
pre-diluted with 0.9 % normal saline) was then perfused for 
40 min through the microcatheter. The authors reported sig-
nifi cant improvement of vision in six out of 26 patients 
included. Two patients developed vitreous hemorrhage. No 
extraocular complications were reported.    

   B.  Surgical Treatment of Branch Retinal 
Vein Occlusion (BRVO) 

   1.  Rationale of Arteriovenous 
Adventitial Sheathotomy 

 Sheathotomy derives its rationale from the pathogenic mech-
anisms that combine to precipitate BRVO through altering 
the anatomic confi guration of the arteriovenous crossing 
sites normally present in the human retina. There are particu-
lar features of the vitreous interface with retinal blood ves-
sels that differ from the rest of the vitreoretinal interface [see 
chapter   II.E    . Vitreo-retinal interface and inner limiting mem-
brane]. Arteries cross anteriorly (innermost) over veins at 
70–75 % of all arteriovenous intersections. At the point of 
crossing, the arterial adventitia and the venous glial coating 
fuse into one sheath, so that the only intervening structures 
between the lumens of the two vessels may be their own 
endothelial layer and basement membrane [ 39 ,  40 ]. 
Compression by an arteriosclerotic artery induces focal nar-
rowing of the vein’s lumen. Vascular narrowing will increase 
the velocity of blood fl owing through the stenotic segment 
leading to turbulent fl ow. Along with eddies and local pock-
ets of stasis, turbulence contributes to thrombosis by disrupt-
ing the laminar fl ow and bringing platelets in contact with 
damaged endothelium. Despite that organization and recana-
lization of BRVO, thrombi occur relatively rapidly and it 
seems that the vein’s lumen does not fully reopen to its pre-
morbid state. A narrow stricture often remains, inducing 
fl ow abnormality. The persistence of this stricture may lead 
to continued elevation of upstream venous pressure and 
edematous retinal changes. Continued compression of the 
retinal vein by the artery may perpetuate these fl ow abnor-
malities, which may not favor complete recanalization. 
Surgical division of the adventitial sheath around the artery 
and the vein at the arteriovenous crossing could release the 
compressive factor allowing the compromised lumen of the 
obstructed vein to expand, with consequent reversal of 
hemodynamic abnormalities and restoration of more normal 
venous return [ 41 ].  

   2.  Technique (See Video  V.A.6-4 ) 
 The original technique described by Osterloh and Charles 
[ 42 ] consisted of a vitrectomy and the use of 55° Sutherland 
scissors to cut across the glial tag that was associated with 
the compression of the vein. A bent MVR blade was then 
utilized to strip away the glial fi bers between the artery and 
vein at their crossing and at the occlusion site. The original 
sheathotomy technique was practical only at arteriovenous 
crossings close to the optic disc where vessels seem to be 
suffi ciently large and strong enough to tolerate this delicate 
manipulation. 

 Garcia-Arumi et al. [ 43 ] introduced a bimanual technique 
that would decrease the risk of lacerating the wall of the 
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 arteriole or venule (see Video  V.A.6-5 ). The technique con-
sists of lifting and displacing the arteriole using a specially 
designed forceps, thereby allowing better visualization of the 
fi brous connections between the two vessels. A specially 
designed very thin microscissors then cuts off these connec-
tions (Figures  V.A.6-4 ,  V.A.6-5 ,  V.A.6-6 , and  V.A.6-7 ).

         3.  Complications 
 Numerous possible complications could develop during per-
forming sheathotomy. Retinal detachment could result from 
a full-thickness retinal tear produced during cutting the 
sheath connecting the artery and the vein. Vitreous hemor-
rhage could occur due to cutting either the artery or the vein. 
In the case of arterial laceration, a situation similar to a large 
BRAO could ensue. A small arcuate scotoma could develop 
by cutting through the nerve fi ber layer at the site of the arte-
riovenous crossing. Postoperative gliosis could develop as 
the retina tries to heal the surgical wounds. This could lead to 
traction analogous to a macular pucker. Gliosis could also 
cause traction on the involved arteriovenous crossing that 
could further compromise the venous blood fl ow past this 
point. Vitrectomy imposes other potential complications that 
include cataract and retinal detachment, thus increasing the 
risk of the procedure [ 42 ,  44 ].  

   4.  Results 
 Osterloh and Charles [ 42 ] were the fi rst to report sheathot-
omy for BRVO. In their case they reported complete separa-
tion of the artery from the vein and did not encounter 
hemorrhage, arterial spasm, or other complications. The 
authors mentioned that at the time of surgery, no notable 
change was noticed in the caliber of the affected vein. 
Nonetheless, they had signifi cant improvement of visual 
acuity from 20/200 − 2 to 20/25 + 1 during the 8 months fol-
lowing surgery. 

 Later, in a prospective review of 15 cases with BRVO, 
Opremcak and Bruce [ 44 ] reported successful decompres-
sion of arteriovenous crossing in all 15 cases, with clinical 
improvement in terms of intraretinal hemorrhage and edema 
in all patients. Baseline visual acuity was 20/70 or worse; the 
authors reported stabilization or improvement of visual acu-
ity in 12 patients (80 %). Moreover, 10 out of 15 eyes (67 %) 
had a mean gain of four lines of vision. Fluorescein angiog-
raphy demonstrated reperfusion of the retina drained by 
occluded vein within 24 h. The average duration of the dis-
ease was 3.3 months. Average follow-up period was 5 
months. 

 Mester et al. [ 45 ] reported 43 cases of BRVO treated with 
sheathotomy, 16 of which had additional internal limiting 

  Figure V.A.6-4    Dissection of ILM and nerve fi ber layer next to the artery 100–200 μm from the arteriovenous crossing using a bent MVR       
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membrane (ILM) peel. Mean duration of symptoms was 
4.6 weeks. Fluorescein angiography revealed improved cap-
illary perfusion in 93 % of all cases 6 weeks after surgery. 
Overall visual acuity improved at least two lines in 26 
patients (60 %) and four lines or more in 12 patients (28 %). 
Mean visual acuity improved from 0.16 to 0.35. The authors 
proposed the possible benefi cial effect of ILM peel, as they 
detected that 38 % of patients who were subjected to ILM 
peel gained ≥4 lines of vision as compared to 22 % of 
patients who did not have ILM peel. Denudation of the inner 
retinal surface by removal of the ILM might allow better 
oxygenation of the inner retina. It might also permit the con-
gested, hemorrhagic retina to decompress by facilitating the 
release of extracellular fl uid and blood into the vitreous [ 45 , 
 46 ] [see chapters   II.E    . Vitreoretinal Interface and ILM;   IV.A    . 
Vitreous Physiology]. A less enthusiastic report came from 
Cahill et al. [ 47 ] in a retrospective review of 27 patients who 
had sheathotomy for BRVO of 7 months’ median duration. 
Complete resolution of macular edema occurred in only 8 of 
27 patients (29.6 %), and the overall improvement in median 
postoperative visual acuity was not statistically signifi cant. 

 In a prospective randomized study of 36 patients compar-
ing vitrectomy with and without sheathotomy, Kumagai 
et al. [ 48 ] reported no statistically signifi cant difference in 
terms of improvement of macular edema and visual acuity 
between the two techniques, though there was a tendency 
toward better visual outcome in patients having sheathotomy 
for BRVO with duration of less than 1 month. Similarly, in a 
retrospective series of 20 patients with BRVO, Han et al. [ 49 ] 
reported improvement in visual acuity by at least two lines in 
16 out of 20 eyes (80 %) though they were unable to separate 
the artery from the vein intraoperatively. They concluded 
that visual improvement may occur after PPV and arteriove-
nous crossing dissection without separation of the retinal 
vessels. 

 Chung et al. [ 50 ] concluded that sheathotomy is not the 
best option when compared to intravitreal steroids (IVTA). 
In a prospective randomized trial of 40 patients with BRVO, 

they compared sheathotomy to IVTA and found that the lat-
ter provided better short-term outcomes in terms of improve-
ment of macular edema and visual acuity. However, results 
of both approaches did not show statistically signifi cant dif-
ferences in the long term. 

 Garcia-Arumi et al. [ 43 ] reported the use of r-tPA in addi-
tion to sheathotomy in BRVO patients with persistent macu-
lar edema. In their prospective nonrandomized study of 40 
patients, the authors reported an improvement in macular 
thickness by greater than 40 % from baseline in 31 patients 
(77.5 %) and visual acuity gain by an average of 4.5 lines in 
34 patients (85 %) and 3 or more lines in 70 % of patients.  

   5.  Controversies Regarding 
Sheathotomy 

 Several debates challenge the hypothesis that arteriovenous 
crossing sheathotomy can reverse the hemodynamic changes 
in the retina related to BRVO and allows reestablishment of 
retinal blood fl ow. Arteriovenous sheathotomy procedure 
incorporates vitrectomy and the surgical induction of poste-
rior vitreous detachment, both known to promote better oxy-
genation of the retina and reduction of macular edema. In a 
study evaluating arteriovenous sheathotomy for BRVO 
patients, Charbonnel et al. [ 51 ] demonstrated postoperative 
reduction of macular edema using OCT, while only few 
changes have been observed at the level of the arteriovenous 
crossing. In particular, there was no hemodynamic improve-
ment at the site of the occlusion or reperfusion of the preop-
erative ischemic territory, which suggested that postoperative 
reduction of macular edema was due to improved oxygen-
ation following vitrectomy and the surgical induction of 
 posterior vitreous detachment, rather than due to  improvement 
of blood fl ow in the occluded territory [see chapter   IV.B    . 
Oxygen in vitreo-retinal physiology and pathology]. 
It is also a fact that microvascular changes secondary to vein 
occlusion involve complex evolutionary phenomena that 
continue to be vague. These changes may become relatively 
independent of blood fl ow after a short period of occlusion. 
Capillary closure may result from several factors including 
arterial perfusion changes, glial proliferation, ischemia- 
reperfusion lesions, intraluminal thrombosis, internal com-
pression due to hemorrhage into the basal membrane, or 
VEGF-induced edema of endothelial cells. Even a brief 
occlusive event can trigger a cascade ending in extensive 
capillary non-perfusion despite recanalization of the 
occluded vein. Therefore, the benefi ts of arteriovenous 
 sheathotomy will be limited unless surgery takes place very 
early [ 52 ]. 

 To confi rm the effectiveness of arteriovenous crossing 
sheathotomy, Opremcak et al. [ 44 ] reported improvement in 
venous perfusion intraoperatively and improvement of fl uo-
rescein angiography fi ndings, but they did not quantitatively 
evaluate the improvement in perfusion. There are concerns 

  Figure V.A.6-5    Specially designed vitreoretinal microforceps allow-
ing grasping and lifting of the artery without lacerating the arterial wall       
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that both intraoperative assessment and postoperative fl uores-
cein angiography are falsely interpreted. The dilatation of the 
affected vein following arteriovenous dissection part of the 
procedure could represent reactive hyperemia induced by sur-
gical manipulation rather than a lasting change in blood fl ow 
[ 49 ]. Moreover, fl uorescein angiography is at best a semi-

quantitative measure of circulatory impairment providing a 
morphological description of the capillary bed that does not 
necessarily correspond to physiological function [ 53 ]. 

 Yamaji et al. [ 54 ] published an interventional cases series 
including 18 patients in which they employed fl uorescein 
videoangiography using a scanning laser ophthalmoscope 

  Figure V.A.6-6    Adventitial sheathotomy using bimanual surgery: the forceps displaces and lifts the arteriole, exposing the common sheath. 
Modifi ed microscissors are then used to cut the sheath, separating the arteriole from the venule       
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(SLO) and image analysis using dye dilution technique, for 
quantitative assessment of the effects of sheathotomy. They 
were able to demonstrate improved retinal circulation after 
surgery. Other techniques of evaluating blood fl ow such as 
fl uorescein angiography, scanning laser ophthalmoscopy, of 
hypofl uorescent clumps in the retinal veins, and laser 
Doppler fl owmetry could be useful in quantifying retinal 
blood fl ow changes after such surgery [ 53 ,  55 ]. 

 Despite these concerns regarding sheathotomy, our expe-
rience [ 43 ] with this procedure using refi ned instrumenta-
tion, substantially reduced the risks of the procedure. The 
combined effects of arteriovenous decompression and intra-
vitreal r-tPA yielded a visual outcome superior to grid laser 
treatment in the BRVO Study [ 56 ], triamcinolone injection 
in SCORE [ 30 ], and ranibizumab injection in BRAVO [ 57 ]. 

   In our experience, the best candidates for sheathotomy would 
be patients with baseline visual acuity <20/60 and CFT 
>400 μm, juxtapapillary arteriovenous crossing rather than 
peripheral one, and BRVO duration less than 1 month. 
Intraoperatively, the surgeon should attempt at complete sep-
aration of the artery from the vein, thrombus release, and 
confi rm recanalization of the occluded vein by means of 
intraoperative fl uorescein angiography.    

   Conclusions 

 Intra-arterial fi brinolytic therapy does not provide a better 
visual outcome than natural history and is associated with 
serious and perhaps life-threatening complications. Its 
use is therefore not recommended for treating retinal arte-
rial occlusions. Initial success of surgical embolectomy 

  Figure V.A.6-7    Subretinal spatula used to ensure complete separation of the branch retinal arteriole       
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for retinal arterial occlusions awaits corroborating evi-
dence derived from well-designed clinical trials. The col-
lective body of evidence from clinical studies, along with 
benefi ts versus risks perspective, points out that intravit-
real agents for  treating retinal vein occlusion (anti-VEGF/
VEGF-Trap/Ozurdex) are superior to surgical treatment 
and probably will be the gold standard in the near future. 
RON and sheathotomy, either alone or in combination 
with other modalities, are valid options that should be 
reserved for selected patients. 
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  Editor’s Note 

 The section headings in this chapter were added for structure 
and the quotations were cited for embellishment of the 
author’s original hand-written manuscript.  

   I. Introduction 

 The following presents a personal account of one man’s jour-
ney through a once-in-a-lifetime experience that changed the 
world. Recounting the extraordinary events that led to the 
development of vitrectomy would not have been possible 
without the assistance of my long-time friend and indispens-
able colleague Dr. Helmut Buettner. In his endearing self- 
effacing manner, Helmut graciously insisted on not sharing 
authorship of this chapter, feeling that it was my story. 

      The History of Vitrectomy 
Instrumentation: A Personal Account 
of a Transoceanic Australian-USA 
Collaboration 

              Jean-Marie     Parel             

 V.B.1.
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 Key Concepts 

     1.    Prior to the collaborative efforts of Machemer 
Buettner, and Parel, there were no procedures to 
surgically remove vitreous, in part due to a lack of 
confi dence that vitreous could be safely removed 
and in part due to the lack of instrumentation.   

   2.    The fi rst vitrectomy instruments were designed and 
fashioned based upon experience garnered from 
microvascular surgery.   

   3.    The successful birth of vitrectomy depended upon 
the development of instrumentation illumination, 
and visualization equipment and methods.     
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I therefore dedicate this introduction to thanking him—for 
everything. Of course, words alone cannot express the grati-
tude and devotion I feel for the leadership of my mentors and 
friends,  the Chief , EWD Norton and Robert Machemer, who 
shared in this adventure (Fig.  V.B.1-1 ).

   If your actions inspire others to dream more, learn more, do 
more and become more, you are a leader. 

John Quincy Adams    

   II. Surgical R&D Down Under 

 The desire to reduce the size and improve the function of 
surgical instruments has always been strong in the fi eld of 
ophthalmology—the fi rst medical specialty to use the oper-
ating microscope instead of loupes. However, the move to 
motorization of microsurgical instruments came from vascu-
lar surgeons performing vessel microanastomosis during 

limb reattachment procedures. It was quickly discovered that 
without proper reconnection of small blood vessels and 
nerves, reattachment failed. Collaborative efforts by engi-
neers, chemists, and optical physicist were needed to solve 
these problems. While working at the University of 
Melbourne Department of Ophthalmology (MUDO) under 
Professor Gerald W Crock, I was introduced to Dr. Bernard 
O’Brien [ 1 ], a prominent microvascular surgeon, who headed 
a group of surgeons attempting to reattach severed limbs at 
St. Vincent Hospital in Melbourne. 

 Dr. O’Brien needed to solve several technical problems: 
fi nding sutures thin enough to anastomose vessels smaller 
than 1 mm. The thinnest suture material available at that time 
was 7-O. No more than four such sutures could be used to 
anastomose a blood vessel one millimeter in diameter with-
out penetrating the vessel wall and causing intravascular 
blood clots. He needed smaller diameter sutures. With the 
help of a mechanical engineer and a polymer chemist, I 

  Fig. V.B.1-1    Vitrectomy instrumentation R&D team planning the design of VISC II: Dr. Robert Machemer (seated to  right ), Dr. Helmut Buettner 
(seated to  left ), and Dr. Jean-Marie Parel (standing to  left ). Miami circa December 1970       
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found a way to make thinner sutures by  raising the nylon 
temperature just below melting point while applying a con-
stant tension between the two ends of the suture. Of course, 
the large needles available severely traumatized the small 
vessels to be sutured. The problem was solved by electrode-
positing metal on one end of the suture. Using a microscope 
and a ruby fi le, I gave them sharp edges [ 2 ]. Soon, our mul-
tidisciplinary team was able to produce sutures thinner than 
10-0. Dr. O’Brien’s goal was to anastomose vessels of 
0.5 mm and smaller in diameter. To precisely reanastomose 
both ends of a severed blood vessel for suturing, the team 
designed a clamping device, which was fi nely adjustable to 
prevent traumatizing the delicate tissue [ 3 ]. 

 Although using the most delicate needle holder available, 
Dr. O’Brien’s fi rst attempt at using the new sutures failed 
because the force he applied was much too great and he 
crushed the metallic needle. This problem was solved by 
motorizing the needle holder in such a manner that con-
trolled pressure was applied, regardless of the surgeon’s 
actions [ 4 ]. But this motorized system, that was perhaps one 
of the world’s very fi rst robotic surgical systems, was  bloody  
(using an Aussie expression) expensive, so I searched for 
other endeavors. Vannas scissors as well as a nerve cutter for 
reliably making perpendicular cuts through nerve ends prior 
to suturing them together were developed. As both surgeons 
and scrub technician used both hands in the sterile fi eld, a 
foot switch activating up to two motorized handles at the 
same time was designed (Fig.  V.B.1-2 ). These motorized 
instruments and approaches lay the groundwork for modern 
ophthalmic surgical instrumentation, later used for vitrec-
tomy, penetrating keratoplasty, and other delicate ophthal-
mic procedures.

   Another problem was visualization of the surgical fi eld. 
An operating microscope that would allow two surgeons to 
work together was needed. With the help of Professor Crock 
and optical physicist Hans Littmann at Carl Zeiss in 
Heidelberg, Germany, a microscope with a double-head 
(diploscope) was designed. By adding a biomicroscope head 
I had scavenged from an old slit lamp, the diploscope became 
a triploscope allowing the scrub nurse to view the surgical 
fi eld as well (Fig.  V.B.1-3 ).

   In May 1968 a refugee from Czechoslovakia saw our 
motorized micro-instrument and mentioned that his father 
was sometimes cutting vitreous bands during cataract sur-
gery. I had never seen such a case during my tenure at 
MUDO, but I thought this could be helpful and designed a 
vitreous band cutter tip (Fig.  V.B.1-4 ) that could be plugged 
into the motorized handle. Arguably this was the world’s fi rst 
vitrectomy instrument, and I was very proud of this device. 
But when I showed it to Professor Crock, he looked at it and 
said, “ vitreous noli me tangere ” (vitreous touch not). This 
was the only microsurgical tip that was never used in 
MUDO’s operating theaters.

      III. The Eye World Discovers 

 I was given the opportunity to present these instruments at 
the 28th Annual Australian Ophthalmological Society in 
Hobart, Tasmania, on November 1, 1968. In contrast to the 
microanastomosis afi cionados in vascular surgery, the eye 
surgeons looked at the instruments as if they were science 
fi ction curios. They felt that the automated instruments were 
too slow, too delicate, and too expensive. Later, a paper writ-
ten on the motorized instrument alluded to vitreous cutting 
[ 4 ], but it did not generate interest in the Australian ophthal-
mology community. 

 At that same time I was working on stereophotogramme-
try of the fundus. Professor Crock was so impressed by the 
results that he urged me to present this work at the 2nd 
International Congress on Fluorescein Angiography orga-
nized by Pierre Amalric, Albi, France, in 1969. There I met 
Drs. Edward Norton and Donald Gass, who were particularly 
interested in the 4-frames/s stereo fl uorescein angiographic 
and the stereo photogrammetric techniques I had developed 
for Professor Crock [ 5 ,  6 ] but not in the microsurgical instru-
ments. Later on that day, Dr. Norton offered me a position at 
the Bascom Palmer Eye Institute to further develop the fl uo-
rescein stereo camera and stereophotogrammetry system 
under Dr. Donald Gass’ guidance. Dr. Norton invited me to 
stop in Miami on this  around the world trip  and visit with 
several members of the Bascom Palmer Eye Institute faculty. 
He didn’t mention Dr. Robert Machemer but serendipity 
decided otherwise, and I ran into him during my visit. 

 Dr. Machemer, wanting to know what I was doing at 
BPEI, looked at the work I had presented in Albi. Contrary 
to Drs. Gass and Norton, he exclusively focused on the 
motorized microsurgical instruments, especially the motor-
ized vitreous band cutting tip. He showed me a manually 
operated vitreous cutter with a guillotine-like cutting tip 
made of two tubes (Fig.  V.B.1-5 ). In retrospect, the action of 
Dr. Machemer’s handheld instrument was similar to the tip 
of the vitreous cutter Dr. O’Malley later designed. Dr. 
Machemer mentioned this instrument had been made to his 
specifi cations by Leonard Klein of Germany, but then 
quickly added, “it doesn’t work.” He explained that the cut-
ting edges were too far apart and would not cut vitreous; “the 
vitreous enters the tube but as the blades do not cut all vitre-
ous strands, pulling the instrument out of the eye, pulls on 
the vitreous and that can rip the retina.” Looking at my oscil-
lating instrument, which had blade tension, he then said that 
with my instrument it would take him forever to cut the vitre-
ous piece by piece and remove all of it. He also asked what I 
had come up with to maintain intraocular pressure during 
cutting and removal of vitreous from the eye. As my instru-
ment had been designed to cut vitreous bands through an 
opened anterior segment during cataract surgery, I had not 
thought of it. He pointed out that the eye was always under 
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a

b

d

c

  Fig. V.B.1-2    Design and assembly drawings ( a ) of the 1968 automated 
motorized surgical instruments (AMSI) with hand probe ( b ) accepting 
plug-in microsurgical tips ( a ) microscissors,  b ) microneedle holder,  c ) 

vitreous band cutter,  d ) nerve cutter), and a foot switch ( c ) designed to 
control two instruments, as shown in a bench test close-up ( d )       
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pressure and it would collapse unless one maintained that 
intraocular pressure during surgery. My answer that Professor 
Crock was using a Flieringa ring to prevent collapse didn’t 
satisfy him: “you need to add an infusion line.” In addition 
he pointed out that the vitreous was not just made of a few 
bands but of millions of superfi ne crisscrossing fi brils 
attached to the retina and therefore a need of aspirating the 
cut vitreous with positive suction.

   At lunch, Dr. Machemer and I kept exchanging ideas 
while I was sketching on paper napkins the design of differ-
ent cutting tips, part of an instrument that would cut the vit-
reous while allowing for the cut pieces to be aspirated. The 
instrument would have a tube, coaxial to the cutter, which 
would infuse fl uid to maintain intraocular pressure rather 
than having a handheld infusion cannula inserted in the 
opposite quadrant as Dr. Machemer had suggested. I believe 
that although not mentioned, he was already thinking of 
entering the globe through the pars plana and not through the 
anterior segment using, for instance, the open sky technique 

practiced by Dr. David Kasner [ 7 ]. Dr. Machemer liked the 
idea of having all functions in a single instrument because it 
would free the other hand. I promised to keep working on 
that design and make the schematics necessary for a mechanic 
to fabricate a prototype. Cost was not discussed. We decided 
to communicate via post-mail, as the Internet and e-mail did 
not exist yet.

  No problem can be solved from the same level of consciousness 
that created it. 

Albert Einstein    

   IV. The Hard Work Begins 

   A. Prototype to Prodigious Innovation 

 Upon my return to Melbourne, I worked on drawings show-
ing several cutting heads connected to a motor, activated 
with a foot switch with both infusion and suction lines 

  Fig. V.B.1-3    Photograph of diploscope modifi ed in 1967 to accept a third stereomicroscope ( a ) 

a
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b

Fig. V.B.1-3 (continued) and its 1970 implementation to a more compact surgical microscope ( b )         

J.-M.Parel



671

 running all the way to the cutting tips which were exchange-
able (Fig.  V.B.1-6 ), and mailed these to Dr. Machemer. He 
answered promptly with new technical questions, which I 
answered with new, more refi ned drawings. At the time, a 
letter took well over a week to reach either continent, and it 
took me 3 months to fi nalize all the details. Finally I started 
to build the fi rst prototype —the Australian vitreous infusion 
suction cutter (VISC), with my collaborator, mechanic 
Ljubomir Pericic.

   In the meantime, however, after meeting Drs. Norton 
and Gass in Albi, I received a letter from the University of 
Miami with a student visa offering me to work for 1 year 
at Bascom Palmer Eye Institute. I was able to take a 1-year 
leave of absence from the University of Melbourne with-
out losing my job nor my Australian visa. However, wait-
ing for me to get the Australian VISC to Miami was too 
much for Dr. Machemer and his research fellow Dr. Helmut 

Buettner. After testing the cutting effi cacy of a drill rotat-
ing in a stationary tube on fresh eggs, they proceeded to 
build a vitreous cutting instrument. Using a 30 cc plastic 
syringe as the body of a handpiece that enclosed a small 
battery-driven DC motor, they connected a long aircraft 
drill inserted in a tube closed at the end except for a small 
hole at the side of the tip. The tube was connected with a 
Luer-Lock to the plastic syringe handpiece and motor. 
Suction was provided through a tube soldered to the sta-
tionary tube near the Luer-Lock. When suction was 
applied, tissue was aspirated into the hole near the tip and 
was then cut by the rotating drill. After trials on eye bank 
eyes, the instrument was improved by adding a coaxial 
tube for infusion to the cutting tip (Fig.  V.B.1-7 ). After 
testing it on animal and eye bank eyes, this prototype 
instrument was used on a patient undergoing an open sky 
vitrectomy for vitreous amyloidosis in early 1970.

  Fig. V.B.1-4    Melbourne vitreous band cutting tip fi tting the AMSI hand probe       

  Fig. V.B.1-5    Schematic of Machemer’s 1969 hand-activated vitreous band cutter       
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a

b

  Fig. V.B.1-6    VISC I detailed hand probe drawings ( a ) and schematic views of three cutting tips ( b )       
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   When I arrived in Miami in April 1970, I presented Dr. 
Machemer the Australian vitrectomy instrument, which was 
tested 2 days later on donor and rabbit eyes as I watched. 
After successful testing of the Australian VISC (Fig.  V.B.1-8 ), 

the plastic syringe prototype developed by Buettner and 
Machemer was relegated to the museum. Ten days later, Dr. 
Machemer performed the fi rst trans pars plana vitrectomy on 
a patient with diabetic retinopathy and non-clearing vitreous 

  Fig. V.B.1-7    Robert and Helmut’s vitreous cutter fabricated in Robert’s garage on Key Biscayne       

a

b

  Fig. V.B.1-8    VISC I photographs of the hand probe ( a ) and magnifi ed view of the cutting tip ( b ) 
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c

Fig. V.B.1-8 (continued) testing in an eye bank cadaver eye ( c ) and engineering details of the vitrectomy cutting tip ( d ) used during the fi rst pars 
plana vitrectomy in the spring of 1970           
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hemorrhage at the Jackson Memorial Hospital in Miami. 
There were, however, some concerns regarding the self- 
sharpening action of the VISC tip, for it generated metal par-
ticles that could remain in the eye and induce metallosis 
(Fig.  V.B.1-9 ). Through further design modifi cation, this 
problem was resolved.

    An invention has to make sense in the world in which it is fi n-
ished, not the world in which it is started. 

Ray Kurzweil (Director of Engineering, Google)   

 The summer and fall of 1970 were very productive times 
with regard to technical and surgical advances. Whenever 
Dr. Machemer performed a vitrectomy, Dr. Buettner and I 
were present to assist with the technical aspects of the pro-
cedure and to perform repairs of the Australian VISC as 
needed, often using tools and equipment provided by Dr. 
Steve Charles from the electrophysiology laboratory he had 
established and maintained. The limitations of this fi rst 
VISC prototype quickly led to the development of the 

d

Fig. V.B.1-8 (continued) 
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 mechanically largely improved VISC II. At the same time, 
data were collected for Dr. Machemer’s fi rst presentation of 
pars plana vitrectomy at the 1970 meeting of the American 
Academy of Ophthalmology and Otolaryngology (AAOO) 
in Las Vegas. The fi rst publication appeared in the 
Transactions of that meeting in 1971 [ 8 ]. By September 
1970, the fi rst coaxial fi beroptic endoilluminator fi tting over 
the tip of VISC II was designed (Fig.  V.B.1-10 ) and was also 
presented at the Academy meeting in Las Vegas. These pre-
sentations generated great interest in the budding fi eld of 
vitreous surgery and were the beginning of a very fruitful 

collaboration with retinal surgeons in the United States and 
abroad.

      B.  Innovation Progresses to Benevolent 
Production 

 The second-generation VISCII designed at BPEI (Fig.  V.B.1-11 ) 
was also built by Ljubomir Pericic, the mechanic in my 
Melbourne lab. The slow process of communicating between 
continents far apart by post-mail and the VISC beginning to 

  Fig. V.B.1-9    Identifying and solving the problem of metal fragments 
created by the self-sharpening function of the VISC tip. Heat-hardened 
440 °C stainless was used in later cutter design, but they still generated 

microparticles. Dr. Harry Flynn found these being nontoxic to the retina 
(Harper et al. [ 41 ])       
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  Fig. V.B.1-10    Concept ( a ) 

a
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b

Fig. V.B.1-10 (continued) and design ( b ) of coaxial fi beroptic illumination added to the VISC I ( c ) in October 1970 to improve visualization of 
the vitreous and retinal structures           
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Fig. V.B.1-10 (continued)

c
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  Fig. V.B.1-11    VISC II design ( a ) and assembly ( b ) 

a 
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b

Fig. V.B.1-11 (continued)
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wear out with increasing use led to the decision to establish a 
laboratory in Miami, which became the Ophthalmic 
Biophysics Center. A Swiss mechanic, Hans-Jurg  Vedder, 
joined me and started building vitrectomy instruments at the 
Bascom Palmer Eye Institute (Fig.  V.B.1-12 ). Several genera-
tions of the VISC, each with some improvements, were built 
after the acquisition of a plastic injection machine, which 
greatly accelerated fabrication. By 1972, Austrian mechanic 
and mold maker Willi Aumayr had joined our team, and the 
seventh-generation vitrectomy instrument, which was dupli-
cated by the dozen, had been produced (Fig.  V.B.1-13 ). No 
attempts to patent these inventions were ever made. Dr. 
Norton felt strongly that the patenting process would slow 
down the rapid dissemination of knowledge and experience, 
which would foster healthy competition among different 
teams and which would ultimately improve patient care.

     Science knows no country, because knowledge belongs to 
humanity, and is the torch which illuminates the world.

Louis Pasteur   

 As a result, improvements in the instrumentation [ 11 ,  12 ], 
surgical technique, and clinical results [ 13 ,  14 ] were rapidly 
published. Both the VISC VII and the microscope with x-y 
movement were displayed at the meeting of the Club Jules 
Gonin, on Key Biscayne in 1972, for which Dr. Machemer 
received the prestigious Wacker Prize, which he shared with 
his collaborators in Miami. 

 Dr. Helmut Buettner and I investigated the possibility of 
visualizing the intraocular surgical fi eld endoscopically 
rather than with operating microscope using a corneal con-
tact lens during vitrectomy was investigated 
(Fig.  V.B.1-14 ). The smallest instrument at the time, a Storz 
pediatric  endoscope measuring 3.5 mm in diameter, proved 
too large to be inserted through the pars plana without risk-
ing serious damage to the adjacent retina. The project ended 
up on the back burner. Instead the fi rst operating microscope 
with foot switch-controlled x-y movement and motorized slit 
lamp powered by tungsten halogen and xenon fl ashlight 
sources [ 9 ] was developed. The team also continuously 

c d

Fig. V.B.1-11 (continued) schematics with integral lamp on the body 
of the instrument. The light source was a miniature tungsten bulb 
mounted on the handle, but the illumination was insuffi cient ( c ). In 

1971, a groove was made on the VISC body to accept a removable slip-
on fi beroptic probe powered by a 100 W halogen lamp. This scheme 
was implemented in the VISC III ( d ) to VISC X designs           
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worked on improvements of the vitrectomy instrumentation 
[ 10 ]. Other developments included intraocular endodia-
thermy, bipolar diathermy, and a fi beroptic illuminated hook 
needle for peeling preretinal membranes [ 15 ].

       V. Teach the World 

 The next  ordre de marche  Dr. Norton gave me was to make 
VISC VII for a dozen surgeons that included Steve Ryan in Los 
Angeles; Tom Aaberg in Milwaukee; Ron Michels at Wilmer; 
Klaus Heimann in Cologne, Germany; Peter Leaver at London’s 
Moorfi elds Eye Hospital; and others—all became my friends 
whom I called them the  vitrectomy musketeers . With the support 
of Dr. Norton, Dr. Machemer was able to organize courses to 

disseminate the technique of vitrectomy through the pars plana 
with its problems and how best to prevent them. Dr. Norton 
rejected the idea of charging for the instruments, as he believed 
these surgeons would provide important feedback and sugges-
tions for improvements of instrumentation, thus benefi ting 
patient care. Shortly after the presentation of the vitrectomy 
experience from Miami at the 1970 AAOO meeting [ 15 ], other 
investigators presented their own vitreous cutter design; among 
them were Dr. Peyman [ 16 ], Dr. Kloti [ 17 ], Dr. Nick Douvas 
[ 18 ,  19 ], and Dr. O’Malley [ 20 ], who produced the very popular 
guillotine- type cutter that became known as the  microvit , an 
instrument type that is still in use today being produced by sev-
eral companies under various names. 

 In 1973, Robert gave my drawings (Fig.  V.B.1-13 ) to 
Leonard Klein in Heidelberg, Germany, for the VISC VII to 

  Fig. V.B.1-12    VISC V and VI with RF diathermy capability and 
groove to accept tungsten halogen and xenon-arc fi beroptic endoillumi-
nation. The instrument was connectable to a modifi ed foot switch-con-

trolled RF generator for endodiathermy of bleeders. To prevent damage 
to surrounding tissues, the cutter was black Tefl on coated except at its 
very tip       
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be produced for all ophthalmologists. By then 3 years had 
passed and my student visa, already twice extended, was to 
expire. It was grand time for me to return to Australia to pay 
my dues to Professor Crock who had given me the opportu-
nity to be part of what became a historical change in ophthal-
mology, to which I had simply contributed modern 
technologies for the development of ophthalmic surgical 
instrumentation. But my return at MUDO didn’t stop my col-
laboration with BPEI. Professors Crock and Norton were not 
only colleagues, but very close friends and both had the same 
rule:  patient fi rst . I was thus given free reign to continue 
helping the Miami team in their quest to improve pars plana 

vitrectomy. During my 3 short years in Miami, I had become 
a BPEI alumnus, thanks to Dr. Norton’s mentoring and 
teachings. Owing to his endless generosity, I had been able 
to develop a second to none laboratory, something I sadly 
found Australia could not afford. Thus, I took the decision to 
emigrate again. The process took 1 year and by December 
1974, I was back at BPEI and by end of 1975, the VISC X 
was born. It would be my last. 

 The OBC grew and mechanical engineer David Denham 
and electronic engineers Ronald Lashley and Izuru Nose 
were hired to develop more complex apparatuses including 
an integrated OR systems for intraocular surgery [ 21 ]. 

  Fig. V.B.1-13    Design drawings of VISC VII ( a ), its endoillumination concept ( b ) and design ( c ) 

a 
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b

c

Fig. V.B.1-13 (continued)
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Dr. Machemer’s departure to become chair of the Department 
of Ophthalmology at Duke University didn’t stop our close 
collaboration. I made monthly trips to Durham to help 
develop the Duke Ophthalmic Biophysics Center at Duke 
University Eye Center eventually led by the bright and inven-
tive mechanical engineer Dyson Hickingbotham.  

   VI. Diversifi cation 

 My OBC team not only kept collaborating with Dr. Machemer 
and Mr. Higginbotham developing the membrane peeler cut-
ter (MPC) and transvitreal bipolar coagulator among other 

instruments [ 22 – 27 ], but expanded collaboration with many 
BPEI clinical faculty members. In 1976 Dr. George 
Blankenship sparked the production of endophotocoagula-
tion via fi beroptic initially connected to the Meyer- 
Schwickerath carbon arc photocoagulator, later to a small 
and portable xenon photocoagulator, which was used until 
argon lasers became widely available. Dr. Blankenship also 
took part in the conception of the rare-earth magnet [ 28 ] and 
the motorized infusion pole [ 29 ]. 

 Dr. John Clarkson helped develop  Le System  [ 30 ], a 
 modular console that with a single foot switch controlled 
infusion and suction, operated a motorized IV pole and 
intraocular probes for cryopexy, ultrasonic phacoemulsifi -

d

e

Fig. V.B.1-13 (continued) and the photograph of the instrument ( d ) built at Bascom Palmer Eye Institute. As each BPEI surgeon was responsible for 
the maintenance of his/her own instrument, the color of the injection molded plastic outer casing was individualized with the surgeon’s preference    ( e )           
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cation, and high-frequency bipolar diathermy. It also con-
tained power supplies for several automated microsurgical 
instruments including the plasma membrane cutter devel-
oped with Dr. Mark Blumenkranz. At that same time, a 
battery-powered vitrectomy system was developed for fi eld 
surgery [ 31 ], a pars plana phacoemulsifi er [ 32 ], a subretinal 
fl uid aspirator with Dr. Harry Flynn [ 33 ,  34 ], and an intra-
ocular pressure monitor, with Dr. Richard Parrish [ 35 ], that 
allowed to quantify and correct severe fl uctuations of intra-
ocular pressure occurring during vitrectomy. This allowed 
us to improve the function of the aspiration module in 
 Le System , which was clinically tested by Dr. Clarkson. 
Eventually the pressure monitoring system became a stan-
dard in all phacoemulsifi cation and vitrectomy control 
modules. 

 Although this armamentarium had become quite sophisti-
cated and surgical techniques had been refi ned, the cure of 
proliferative vitreo-retinopathy (PVR) remained largely elu-
sive. Dr. Machemer often spoke about this problem, which 
used to generate heated discussions at the Vail vitrectomy 
meetings of vitreoretinal surgeons which I religiously 
attended [see chapters   V.B.5    . Surgical management of retinal 
detachment with PVR;   V.B.6    . Retinectomy in recalcitrant 
retinal detachments]. Dr. Machemer proposed the intraocular 
administration of triamcinolone, while Drs. Blankenship and 
Blumenkranz suggested injections of 5-fl uorouracil (5-FU). 
Since both medications were retained in the vitreous for only 
short periods of time, the search for a controlled drug release 
implant began. With the help of polymer expert Frank Villain 
and Dr. Karl  Skip  Olsen, a metallic tack [ 36 ] was transformed 

  Fig. V.B.1-14    The Buettner vitreoendoscope 1970 concept based on fl exible fi beroptic bundles to image the vitreous and retina ( a ) 

a
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b

Fig. V.B.1-14 (continued) Illumination was produced by coaxial 
fi bers surrounding the optical bundle that was fused at both ends, and a 
beam splitter allowed for photographic documentation of vitreoretinal 
surgery for teaching purposes ( b ). In another confi guration, the endo-

scope’s imaging bundle was linked to the optical path of the operation 
microscope via a rotating mirror allowing surgeons to switch between 
normal and endoscopic views ( c )           
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Fig. V.B.1-14 (continued)

c
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into a biodegradable 5-FU implant [ 37 ,  38 ]. Although 
Dr. Scott Cousins demonstrated its effi cacy in an animal 
model [ 39 ], the device never reached clinical trials because 
the Food and Drug Administration (FDA) ruled that 5-FU 
was not approved for use in ophthalmologic procedures. A 
French company, Corneal SA, was approached, but they 
were not interested in a study on the effect of 5-FU upon 
PVR, as the incidence had begun to decrease by this time. 
Nonetheless, they decided to conduct a European collabora-
tive clinical trial on the effect of the 5-FU biodegradable 
implant in preventing scar tissue formation after trabeculec-
tomy surgery. 

 As vitrectomy had become a well-established procedure 
and vitrectomy instrumentation was produced and further 
developed by many companies in the United states and 
abroad, the main interest of the Ophthalmic Biophysics 
Center focused on new intraocular drug delivery methods, 
including Coulomb-controlled iontophoresis that allows 
noninvasive transfer of many drugs into the retina-choroid 
[ 40 ] with the hope that one of them will be useful against 
PVR and other retinal diseases. The staff of the Ophthalmic 
Biophysics Center has increased to a dozen scientists and 
engineers and as many undergraduate and graduate students, 
all focused on developing new ophthalmic technologies. The 
laboratories of the Ophthalmic Biophysics Center have qua-
drupled in size. We are still happily doing what my mentors 
Professors Fankhauser, Crock, and Norton have taught me: 
helping physicians improve patient care. What life has taught 
me is to believe in serendipity, a force that had great infl u-
ences on the adventure described above.

  Most discoveries even today are a combination of serendipity 
and of searching.

Siddhartha Mukherjee          
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    I. Introduction 

 Thirty-seven years have passed since Robert Machemer and 
Jean-Marie Parel (see chapter   V.B.1    . The History of 
Vitrectomy Instrumentation) developed a device and the 
technique for mechanized removal of vitreous from a closed 
eye. Over the past 37 years, vitrectomy has improved and is 
safer and more effi cient [ 1 ]. We routinely operate not only on 
eyes with severe disease like complicated retinal detach-
ment, penetrating ocular injury and diabetic retinopathy but 
also on eyes with less severe disease such as idiopathic pre-
retinal membrane and even vitreous fl oaters. Instead of wait-
ing until the vision declines to a low level, we are now 
operating on eyes before signifi cant vision loss. This refl ects 
the signifi cant improvement in effi ciency and safety of pars 
plana vitrectomy. Yet our understanding of the fundamental 
mechanisms of automated vitreous removal is incomplete. 
We must overcome this incomplete understanding if we are 
to achieve important breakthroughs in the design of vitreous 
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cutters. In this chapter, work is presented which was per-
formed in the Eye Concepts Laboratory at the Doheny Eye 
Institute on the mechanics of automated vitrectomy.  

    II. Measuring Vitreous Flow and Cut Rates 

    A. Water Versus Vitreous 

 The effi ciency of vitreous cutters has historically been evalu-
ated by measuring water fl ow rates. Concerned that this 
method of measurement was misleading, we developed tech-
niques to study vitreous fl ow rates. Vitreous cutters were sus-
pended in vials of porcine vitreous, and the weight of the 
vials was constantly measured as the cutter was operated. 
For one particular cutter, data from water fl ow rates sug-
gested a linear decrease of volume fl ow versus cut rate. 
However, the same cutter performing in vitreous demon-
strated a different curve (Figure  V.B.2-1 ). This convinced us 
that measuring vitreous fl ow rates rather than saline fl ow 
rates best assesses the effi ciency of cutters [ 2 ].

       B.  Vitreous Cutting Effi ciency and Duty 
Cycle 

 Studies in our “Eye Concepts Laboratory” showed that duty 
cycle is important in maximizing vitreous fl ow rate [ 3 ]. Duty 
cycle can be defi ned for vitreous cutters, as the ratio of the 

time the cutter port is open to the time it is closed. By per-
forming high-speed video analysis of the opening and closure 
of vitreous cutters, we confi rmed that electric cutters have a 
constant duty cycle and that spring return pneumatic cutters 
have a variable duty cycle (see Video  V.B.2-1 ). Electric cut-
ters use an electric motor to open and close the port. Pneumatic 
cutters rely on pulsed air to close the port and a return spring 
to open the port. As the cutting rate increases, the spring con-
stant behaves in a nonlinear fashion resulting in different duty 
cycles at different cut rates. At high cut rates, this can lead to 
the port being closed for most of the time and therefore dra-
matically affects the fl ow of vitreous (Figure  V.B.2-2 ). The 
ports of some fi rst-generation pneumatic cutters are com-
pletely closed at cutting rates of 2,400 cuts per minute.

    Can this detrimental effect on duty cycle of pneumatic 
vitrectomy at high cutting rates be overcome by 
engineering?  

 We evaluated a second-generation pneumatic spring return 
vitreous cutter engineered to maintain a high duty cycle at a 
high cutting rate. A lowered pneumatic pulse pressure is used 
to drive the cutter, and the pulse itself has been shaped. The 
cutter was designed to operate at 2,500 cuts per minute, a rate 
far higher than commercially cutters available at that time. We 
confi rmed not only the improved ability to move vitreous at 
higher cutting rates compared to fi rst- generation cutters, but a 
25-gauge version of this cutter was able to move more vitreous 
than some fi rst-generation 20-gauge cutters (Figure  V.B.2-3 ). 
Design improvements in duty cycle have been incorporated 
into all commercially available high-speed cutters [ 4 – 6 ].
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       C. Vitreous Flow Related to Cut Rate 

 Increasing the cutting rate is another way to increase vitrec-
tomy effi ciency. Experimental work in our lab illustrated 
the dramatic effect of increasing cutting rate on increasing 
effi ciency of cutting (Figure  V.B.2-4 ). This is explained by 
the ineffi ciency of vitreous cutting as revealed by high-
speed video analysis [ 7 ] (see Video  V.B.2-1 ). We added tri-
amcinolone acetonide or microspheres to porcine vitreous 

to enhance its visibility. We recorded the movement of vit-
reous at the tip of vitreous cutters using a high-speed cam-
era capable of capturing 700 frames per second. Using this 
camera, each cut of a cutter run at 1,500 cuts per minute 
could be captured with 28 frames (Figure  V.B.2-5 ). We 
observed that vitreous cutting is neither smooth nor effi -
cient, but in fact, is a discontinuous process. There are 
times when the cutter is activated and no vitreous is moving 
into the port. At other times, there is even reversal of fl ow. 
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There are varying velocities of vitreous fl ow through the 
aperture within a single cycle. On opening of a pneumatic 
cutter, there is a slow movement of vitreous into the port, 
and as the port opens wider, there is a faster movement of 
vitreous. The effect of increasing cutting rate is similar to 
the effect of increasing the number of swings when using a 
dull axe. A computational study of the fl ow through a vitre-
ous cutter by Juan et al. suggested that not only high duty 
cycle is important but that slow opening and closing transi-
tion also plays an important role in improving cutter effi -
ciency and minimizing disturbance around the port [ 8 ].

        III.  Traction Forces Transmitted 
to the Retinal Surface 

 A technique to quantify vitreous traction created by vitreous 
cutters during vitrectomy was developed [ 9 – 11 ]. Prior to 
this measuring, these traction forces had never been 
achieved. Vitreous cutters used with conventional parame-
ters have never induced retinal detachment by traction when 
near the attached retina. However, these traction forces 
become apparent when the cutter is near the detached retina. 
To fi nd out why, a porcine eye was processed to attach a 
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strain gauge to the retinal surface and place a vitreous cutter 
within the vitreous body in the following way:
•    The sclera was trephined 4 mm from the limbus of fresh 

porcine eyes.  
•   The cornea, iris and crystalline lens were removed “en bloc”.  
•   The eye was positioned in a specially developed holder so 

that the trephined area was located at the most inferior 
part of the globe.  

•   On the most superior point of the positioned globe (180° 
to the trephined area), a 1 × 1 cm area of eye wall consist-
ing of sclera, choroid and retina was removed using surgi-
cal scissors.  

•   The choroid and retina layer (exposed by scleral trephina-
tion) was then transfi xed with a 0.15 mm stainless steel 
wire and fi xed to the load cell of a strain gauge (Electroforce 
3011 machine, Bose Corporation ElectroForce Systems 
Group, Eden Prairie, MN) (Figure  V.B.2-6 ).

•      Vitrectomy cutters were introduced into the eye by a 
micromanipulator at a 45-° angle adjacent to the choroid 
and retinal layer.    
 We found that 20-, 23- and 25-gauge pneumatic cutters 

have a respective range of traction between 2.06 and 37.22, 
3.85 and 15.38 and 5.13 and 27.91 dyn. The 20- and 
25-gauge electric cutters have a respective range of traction 

  Figure V.B.2-5    Triamcinolone added to porcine vitreous enhances its 
visibility allowing high-speed video of vitreous movement around the 
cutting port       

  Figure V.B.2-6    A porcine eye is processed to allow the attachment of a strain gauge to the retina. The vitreous gel is left intact so the vitreous 
probe can enter it and be positioned at a set distance from the retina       
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of 3.60–41.78 and 5.28–27.91 dyn. These values are all 
under the threshold required to detach the retina as measured 
in previous models. Vitreoretinal traction increased by 3.14–
7.89 dyn for each 100 mmHg increase in vacuum. Traction 
forces decreased by 2.51–5.71 dyn for each 500 cpm increase 
in cut rate. Traction force was greater when the cutter was 
3 mm from the retina than when the cutter was 5 mm from 
the retina. While these fi ndings are rather intuitive, they have 
now been quantifi ed for the fi rst time. 

 Further    developments in vitrectomy instrumentation will 
be driven by both qualitative and quantitative techniques, 
examples of which have been presented in this chapter.       
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   I.  Introduction 

 Entering into its fi fth decade, vitrectomy continues to be an 
effective and safe solution for a myriad of vitreoretinal dis-
eases. As knowledge about vitreous and the vitreoretinal 
interface continues to expand, vitrectomy technology and 
techniques have responsively evolved. The most recent 
innovations have included refi nements of vitreous cutter 
and aspiration systems, improvements in illumination 
source and light delivery devices, and enhancements to 
intraoperative visualization systems. More excitingly, there 
are several emerging developments on the horizon, includ-
ing the integration of augmented reality technology, robotic 
vitreoretinal surgery, gene and stem cell-based therapies, 
retinal prostheses, and novel drug delivery methods. This 
fantastic process of evolution continues to improve the 
safety and effi cacy of vitrectomy, as well as expand its indi-
cations. As surgical outcomes continue to improve and 
complications are mitigated, new indications for vitrec-
tomy have developed. Limited vitrectomy that involves 
removal of fl oaters or early preretinal membranes along 
with the posterior vitreous cortex and sparing the anterior 
vitreous may become the standard of care for certain indi-
cations, thereby reducing post-vitrectomy cataract develop-
ment [see chapter   V.B.8    . Floaters and vision – current 
concepts and management paradigms]. With advanced 
imaging, such as spectral-domain OCT, we have identifi ed 
new pathologies like vitreo-macular adhesion, which has 
been shown to play a role in diabetic retinopathy (DR) and 
exudative AMD. “Preventive surgery” for AMD and DR 
may become acceptable to arrest disease process early on. 
Such preemptive surgery may help to reduce blinding com-
plications in their advanced stages. Application of pharma-
cologic vitreolysis before pars plana vitrectomy will 
encourage even more liberal use of vitrectomy for such 
“new indications” [see chapter   VI.A    . Pharmacologic 
vitreolysis].  

   II.  Improving Current Vitrectomy 
Technology 

 Since the inception of the pars plana approach to closed-
eye vitrectomy by Robert Machemer in 1971 [ 1 ], there has 
been continual refi nement of the practice of excising the 
vitreous in various disease states. Parel, Buettner, and 
Machemer’s original vitreous infusion suction cutter 
(VISC) has continued to serve as the foundation of modern 
pars plana vitrectomy [see chapter   V.B.1    . History of 
 vitrectomy instrumentation]. Today’s vitrectomy technol-
ogy is a product of evolution on almost all fronts, includ-
ing cutting, aspiration, illumination, visualization, and 
instrumentation. 

   A.  Improving the Vitrectomy Probe 

   1.  Size 
 A dramatic evolution in recent years has been a trend toward 
smaller-gauged cutters. Smaller-gauge instruments have 
gained popularity because they can be used transconjuncti-
vally, obviating the need to perform a peritomy and/or sutur-
ing closed the sclerotomies. They also reduce the degree of 
surgical trauma, operative time, recovery time, and patient 
discomfort [ 2 ]. Multiple commercial platforms have adopted 
23-, 25-, and 27-gauge vitrectomy systems and instruments 
[ 3 ,  4 ]. More recently, 29- and 30-gauge systems have been 
studied for pediatric vitreous surgery [ 5 ]. The concept of 
“smaller is better” does come with its own caveat, however. 
A smaller-gauged system is accompanied by increased resis-
tance to fl ow, according to Poiseuille’s law ( R  = 8 η l/ πr  4 ), and 
higher fl ow velocities, according to the continuity equation 
(Av = A’v’) [ 6 ]. Increasing the cut rate overcomes these 
effects to some extent, by cutting the same volume of vitre-
ous into smaller fragments that are less viscous and easier to 
aspirate and cause less surge [ 7 ]. Ultra high-speed cut rates 
can, however, limit the duty cycle, especially in the conven-
tional spring-return pneumatic cutters. The newer dual-line 
and reciprocating-rotary pneumatic cutters are more suited 
to such high cut rates and deliver a high-performance duty 
cycle with optimized vitreous fl ow rate [ 8 ]. The effects of 
further increases in cut rate (to the order of 10,000 cuts/min) 
are still being studied, and the added benefi t has not yet been 
quantifi ed. 

 With respect to the vitreous cutter, an internal lumen 
area that is smaller than the cutting port surface area is a 
futile design [ 4 ], because the rate of vitreous fl ow reaches a 
plateau as the port size approaches the internal lumen area 
[ 9 ]. This limitation can be addressed by increasing the 
internal lumen area by reducing the wall thickness [ 8 ] or by 
reducing the overall length of the instrument. The chal-
lenge is to achieve these modifi cations without increasing 
the tendency to bend or deform the vitreous cutter, which 
can be addressed with using alternative materials with more 
rigidity [ 10 ,  11 ]. 

 Adjusting the vitreous port size has also been explored 
over the last several decades. A large port allows higher vit-
reous fl ow, but can increase the risk of inadvertent retinal 
damage. A small port, on the other hand, can reduce these 
risks, but at the expense of increased surgical time [ 8 ]. 
Different surgical tasks demand different port functions [ 9 ]. 
Reduction in number of ports is becoming possible with 
changes in illumination mechanisms. Valved ports and self- 
sealing trocar systems that reduce wound leak, and vitreous 
incarceration will likely become more popular [ 5 ]. 
Pressurized infusion systems that can sense difference in 
infl ow and outfl ow rates will gain popularity for automatic 
infl ow adjustments [ 6 ,  7 ].  
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   2.  Cutting 
 The original VISC possessed electric motor-powered, non- 
disposable, rotating tubes with eccentric holes that would cut 
the vitreous as they spun [ 1 ]. This scheme was subject to 
wear with each surgical case, not to mention caused 
 considerable vitreous and retinal traction [ 12 ]. Today’s dis-
posable axial (guillotine-like) cutters provide sharper shear-
ing surfaces without the winding traction of rotary cutters. 
Additionally, the transition from electrodynamic actuators to 
the more effi cient pneumatic actuators resulted in a dramatic 
reduction in the weight and size of cutters [ 12 ]. 

 Going forward, customizing vitrectomy settings accord-
ing to the various surgical steps and locations may help in 
achieving the best surgical outcomes. Furthermore, we can 
also envision a cutter-based device that is able to determine 
the viscosity, elasticity, and vitreoretinal adherent forces 
within an eye in real time and automatically respond to that 
local environment with adjustments to cutter settings in order 
to optimize performance. Additionally, the impact of transi-
tional phases of a cutter during port opening and closing is 
critical in determining the fl ow dynamics [ 4 ]. Turbulence 
during cutting can be minimized by reducing the pressure 
waves created during the opening and closing phases of the 
guillotine by prolonging these transitions or by reducing the 
amplitude of guillotine while keeping the cut rate and duty 
cycles the same [ 8 ].  

   3.  Aspiration 
 Modern vitrectomy systems combine the peristaltic and 
Venturi pump aspiration mechanisms to form a “hybrid” that 
utilizes the best of both technologies [ 7 ]. The peristaltic 
pump allows the surgeon to control fl ow rate with automatic 
control of negative pressure, while the Venturi pump allows 
the surgeon to control negative pressure with automatic con-
trol of fl ow rate depending on the fl uid viscosity. The ideal 
system should produce smooth vitreous fl ow by minimizing 
traction, surge, and turbulence [ 8 ]. Peristaltic pump allows 
better control than the Venturi pump for less viscous media 
(air, gas, saline), but transition to more viscous media 
(peripheral vitreous) may be easier with the Venturi pump. In 
addition, the optimal aspiration fl ow rate is situation depen-
dent – for example, a higher fl ow is desirable during core 
vitrectomy with an attached retina and a lower fl ow during 
vitreous shaving near detached retina [ 8 ].   

   B.  Improving Intraoperative 
Visualization 

   1.  Wide-Angle Viewing 
 Visualization of the vitreous and retina has been a signifi cant 
optical challenge ever since the inception of pars plana vit-
rectomy. The original irrigating plano-concave contact lenses 

permitted a narrow 20-degree view of the fundus even with a 
widely dilated pupil [ 13 ]. Biconcave lenses and prismatic 
lenses were adopted next to widen the view; however the 
prismatic effect interfered with stereopsis. The development 
of wide-angle viewing systems comprised of an aspheric 
indirect lens and a prismatic stereo re-inverter revolutionized 
vitreoretinal surgery in that they provided 130° of dynamic, 
stereoscopic, and high-resolution visualization of the retina 
[ 14 ]. Furthermore, adequate visualization can be achieved 
even in complex clinical situations, such as miotic pupils, 
lenticular opacities, and in air-fi lled eyes [ 14 ]. Noncontact 
wide-angle viewing systems have also gained popularity 
because they do not require an assistant; however they are 
accompanied with a slightly lower image resolution and nar-
rower fi eld of view [ 15 ].  

   2.  Illumination 
 Illumination is just as important as resolution and fi eld of 
view when it comes to safety and effi cacy of vitrectomy. 
With regard to the illumination source, the challenge has 
always been to achieve the most effective lighting while min-
imizing phototoxicity and thermal damage. Current technol-
ogy has evolved from the use of incandescent lamps to 
fi ber-optic cables with high-intensity discharge lamps. More 
recently, we have begun to use lamps with shorter wave-
lengths, including metal halide lamps using mercury and 
argon (Millennium, Bausch & Lomb Inc., St. Louis, MO, 
USA; Oertli OS3 NovitreX 3000, Berneck, Switzerland) and 
high-pressure sodium lamps, using xenon, sodium, and mer-
cury. Future systems are likely to feature high-intensity dis-
charge (HID) lamps or semiconductor light-emitting diode 
(LED) lamps that produce a directed light with a narrow 
bandwidth of wavelength and are also longer lasting. 

 With the advent of small-gauge surgery, illumination require-
ments have changed. As the optical fi ber core radius decreases 
with small-gauge surgery, the spot radius results in reduction of 
the coupled power proportional to the ratio of squared radii, 
thereby reducing the coupling effi ciency. Future illumination 
systems are likely to use enhanced optical solutions, such as 
lens and refl ector designs, to better suit the demands of small-
gauge surgery. In addition to this new light source, a hands-free 
light allowing the second hand to be free for surgical maneuvers 
would be very appealing. Chandelier lights have become popu-
lar as they provide excellent panoramic illumination and free-
dom for bimanual surgery. Self-retaining 27-gauge chandelier 
illuminators are emerging in commercially available systems, 
making it easier to insert and remove during challenging cases 
[ 16 ]. There are, however, a few shortcomings with chandelier 
lights, such as suboptimal illumination of vitreous and retinal 
surface due to absence of focused illumination [ 17 ], as well as 
the potential of thermal damage from the chandelier tip after 
prolonged exposure to uveal tissue or blood [ 18 ]. Incorporating 
an illumination source into other vitrectomy instruments, such 
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as the infusion cannula or the vitreous probe, has also been 
explored as a means to achieving hands- free illumination. The 
use of more compact light sources, such as LED, may make this 
incorporation easier. Illuminated infusion chandeliers and endo-
illuminating vitreous cutters are already available with some 
25-gauge systems [ 19 ,  20 ]. 

 Finally, the latest advancement regarding illumination 
during vitrectomy is the use of chromatic contrast. This con-
cept is predicated on the fact that any particular tissue is best 
visualized if it is illuminated by a wavelength that is custom-
ized to its optical properties [ 21 ]. For instance, short wave-
lengths (490 nm) are most effective in highlighting 
premacular membranes in macular pucker, vitreoretinal trac-
tion, and macular edema; midrange wavelengths (585–
610 nm) for deep retinal abnormalities like a retinal 
detachment surrounding a macular hole [ 22 ]; and longer 
wavelengths (795–895 nm) for subretinal deposits, retinal 
pigment epithelium, Bruch’s membrane, and choroidal ves-
sels [ 23 ]. The advantages of customized wavelength-specifi c 
visualization of intravitreal, retinal, and subretinal tissues are 
just beginning to be realized. New systems such as the 
Stellaris PC (Bausch & Lomb Inc., St. Louis, MO, USA) 
have already begun offering fi lters that can be interposed by 
the surgeon to emit specifi ed wavelength of light [ 24 ].    

   III.  Future Vitreoretinal Surgery 
Approaches 

 Several new approaches are being explored to further 
improve the vitreoretinal surgeon’s ability to better manage 
vitreoretinal diseases. 

   A.  Augmented Reality 

 Augmented reality (AR) refers to the real-time viewing of 
one’s physical environment supplemented by computer- 
generated sound, video, tactile, or other sensory inputs. There 
are already numerous applications of AR to enhance real-life 
experiences, such as with sports, entertainment, advertising, 
marketing, and military training. In the healthcare sector, AR 
has been applied successfully in surgical fi elds such as urol-
ogy, cardiothoracic surgery, and surgical oncology, providing 
surgeons with live dynamic intraoperative visual guidance 
[ 25 – 27 ]. For example, laparoscopic liver surgery can be per-
formed with real-time instrument tracking on a three-dimen-
sional (3D) volumetric computed tomography map [ 25 ]. This 
has been applied to other surgical sites, including the heart, 
pancreas, adrenal glands, kidneys, and parathyroid glands, 
with the goals of reducing invasiveness while improving out-
comes [ 27 ,  28 ]. Vitreoretinal diseases present similar chal-
lenges to the above surgical subspecialties; however the 
fragile nature of the tissue and the cumbersome visualization 

can make the surgery particularly demanding. The maneuver-
ability and precision at a microscopic level could be enhanced 
by AR, and this potential has already been recognized and 
begun to be explored [ 29 ]. 

   1.  Supplementing Intraoperative 
Information 

 Currently, visualization through the surgical microscope is 
the only “live” input that the vitreoretinal surgeon receives 
intraoperatively. Additional intraoperative information that 
might be surgically relevant include 3D visualization, B-scan 
optical coherence tomography (OCT) at a desired site, reti-
nal thickness, vascular permeability, structural and func-
tional integrity of retina and vitreous, instrument location, 
and so on. Examples showing the use of intraoperative OCT 
to provide real-time retinal cross-sectional imaging and/or 
thickness mapping at specifi ed retinal sites are shown (see 
Videos  V.B.3-1  and  V.B.3-2 ). An intriguing enhancement to 
intraoperative visualization in vitreoretinal surgery would be 
one that integrates anatomical information from OCT, fl uo-
rescein angiography and/or indocyanine green angiography 
(see Video  V.B.3-3 ) and functional information from electro-
retinography with the surgical microscope. While many of 
these have been integrated for preoperative use in the clinic, 
most are unavailable in the operating room. The reason for 
interest in this real-time information is that any surgical 
maneuver can alter the anatomy and function of retinal tissue 
and, in turn, alter test results. Imaging data obtained days or 
weeks before the actual surgery may no longer be relevant. 
Relying on real-time testing data, on the other hand, would 
allow the surgeon to appreciate the dynamic state of the tis-
sue as it is being manipulated and allow him/her make appro-
priate reformulations of the surgical plan based on this 
feedback. Initial steps toward integration of imaging plat-
forms intraoperatively have already begun with an operating 
microscope-mounted OCT [ 30 ].  

   2.  Implementing Augmented Reality 
in Vitreoretinal Surgery 

 The challenge with AR for vitreoretinal surgery is to be able 
to organize and present the data to the surgeon in manner that 
is easy to interpret and react to, since information could 
potentially be coming from multiple sources. The video sig-
nal from the surgical microscope can capture live two- 
dimensional (2D) ( X  and  Y  axes) information, while the OCT 
and/or a scanning laser ophthalmoscope can provide addi-
tional depth ( Z  axis) information in order to generate volu-
metric mapping. This 3D topographic mapping can be 
compared to preoperative maps and also serve as reference 
for successive steps. In addition to advanced imaging, AR 
could provide information about instrument location with 
relation to the vital tissue (e.g., distance from retina). 

 The next advance in AR for vitreoretinal surgery would be 
an attempt to supplement this anatomic mapping with 

J.-P. Hubschman et al.



703

 functional information. For instance, exact sites of fl uores-
cein leakage could provide perfusion status, while electroreti-
nography can help differentiate tissue that is salvageable from 
that which is not salvageable. Reinforcement with such func-
tional data would allow the surgeon to adjust the surgical plan 
according to real-time information. Other functional data 
such as vitreous viscosity, elasticity, and traction during sur-
gical maneuvers can be determined with instrument modifi -
cations. Yet another challenge with this advanced modality of 
surgery is the dynamic nature of vitreoretinal surgery, which 
would demand instantaneous registration so that functional 
and anatomic data is exactly matched up with real space tis-
sue and instruments [ 28 ]. The interactive AR system could 
achieve 3D registration [ 31 ] by using anatomical landmarks, 
such as the optic disc, retinal vessels, arteriovenous crossings, 
other distinctive chorioretinal features, or even radio-opaque 
fi ducials (applied to the instrument or to the sclera) [ 28 ]. 
Many of these features exist only as theoretical possibilities 
and there are signifi cant obstacles, such as rapid data acquisi-
tion, computer processing, lag time, microscopic surgical 
space, and instrument/tissue interference, that will need to be 
addressed before these enhancements can become a reality.  

   3.  Presenting Augmented Inputs to 
the Vitreoretinal Surgeon 

 Let us fast-forward to the time when all of the aforementioned 
technologies are available; the next question would be how 
would the data be presented to the vitreoretinal surgeon? AR 

most commonly uses visual input to provide information to 
the operator. For example, surgeons refer to an image on a 2D 
(or coming soon 3D) video screen that is acquired by a hand-
held camera within the surgical space. The vitreoretinal sur-
geon, however, requires microscopic binocular visualization 
in order to perform skilled maneuvers, such as membrane 
peeling. Thus, we are faced with the challenge of preserving 
the customary view through the microscope while supple-
menting it with the aforementioned augmented information. 
Potential solutions to this obstacle include video- based dis-
play, see-through display, and projection-based display 
(Figure  V.B.3-1 ) [ 28 ]. However, the vitreoretinal scenario is 
complicated because superimposition of 3D augmented 
information onto a 3D surgical fi eld can be very confusing for 
the surgeon. An alternative would be switching back and 
forth (by the surgeon) between separate “real” and “virtual” 
modes, or depending on a computer to augment choice ana-
tomic and pathologic features, while masking other irrelevant 
details. Other informative pieces of data, such as the OCT 
thickness of the retina underneath the instrument or vitreous 
characteristics, could be displayed within a small window 
positioned adjacent to the area of interest.

      Additionally, nonvisual feedbacks can also be explored to 
render AR, for example, instrument-to-instrument and 
instrument- to-tissue proximity via sound, fl ickering lights, 
or haptic feedback to the surgeon. The optimum vitrectomy 
settings may be announced periodically and could even be 
directly modifi ed in an integrated fashion. 

  Figure V.B.3-1    Augmented reality in vitreoretinal surgery. Augmented reality can be provided to the vitreoretinal surgeon using video-based 
display, microscope-integrated see-through display, ophthalmoscope or goggles-integrated see-through display, or projection-based display       
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 To put all of these possibilities together, let us consider 
what a standard vitrectomy with membrane peel for macular 
pucker might be like with the benefi ts of augmented reality:

  The surgeon performs the vitrectomy, during which time 
 vitrectomy settings and rheological characteristics of the  vitreous 
(acquired from modifi ed vitrector or light pipe) are reported to 
him within a window and/or via auditory prompts. While induc-
ing a posterior vitreous detachment, a real-time OCT overlay is 
displayed at the bottom of the screen that allows him to visualize 
his instrument tip as well as the posterior vitreous cortex as it is 
lifted off the retina. Finally, during the membrane peel, instru-
ment location and membrane features are displayed via OCT 
overlay, and the surgeon is notifi ed of undue retinal damage via 
an auditory stimulus and/or fl ashing light. At the end of the case, 
the surgeon can evaluate function with ERG and/or anatomy with 
OCT and fl uorescein angiogram.   

 Foreseeable challenges with AR rendering include type of 
information to present/hide, difference between virtual and 
real size, blocking of surgical view from augmented infor-
mation, and surgeon learning curve. Despite these chal-
lenges, real-time feedback from such AR technology will be 
a boon to the vitreoretinal surgeon and could improve surgi-
cal and functional outcomes.   

   B.  Future Surgical Strategies 

   1.  Internal Tamponades 
 Retinal detachment continues to be a common condition and 
is a leading cause of visual defi cit and morbidity in a vitreo-
retinal practice. Currently used gas and oil tamponade agents 
are imperfect because they are accompanied by postopera-
tive positioning and mobility restrictions, delayed visual 
recovery, and cataract formation. The search for better tam-
ponade agents led to the development of perfl uorocarbon 
liquid (e.g., perfl uoro-n-octane) although it has only been 
determined to be safe for short-term use [ 32 ]. Novel mix-
tures (heavy and light silicone oil, ether and silicone oil), 
suspensions (aspirin in silicone oil), and fl uorinated ethers 
(decafl uoro-di- n -pentylether) are being studied as new tam-
ponade agents [ 33 – 35 ]. One group has investigated an infl at-
able foldable devices that can be fi lled with silicone oil or 
polyethylene glycol sol after implantation in the vitreous 
cavity [ 36 ], while another has developed an  in-situ -formed 
cross-linked hydrogel composed of a biopolymer framework 
of polyvinyl alcohol, polyethylene glycol, or hyaluronic acid 
[ 35 – 38 ]. These innovations are designed to overcome the 
shortcomings of conventional gas and oil, although they still 
require extensive  in vivo  testing. 

 One revolutionary concept is to entirely remove the need 
for a tamponade agent and thus obviate the accumulation of 
proinfl ammatory cells and cytokines in a restricted menis-
cus close to the retina. The use of an adhesive biopolymeric 
hydrogel can function as a temporary retinal “patch” to 

secure the retina in without the need of a tamponade agent, 
while conventional retinopexy (cryo or laser) develops into 
permanent scars. Gelatin-microbial transglutaminase com-
plex has been shown to seal retinal tears and achieve retinal 
reattachment in rabbit eyes [ 39 ]. Such biopolymers could 
also serve as drug delivery mechanisms of anti-infl amma-
tory drugs and thereby further reduce the risk of PVR. 
Another strategy would be to utilize magnetic forces to 
secure retinal breaks by strategically placing scleral mag-
nets in conjunction with a silicone cobalt nanoparticle-
bearing magnetic fl uid or a ferrofl uid within the vitreous 
cavity [ 40 ].  

   2.  Femtosecond Laser Surgery 
 With increasing application to anterior segment  procedures 
[ 41 ,  42 ], femtosecond lasers have gained increasing 
 popularity—and we can envision that their precision, 
 intricacy, and predictability would be applied to vitreoreti-
nal surgery. For example, vitreo-macular adhesion and 
traction could be treated outside the operating room by 
creating customized incisions at tethered sites of strong 
vitreoretinal adhesion using the laser. Furthermore, femto-
second laser could be also be utilized intraoperatively in 
order to dissect and delaminate fi brotic tissue that is intri-
cately adherent to the retina. It may even be possible to 
integrate the femtosecond laser with the abovementioned 
AR systems, which would provide 3D localization in order 
to achieve precise delivery. There are, however, many 
obstacles to the use of the femtosecond laser in the poste-
rior segment, including intraoperative changes in tissue 
properties and relationships compared to preoperative 
measurements and potential collateral retinal toxicity. 
Until these issues are addressed, vitreoretinal surgery 
using femtosecond laser appears premature.  

   3.  Robotic Vitreoretinal Surgery 
 Yet another adjuvant to vitreoretinal surgery that is likely to 
make strides in the near future is the introduction of robotic 
assistance. Robotic surgery can reduce invasiveness and mini-
mize iatrogenic complications by either assisting the surgeon 
[ 43 ] or potentially independently performing automated sur-
gery. A master-slave robotic system (Figures  V.B.3-2  and 
 V.B.3-3 ) has successfully been applied to various surgical 
maneuvers, including retinal vessel cannulation and injection, 
posterior vitreous detachment, and retinal vessel sheathotomy 
in a porcine animal model [ 44 ]. Recently, an intraocular 
robotic interventional system [ 45 ] has been prototyped to 
function in concert with the already existing da Vinci Surgical 
System (Intuitive Surgical, Inc., Sunnyvale, CA, USA). 
Delicate tissue manipulation with micrometer precision is 
facilitated with a surgical hook that has been outfi tted with a 
microsensor, which can actively monitor membrane peeling 
forces and tremor and prevent inadvertent trauma [ 46 ].
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       4.  Retinal Prosthesis 
 Bioelectrical retinal prostheses have been implanted in pre-
retinal (for direct ganglion cell stimulation by the prosthe-
sis), subretinal (for stimulation of bipolar or middle retinal 
cells by the prosthesis), and suprachoroidal (for transcho-
roidal retinal stimulation) locations [ 47 – 49 ]. The Argus II 
preretinal implant (Figure  V.B.3-4 ) is approved for surgical 
implantation in the USA and Europe. Its implantation 
involves suturing of an electronic stimulator and antenna to 
the sclera using an encircling silicone band, pars plana vit-
rectomy, and preretinal placement of the microelectrode 
array via a sclerotomy [ 47 ]. More recently, the Alpha IMS 
subretinal implant (Figure  V.B.3-5 ) has also received 
approval for clinical use. It consists of a microchip placed 
in the subretinal space, and the photodiodes receive light 
and convert it to electrical impulses later transmitted to the 
optic nerve. A transmitter coil that is sutured subcutane-
ously behind the ear powers it [ 50 ]. Although currently 
indicated for patients with visual loss from retinitis pig-
mentosa (RP), retinal prostheses may soon be applied to 
other RP-like retinal degenerations and AMD. Its advan-
tages include improved visual acuity, ability to read letters 
and words, assistance in mobility, and stable long-term 
functional vision in patients with profound visual loss and 
blindness [ 48 ].

        C.  Future Pharmacotherapies 

   1.  New Drug Delivery Systems 
 Intraocular drug delivery via placement of intravitreal 
implants/devices, colloidal fl uids, or other noninvasive tech-
niques is a fast-developing area [ 51 ]. Emerging intravitreal 
medications include ciliary, brain, and glial-derived neuro-
trophic factors, angiostatin, endostatin, pigment epithelium- 
derived factors, integrin antagonists, complement inhibitors, 
and interleukins [ 52 ]. Drug delivery via biodegradable poly-
meric implants, microspheres, nanoparticles, and thermo-
plastic polymers has reached various stages of development 
[see chapter   IV.E    . Principles and practice of intravitreal 
application of drugs]. The ideal delivery mechanism would 
be one with low immunogenic potential that can cross-link to 
produce a fl exible “mucoadhesive” 3D hydrogel [ 51 ]. These 
“intelligent hydrogels” could be used to switch on or off drug 
release via a nanochannel or micropump designs [ 53 ]. Other 
modifi cations to the actual drug can further enhance our abil-
ities to control precise intravitreal delivery. For example, 
specifi c antigen/antibody ligands (endoglin, integrins, 
E-selectin, CCR3) fabricated onto the drug can promote drug 
movement toward the target. A drug tagged with a magnetic 
intraocular insert can be steered by electromagnetic control 
to reach the target [ 54 ,  55 ]. Colloidal intravitreal 

  Figure V.B.3-2    Robotic vitreoretinal surgery setup. A robot-assisted 
vitreoretinal surgery setup shows how the surgeon will visualize the 
surgical scene using three-dimensional (3D) glasses and 3D display 
captured by the microscope and relayed after real-time computer pro-

cessing. The surgeon will use the master manipulator for performing 
surgical maneuvers that will then be reproduced in the patient via the 
slave manipulator with robust processing by the computer and the drive 
electronics       
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 microspheres/nanoparticles may eliminate the need for 
 multiple injections [ 51 ,  52 ,  56 ]. Antimetabolite drugs may 
possibly be delivered as microcapsules/nanocapsules as an 
adjunct during surgery [ 57 ]. 

 Nanomaterials are promising drug delivery methods and 
it can be explored as an antiangiogenic platform on many 
fronts: (1) encapsulation of drugs inside nanoparticles for 
slow release after intravitreal injection; (2) encapsulation of 
plasmids that express antiangiogenic proteins inside nanopar-
ticles for expression in the RPE after intravitreal administra-
tion; (3) encapsulation of RNA (short hairpin RNA or small 
interfering RNA) inhibiting neovascularization or DNA cod-
ing for an antiangiogenic protein inside nanoparticles; (4) 
nanoparticles like nanoceria, silver, gold, and silicate that 
demonstrate antiangiogenic properties from scavenging 
reactive oxygen species or suppressing vascular prolifera-
tion; and (5) fabrication into “functionalized nanoparticles” 
with specifi c surface ligands for targeted delivery [ 51 ,  58 ]. 

To date, its applications include prolonged ciliary 
 neurotrophic factor delivery with encapsulated cell technol-
ogy [ 52 ], dexamethasone delivery using cyclodextrins, vaso-
active intestinal peptide delivery with pegylated liposomes, 
ganciclovir delivery with albumin nanoparticles, and tacroli-
mus delivery with reverse-phase evaporation vesicles [ 59 ]. 
Undoubtedly, this list will continue to grow as our under-
standing of nanotechnology evolves. 

 Other drug delivery developments on the horizon include 
sharp self-inserting delivery system that is able to make its 
own incision and insert itself; a multidrug delivery system 
that uses two or more co-assemblies for dispensing different 
drugs; and pulsatile release technology that responds to inter-
nal stimuli such as temperature, pH, pressure, and chemical 
changes or external stimuli such as light (laser), electric fi eld, 
magnetic fi eld [ 53 ,  56 ,  60 ]. Noninvasive methods of drug or 
gene delivery using trans-scleral iontophoresis have also been 
theorized as a potential delivery mechanism [ 59 ].  

  Figure V.B.3-3    A prototype for robotic vitreoretinal surgery. The 
robotic arms can be designed as shown in order to produce surgical 
maneuvers using standard vitrectomy ports after stabilization of 

patient’s head and registration of anatomical landmarks. Extensive 
engineering feedback controls are important for accurate spatial local-
ization and error minimization       
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   2.  Gene Therapy and Stem Cell-Based 
Therapies 

 Vitrectomy has recently become the vehicle for two exciting 
developments in the fi eld of regenerative medicine: gene and 
stem cell therapy. The gene encoding a protein with isomero-
hydrolase activity has been successfully replaced by intro-
ducing it with an adeno-associated viral (AAV) vector into 
the subretinal space in patients with RPE-65-associated 
Leber’s congenital amaurosis, thus representing the fi rst suc-
cessful gene replacement experiment in humans [ 61 ]. Other 
gene therapy candidates include Leber’s hereditary optic 
neuropathy [ 62 ], retinitis pigmentosa [ 63 ], and age-related 
macular degeneration (AMD) [ 64 ]. In addition to replacing 
defective genes, this type of therapy may enable us to modify 

other proteins in order to slow photoreceptor degeneration 
and promote cone outer segment regeneration and outer 
nuclear layer preservation [ 52 ,  65 ]. Moreover, genes express-
ing VEGF inhibitor proteins for sustained therapeutic activ-
ity could be utilized as to create an “ocular biofactory” [ 64 ]. 
Gene delivery has also been accomplished by nonviral meth-
ods, such as encapsulated nanoparticles, magnetic cationic 
liposomes, subconjunctival injection of naked DNA plas-
mids, and electrical transfer of naked DNA into retinal cells 
[ 52 ,  59 ,  66 ]. Tools like small interfering RNA and zinc fi nger 
nucleases may become a common part of therapeutics in the 
future [ 65 ]. Modulation of gene expression in transfected 
RPE cells via antibiotics, hormones, Tet-on-Tet-off, or selec-
tive laser application may also be possible [ 67 ]. 

a b

dc

  Figure V.B.3-4    Argus II retinal prosthesis. The Argus II Retinal 
Prosthesis System (Second Sight Medical Products Inc., Sylmar, CA, 
USA) is an epiretinal prosthesis that is currently approved for clinical 
use in the USA and Europe for retinitis pigmentosa. The system con-
sists of intraocular and extraocular components. ( a ) The glasses with a 
mounted camera acquires the scene that is then processed by a video 

processing unit ( b ) and transmitted wirelessly from the glasses coil to 
the receiver antenna, which is then transmitted to the electrode array ( c ) 
thereby stimulating retinal cells. The fundus photograph ( d ) shows the 
electrode array implanted anterior to the retina (Courtesy: Second Sight 
Medical Products Inc.)       
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 Since degeneration and loss of outer retinal cells 
 commonly precede that of inner retina, stem cells can poten-
tially replace photoreceptors, reestablish synaptic connec-
tions, and ultimately restore vision [ 68 ]. Ongoing clinical 
trials using human embryonic stem cell-derived RPE 
(Figure  V.B.3- 6  ) in patients with Stargardt’s macular dystro-
phy and dry AMD have shown encouraging results [ 69 ]. 
Such therapy has been well tolerated with an adequate dif-
ferentiation into RPE and a modest visual recovery in 
patients [ 69 ]. Results from subretinal implantation of human 
induced pluripotent stem cells, neural progenitor cells, reti-
nal progenitor cells, and homologous RPE cells in animal 
models are also promising. However, clinical application is 
challenging due to imperfect stem cell delivery techniques 
resulting in incorrect orientation, shortened survival, and 
failure of integration [ 68 ]. Potential solutions include the use 
of scaffolds instead of suspensions, hydrogel encapsulated 
ultrathin RPE carrier, and focused magnetic stem cell 
 delivery [ 70 ,  71 ].

a b

d

c

e

  Figure V.B.3-5    Alpha    IMS retinal prosthesis. The Alpha IMS (Retina 
Implant AG, Reutlingen, Germany) is a subretinal prosthesis that is cur-
rently approved for clinical use in Europe for retinitis pigmentosa. The 
system consists of a microchip ( a ) that is implanted in the subretinal 
space of the macula. It is connected via an orbital approach to the trans-
mitter (secondary) coil that is implanted subcutaneously in the retroau-

ricular location. The external power supply is connected to a primary 
coil ( b ), which is held close to the secondary coil ( c ) for electromag-
netic induction and charging the microchip ( d ). The fundus photograph 
( e ) shows microchip implanted in the subretinal space (Courtesy: 
Retina Implant AG)       

  Abbreviations 

  3D    Three dimensional   
  AAV    Adeno-associated virus   
  AMD    Age-related macular degeneration   
  AR    Augmented reality   
  DNA    Deoxyribonucleic acid   
  DR    Diabetic retinopathy   
  HESC    Human embryonic stem cell   
  HID    High-intensity discharge   
  LED    Light-emitting diode   
  nm    Nanometer   
  OCT    Optical coherence tomography   
  PVR    Proliferative vitreo-retinopathy   
  RNA    Ribonucleic acid   
  RPE    Retinal pigment epithelium   
  VEGF    Vascular endothelial growth factor   
  VISC    Vitreous infusion suction cutter    
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a

b

c

  Figure V.B.3-6    Stem cell therapy for retinal diseases. The fi rst step in 
the application of stem cell therapy for retinal diseases involves a single 
cell biopsy ( a ) to derive a single cell from a human embryo, without 
destroying the embryo. The embryonic cell is cultured to produce a 
human embryonic stem cell (HESC) culture ( b ). This is followed by 
differentiation of stem cells into a sheet of human retinal pigment epi-
thelial (RPE) cells, seen as a pigmented monolayer with cobblestone 
morphology ( c ). Such HESC-derived RPE is then transplanted via a 
subretinal injection in a selected macular location (Courtesy: Advanced 
Cell Technology Inc.)       

 

V.B.3. The Future of Vitrectomy



710

             References 

           1.    Machemer R, Buettner H, Norton EW, Parel JM. Vitrectomy: a pars 
plana approach. Trans Am Acad Ophthalmol Otolaryngol. 
1971;75(4):813–20.  

    2.    Recchia FM, Scott IU, Brown GC, Brown MM, Ho AC, Ip MS. 
Small-gauge pars plana vitrectomy: a report by the American 
Academy of Ophthalmology. Ophthalmology. 2010;117(9):1851–
7. Elsevier Inc.  

    3.    Oshima Y, Wakabayashi T, Sato T, Ohji M, Tano Y. A 27-gauge 
instrument system for transconjunctival sutureless microincision 
vitrectomy surgery. Ophthalmology. 2010;117(1):93–102. Elsevier 
Inc.  

      4.    Hubschman J-P, Bourges J-L, Tsui I, Reddy S, Yu F, Schwartz SD. 
Effect of cutting phases on fl ow rate in 20-, 23-, and 25-gauge vitre-
ous cutters. Retina. 2009;29(9):1289–93.  

     5.       Binder S, Wimpissinger B, Kellner L. Current clinical data and 
future (for small-gauge vitreoretinal surgery). In: Rizzo S, Patelli F, 
Chow DR, editors. Vitreo-retinal surgery. Berlin/Heidelberg: 
Springer; 2009. p. 213–22.  

     6.    Magalhães O, Maia M, Maia A, Penha F, Dib E, Farah ME, et al. 
Fluid dynamics in three 25-gauge vitrectomy systems: principles for 
use in vitreoretinal surgery. Acta Ophthalmol. 2008;86(2):156–9.  

      7.    Magalhães O, Maia M, Rodrigues EB, Machado L, Costa EF, Maia 
A, et al. Perspective on fl uid and solid dynamics in different pars 
plana vitrectomy systems. Am J Ophthalmol. 2011;151(3):401–5.
e1. Elsevier Inc.  

         8.    Steel DHW, Charles S. Vitrectomy fl uidics. Ophthalmologica. 
2011;226 Suppl 1:27–35.  

     9.    DeBoer C, Fang S, Lima LH, McCormick M, Bhadri P, Kerns R, 
et al. Port geometry and its infl uence on vitrectomy. Retina. 
2008;28(8):1061–7.  

    10.    Barnes AC, Deboer CM, Bhadri PR, Magalhaes Jr O, Kerns RM, 
Mccormick MT, et al. 25-gauge instrumentation: engineering chal-
lenges and tradeoffs. In: Rizzo S, Patelli F, Chow DR, editors. 
Vitreo-retinal surgery. Berlin/Heidelberg: Springer; 2009. p. 9–29.  

    11.       Chen C-J, Satofuka S, Inoue M, Ishida S, Shinoda K, Tsubota K. 
Suprachoroidal hemorrhage caused by breakage of a 25-gauge 
 cannula. Ophthalmic Surg Lasers Imaging. 2008;39(4):323–4.  

     12.    Charles S. An engineering approach to vitreoretinal surgery. Retina. 
2004;24(3):435–44.  

    13.    Tolentino FI, Freeman HM. A new lens for closed pars plana vitrec-
tomy. Arch Ophthalmol. 1979;97(11):2197–8.  

     14.    Chalam KV, Shah VA. Optics of wide-angle panoramic viewing sys-
tem-assisted vitreous surgery. Surv Ophthalmol. 2004;49(4):437–45.  

    15.    Spitznas M. A binocular indirect ophthalmomicroscope (BIOM) 
for non-contact wide-angle vitreous surgery. Graefes Arch Clin 
Exp Ophthalmol. 1987;225(1):13–5.  

    16.    Oshima Y, Chow DR, Awh CC, Sakaguchi H, Tano Y. Novel mer-
cury vapor illuminator combined with a 27/29-gauge chandelier 
light fi ber for vitreous surgery. Retina. 2008;28(1):171–3.  

    17.    Ohji M, Huang S, Kaiser P, Tornambe P, Gotzaridis S. Pearls from 
experts. In: Rizzo S, Patelli F, Chow DR, editors. Vitreo-retinal sur-
gery. Berlin/Heidelberg: Springer; 2009. p. 223–30.  

    18.    Mathias M, Ernst BJ, Pichi F, Torrazza C, Ciardella A, Oliver SCN. 
Thermal deformation of chandelier endoillumination probes 
exposed to uveal tissue and blood. Retina. 2012;32(4):773–5.  

    19.   Synergetics. Illuminated infusion chandeliers [Internet]. Available 
from:   http://synergeticsusa.com/products/standard/illumination    .  

    20.    Chalam KV, Shah GY, Agarwal S, Gupta SK. Illuminated curved 
25-gauge vitrectomy probe for removal of subsclerotomy vitreous 
in vitreoretinal surgery. Indian J Ophthalmol. 2008;56(4):331–4.  

    21.    Oliveira TB, Trevelin LC, Moreira FMA, Bagnato VS, Schor P, de 
Carvalho LAV. Development and preliminary results of a chromatic 
illumination system for indirect ophthalmoscopes. Arq Bras 
Oftalmol. 2009;72(2):146–51.  

    22.    Ortiz RG, Lopez PF, Lambert HM, Sternberg P, Aaberg TM. 
Examination of macular vitreoretinal interface disorders with 
monochromatic photography. Am J Ophthalmol. 1992;113(3):
243–7.  

    23.    Elsner AE, Burns SA, Weiter JJ, Delori FC. Infrared imaging of 
sub-retinal structures in the human ocular fundus. Vision Res. 
1996;36(1):191–205.  

    24.   Stellaris PC. Brochure – Bausch + Lomb [Internet]. Available from: 
  www.bausch.com/en/…/Stellaris-PC-ECP-Brochure.ashx    .  

     25.    Shekhar R, Dandekar O, Bhat V, Philip M, Lei P, Godinez C, et al. 
Live augmented reality: a new visualization method for laparo-
scopic surgery using continuous volumetric computed tomography. 
Surg Endosc. 2010;24(8):1976–85.  

   26.    Nakamoto M, Ukimura O, Faber K, Gill IS. Current progress on 
augmented reality visualization in endoscopic surgery. Curr Opin 
Urol. 2012;22(2):121–6.  

     27.    Chu MWA, Moore J, Peters T, Bainbridge D, McCarty D, Guiraudon 
GM, et al. Augmented reality image guidance improves navigation 
for beating heart mitral valve repair. Innovations (Phila). 
2012;7(4):274–81.  

       28.    Nicolau S, Soler L, Mutter D, Marescaux J. Augmented reality in 
laparoscopic surgical oncology. Surg Oncol. 2011;20(3):189–201. 
Elsevier Ltd.  

    29.   Greenberg K. Vantage Surgical Systems Joins Total Immersion’s 
North America Partner Network, Seeks to Deploy Augmented 
Reality in Live Surgery [Internet]. Reuters. 2010 [cited 4 Apr 
2013]. Available from:   http://www.reuters.com/article/2010/11/30/
idUS106815+30-Nov-2010+BW20101130    .  

    30.    Ehlers JP, Tao YK, Farsiu S, Maldonado R, Izatt JA, Toth CA. 
Integration of a spectral domain optical coherence tomography sys-
tem into a surgical microscope for intraoperative imaging. Invest 
Ophthalmol Vis Sci. 2011;52(6):3153–9.  

    31.    Rohlfi ng T, Denzler J, Grässl C, Russakoff DB, Maurer CR. 
Markerless real-time 3-D target region tracking by motion backpro-
jection from projection images. IEEE Trans Med Imaging. 
2005;24(11):1455–68.  

    32.    Rush R, Sheth S, Surka S, Ho I, Gregory-Roberts J. Postoperative 
perfl uoro-N-octane tamponade for primary retinal detachment 
repair. Retina. 2012;32(6):1114–20.  

    33.    Santos RAV, Keegan DJ, Fuchs BS, Song BJ, Avila MP, Simpson 
N, et al. DFPE, partially fl uorinated ether: a novel approach for 
experimental intravitreal tamponade. Retina. 2013;33(1):120–7.  

   34.    Romano MR, Zenoni S, Arpa P, Mariotti C. Mixture of ether and 
silicone oil for the treatment of inferior complicated retinal detach-
ment. Eur J Immunol. 2013;43(3):230–5.  

     35.    Kralinger MT, Stolba U, Velikay M, Egger S, Binder S, Wedrich A, 
et al. Safety and feasibility of a novel intravitreal tamponade using 
a silicone oil/acetyl-salicylic acid suspension for proliferative vit-
reoretinopathy: fi rst results of the Austrian Clinical Multicenter 
Study. Graefes Arch Clin Exp Ophthalmol. 2010;248(8):1193–8.  

     36.    Chen H, Feng S, Liu Y, Huang Z, Sun X, Zhou L, et al. Functional 
evaluation of a novel vitreous substitute using polyethylene glycol 
sols injected into a foldable capsular vitreous body. J Biomed Mater 
Res A. 2013;28:1–10.  

   37.    Tao Y, Tong X, Zhang Y, Lai J, Huang Y, Jiang Y-R, et al. Evaluation 
of an in situ chemically crosslinked hydrogel as a long-term vitre-
ous substitute material. Acta Biomater. 2013;9(2):5022–30. Acta 
Materialia Inc.  

   38.    Schramm C, Spitzer MS, Henke-Fahle S, Steinmetz G, 
Januschowski K, Heiduschka P, et al. The cross-linked biopolymer 
hyaluronic acid as an artifi cial vitreous substitute. Invest Ophthalmol 
Vis Sci. 2012;53(2):613–21.  

    39.    Yamamoto S, Hirata A, Ishikawa S, Ohta K, Nakamura K-I, 
Okinami S. Feasibility of using gelatin-microbial transglutaminase 
complex to repair experimental retinal detachment in rabbit eyes. 
Graefes Arch Clin Exp Ophthalmol. 2013;3:1109–14.  

J.-P. Hubschman et al.

http://www.reuters.com/article/2010/11/30/idUS106815+30-Nov-2010+BW20101130
http://www.reuters.com/article/2010/11/30/idUS106815+30-Nov-2010+BW20101130
http://www.bausch.com/en/�/Stellaris-PC-ECP-Brochure.ashx
http://synergeticsusa.com/products/standard/illumination


711

    40.    Holligan DL, Gillies GT, Dailey JP. Magnetic guidance of ferrofl u-
idic nanoparticles in an in vitro model of intraocular retinal repair. 
Nanotechnology. 2003;14(6):661–6.  

    41.    Farid M, Steinert RF. Femtosecond laser-assisted corneal surgery. 
Curr Opin Ophthalmol. 2010;21(4):288–92.  

    42.    Abell RG, Kerr NM, Vote BJ. Toward zero effective phacoemulsifi -
cation time using femtosecond laser pretreatment. Ophthalmology. 
2013;25:1–7.  

    43.    Nakano T, Sugita N, Ueta T, Tamaki Y, Mitsuishi M. A parallel 
robot to assist vitreoretinal surgery. Int J Comput Assist Radiol 
Surg. 2009;4(6):517–26.  

    44.    Ueta T, Yamaguchi Y, Shirakawa Y, Nakano T, Ideta R, Noda Y, et al. 
Robot-assisted vitreoretinal surgery: development of a prototype and fea-
sibility studies in an animal model. Ophthalmology. 2009;116(8):1538–
43, 1543.e1–2. American Academy of Ophthalmology.  

    45.       Rahimy E, Wilson J, Tsao T-C, Schwartz S, Hubschman J-P. Robot- 
assisted intraocular surgery: development of the IRISS and feasibil-
ity studies in an animal model. Eye (Lond). 2013;27(8):972–8.  

    46.    Gonenc B, Balicki MA, Handa J, Gehlbach P, Riviere CN, Taylor 
RH, et al. Evaluation of a micro-force sensing handheld robot for 
vitreoretinal surgery. Rep U S. 2012;2012:4125–30.  

     47.    Humayun MS, Dorn JD, da Cruz L, Dagnelie G, Sahel J-A, Stanga 
PE, et al. Interim results from the international trial of Second 
Sight’s visual prosthesis. Ophthalmology. 2012;119(4):779–88.  

    48.    Da Cruz L, Coley BF, Dorn J, Merlini F, Filley E, Christopher P, 
et al. The Argus II epiretinal prosthesis system allows letter and 
word reading and long-term function in patients with profound 
vision loss. Br J Ophthalmol. 2013;20:1–5.  

    49.    Fernandes RAB, Diniz B, Ribeiro R, Humayun M. Artifi cial vision 
through neuronal stimulation. Neurosci Lett. 2012;519(2):122–8. 
Elsevier Ireland Ltd.  

    50.   Facts about alpha IMS retina implant [Internet]. Available from: 
  http://retina-implant.de/en/default.aspx    .  

       51.    Achouri D, Alhanout K, Piccerelle P, Andrieu V. Recent advances in 
ocular drug delivery. Drug Dev Ind Pharm. 2013;39(11):1599–617.  

        52.    El Sanharawi M, Kowalczuk L, Touchard E, Omri S, de Kozak Y, 
Behar-Cohen F. Protein delivery for retinal diseases: from basic 
considerations to clinical applications. Prog Retin Eye Res. 
2010;29(6):443–65. Elsevier Ltd.  

     53.    González-Alvarez M, González-Alvarez I, Bermejo M. Hydrogels: 
an interesting strategy for smart drug delivery. Ther Deliv. 2013;
4(2):157–60.  

    54.    Yasukawa T, Tabata Y, Kimura H, Ogura Y. Recent advances in 
intraocular drug delivery systems. Recent Pat Drug Deliv Formul. 
2011;5(1):1–10.  

    55.    Bergeles C, Kummer MP, Kratochvil BE, Framme C, Nelson BJ. 
Steerable intravitreal inserts for drug delivery: in vitro and ex vivo 
mobility experiments. Med Image Comput Comput Assist Interv. 
2011;14(Pt 1):33–40.  

     56.    Conway BR. Recent patents on ocular drug delivery systems. 
Recent Pat Drug Deliv Formul. 2008;2(1):1–8.  

    57.    Kuno N, Fujii S. Biodegradable intraocular therapies for retinal dis-
orders: progress to date. Drugs Aging. 2010;27(2):117–34.  

    58.       Jo DH, Kim JH, Lee TG, Kim JH. Nanoparticles in the treatment of 
angiogenesis-related blindness. J Ocul Pharmacol Ther. 2013;29(2):
135–42.  

      59.    Del Pozo-Rodríguez A, Delgado D, Gascón AR, Solinís MÁ. Lipid 
nanoparticles as drug/gene delivery systems to the retina. J Ocul 
Pharmacol Ther. 2013;29(3):173–88.  

    60.    Kushwaha SK, Saxena P, Rai A. Stimuli sensitive hydrogels for 
ophthalmic drug delivery: a review. Int J Pharm Investig. 
2012;2(2):54–60.  

    61.    Jacobson SG, Cideciyan AV, Ratnakaram R, Heon E, Schwartz SB, 
Roman AJ, et al. Gene therapy for leber congenital amaurosis 
caused by RPE65 mutations: safety and effi cacy in 15 children and 
adults followed up to 3 years. Arch Ophthalmol. 2012;130(1):
9–24.  

    62.    Lam BL, Feuer WJ, Abukhalil F, Porciatti V, Hauswirth WW, 
Guy J. Leber hereditary optic neuropathy gene therapy clinical 
trial recruitment: year 1. Arch Ophthalmol. 2010;128(9):
1129–35.  

    63.    Wert KJ, Davis RJ, Sancho-Pelluz J, Nishina PM, Tsang SH. Gene 
therapy provides long-term visual function in a pre-clinical model 
of retinitis pigmentosa. Hum Mol Genet. 2013;22(3):558–67.  

     64.   Biotech A. The Avalanche approach: how it works [Internet]. 
Avalanchebiotech. 2012 [cited 4 Apr 2013]. Available from:   http://
www.avalanchebiotech.com/how-it-works.php    .  

     65.    Rossmiller B, Mao H, Lewin AS. Gene therapy in animal models of 
autosomal dominant retinitis pigmentosa. Mol Vis. 2012;18(February):
2479–96.  

    66.    Fujii Y, Kachi S, Ito A, Kawasumi T, Honda H, Terasaki H. Transfer 
of gene to human retinal pigment epithelial cells using magnetite 
cationic liposomes. Br J Ophthalmol. 2010;94(8):1074–7.  

    67.    Lavinsky D, Chalberg TW, Mandel Y, Huie P, Dalal R, Marmor M, 
et al. Modulation of transgene expression in retinal gene therapy by 
selective laser treatment. Invest Ophthalmol Vis Sci. 2013;54(3):
1873–80.  

     68.    Hynes SR, Lavik EB. A tissue-engineered approach towards retinal 
repair: scaffolds for cell transplantation to the subretinal space. 
Graefes Arch Clin Exp Ophthalmol. 2010;248(6):763–78.  

     69.    Schwartz SD, Hubschman J-P, Heilwell G, Franco-Cardenas V, Pan 
CK, Ostrick RM, et al. Embryonic stem cell trials for macular 
degeneration: a preliminary report. Lancet. 2012;379(9817):713–
20. Elsevier Ltd.  

    70.    Stanzel BV, Liu Z, Brinken R, Braun N, Holz FG, Eter N. Subretinal 
delivery of ultrathin rigid-elastic cell carriers using a metallic 
shooter instrument and biodegradable hydrogel encapsulation. 
Invest Ophthalmol Vis Sci. 2012;53(1):490–500.  

    71.    Yanai A, Häfeli UO, Metcalfe AL, Soema P, Addo L, Gregory- 
Evans CY, et al. Focused magnetic stem cell targeting to the retina 
using superparamagnetic iron oxide nanoparticles. Cell Transplant. 
2012;21(6):1137–48.    

V.B.3. The Future of Vitrectomy

http://www.avalanchebiotech.com/how-it-works.php
http://www.avalanchebiotech.com/how-it-works.php
http://retina-implant.de/en/default.aspx


713J. Sebag (ed.), Vitreous: in Health and Disease,
DOI 10.1007/978-1-4939-1086-1_41, © Springer Science+Business Media New York 2014

      Prophylaxis    and Cure 
of Rhegmatogenous Retinal 
Detachment 

           C.     Pat     Wilkinson     

V.B.4.

        C.  P.   Wilkinson ,  MD       
  Department of Ophthalmology ,  Greater Baltimore Medical Center , 
  6569 N Charles Street, suite 505 ,  Baltimore ,  MD   21204 ,  USA   
 e-mail: cwilkins@gbmc.org  

Outline

I. Introduction

II. Prophylaxis of Retinal Detachment
A. Risk Factors for Retinal Detachment
B.  Categories of Eyes and Lesions Considered 

for Preventative Therapy
1. Eyes with Symptomatic PVD

a. Tears with Persistent Vitreoretinal Traction
b.  Breaks and Precursors Unassociated 

with Vitreoretinal Traction
2.  Asymptomatic Vitreoretinal Lesions in Phakic 

Non-fellow Eyes
a. Retinal Lattice (Degeneration)
b. Cystic Retinal Tufts
c. Degenerative Retinoschisis

3.  Asymptomatic Retinal Breaks in Phakic Non- fellow 
Eyes

4.  Asymptomatic Vitreoretinal Lesions and Retinal Breaks 
in Non-phakic Non-fellow Eyes

5.  Asymptomatic Vitreoretinal Lesions and Retinal Breaks 
in Patients with a History of Retinal Detachment 
in the Fellow Eye
a. Phakic Fellow Eyes

i. Retinal Lattice
ii. Retinal Breaks
iii. Miscellaneous

b.  Aphakic and Pseudophakic Fellow Eyes
C. Summary

III. Repair of Retinal Detachment
A.  Surgery for Uncomplicated Retinal Detachment

1. Scleral Buckling
a. Advantages of Scleral Buckling
b. Disadvantages of Scleral Buckling

2. Pneumatic Retinopexy
a.  Advantages of Pneumatic Retinopexy
b.  Disadvantages of Pneumatic Retinopexy

 Keywords   

  Vitreous   •   Posterior vitreous detachment   •   Vitreoretinal 
adhesion   •   Retinal tear   •   Retinal detachment   •   Prophylaxis    
  Cure   •   Scleral buckle   •   Pneumatic retinopexy   •   Vitrectomy 

 Key Concepts 

     1.    The pathogenesis of rhegmatogenous retinal 
detachment is intimately related to changes in vitre-
ous, the nature of which infl uences decisions 
regarding both prevention and treatment.   

   2.    As the posterior vitreous cortex detaches forward, 
inducing “fl ashes and fl oaters,” liquid vitreous gains 
access to retinal breaks and passes through them, 
creating the subretinal space. Any ocular condition 
associated with an increased vitreous liquefaction, 
PVD, and an increased vitreoretinal adhesion has a 
higher risk of retinal detachment.   

   3.    “Atrophic” retinal holes, especially those within lat-
tice lesions, have major vitreoretinal traction upon 
the edges of the lattice, and they therefore can 
behave as horseshoe tears. This and variables 
related to the state of the vitreous are of importance 
in considering methods to both prevent and repair 
retinal detachment.     

3. Vitrectomy
a. Advantages of Vitrectomy
b. Disadvantages of Vitrectomy

B.  Surgery for Complicated Retinal Detachments

Conclusions

References

mailto: cwilkins@gbmc.org


714

          I. Introduction 

 Rhegmatogenous retinal detachment (RRD) remains an 
important cause of reduced vision and blindness throughout 
the world. The pathogenesis of this important disorder is 
 intimately related to changes in the vitreous gel and at the 
 vitreoretinal interface. It is important to realize that the state 
of the vitreous infl uences decisions regarding both the pre-
vention and treatment of RRD. 

 Essential elements for an RRD include some degree of 
vitreous liquefaction and a break (“tear” or “hole”) in the 
retina. In general, vitreous traction upon the edges of retinal 
break(s) or vitreoretinal adhesions associated with retinal 
break(s) are also necessary. The characteristic sequence of 
events leading to RRD begins with vitreous liquefaction 
leading to reduced vitreous stability and the development of 
fl uid currents within the vitreous cavity which in turn result 
in increased mobility of the vitreous gel. The likelihood of 
posterior vitreous detachment (PVD) increases as these 
changes evolve [see chapter   II.C    . Vitreous aging and PVD]. 
Our understanding of PVD has recently been enhanced by 
ultrasound and optical coherence tomography (OCT) stud-
ies, and contemporary reports have demonstrated that this 
event usually begins slowly in the posterior pole [ 1 ] rather 
than suddenly, as previously believed. Still, it is the later 
rapid separation of much larger portions of the posterior vit-
reous cortex from the retina that typically causes symptoms 
of PVD (“fl ashes and fl oaters”) and retinal tears at sites of 
anomalous invisible or visible vitreoretinal adhesions [ 2 ] 
(Figure  V.B.4-1 ). As the posterior cortical vitreous moves 
forward, liquid vitreous gains access to retinal breaks and 
passes through them, entering and creating the subretinal 
space. Vitreoretinal traction forces upon retinal breaks are 
augmented by eye movements causing increasing fl uid cur-
rents in the vitreous, and progression of the RRD is acceler-
ated by the momentum of increasing intravitreal and 
subretinal fl uid currents (Figure  V.B.4-2 ). Although a total 
PVD is usually present, many RRDs occur with only partial 
vitreous detachment, and evidence of PVD may not be 
observed. In addition, it should be noted that many so-called 
atrophic holes, especially those within lattice lesions, have 
major vitreoretinal traction upon the edges of the lattice, and 
they therefore behave in a manner similar to horseshoe tears 
(Figure  V.B.4-3 ).

     Any ocular condition associated with an increased preva-
lence of vitreous liquefaction, PVD, and an increased num-
ber or extent of visible and invisible vitreoretinal adhesions 
and traction is more likely to be associated with a higher 
incidence of subsequent RRD. All of these variables are of 
importance in considering methods to both prevent RRDs 
and repair them. This chapter will discuss retinal detachment 
prophylaxis and therapy, and the critical role of the state of 
the vitreous in both instances will be emphasized.  

  Figure V.B.4-1    During or following a posterior vitreous detachment, 
symptomatic retinal tears most commonly occur at locations of fi rm 
vitreoretinal adhesion. Traction ( white arrow ) from the detached poste-
rior vitreous cortex upon the retina creates the retinal break(s). Liquid 
vitreous then passes through the tear(s) into the subretinal space ( black 
arrow ), resulting in a retinal detachment       

  Figure V.B.4-2    Eye movements increase vitreoretinal traction forces. 
Rotation of the globe ( upper large arrow ) results in slightly delayed 
shifts ( larger black arrow  in vitreous body) in the vitreous gel which in 
turn result in more traction upon sites of vitreoretinal adhesion. In addi-
tion, movement of liquid currents within the vitreous cavity ( smaller 
arrow ) promotes increased vitreoretinal traction, whereas currents in 
the subretinal space ( arrow ) promote extension of subretinal fl uid       
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   II. Prophylaxis of Retinal Detachment 

 RRD is a relatively uncommon disease, affecting approxi-
mately 1 in 10,000 people in the general population per year. 
However, the prevalence of retinal breaks in the  general 
 population is relatively high, affecting 5–7 % of people. 
Obviously, many retinal breaks have minimal, if any, risk of 
progressing to a clinical RRD. These include typical macular 
holes and asymptomatic small round atrophic holes near the 
ora serrata. However, horseshoe tears that follow  symptom-
atic  PVD usually progress to clinical RRD [ 3 ]. Probably, all 
surgeons would agree that a horseshoe tear located near the 
equator in the superior temporal quadrant and associated 
with new symptoms of fl ashes and fl oaters and vitreous hem-
orrhage should be promptly treated to prevent RRD. In con-
trast, most would not advise treatment of a small, round 
atrophic hole near the inferior ora serrata in an asymptomatic 
patient with no history of prior detachment in the other (“fel-
low”) eye. Between these two obvious examples lies a broad 
spectrum of retinal breaks for which the surgeon must exer-
cise judgment regarding instituting prophylactic therapy. 

 Most of the breaks reported in surveys of asymptomatic 
patients or in autopsy series are of the atrophic type, and only a 
small number are horseshoe tears. Although there are no specifi c 
rules for the selection of patients for  treatment and while each 
case has to be judged on its own characteristics, the application of 
evidence-based medicine to this topic has modifi ed the opinions 
of many regarding the genuine value of prophylactic therapy for 
most retinal breaks. The American Academy of Ophthalmology 
(AAO) has used this approach in developing a Preferred Practice 
Pattern (PPP) entitled “Posterior Vitreous Detachment, Retinal 

Breaks, and Lattice Degeneration” [ 4 ]. The  evidence described in 
this PPP will be employed in the  following discussion. 

   A. Risk Factors for Retinal Detachment 

 Characteristics associated with a relatively high risk of RRD 
are listed in Table  V.B.4-1 ). Symptoms and signs of PVD 
place an eye at particularly high risk. Additional factors 
include a variety of hereditary, congenital, acquired, and iatro-
genic problems, all of which have in common an increased 
likelihood of premature vitreous liquefaction, early PVD, and 
subsequent vitreoretinal traction acting upon visible and invis-
ible sites of vitreoretinal adhesion. The risk of RRD is substan-
tially different among subgroups of eyes, a fact that infl uences 
interpretation of both natural history data and treatment results. 
For example, since an acute PVD is the primary cause of most 
RRDs and since most retinal tears occur during or soon after 
PVD, it is likely that eyes without a PVD have a higher risk of 
later RRD than eyes with a history of prior PVD unassociated 
with retinal breaks [ 5 ]. Similarly, vitreous liquefaction and 
PVD occur with greater frequency in older patients and in 
myopic and pseudophakic eyes. Thus, data regarding lesions 
in otherwise normal, young, non-myopic eyes are not compa-
rable to statistics concerning cases that feature other risk fac-
tors that greatly increase the likelihood of PVD. Since more 
than one factor is often present, data analysis is diffi cult if all 
features are not recorded. For example, myopic pseudophakic 
eyes with retinal lattice (also called lattice degeneration) and 
with a history of retinal detachment in the fellow eyes of young 
male patients have a substantially greater risk of retinal detach-
ment than otherwise normal eyes with retinal lattice. 

  Figure V.B.4-3    Although holes 
in lattice lesions are considered 
to be “atrophic,” they are 
associated with nearby 
vitreoretinal traction upon the 
margins of the lattice lesions, and 
this can facilitate passage of 
liquid vitreous into the subretinal 
space       
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 As noted in the AAO PPP [ 4 ] and in a Cochrane Review 
[ 6 ], no prospective randomized trials of therapy to prevent 
RRD have been performed. The few meaningful published 
studies of treated and untreated comparable eyes have been 
retrospective, and most reports regarding prophylactic ther-
apy have simply described results of a treatment series. This 
chapter briefl y discusses published outcomes regarding both 
the natural course of lesions that predispose an eye to RRD 
and results of prophylactic therapy for these abnormalities, 
but a thorough review of treatment techniques is beyond the 
scope of this manuscript. Eyes with symptoms of PVD are 
much more likely to harbor retinal breaks than cases without 
such symptoms. Visible precursors of RRD also increase risk 
and have been considered for prophylactic therapy.  

   B.  Categories of Eyes and Lesions 
Considered for Preventative Therapy 

 Cases potentially in need of prophylactic therapy can be 
arbitrarily grouped in a variety of ways, but eyes with symp-
toms and those with specifi c lesions and/or associated fi nd-
ings are at increased risk (Table  V.B.4-1 ). Still, documenting 
increased risk does not necessarily mean that therapy is of 
value in preventing RRD [ 7 ].

     1. Eyes with Symptomatic PVD 
 Approximately 5–20 % of eyes with an acute symptomatic 
PVD develop retinal tears of various types. The risk of retinal 
tears is directly related to the amount of vitreous hemorrhage, 
and the fi nding of many cells in the vitreous cavity is a sign 
associated with a particularly high chance of associated retinal 
tears. As noted above, symptomatic eyes with additional risk 
factors are more likely to have retinal breaks. In symptomatic 
eyes, retinal tears associated with persistent vitreoretinal trac-
tion are especially likely to cause RRD (Figure  V.B.4-4 ) [ 2 ].

   Retinal tears resulting from a symptomatic PVD should 
be distinguished from preexisting retinal breaks detected 
after the PVD but not caused by it. Thus, atrophic retinal 
holes within areas of retinal lattice are not considered “symp-
tomatic,” even if they were fi rst observed during an examina-
tion prompted by symptoms of an acute PVD. Symptomatic 
retinal tears are subdivided into those with persistent vitreo-
retinal traction and those in which all traction in the region of 
the retinal defect has resolved (Figure  V.B.4-4 ). 

   a.  Tears with Persistent Vitreoretinal 
Traction 

 Persistent vitreoretinal traction at or in the vicinity of retinal 
breaks is the most important factor leading to clinical 
RRD. Most symptomatic tears with persistent vitreoretinal 
traction are horseshoe shaped and have a high risk of causing 

    Table V.B.4-1    Risk factors for rhegmatogenous retinal detachment   

 Symptomatic posterior vitreous detachment (PVD) 
 Myopia 
 Lattice degeneration 
 Cystic retinal tuft 
 Degenerative retinoschisis 
 Retinal breaks 
 Male gender 
 Prior intraocular surgery 
  Aphakia/pseudophakia 
  Nd:YAG posterior capsulotomy 
  Other surgeries involving vitreous gel 
 Prior ocular trauma 
 Infl ammation 
  CMV retinitis 
  Acute retinal necrosis 
  Others 
 Fellow eye non-traumatic retinal detachment 
 Hereditary vitreoretinopathies 
 Congenital/developmental/degenerative lesions 

a b

  Figure V.B.4-4    Persistent traction on the retina ( a ) at a site of abnor-
mal vitreoretinal adhesion has created a retinal break. Liquid vitreous 
posterior to the vitreous gel passes through the retinal break into the 

subretinal space, creating a retinal detachment. Operculated tears 
( b ) typically no longer have traction forces upon them unless there is a 
nearby vitreoretinal adhesion       
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clinical RRD [ 2 ]. That risk has been reported to be in the 
range of 33–55 % of cases, but it may be higher, because 
most studied eyes were treated when progression of the RRD 
was observed. Treatment of this type of break substantially 
reduces the risk of RRD, and immediate prophylactic ther-
apy for these lesions is indicated to prevent an accumulation 
of subretinal fl uid (AAO PPP evidence level A:II [ 4 ]). A cho-
rioretinal adhesion is created in fl at retina immediately adja-
cent to localized subretinal fl uid (Figure  V.B.4-5 ).

   Rarely, a retinal tear with a free operculum may have per-
sistent vitreoretinal traction as a result of a residual vitreo-
retinal adhesion near the retinal break, most frequently at the 
location of a retinal blood vessel. Symptomatic operculated 
retinal breaks have extremely rarely been reported to prog-
ress from initial observation to clinical RRD, and these are 
typically associated with persistent vitreoretinal traction on 
nearby retinal vessels. In unusual cases in which an opercu-
lated retinal hole is the only retinal break associated with a 
clinical RRD, it is presumed that anomalous persistent 
 vitreoretinal adhesions are located in the vicinity of the reti-
nal tear. Treatment of operculated tears is frequently not nec-

essary, but it may be recommended if the presence of a 
nearby vitreoretinal adhesion cannot be ruled out (AAO PPP 
evidence level A:III [ 4 ]). Similarly, atrophic holes in zones 
of retinal lattice also have persistent nearby vitreoretinal 
traction upon the edges of the lattice, and they may behave as 
horseshoe tears (Figure  V.B.4-3 ).  

   b.  Breaks and Precursors Unassociated 
with Vitreoretinal Traction 

 Eyes with symptoms and signs of acute PVD frequently con-
tain atrophic retinal breaks that are not due to acute vitreo-
retinal traction. For the purposes of this discussion, these 
lesions are considered to be preexisting and not symptom-
atic. Similarly, precursors of retinal breaks or detachment, 
including retinal lattice, cystic retinal tufts, and age-related 
retinoschisis, are managed as if they were originally discov-
ered in asymptomatic eyes. Treatment of this type of retinal 
break appears to be unnecessary unless the possibility of per-
sistent vitreoretinal traction cannot be excluded, as noted 
earlier, and it is rarely recommended (AAO PPP evidence 
level A:III [ 3 ]).   

  Figure V.B.4-5    Acute 
symptomatic horseshoe tears 
should be treated by creating 
laser or cryotherapy burns 
immediately distal to the focal 
accumulation of subretinal fl uid, 
and therapy should extend 
anterior to the fl ap of the tear and 
into the fl at vitreous base       
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   2.  Asymptomatic Vitreoretinal Lesions 
in Phakic Non-fellow Eyes 

 Non-myopic phakic eyes in patients without a history of 
non-traumatic RRD are unlikely to develop RRD, regardless 
of the presence of vitreoretinal pathology. Nevertheless, pro-
phylactic therapy has sometimes been recommended to treat 
visible precursors of RRD or retinal breaks. Precursors of 
retinal breaks and detachment include retinal lattice, cystic 
retinal tufts, and degenerative retinoschisis. Of these, retinal 
lattice is clearly the most important. Both retinal lattice and 
cystic retinal tufts can be sites of retinal tears resulting from 
vitreoretinal traction at the time of PVD (Figure  V.B.4-1 ). 
Atrophic retinal holes commonly occur within areas of reti-
nal lattice and also in the outer layer of degenerative 
retinoschisis. 

   a. Retinal Lattice (Degeneration) 
  Lattice degeneration  is a commonly used term to refer to 
peripheral retinal pathology that features oval zones of linear 
hypo-pigmented structures in the peripheral fundus. The 
term implies that this lesion is the result of a degenerative 
process; however, it is more likely than not the manifestation 
of a dystrophy [see chapter   III.H    . Peripheral vitreoretinal 
pathology]. Thus, the term retinal lattice is probably a more 
accurate way to refer to this lesion. 

 Retinal lattice is present in approximately 30 % of RRDs, 
and approximately 94 % of these RRDs occur in primary 
(non-fellow) eyes [ 7 ]. Because lattice lesions are visible and 
occur in approximately 8 % of the population, they have 
commonly been considered as candidates for prophylactic 
therapy. However, an important natural history study [ 8 ] of 
276 patients and 423 involved eyes, followed an average of 
almost 11 years, indicated that lattice lesions in phakic non- 
fellow eyes were not particularly dangerous. At the end of 
this follow-up period, atrophic retinal holes were present in 
150 (35 %) eyes. Subclinical retinal detachments, defi ned as 
subretinal fl uid extending more than one disc diameter from 
the break but not posterior to the equator, were observed in 
only ten of the eyes with holes. In six of these eyes, the sub-
clinical retinal detachment developed during the observation 
period, whereas four eyes exhibited the changes at the initial 
examination. Only one subclinical retinal detachment was 
considered in need of treatment after a small asymptomatic 
posterior extension of subretinal fl uid. Four asymptomatic 
tractional retinal tears were observed in 3 of these 423 eyes 
at the initial examination, and symptomatic tractional tears 
without clinical detachment developed in fi ve additional 
eyes during follow-up periods of 1.5–18 years [ 8 ]. Three of 
fi ve symptomatic and all asymptomatic breaks occurred 
adjacent to lattice lesions. All symptomatic breaks were 
 successfully treated; no asymptomatic tractional tears were 
treated, and none changed over follow-up periods of 7, 10, 
and 15 years. Clinical RRDs developed in 3 of the 423 eyes. 

Two were due to asymptomatic round retinal holes in lattice 
lesions of patients in their mid-twenties, and one was due to 
a symptomatic tractional tear. These fi gures clearly indicate 
that patients with retinal lattice in phakic non-fellow eyes 
should usually not be treated unless symptoms occur (AAO 
PPP evidence level A:III [ 4 ]).  

   b. Cystic Retinal Tufts 
 Retinal tears at sites of cystic retinal tufts may be responsible 
for as many as 10 % of clinical RRDs associated with PVD, 
and they are also associated with asymptomatic small 
horseshoe- shaped tears and minimal subretinal fl uid in the 
absence of PVD. The chances of clinical RRDs in eyes with 
cystic retinal tufts have been estimated by one expert to be 
one in 357 [ 9 ], and these lesions are not worthy of prophylac-
tic therapy in otherwise normal eyes.  

   c. Degenerative Retinoschisis 
 Clinical RRDs occur in association with degenerative reti-
noschisis in up to 6 % of consecutive detachment cases, and 
the presence of retinoschisis and outer layer breaks has 
sometimes been considered an indication for prophylactic 
therapy. However, a natural history course study [ 10 ] of 218 
eyes in 123 patients demonstrated no clinical retinal detach-
ments during a follow-up period averaging 9.1 years. The 
vast majority of small subclinical detachments that develop 
in association with outer layer breaks remain small, and pro-
phylactic therapy is indicated only in the presence of obvious 
signifi cant progression of subretinal fl uid posterior to the 
equator.   

   3.  Asymptomatic Retinal Breaks 
in Phakic Non- fellow Eyes 

 In phakic non-fellow eyes, asymptomatic retinal breaks that 
are discovered during a routine evaluation of the peripheral 
retina are extremely unlikely to lead to clinical RRD, even if 
they are fl ap tears and even if PVD occurs. In one study 
[ 11 ], during a follow-up period averaging 11 years, asymp-
tomatic retinal breaks were detected in 235 eyes of 196 
patients, and horseshoe-shaped tears were present in 45 
cases. Acute PVDs occurred in nine eyes without adversely 
affecting the preexisting breaks, although new horseshoe-
shaped tears developed in three cases, and these were 
promptly treated. Subclinical retinal detachments were 
observed in 19 (8 %) eyes. Modest extension of subretinal 
fl uid required therapy in two of these cases, and in a third 
case a peripheral RRD slowly developed after 14 years of 
observation. Prophylactic therapy in these eyes is usually 
not recommended (AAO PPP evidence level A:III [ 4 ]). An 
occasionally observed exception to this rule is an inferior 
retinal dialysis. These breaks can cause slowly progressive 
RRDs that frequently become symptomatic only after mac-
ular involvement.  
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   4.  Asymptomatic Vitreoretinal Lesions 
and Retinal Breaks in Non-phakic 
Non-fellow Eyes 

 Regardless of the method of cataract surgery, removal of the 
crystalline lens is associated with a substantial increase in 
the rate of subsequent PVD and retinal tears and detach-
ments [ 12 ], probably due to vitreous changes that follow 
cataract surgery [see chapter   III.I    . Role of vitreous in the 
pathogenesis of retinal detachment]. An intact posterior lens 
capsule appears to be associated with a reduced rate of reti-
nal detachment following cataract surgery, whereas Nd:YAG 
capsulotomy is clearly associated with a small but signifi -
cantly increased risk of subsequent detachment. 

 The natural history of retinal lattice, other precursors 
of RRD, and retinal breaks in non-phakic non-fellow eyes 
is not well documented, and appropriate studies of pre-
ventive treatment in these cases are not available. 
Therefore, treatment is usually not advised (AAO PPP 
level A:III [ 4 ]).  

   5.  Asymptomatic Vitreoretinal Lesions 
and Retinal Breaks in Patients with a 
History of Retinal Detachment 
in the Fellow Eye 

 Pathologic vitreoretinal changes often occur bilaterally, 
and patients with retinal detachment in one eye have a sig-
nifi cantly increased risk of retinal detachment in the other. 
This risk has been estimated as ranging from as low as 9 % 
to as high as 40 % [ 7 ]. Thus attempts to prevent retinal 
detachment in a “second eye” have received considerable 
attention. Prospective randomized studies have not been 
performed, but retrospective data regarding precursors of 
RRDs and asymptomatic retinal breaks have been pub-
lished. These can be further categorized as phakic and 
non-phakic fellow eyes. Phakic fellow eyes have a lower 
risk of subsequent retinal detachment than comparable 
non-phakic eyes. 

   a. Phakic Fellow Eyes 
   i. Retinal Lattice 

 Retinal lattice is the most extensively studied indication for 
prophylactic therapy in fellow eyes. One widely quoted 
study [ 13 ] retrospectively evaluated 388 consecutive cases in 
which phakic retinal detachment associated with retinal lat-
tice occurred in one eye and retinal lattice was present in the 
second eye. During an average follow-up period of over 7 
years, new retinal breaks or detachments occurred in 31 
(20 %) of 151 untreated eyes. New tears with retinal detach-
ment developed in nine eyes, and new tears without retinal 
detachment developed in ten cases. In ten eyes, new holes 
developed within areas of retinal lattice, and atrophic retinal 
breaks occurred in areas distant from lattice lesions in the 
remaining two cases. 

 A reduction in the incidence of new retinal tears and 
detachments in eyes receiving prophylactic therapy for all 
lattice lesions was observed [ 13 ]. New tears without retinal 
detachment occurred in fi ve (3.0 %) of these fully treated 
eyes. Retinal detachment occurred in three additional eyes 
(1.8 %), compared with 5.1 % in the 151 untreated phakic 
fellow eyes. The small benefi cial effect of treating all lattice 
lesions was apparent when follow-up periods of 3, 5, and 7 
years were analyzed separately. Importantly, the benefi cial 
effect was statistically signifi cant for all patient subgroups, 
 except  in eyes with myopia of six diopters or more and in 
eyes with both high myopia and more than 6 clock hours of 
lattice degeneration. Thus, in these subgroups with relatively 
increased risk, treatment did not reduce the chance of retinal 
tears or detachment. Conversely, no detachments occurred 
after full treatment in eyes with less than 6 clock hours of 
lattice degeneration or with less than 1.25 diopters of myo-
pia. New horseshoe-shaped tears developed in areas unasso-
ciated with lattice degeneration in approximately 30 % of 
treated cases. 

 One expert [ 7 ] has estimated that as many as 58 % of reti-
nal detachments in eyes with retinal lattice arise in areas that 
exhibit no visible vitreoretinal abnormalities (Figure  V.B.4-6 ). 
Because of this reality, some surgeons have recommended 
prophylactic therapy featuring the production of laser or 
cryotherapy burns over 360° of the peripheral retina 
(Figure  V.B.4-7 ). However, the precise indications, intraocu-
lar fi ndings, long-term results, and complications of this 
form of therapy have not been thoroughly described, and 
remarkably different success rates have been reported. 
Studies of prophylactic therapy of retinal lattice, with and 
without holes, in phakic fellow eyes have been of limited 
value because they have not been prospective and because 
important information has been missing from available retro-
spective analyses. In particular, the outcomes have not been 
studied as a function of the presence of a PVD. It has been 
noted by several authors that retinal detachments are unusual 
in fellow eyes if a PVD was present at the time of the initial 
examination [ 5 ].

    The relatively low incidence of retinal detachment in 
untreated cases, the frequency of new tears in normal- 
appearing retina, the apparent ineffectiveness of therapy in 
eyes with extensive retinal lattice and high myopia, and the 
known high success rate following treatment of acute symp-
tomatic retinal tears and detachments indicate that prophy-
lactic treatment is of limited value in these asymptomatic 
fellow eyes. The apparently modest benefi t following treat-
ment of all lattice lesions may be of value in selected patients, 
such as those with a poor surgical result in the fi rst eye, 
patients who are incapable of recognizing symptoms of vit-
reous and/or retinal detachment, or those who live in areas 
with limited access to ophthalmologic care. In addition, as 
noted above, myopic patients with atrophic holes in lattice 
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lesions should be evaluated periodically and counseled about 
loss of peripheral vision (AAO PPP level: no consensus [ 4 ]).  

   ii. Retinal Breaks 
 Retinal breaks are frequently cited as an indication for pro-
phylactic therapy in these phakic fellow eyes. Flap tears 
appear to be much more likely to cause retinal detachment 
than round or operculated retinal holes. In one study, retinal 
breaks were discovered in 186 (19 %) of 966 fellow eyes, 28 
of which (15 %) later developed retinal detachment [ 14 ]. 
Horseshoe-shaped tears were the cause of the detachment in 
20 (71 %) of the 28 eyes, whereas only 19 % of breaks were 
fl ap tears in the 158 eyes that did not progress to retinal 
 detachment. However, another author followed ten untreated 
asymptomatic horseshoe-shaped tears in phakic fellow eyes, 
and no retinal detachments occurred [ 13 ]. Defi ciencies in prior 
reports have made it diffi cult to assess both the natural course 
of asymptomatic retinal breaks that are discovered on an exam-
ination of a fellow eye and the results of treatment of these 
lesions. Most of these breaks are round and located within 
areas of retinal lattice, and these cases were discussed earlier. 
Data regarding therapy for asymptomatic  horseshoe- shaped 

tears in fellow eyes suffer from a lack of details, including the 
status of the vitreous and the relationship between the original 
retinal break and the cause of subsequent retinal detachment. 
Still, treatment of horseshoe- shaped tears that are discovered 
in asymptomatic fellow eyes is sometimes recommended 
despite the absence of optimal supportive data (AAO PPP 
level: no consensus [ 4 ]). 

 Prophylactic treatment is frequently recommended in 
phakic fellow eyes in which a non-traumatic giant retinal tear 
has occurred in the fi rst eye. In one study, 321 cases were 
followed for 12 months to 29 years [ 14 ]. New giant retinal 
tears occurred in 14 (4.4 %) untreated eyes, 13 of which had 
developed “high-risk features” of high myopia, vitreous 
degenerative changes, and “white with pressure” that 
increased in extent (Figure  V.B.4-8 ). In a more recent report 
[ 15 ], 48 patients were followed for a mean of 84 months after 
repair of a giant retinal tear in one eye and 360° cryotherapy 
of the second eye. During the follow-up period, retinal 
detachment developed in three patients, and a retinal tear 
alone was observed in the fourth. Giant retinal tears are par-
ticularly likely to occur in type 1 Stickler syndrome, and a 
relatively recent but retrospective study [ 16 ] provided 

  Figure V.B.4-6    Adequate 
treatment of visible lattice 
lesions does not prevent new 
retinal tears from developing at 
invisible sites of vitreoretinal 
adhesion       
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some compelling evidence that 360° cryotherapy of the 
 anterior retina was of value in preventing subsequent RRD 
[see  chapter   I.C    . Hereditary vitreo-retinopathies].

      iii. Miscellaneous 
  Cystic retinal tufts  are bilateral in only 6 % of cases, so they 
are not a common cause of bilateral retinal detachment, and 
there are no data supporting the value of prophylactic 
therapy. 

  Degenerative retinoschisis  is an unusual cause of pro-
gressive retinal detachment in these eyes, but retinoschisis is 
both common and frequently bilateral. Thus, patients with 
both retinal detachment and retinoschisis in one eye fre-
quently have retinoschisis in the fellow eye. A review of the 
literature regarding prophylactic therapy for retinoschisis in 
phakic fellow eyes is very diffi cult because of a lack of com-
plete information regarding the cases. In the unusual case in 
which outer layer retinal breaks have been responsible for 
retinal detachment in the fi rst eye and outer layer breaks and 
retinoschisis are present in the fellow eye, prophylactic 
 therapy is frequently recommended (AAO PPP level: no 
 consensus [ 4 ]).   

   b.  Aphakic and Pseudophakic Fellow 
Eyes 

 All eyes have an increased risk of retinal detachment after 
cataract extraction, and the post-cataract surgery risk for fel-
low eyes in patients with previous retinal detachment in the 
fi rst eye has been estimated to be 14–41 % [ 7 ]. The chance of 
detachment appears to be higher if Nd:YAG capsulotomy was 
required. Thus, prophylactic therapy has frequently been rec-
ommended for vitreoretinal lesions in fellow eyes that are non-
phakic or that are scheduled to undergo cataract extraction. 

 Retinal lattice is the most common precursors of retinal 
tears considered for prophylactic therapy before or after cat-
aract extraction. However, no prospective randomized stud-
ies have compared the natural course in these cases with 
outcomes following preventive treatment [ 6 ]. As is true of 
phakic fellow eyes, a major problem in treating only visible 
pathology is the frequency of new retinal tears that develop 
in areas of the peripheral retina that appear normal. Although 
treatment of visible lesions appears to reduce the chances of 
retinal tears occurring at the treated site, the retinal detach-
ments that frequently develop in these fellow eyes do not 
appear to be prevented by this focal therapy. 

  Figure V.B.4-7    Because of new 
retinal breaks developing in 
apparently “normal” peripheral 
retina, some surgeons have 
recommended 360° of laser 
photocoagulation       
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 Importantly, studies of prophylactic treatment of retinal 
lattice in fellow non-phakic eyes have not been stratifi ed on 
the basis of PVD. In one important study [ 5 ], the critical 
importance of this variable was evaluated by studying apha-
kic eyes of patients with aphakic retinal detachment in the 
primary eye. Retinal detachment subsequently occurred in 
one (2.3 %) of 43 eyes with a PVD in the fellow eye. In the 
40 eyes without a previous PVD, retinal detachment later 
occurred in eight eyes (21 %). Similarly, in another study 
[ 17 ], retinal detachments occurred in fi ve (24 %) of 21 apha-
kic fellow eyes without PVD at the initial examination, but 
no detachments occurred in 15 additional cases in which a 
PVD was  initially present. 

 Because of the tendency for new retinal breaks to 
develop in areas of the retina that appear normal, 360° 
treatment has been advocated, as noted earlier 
 (Figure  V.B.4-7 ). Although the evidence of this form of 
therapy is compelling in regard to patients with non-trau-
matic giant retinal tears, the risk- benefi t ratio of this ther-
apy remains unknown. Treatment of lattice lesions in 
non-phakic fellow eyes is frequently performed despite the 
lack of supportive data. In eyes in which a PVD has previ-
ously occurred, it is doubtful if therapy is particularly 
effective or necessary. The value of various forms of pro-
phylactic treatment in eyes without PVD will remain debat-
able until appropriate trials are conducted. 

  Figure V.B.4-8    A small traction 
ridge in the peripheral retina and 
an anterior band of “white 
without pressure” are seen in the 
fellow eye of a patient with 
non-traumatic giant tear in the 
other eye       
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 Cystic retinal tufts and degenerative retinoschisis are 
unusual causes of bilateral retinal detachment, and data dis-
cussing the importance of these entities following cataract 
surgery are not available. They are managed as discussed 
under “asymptomatic phakic fellow eyes”. Retinal breaks in 
non-phakic fellow eyes of patients with a previous retinal 
detachment in the other eye may carry a higher chance of 
causing detachment than similar breaks in non-fellow eyes. 
One author [ 17 ] described asymptomatic retinal breaks in 
ten aphakic fellow eyes. Subsequent retinal detachments 
occurred in fi ve of these cases. Four of the fi ve breaks caus-
ing retinal detachment were horseshoe-shaped tears, and the 
type of the fi fth break was not reported. The literature 
 regarding the value of treating round holes unassociated with 
lattice lesions is not clear. Treatment usually can be expected 
to prevent retinal detachment resulting from the identifi ed 
break but not detachment resulting from breaks in other areas 
of the retina. Treatment of asymptomatic horseshoe-shaped 
tears in aphakic fellow eyes and in fellow eyes scheduled to 
undergo cataract extraction is usually recommended despite 
the absence of supportive data (AAO PPP level: no consen-
sus [ 4 ]).    

   C. Summary 

 Although prevention of retinal detachment is an important 
goal, the genuine value of prophylactic therapy for retinal 
breaks and most predisposing vitreoretinal lesions remains 
unknown because of a lack of appropriate trials. Treatment 
of symptomatic fl ap tears is an evidence-based and accepted 
method of preventing clinical retinal detachments, because 
the natural course of these breaks and the results of therapy 
are well documented. In most other instances, treatment of 
visible abnormal vitreoretinal adhesive lesions is of limited 
value, even in eyes with additional risk features such as high 
myopia, pseudophakia, and history of retinal detachment in 
the fellow eye. Specifi c decisions regarding prophylaxis for 
a given eye should be made on the basis of the features of the 
case and expanding medical knowledge. Patients with high- 
risk features should be made aware of symptoms of PVD and 
loss of visual fi eld, and any patient with such symptoms 
should be promptly evaluated. In addition, periodic evalua-
tions of these patients may be indicated.   

   III. Repair of Retinal Detachment 

 Rhegmatogenous retinal detachment (RRD) was regarded as 
incurable until the seminal work of Jules Gonin in the 1920s 
and Rosengren in the 1930s, when anatomic success rates 
approaching 50 % of selected cases were fi rst described. 
Anatomic results for repair of routine RRDs further improved 

signifi cantly when Charles Schepens introduced the binocu-
lar indirect ophthalmoscope and the techniques of encircling 
scleral buckle surgery in the 1950s and 1960s. Since then, 
techniques have slowly improved through decades, reaching 
the current 85–90 % single operation success rate for scleral 
buckling by the early 1980s. Unfortunately, a similar 
improvement in visual results has not occurred because of 
the profound infl uence of preoperative macular detachment 
and irreversible macular damage upon postoperative visual 
acuity. 

 As the anatomic success rates following repair of routine 
retinal detachments became relatively good and stable, 
increased attention was directed toward complications of 
routine scleral buckling, especially anisometropia, muscle 
imbalance, and pain. Thus, viable alternative techniques 
were developed in the 1980s, the most enduring being pneu-
matic retinopexy (PR) and vitrectomy. The former procedure 
evolved from initial experiences with intraoperative and 
postoperative gas injections associated with conventional 
scleral buckling surgery, whereas vitrectomies were origi-
nally reserved for only complicated detachments and became 
popular for more routine cases as experience and equipment 
improved. Today, scleral buckling, PR, and vitrectomy are 
all standards of care that are widely employed in the man-
agement of “routine” or “uncomplicated” RRD, and factors 
favoring one technique over another are based upon a num-
ber of considerations, many of which are sociological rather 
than medical. For instance, popularity of PR can be corre-
lated with both physician age and geographical location, and 
scleral buckling appears to be much less popular in the hands 
of relatively young vitreoretinal surgeons. 

 Although it is quite clear that scleral buckling for uncom-
plicated cases has become less popular worldwide, it is 
appropriate to discuss objective clinical criteria that seem to 
favor one technique over another. Scleral buckling, PR, and 
vitrectomy have relative indications and contraindications 
(Table  V.B.4-2 ) as well as limitations and complications. 

     Table V.B.4-2    Uncomplicated retinal detachments: relative indica-
tions (RI) and contraindication (RC)   

 Procedure  RI  RC 

 Scleral buckle  Cases without RC
Inferior breaks 

 Opaque media 
 Posterior break(s) 
 Ultrathin sclera 

 Pneumatic  Break(s) localized  Multiple separated breaks 
 Break(s) superior  Breaks not superior 

 Opaque media 
 Incomplete PVD 
 Inferior or extensive lattice 

 Vitrectomy  Opaque media  Relatively simple phakic RD 
 Posterior break(s)  Inferior retinal dialysis 
 Pseudophakia  Obvious incomplete PVD 
 PVR 
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In this portion of this chapter, clinical factors that may infl u-
ence the choice of one technique over another,  for the types 
of cases in which scleral buckling ,  PR ,  and / or vitrectomy are 
neither mandatory nor contraindicated , are discussed. 
However, it is obvious that opinions regarding the “best” 
operation for a given case will never be agreed upon univer-
sally, just as a single ice cream fl avor will never be favored 
by all. Regardless of technique, if all retinal breaks are surgi-
cally closed and PVR or other more unusual complications 
do not develop, the procedure will almost always be ana-
tomically successful.

   Common types of uncomplicated RRDs are listed in 
Table  V.B.4-3 , and the variables regarding uncomplicated 
cases are contained in Table  V.B.4-4 . The relative indications 

and contraindications in Table  V.B.4-2  frequently dictate the 
selection of a specifi c reattachment procedure. The most 
important considerations include (1) the locations, numbers, 
and types of retinal breaks and vitreoretinal degenerative 
lesions; (2) the relationship between the posterior vitreous 
cortex and the retina; (3) the clarity of the vitreous body; and 
(4) the status of the crystalline lens.

      A.  Surgery for Uncomplicated Retinal 
Detachment 

 There are several relatively common types of uncomplicated 
retinal detachments (Table  V.B.4-3 ) as well as numerous 
variables associated with all of them (Table  V.B.4-4 ). Those 
that are genuinely complicated are usually routinely man-
aged with vitrectomy techniques, whereas localized rela-
tively simple cases are usually managed with a “walling-off” 
procedure employing laser or cryotherapy or with a small 
and localized scleral buckling procedure [ 18 ]. Between these 
two extremes are a large percentage of cases in which any of 
the three major options might be considered, and combina-
tions of the three are also employed by many surgeons in 
selected situations. Regardless of technique, if all retinal 
breaks are surgically closed and PVR or other more unusual 
complications do not develop, the procedure will almost 
always be anatomically successful. 

   1. Scleral Buckling 
 As the only popular method of managing routine retinal 
detachments until the latter 1980s, scleral buckling can be 
employed in the vast majority of uncomplicated cases in 
which the retina can be adequately visualized. The dimin-
ished popularity of this technique is not primarily due to 
limitations in anatomical success but rather to the develop-
ment of alternative techniques that provide acceptable reat-
tachment rates, fewer or different complications, and 
additional advantages in selected cases. 

 In a non-drainage scleral buckle, functional closure of 
retinal breaks can result from several benefi cial effects of a 
scleral buckle, including (1) alteration in the concave shape 
of the eyeball, resulting in a change in the effect of intraocu-
lar currents that encourage liquid vitreous to enter the sub-
retinal space; (2) reduction of vitreoretinal traction by 
displacing the eye wall and retina centrally; (3) displacement 
of subretinal fl uid away from the location of the retinal break 
and scleral buckle; (4) approximation of the retinal break to 
adjacent vitreous gel; and (5) postoperative increase in the 
height of the scleral buckle. All of these may promote an 
increase in resistance to fl uid fl ow through the retinal break 
(Figure  V.B.4-9 ), with consequent increase in the relative 
reattachment forces. These effects are probably synergistic, 
and they are also important in drainage cases. Although 

    Table V.B.4-3    Common types of  uncomplicated  retinal detachments   

 Horseshoe tears with complete or incomplete PVD 
  At margins of lattice lesions 
  Unassociated with lattice but posterior to vitreous base 
  Along posterior margin of vitreous base 
 Atrophic holes in lattice degeneration 
 Combinations of 1 and 2 
 Retinal dialyses 

    Table V.B.4-4    Variables    associated with  uncomplicated  retinal 
detachments   

 Retinal break(s) 
  Type 
    Associated with persistent vitreoretinal traction on edge of 

break (“horseshoe”) 
    Associated with vitreoretinal traction near location of atrophic 

break 
   Unassociated with signifi cant vitreoretinal traction upon breaks 
  Location: Quadrant 
   Distance from ora serrata 
   Distance from other breaks and degenerative lesions 
  Number 
 Posterior surface of cortical vitreous 
   Total PVD: vitreoretinal traction only at vitreous base and near 

break(s) 
  Incomplete PVD: Residual vitreoretinal apposition and/or traction 
   Vitreoretinal traction on breaks ± lattice lesions 
   Vitreoretinal traction at apparently normal sites 
  Location: Quadrant 
   Distance from ora serrata 
 Lens status 
   Clear crystalline lens 
   Cataract 
   Pseudophakic ± pupillary membranes 
 Clarity of vitreous body 
   Clear 
   Vitreous hemorrhage 
   Asteroid hyalosis 
   Vitreous opaque “debris” 
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 contemporary scleral buckling procedures routinely include 
the creation of a chorioretinal burn, such an adhesion is not 
always necessary to maintain retinal reattachment.

   The most common complications of scleral buckling 
(other than anatomic failure) do not usually follow PR and 
vitrectomy without buckling. These are signifi cant postop-
erative infl ammation with swelling, discomfort, and blurred 
vision in most cases; induced myopia due to axial elongation 
in some cases; diplopia due to disturbance of extraocular 
muscles in a few cases; and subretinal hemorrhage or retinal 
incarceration in external drainage cases. In addition, PR 
offers additional advantages of an offi ce procedure and 
reduced postoperative discomfort, whereas vitreous surgery 
provides a remedy for the most common relative contraindi-
cations of buckling, signifi cant vitreous opacifi cation, and 
posterior retinal breaks. 

   a. Advantages of Scleral Buckling 
 The primary advantage of scleral buckling is the fact that it 
has served as a standard of care for decades, and its indica-
tions and success and complication rates are therefore 
 relatively well understood and acceptable. An additional 
important advantage is the fact that buckling is usually an 
extraocular procedure except for the important frequently 
optional steps of draining subretinal fl uid and/or injecting 
gas. It therefore usually does not cause direct changes in the 
vitreous gel that routinely follow pneumatic procedures and 
vitrectomy. The costs of equipment and accessory materials 
are considerably less than for vitrectomy although much 
more than for PR. It is usually not associated with progres-
sive cataract formation following surgery.  

   b. Disadvantages of Scleral Buckling 
 Compared to PR, important disadvantages of scleral buck-
ling are the necessity of performing the operation in an oper-
ating room and the costs of this and additional equipment. 

Increased patient morbidity usually occurs following scleral 
buckling than after PR and most vitrectomies without buck-
ling. Compared to vitrectomy, signifi cant disadvantages 
include increased diffi culties in the management of very 
large and/or posterior retinal breaks and increased patient 
morbidity following repairs of relatively “diffi cult” cases. As 
mentioned earlier, postoperative muscle imbalance and 
altered refractive errors are important complications that are 
more commonly seen following scleral buckling than after 
PR or vitrectomy without buckling. A growing but relatively 
curious disadvantage is that many vitreoretinal training pro-
grams appear to be providing less extensive training in 
scleral buckling techniques than was true in years past.   

   2. Pneumatic Retinopexy 
 Pneumatic retinopexy (PR) was introduced in the United 
States by Hilton and Grizzard in the mid-1980s [ 19 ]. It is an 
offi ce-based, sutureless alternative to scleral buckling and 
vitrectomy for the surgical repair of selected (superior) reti-
nal detachments [see chapter   V.B.7    . Pneumatic retinopexy]. 
A bubble of pure air or an expansile, long-acting gas is 
injected into the vitreous, and the patient is positioned so that 
the bubble tamponades the retinal break(s), allowing endog-
enous resorption of subretinal fl uid (Figure  V.B.4-10 ). To 
form a permanent seal around responsible break(s), cryo-
therapy can be applied during the procedure, or laser photo-
coagulation can be administered after the retina becomes 
reattached. The “ideal” uncomplicated retinal detachment 
for a pneumatic procedure (PR) is one associated with a reti-
nal break or closely localized group of breaks located 
between approximately 10:00 and 2:00 and extending no 
more than 1 clock hour in circumference, although RRDs 
from breaks between 8:00 and 4:00 are usually amenable to 
PR. Although the technique can be employed successfully 
when breaks are not located either superiorly or close 
together, fewer surgeons would select the procedure in these 

a b

  Figure V.B.4-9    Scleral buckling for retinal detachment. An open retinal tear ( a ) allows fl uids to pass through the break into the subretinal space. 
Closure of the retinal tear with a scleral buckle ( b ) results in retinal reattachment       
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instances. Additional features that support the choice of PR 
include an apparently total PVD, the absence of retinal lat-
tice and vitreous hemorrhage, and a phakic lens status.

   PR is associated with approximately a 10 % reduction in 
single operation anatomical success rate when compared to 
scleral buckling [ 20 ], and the development of new inferior 
retinal breaks is a major cause of recurrent RRD [ 21 ], 
although it is very likely that many of these inferior breaks 
were not new, but missed retinal breaks [see chapter   V.B.7    . 
Pneumatic retinopexy]. Still, ultimate success following 
reoperation does not appear to be compromised. PR is there-
fore a procedure that represents a legitimate standard of care 
as an option to other forms of reattachment surgery. 
Interestingly, this operation is considerably more popular in 
the United States than in many parts of the world. 

   a.  Advantages of Pneumatic 
Retinopexy 

 The primary advantages of PR are that it can be performed 
quickly in an offi ce setting with modest local anesthesia and 
that it has an acceptable success rate. Patient morbidity is 
usually less than with alternative operations, and costs are 
considerably lower. Progressive cataract formation does not 
follow the procedure. Most importantly, perhaps, failed PR 
does not appear to compromise success with subsequent 
scleral buckling and/or vitrectomy [ 21 ].  

   b.  Disadvantages of Pneumatic 
Retinopexy 

 The primary disadvantage of PR is that most surgeons limit 
its use to a relatively consistent subset of patients with single 
superior breaks and few signs of extensive vitreoretinal 

degenerative disorders, and there are many common types of 
cases in which it should not be routinely employed 
(Table  V.B.4-2 ). Additionally, even in carefully selected 
cases, the single operation anatomic success rate is approxi-
mately 10 % lower than for scleral buckling [ 20 ]. Still, there 
is no evidence that a failed PR procedure lowers the ultimate 
anatomic or visual success rate [ 21 ].   

   3. Vitrectomy 
 Retinal detachments that were initially managed with a “pri-
mary” vitrectomy were limited to relatively complicated 
cases with vitreous incarceration in cataract surgical wounds, 
severe vitreous hemorrhage, PVR, proliferative diabetic reti-
nopathy (PDR), giant tears, etc., and the technique was not 
employed for more routine cases until the mid-1980s [ 22 ]. 
Since then this form of surgery has become tremendously 
popular, particularly in the management of pseudophakic 
cases. 

 The goals of vitrectomy for retinal detachment are to (1) 
remove media opacities such as vitreous hemorrhage or 
debris; (2) eliminate vitreoretinal (axial), preretinal (tangen-
tial), or subretinal traction; (3) identify and treat all retinal 
breaks; (4) internally reattach the retina; (5) facilitate 
 placement of a large intraocular tamponade; and (6) avoid 
complications associated with scleral buckling surgery. The 
usual sequence of events includes removal of vitreous gel 
and preretinal membranes, identifi cation of retinal breaks, 
internal drainage of subretinal fl uid (via the retinal break(s) 
or a retinotomy), laser therapy to all responsible breaks and 
areas of signifi cant vitreoretinal degeneration, and place-
ment of an internal tamponade with gas or silicone oil 
(Figure  V.B.4-11 ). Vitreous surgery is frequently combined 

a b

  Figure V.B.4-10    Pneumatic    retinopexy for retinal detachment. Injection of a gas bubble ( a ) internally closes the responsible retinal break. This 
allows the physiologic reattachment forces to remove the subretinal fl uid and reattach the retina ( b )       
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  Figure V.B.4-11    Vitrectomy for retinal detachment. Perfl uoro-octane 
has been injected to stabilize the posterior retina, and the vitreous is 
removed, eliminating traction forces upon the fl ap of the responsible 
horseshoe tear ( a ); subretinal fl uid is removed internally ( b ) as air is 
injected. Perfl uoro-octane is not routinely employed by many surgeons, 

but if it is used, it is removed at this stage; following the air infusion, 
internal laser therapy ( c ) is then applied to surround all reattached reti-
nal breaks. Non-expansile long-acting gases are exchanged for air in 
selected circumstances       
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with placement of a scleral buckle, although the pros and 
cons of this continue to be debated.

     a. Advantages of Vitrectomy 
 The primary advantages of vitrectomy include the elimina-
tion of media opacities and transvitreal and periretinal mem-
branous traction forces, improved visualization and 
localization of retinal breaks, internal intraoperative reat-
tachment of the retina, and precise application of adhesive 
therapy. These steps can usually be accomplished without 
the complications that are relatively common following 
scleral buckling unless a buckling procedure is performed 
simultaneously with the vitrectomy.  

   b. Disadvantages of Vitrectomy 
 In phakic eyes, the routine development of postoperative 
nuclear sclerotic cataracts represents a major disadvantage, 
and there is some limited preliminary evidence that open- 
angle glaucoma may develop in pseudophakic vitrectomized 
eyes over decades following surgery [ 23 ]. The costs of vit-
rectomy are substantially higher than PR or scleral buckling. 
Failure of vitrectomy may be associated with the develop-
ment of relatively severe forms of PVR, although consider-
ably more research is needed to evaluate this phenomenon. A 
hopefully transient disadvantage is the lack of information 
regarding precise causes of failure following vitrectomy, and 
as additional data accumulate in regard to this relatively new 
technique, more answers will hopefully be forthcoming.    

   B.  Surgery for Complicated Retinal 
Detachments 

 As mentioned above, scleral buckling was the only widely 
available method of retinal detachment repair for several 
decades through the 1980s. Vitreous surgery was introduced 
by Machemer in the early 1970s [ 24 ], and vitrectomy became 
increasingly employed in cases complicated by vitreous 
opacifi cation, periretinal or transvitreal membrane forma-
tion, proliferative diabetic retinopathy, giant retinal tears, 
and other less common indications. A discussion of surgical 
techniques for these problems is beyond the scope of this 
chapter, but the management of PVR is discussed in chapter 
  V.B.5     [Management of retinal detachment with PVR], and 
retinectomy techniques are presented in chapter   V.B.6     
[Retinectomy in recalcitrant retinal detachments].  

   IV. Conclusions 

 The fundamental goals of all forms of surgery for reti-
nal detachment are the identification and closure of 
all responsible retinal breaks, and if these can be 
accomplished  without complications and/or the devel-
opment of PVR, the procedure will almost always be 

successful. Currently,  contemporary reattachment 
surgery is usually performed using one of the three 
techniques that have been described in this chapter or 
combinations thereof. 

 Although there is relative agreement among surgeons 
with regard to the use of vitrectomy for complicated reti-
nal detachments, the management of less severe cases 
remains a most debatable topic but one that will hopefully 
become minimized by the development of more meaning-
ful evidence bases in the future. In the meantime, sur-
geons will continue to select the procedure that they 
consider the best for a given case, and they will presum-
ably be infl uenced in this regard by their training experi-
ences, their observations of personal successes and 
failures, and their interpretations of data that continue to 
appear in the literature. 
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   I.   Introduction 

 Proliferative vitreoretinopathy (PVR) is a term coined by the 
Retina Society Terminology Committee in 1983 to describe 
retinal detachment caused by contractile cellular membranes 
on the retina and vitreous following rhegmatogenous retinal 
detachment (RRD) [ 1 ]. Contraction of these membranes can 
lead to new retinal detachments (RD) or failure of surgically 
corrected detachments. PVR still remains the leading 
cause of failure in retinal detachment surgery, occurring in 
5–10 % of all RRDs, and remains a major barrier to success-
ful repair of RDs [ 2 ]. 

 The events leading to the formation of PVR can be sum-
marized as follows: First, a retinal break must be present that 
allows retinal glial cells and retinal pigment epithelium 
(RPE) cells into the vitreous cavity or on the surface of the 
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 Key Concepts 

     1.    The pathophysiology of proliferative vitreoretinop-
athy (PVR) is now better understood and there are 
effective strategies to prevent as well as treat PVR, 
based upon its diagnosis and classifi cation.   

   2.    The preoperative and postoperative management of 
PVR is as important as the surgery.   

   3.    The surgical management of proliferative vitreo-
retinopathy includes relief of tractional forces,  clo-
sure of retinal breaks and maintaining long-term 
stabilization of the retina.     
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inner or outer retina. At the same time, a breakdown in the 
blood-retinal barrier occurs which further enhances cell 
migration and proliferation, potentiated by the hyalocytes 
[see chapter   II.D    . Hyalocytes]. These cells then undergo 
transformation, attaining fi broblast-like qualities and prolif-
erating in a membranous sheet. Various cytokines have been 
found in the retina and vitreous which play a role in the 
migration and proliferation of RPE cells [see chapter   III.J    . 
Cell proliferation at vitreo-retinal interface in PVR and 
related disorders]. The fi broblast-like cells, which have 
intrinsic contractile properties, then pull and contract colla-
gen fi brils that lead to tractional forces on the vitreous and 
retina. This ultimately leads to tractional retinal detachments 
and RRDs due to the formation of new breaks. Finally, fi xa-
tion of the contracted membranous sheets and bands and 
fi xed folds of the retina occurs with deposition of new col-
lagen. PVR involvement is most severe in the inferior retina. 
This is likely due to RPE cells settling on the inferior retina 
due to gravity and then proliferating. 

 Multiple studies have tried to identify risk factors for the 
development of PVR. These can be divided into pre- and 
postoperative risk factors. Preoperative risk factors include 
multiple and giant retinal tears, long duration of retinal 
detachment, aphakia, vitreous hemorrhage, presence of cho-
roidal detachments, and the presence of uveitis [ 3 ,  4 ]. 
Postoperative risk of PVR is increased by the presence of 
preoperative PVR, intraocular hemorrhage, the use of air or 
gas in surgery, excessive cryotherapy, diathermy or photoco-
agulation, loss of vitreous during subretinal fl uid drainage, 
the use of vitrectomy in the repair of RD, and repeated surgi-
cal procedures [ 5 – 7 ]. 

 Vitreous plays a key role in PVR. It becomes hazy with 
pigment clusters and contains cells (hyalocytes), growth fac-
tors, and cytokines that stimulate proliferation of cellular 
membranes on the retina. Vitreous may become adherent to 
the retina and the preretinal membranes that are present as 
the PVR matures (see section  III.B.3  below). Cellular con-
traction may also cause the vitreous body to contract when 
PVR matures as evidenced by the contraction of the vitreous 
base causing retinal foreshortening in anterior PVR. We have 
also found certain vitreous types more prone to PVR than 
others. Patients with vitreoretinal degenerations such as 
hereditary progressive arthro-ophthalmopathy (Stickler syn-
drome) are more prone to PVR because of abnormal and 
tightly adherent vitreoretinal adhesions [see chapter   I.C    . 
Hereditary vitreo- retinopathies]. During surgery, these adhe-
sions are so strong that they may prevent separation of the 
vitreous and membranes from the retina. It may be necessary 
to section the vitreous at the retinal surface with scissors 
rather than peel the vitreous and membranes. Younger 
patients with RRDs are also more prone to develop PVR. 
Also, in our experience, patients with vitreoschisis 

[see  chapter   III.B    . Anomalous PVD and vitreoschisis] 
develop PVR more frequently than those without.  

   II.   Diagnosis and Classifi cation 

 A classifi cation system developed by the Retina Society in 
1983 was used to describe the extent and severity of PVR 
[ 1 ]. This system was broken down into four grades based on 
vitreous and retinal mobility, extent of fi xed retinal folds, and 
confi guration of the retinal detachment (Table  V.B.5-1 ). This 
proved to be inadequate because it failed to characterize 
anterior PVR and did not characterize the different types of 
contraction. In 1991, this system was updated to include both 
anterior and posterior PVR and the different types of con-
traction in Grade C PVR [ 8 ]. Also, the extent of contraction 

   Table V.B.5-1    The Retina Society classifi cation of retinal detachment 
with PVR   

 Grade  Clinical signs 
 A  Minimal vitreous haze 

 Vitreous pigment clumps 
 B  Moderate wrinkling of the inner retinal surface 

 Rolled edge of retinal break 
 Retinal stiffness 
 Vessel tortuosity 

 C  Marked full-thickness fi xed retinal folds 
   C1  One quadrant 
   C2  Two quadrants 
   C3  Three quadrants 
 D  Massive fi xed retinal folds in four quadrants 
   D1  Wide funnel shape 
   D2  Narrow funnel shape 
   D3  Closed funnel 

   Table V.B.5-2    Updated classifi cation of PVR described by grade   

 Grade  Clinical signs 
 A  Vitreous haze 

 Vitreous pigment clumps 
 Pigment clusters on inferior retina 

 B  Wrinkling of the inner retinal surface 
 Rolled and irregular edges of retinal break 
 Retinal stiffness 
 Vessel tortuosity 
 Decreased mobility of vitreous 

 CP1-12 a   Posterior to equator 
 Focal, diffuse, or circumferential full-thickness folds 
 Subretinal strands 

 CA1-12  Anterior to equator 
 Focal, diffuse, or circumferential full-thickness folds 
 Subretinal strands 
 Condensed vitreous with strands 

   a Expressed in the number of clock hours involved  
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was defi ned according to the number of clock hours encom-
passed by PVR (Tables  V.B.5-2  and  V.B.5-3 ).

       A.  Clinical Findings 

  Grade A  is the earliest phase and includes vitreous haze, pig-
ment clumps, and pigment clusters, usually on the inferior 
retina.  Grade B  PVR involves superfi cial wrinkling of the 
retina and increased retinal stiffness. Retinal breaks develop 
rolled edges and there is an overall decrease in mobility of 
the vitreous and retina (Figure  V.B.5-1 ).  Grade C  PVR is 
divided into anterior and posterior PVR and includes full- 
thickness retinal folds (Figure  V.B.5-2 ). Posterior PVR con-
sists of focal and diffuse contraction of the retina due to 
proliferation and contraction of preretinal and/or subretinal 
membranes posterior to the equator (Figure  V.B.5-4 ), while 
anterior PVR encompasses focal or diffuse retinal contrac-
tion due to proliferation and contraction of preretinal and/or 
subretinal membranes at or anterior to the equator and 
includes anterior retinal displacement (Figure  V.B.5-3 ).

        B.  Posterior PVR 

 In posterior PVR, the most common type of contraction is 
the star fold which is due to contraction of a focal cellu-
lar membrane on the retinal surface posterior to the vitre-
ous base. The fi xed retinal folds that develop radiate away 
from the epicenter of cellular proliferation, resulting in the 
star fold confi guration (Figure  V.B.5-4 ). Retinal contraction 
occurs in two varieties: focal and diffuse. A focal contrac-
tion is localized to less than four disc areas in size, while dif-
fuse contraction involves four or more disk areas, often with 
multiple, confl uent epicenters of proliferation. The optic disc 

may be obscured by retinal contraction in diffuse posterior 
PVR. Also, subretinal membranes can develop due to  cellular 
proliferation beneath the retina. Clinically, retinal contraction 
due to subretinal membranes can be seen as retinal folds with-
out preretinal membranes or typical star fold confi guration. 
Subretinal membranes can present as an annular constriction 
of the retina anterior to the optic disc (“napkin- ring” confi gu-
ration), a linear fold with a strand of membrane beneath the 
retina (“clothesline” confi guration), or as a diffuse membrane 
(“moth-eaten” appearance) (Figure  V.B.5-5a–c ).

       C.  Anterior PVR 

 Anterior PVR is due to cell proliferation and membrane con-
traction in the peripheral retina at or anterior to the equator 
and at the posterior vitreous base. The two main types of reti-
nal contraction are circumferential contraction and anterior 
retinal displacement. In circumferential anterior PVR, the 
posterior edge of the vitreous base contracts causing circum-
ferential shortening and displacement of the retina centrally 
toward the vitreous cavity. Radial retinal folds extend poste-
rior to the vitreous base. Inward contraction of the vitreous 
base may cause stretching of the ciliary body substance lead-
ing to hypotony and further breakdown of the blood-aqueous 
barrier [ 9 ,  10 ].   

   III.   Surgical Management 

   A.  Principles of Surgery 

 The key principles in the management of PVR are preop-
erative management to reduce surgical infl ammation, surgi-
cal relief of tractional forces, and closure of retinal 

   Table V.B.5-3    Grade C PVR described by contraction type   

 Type  Location  Features 
 Focal  Posterior  Star fold posterior to vitreous base 
 Diffuse  Posterior  Confl uent star folds posterior to vitreous base 

 Optic disc may not be visible 
 Subretinal  Posterior/anterior  Proliferations under retina 

 “Napkin ring” around disc 
 “Clothesline” 
 Moth-eaten appearing sheets 

 Circumferential  Anterior  Contraction along posterior edge of vitreous base with central displacement of the retina 
 Peripheral retina stretched 
 Posterior retina in radial folds 

 Anterior displacement  Anterior  Vitreous base pulled anteriorly by proliferative tissue 
 Peripheral retinal trough 
 Ciliary processes may be stretched or may be covered by membrane 
 Iris may be retracted 
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breaks [ 11 ]. Postoperative management is important for 
maintaining long-term stabilization of the retina. Studies of 
preoperative management of PVR have shown mixed 
results. A recent prospective placebo-controlled double-
blind clinical trial by Jonas et al. [ 12 ] showed that 0.5 ml of 
subconjunctival dexamethasone 6 h preoperatively resulted 
in decreased laser fl are measurements at 1 week postopera-
tively, suggesting that steroid priming might be useful. 

Koerner and colleagues [ 13 ] randomized eyes with retinal 
detachments at high risk of PVR to systemic corticoste-
roids or placebo starting the day of surgery and continuing 
with taper for 15 days postoperatively. While there was no 
signifi cant difference in visual acuity or the incidence of 
recurrent retinal detachment between the groups, cortico-
steroid-treated patients had signifi cantly less premacular 
membrane formation in the operated eyes. We start patients 

  Figure V.B.5-1    Grade B PVR: wrinkling of the retinal surface and retinal stiffness       
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with no medical contraindications to corticosteroid therapy 
on oral prednisone 1.5 mg/kg beginning 2 days prior to 
complex PVR surgery and continue with tapering doses for 
7–10 days postoperatively. 

 Visualization is paramount in order to perform effective 
surgery. Corneal opacities can arise from multiple reasons 
but are most commonly due to epithelial edema. If this lim-
its adequate visualization, then the epithelium should be 
removed. Opacities deeper in the cornea, such as stromal 
opacities or corneal blood staining, may require intraoper-
ative placement of a temporary keratoprosthesis followed 
by penetrating keratoplasty at the end of the case [ 14 – 17 ]. 
The temporary keratoprosthesis provides good intraopera-
tive visualization of the posterior pole and peripheral 
retina. 

 If the pupil does not dilate adequately, we dilate and 
stretch the pupil mechanically using iris hooks [ 18 ]. First, all 
synechiae are lysed and capsular material removed. Then, a 
Ziegler-type blade is used to make limbal openings just ante-
rior and parallel to the iris plane in 4 quadrants, typically 90° 

apart. These are self-sealing wounds that do not need corneal 
sutures at the end of the case. The iris hooks are then passed 
through the limbal incisions and hooked on the edge of the 
pupillary border and retracted. The hooks are secured exter-
nally with a small plastic locking device. 

 Most phakic eyes will require removal of the lens, even if 
clear. Anterior membranes and the anterior vitreous cortex 
should be removed along with a complete vitreous base dis-
section during vitrectomy in PVR cases. Complete anterior 
dissection is not possible in the phakic eye. Failure to ade-
quately remove peripheral vitreous can greatly increase the 
likelihood of recurrent anterior PVR. In addition, prolonged 
gas tamponade will almost always cause a cataract necessi-
tating later lens removal. Management in the postoperative 
period, including the ability to do a fl uid-gas exchange and 
to administer postoperative laser photocoagulation, is facili-
tated by lens removal. Strategies for lens management 
include lensectomy at the time of vitrectomy for PVR or 
phacoemulsifi cation and placement of a posterior chamber 
intraocular lens (PCIOL) either prior to (at a separate 

  Figure V.B.5-2    Combined ante-
rior C12 and posterior C12 PVR. 
Circumferential anterior contrac-
tion: contraction and inward dis-
placement of posterior vitreous 
base with stretching of peripheral 
retina (#), radial fold extending 
from contracted vitreous base 
posteriorly (x), diffuse posterior 
contraction (*)       
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 surgery) or at the time of surgery for PVR. We prefer to do 
cataract surgery 1–2 weeks prior to retinal surgery as there 
may be more breakdown of the blood-ocular barrier and 
fi brin formation when cataract surgery is done simultane-
ously. The risks and benefi ts of staged surgery should be 
weighed against the potential visual disadvantage of delay-
ing repair of the retinal detachment. For most cases with 
advanced PVR, the 1- or 2-week delay for the retinal surgery 
will not likely affect the visual outcome. An existing PCIOL 
in a pseudophakic patient can usually be left in place as ade-
quate dissection of the vitreous base and anterior membranes 
can still be achieved. If anterior proliferative tissue is adher-
ent to the posterior capsule hindering visualization or if the 
PCIOL is unstable, then the IOL should be removed through 
the limbus. Anterior chamber intraocular lenses (ACIOL) 
are challenging because postoperative intraocular gas may 
push the ACIOL complex forward against the corneal endo-
thelium increasing the chances of corneal decompensation 
and bullous keratopathy. Moreover, gas or silicone oil can 
easily prolapse around the ACIOL and touch the cornea 

degrading the retinal view intraoperatively and postopera-
tively. If the ACIOL is unstable or poorly fi xated, it is often 
best to remove the IOL through the limbus and leave the 
patient aphakic.  

   B.  Techniques of Surgery 

   1.  Lens Removal 
 The crystalline lens is removed through the pars plana, 
except in cases with extremely hard nuclei, in which case the 
nucleus may be best removed through the limbus. Following 
ultrasonic fragmentation of the nucleus and cortex, the vit-
rector is used to cut an opening in the anterior capsule. 
Forceps are then used to grasp the peripheral capsule and 
pull on it to expose the zonules. While retracting the capsule, 
the zonules can be cut by the vitrector or vertical scissors 
through the opposite sclerotomy site [ 19 ] (Figure  V.B.5-6 ). 
We feel it is important to remove the capsule completely to 
decrease the likelihood of recurrent anterior PVR and to 

  Figure V.B.5-3    Anterior PVR causes anterior retinal displacement (adapted from [ 27 ], reproduced with permission)       
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 prevent synechiae of the iris to the lens capsule that can 
result in a distorted, fi xed pupil.

      2.  Scleral Buckle 
 We recommend placement of a scleral buckle (if not already 
present) in most cases with PVR. Low-grade PVR (grade A 
or B and limited grade C) cases can often be managed with a 
scleral buckle alone. In many instances of retinal 
 re- detachments with PVR, a scleral buckle is already present 

from the initial surgery. These rarely need to be revised or 
replaced and can be left in place. At times, however, it is 
necessary to supplement an existing scleral buckle, espe-
cially inferiorly if adequate support is not present. Eyes with 
extensive retinectomies or giant tears, especially those 
greater than 180°, may not need a scleral buckle. 

 The goals of scleral buckling are to relieve traction and 
support the vitreous base and to facilitate closure of periph-
eral retinal breaks. The vitreous base should be supported 

  Figure V.B.5-4    Diffuse posterior PVR, star fold confi guration       
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for 360° by the element. A moderately high and broad inden-
tation is ideal and helps to relieve anterior traction. The 
width of the scleral buckle will vary with the location of the 
breaks and the vitreous base. In most cases, we use a 4.5-mm-
wide encircling band (42 band) with sutures placed 1.5 mm 
wider than the buckle (6 mm) to increase indentation and 
height. If the vitreous base extends more posterior, a silicone 
tire or sponge can be used. Placing the anterior suture for the 
sclera buckle approximately 2 mm posterior to the muscle 

insertion ring usually places the buckle in a position to sup-
port the vitreous base and the retina just posterior to the vit-
reous base. In cases involving scleral buckle and vitrectomy, 
we prefer to pre-place the sutures for the buckle in each 
quadrant prior to creating sclerotomies for the vitrectomy. 
This is because the eye is fi rmer prior to making the scleroto-
mies, and it is easier to place the sutures safely. After the 
vitrectomy is completed, the buckling element is then placed 
around the eye.  

b c

a

  Figure V.B.5-5    ( a ) “Napkin-ring” confi guration (from [ 49 ]. Reproduced with permission) ( b ) “clothesline confi guration” with linear fold of 
subretinal membrane, and ( c ) “moth-eaten” appearance with diffuse membrane       
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    3.  Vitrectomy 
 A three-port pars plana vitrectomy system is used for sur-
gery. Historically, complex PVR cases were performed using 
the larger bore 20-gauge system. More recently, micro- 
incisional vitrectomy surgery (MIVS) has supplanted larger 
gauge surgery. Studies have shown that surgical outcomes 
using MIVS are equal to and non-inferior to the standard 
20-gauge system [ 20 – 22 ]. There are, however, distinct 
advantages and disadvantages to each system. An advantage 
of MIVS is that sutures are not required at the close of cases 
as long as the wound architecture is sound [ 23 ]. This confers 
the benefi t for faster wound healing, reduced operative time, 
and less overall patient discomfort. However, in cases that 
have had previous vitrectomy, the wounds may not ade-
quately seal due to thinning of the sclera and scarring. Thus, 
in cases with silicone oil, it may be best to always suture the 
sclerotomy sites to prevent subconjunctival silicone oil. Even 
if suturing the sclerotomy sites is necessary, there are other 
advantages to MIVS. The reduced infusion fl ow and the 
presence of cannulas, especially self-sealing cannulas, 
reduce the risk of incarceration of mobile retina in the scle-
rotomy sites. In addition, with self-sealing cannulas, there is 
reduced turbulence and, therefore, less of a chance of bub-
bles that can be retained beneath the retina when perfl uoro-
carbon liquid is used. 

 A potential disadvantage of MIVS is reduced rigid-
ity, causing increased fl exibility that might make complex 
maneuvers and working in the far peripheral fundus more 
diffi cult. However, 23-gauge instruments and newly designed 
25-gauge instruments maintain adequate rigidity so periph-

eral membrane dissection and shaving of the vitreous base 
can be easily performed. In 20-gauge surgery, the overall 
duration of vitrectomy is faster due to higher fl ow dynam-
ics. However, compared to MIVS cases that do not require 
suturing of sclerotomy sites, this time benefi t is lost when fac-
toring in the time to suture wounds. Additionally, pars plana 
phacoemulsifi cation currently requires 20-gauge instruments. 

 We prefer using a 23-gauge vitrectomy system. We fi rst 
displace the conjunctiva using forceps and insert the cannula 
using a trocar and cannula system through the sclera 3.5 mm 
posterior to the limbus. In cases where anterior PVR pulls 
the retina anteriorly, the sclerotomies are made more anteri-
orly. After the cannula is well set, the trocar is removed. 
Cannulas are placed in the inferotemporal, superonasal, and 
superotemporal quadrants. The infusion cannula is placed in 
the inferotemporal quadrant and the tip is visualized prior to 
starting the infusion to make sure it has completely cleared 
the pars plana into the vitreous cavity to prevent subretinal or 
choroidal infusion. The risk of subretinal infusion is greatest 
in eyes with anterior PVR and anterior retinal displacement. 
A 4 mm infusion cannula is typically used; however, longer 
infusion cannulas can be used in cases with anterior mem-
branes obstructing the surgeon’s view. 

 Many lens systems have been developed to view the ret-
ina during surgery. Some surgeons prefer suturing a lens ring 
to the limbus in order to utilize plano-concave and prismatic 
lenses to view the posterior pole and periphery, respectively. 
We prefer using a non-contact wide-angle viewing system 
(BIOM, OCULUS Surgical Inc, Port St. Lucie, FL) that per-
mits a viewing fi eld of 130°. This allows for adequate visual-
ization for peripheral vitrectomy and anterior dissection of 
membranes, often without the need for scleral depression. 
This system is also very useful for constricted views due to 
opacifi ed capsules or small pupils. The major limitations of 
the wide-angle system are the reduction in stereopsis that 
makes fi ne membrane dissection diffi cult. For the posterior 
pole, a disposable plano-concave lens works well for 
 membrane peeling and fi ne dissection, giving a 36° fi eld of 
view and 1× magnifi cation. 

 If there has been no previous vitrectomy, the core vitreous 
is removed fi rst followed by removal of the peripheral vitre-
ous. Posterior vitreous detachment (PVD) is usually present 
in cases of PVR. If separation has not occurred (sometimes 
seen in traumatic PVR, degenerative myopia, or vitreoretinal 
degenerations), a PVD must be induced using the cutter or a 
suction catheter at the disc. If the vitreous is strongly adher-
ent to the retina, as can be seen in vitreoretinal degenerations 
such as Stickler or Wagner syndrome, the vitreous should be 
shaved and sectioned as close to the retina as possible. Next, 
vitrectomy proceeds with shaving the vitreous to the surface 
of the peripheral retina and to the vitreous base. Scleral 
depression by an assistant will help to visualize the vitreous 
base at this point; however, as mentioned before, the 

  Figure V.B.5-6    Capsular removal using vitrector and forceps       
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 wide- angle viewing system may provide suffi cient visualiza-
tion. If signifi cant anterior PVR is present, extensive shaving 
of the vitreous base and sectioning of anterior membranes 
should be delayed until removal of all posterior membranes 
[ 24 ]. Posterior and mid-peripheral membranes often extend 
anteriorly, and starting the peeling process posteriorly often 
facilitates anterior membrane removal. As the posterior 
membranes are removed, the retina may become more 
mobile and bullous. This may limit anterior dissection and 
increase the risk of peripheral retinal damage. Perfl uorocarbon 
liquid (PFCL) can be used to stabilize the posterior retina to 
allow safe removal of peripheral vitreous and anterior mem-
branes [ 25 ] (Figure  V.B.5-7a, b ). Only a small amount of 
PFCL is used during dissection so the PFCL does not com-
press peripheral vitreous and membranes.

   The posterior cortical vitreous is often incorporated into 
the peripheral preretinal membranes when they form and 
contract, dragging the vitreous posterior to the vitreous base 
and sometimes even posterior to retinal tears. It is important 
to completely strip the posterior vitreous cortex anteriorly to 
the vitreous base. This is done by using forceps to grasp the 
edge of the adherent posterior vitreous cortex and lifting cen-
trally while holding the retina back with the blunt surface of 
an illuminated pick to separate the vitreous cortex from the 
peripheral retina. Alternatively, the vitrectomy cutter set to 
suction-only mode can sometimes be used to grasp the 
 posterior vitreous cortex edge and pulled centrally relieving 
any adherence and traction. An adjunct to help with visual-
ization of the cortical vitreous and membranes is triamcino-
lone acetonide [ 26 ]. We use 0.1–0.2 ml of a suspension of 
triamcinolone acetonide 40 mg/cc diluted in balanced saline 

solution in a 1:5 ratio. This nicely highlights any remaining 
adherent cortical vitreous for removal.  

   4.  Membrane Peeling 
 We prefer to use an illuminated pick and a vitreoretinal for-
ceps for membrane peeling (Figure  V.B.5-8 ). The illumi-
nated pick should have a rounded, relatively blunt tip as 

a b

  Figure V.B.5-7    Giant retinectomy with elevated, folded edges. ( a ) Perfl uorocarbon liquid injected over optic disc. ( b ) Enlarging perfl uorocarbon 
bubble unfolds and fl attens edge of retinectomy       

  Figure V.B.5-8    Illuminated pick and forceps used for membrane 
peeling       
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sharp tips will more likely perforate the retina. A good 
general- use forceps is the de Juan pick forceps (Synergetics, 
Inc, O’Fallon, MO) that has a pick for elevating membranes 
and a platform that grasps membrane well. However, some-
times a non-pick, end-grabbing forceps works best for grasp-
ing adherent membranes. Preretinal membranes at the 
posterior pole are best removed using a bimanual technique. 
Thicker membranes can be directly grasped by the forceps 
and stripped in a posterior to anterior fashion. Often, large 
membranes can be stripped off in a single sheet. If the mem-
brane is thin and less distinct, the illuminated pick can be use 
to elevate it, then grasp with forceps and strip it. Posterior 
membranes usually can be easily identifi ed, but extensive 
confl uent membranes can obscure edges. To manage this, the 
illuminated pick or pick forceps can be placed in a retinal 
fold and dragged to the center of the fold to engage the mem-
brane. Once it is engaged and an edge is created, a forceps 
can be used to grab the edge. As the forceps pulls the mem-
brane centrally, the blunt portion of the pick is placed against 
the retina to give countertraction as the membrane is pulled 
centrally. The illuminated pick can be placed between the 
membrane and retina to completely separate the membrane. 
Another technique used for tightly adherent membranes is to 
use a barbed micro-vitreoretinal (MVR) blade to initially 
engage the membrane and then strip it using the technique 
described above.

   If an excessively tight adhesion is found, aggressive force 
should not be applied because a retinal tear can occur. 
Instead, vertical cutting scissors or curved scissors can be 
used to segment the membrane from the retina to relieve 
traction. Very immature membranes are extremely friable 
and not easily grasped for removal. If left fragmented on the 
retinal surface, these can act as epicenters of reproliferation 
and therefore should be removed completely. In these situa-
tions, a backfl ush brush with a silicone tip can be used to 
gently “stroke” the immature membranes off the retinal sur-
face and help remove any pigment dusting. 

 As mentioned previously, once all posterior and periph-
eral membranes are moved, the retina will become bullous 
and mobile. Prior to anterior membrane dissection and to 
facilitate peripheral membrane and vitreous removal, PFCL 
should be used to stabilize the posterior retina [ 25 ]. Initially, 
a small volume of PCFL is injected over the optic nerve so as 
not to cover any remaining vitreous. More is injected to fl at-
ten the retina further as the dissection is carried more anteri-
orly. PFCL should never be injected directly over a retinal 
break as it can go subretinal. Excessive traction on the retina 
in the presence of retinal breaks can cause PCFL to enter the 
subretinal space, but isolated, smaller posterior breaks not 
under traction are not a contraindication to the use of PFCL. 
Typically, PFCL is not used for dissection when large poste-
rior retinal breaks are present. Instillation of PFCL may 
make subretinal membranes apparent if the posterior retina 

does not fl atten. This will necessitate removal of some of the 
PFCL for subretinal membrane removal (described later). 

 If anterior PVR is present, it must also be dissected and 
segmented [ 27 ]. Anterior focal and diffuse membranes are 
removed using the same techniques as in posterior mem-
branes. Often, subretinal membranes become visible only 
after the preretinal membranes have been removed. Anterior 
retinal displacement is more diffi cult to manage. A circum-
ferential retinal trough may be present at the vitreous base 
caused by the retina at the posterior aspect of the vitreous 
base being pulled anteriorly to the pars plana or more anterior 
structures. This can be diffi cult to visualize but telltale signs 
of anterior retinal displacement include obscuration of the 
ora serrata and a fi brous circumferential membrane attached 
to the pars plana, pars plicata, and/or ciliary processes. 

 A sharp-tipped MVR blade works well to open mem-
branes bridging the anteriorly displaced retina to anterior 
structures. Once the membrane is opened, vertical cutting 
scissors can be used to section the membranes circumferen-
tially. As this occurs, the anterior-posterior traction will be 
relaxed and the anteriorly displaced retina will fall posterior 
to its normal position. Any membrane remnants can exert 
traction and should be trimmed using the vitrectomy cutter 
or sectioned or amputated with scissors while countertrac-
tion is applied using the illuminated pick or forceps by 
bimanual technique. All membranes should be removed; 
however, if this is not possible due to tightly adherent mem-
branes, they should be sectioned radially to eliminate cir-
cumferential traction. Any vitreous left in the trough should 
be shaved back as close to the peripheral retina as possible as 
well. Retinal breaks that are created during the sectioning 
process should be identifi ed and all traction relieved around 
the breaks. In some instances, it is not possible to adequately 
relieve anterior contraction necessitating a peripheral cir-
cumferential relaxing retinectomy (see below). 

 Subretinal membranes can be present in up to half of 
PVR cases but rarely do they prevent retinal reattachment 
and need to be removed [ 28 ]. Sometimes, subretinal mem-
branes that appear to be causing traction will relax after 
PFCL injection or fl uid-gas exchange. In instances where 
they do not relax and preclude retinal reattachment, they 
must be removed. This should only be done after all poste-
rior and anterior membranes have been dissected. Localized 
subretinal membranes and those having a “clothesline” 
confi guration can often be removed through a small reti-
notomy. An adjacent retinotomy is created with diathermy 
that simultaneously marks the retinotomy for further laser 
and prevents bleeding. Then, forceps are inserted and the 
membrane is grasped with gentle traction applied in a 
 back-and-forth motion to help loosen the adherent mem-
brane. Frequent regrasping of the membrane as it is pulled 
out will help prevent the membrane from breaking and 
from inadvertently enlarging the retinotomy. Sometimes 
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the membrane is fi rmly adherent and aggressive pulling 
with forceps can risk creating retinal tears. In these cases, it 
is best to cut and segment the membrane using vertical scis-
sors to relieve any traction. Extensive diffuse subretinal 
membranes and those with a “napkin-ring” confi guration 
(whereby a circumferential subretinal membrane pulls the 
retina together anterior to the optic disc) require a large cir-
cumferential peripheral retinotomy for removal 
(Figure  V.B.5-9 ). After creating a peripheral retinotomy of 
90° or more, the retina is then folded over to access the 
subretinal space, and the membranes are removed com-
pletely using a bimanual technique. Sometimes a “napkin 
ring” membrane is best sectioned and left in place if tightly 
adherent to the posterior retina.

      5.  Relaxing Retinotomies and 
Retinectomies 

 Relaxing retinotomies (incision into the retina) and retinecto-
mies (excision of the retina) are usually done when anterior 
PVR contracts causing retinal foreshortening that makes it 
impossible to reattach the retina [ 29 ]. This most commonly 
occurs in anterior retinal displacement in eyes that have had 
previous vitrectomy surgery. After all other membranes have 
been dissected, diathermy is applied in a double row posterior 
to the contracted retina. If a scleral buckle is present, the reti-
notomy is usually made just posterior to the scleral buckle. 
All vessels must be completely diathermized to achieve ade-
quate hemostasis and to prevent hemorrhage (Figure  V.B.5-10 ). 
The vitreous cutter or vertical cutting scissors are then used to 
create the circumferential retinotomy, and the retina anterior 
to the retinotomy is removed using the vitreous cutter 
(Figure  V.B.5-11 ). A common mistake is to underestimate the 
needed size of the retinotomy which may leave traction at the 
ends of the retinotomy that can lead to re-detachment of the 

retina. The retinotomy should extend beyond the area of con-
traction into normal retina on each end and angled anteriorly 
toward the ora serrata. We usually avoid radial retinotomies 
as they tend to extend into the posterior pole and do not 
relieve traction well and, thus, are rarely indicated. A reti-
notomy greater than 90° in circumference will need to be 
managed like a giant retinal tear, usually with PFCL.

       6.  Reattachment of the Retina 
 If all traction has been relieved and no giant retinal tear or reti-
notomy created, the retina can be reattached with a fl uid- air 

  Figure V.B.5-9    Large circumferential peripheral retinectomy       

  Figure V.B.5-10    Retinal diathermy in preparation for retinectomy       

  Figure V.B.5-11    Creation of a circumferential retinectomy       
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exchange (described below). Surgery in most complex cases, 
however, will have used PFCL to stabilize the posterior retina 
during anterior membrane dissection. If PFCL was used, addi-
tional PCFL is injected to enlarge the existing bubble and reat-
tach the retina. It is important to remove all retinal traction 
around breaks before raising the level of PFCL anterior to the 
retinal defects. If not, the PFCL can pass into the subretinal 
space, requiring further procedures to remove it. We prefer to 
inject the PFCL manually with a blunt, rigid cannula on a 
syringe and start the injection over the optic nerve. As 
described earlier, a small volume is injected initially, and once 
the bubble is large enough, the cannula can be placed into the 
PFCL bubble and injected to create a single, uniform bubble. 
As PCFL is injected, fl uid is allowed to escape through the 
sclerotomy cannula. As the bubble increases in size, the retina 
will fl atten and the choroidal pattern should become visible. 

 It is important to watch the peripheral retina fl atten as the 
bubble enlarges. If a portion of the retina remains elevated 
under PFCL, the bubble should be removed until it is just pos-
terior to the traction. Then the traction should be relieved (usu-
ally with membrane peeling or retinectomy) prior to restarting 
PFCL injection. PFCL should be injected until it is well ante-
rior on the scleral buckle. However, try to avoid immersing the 
tip of the fl uid infusion port in PFCL as many small bubbles 
can be produced. The turbulent fl ow can force some of these 
bubbles through anterior retinal breaks into the subretinal 
space. The use of MIVS with self- sealing cannulas will reduce 
turbulence and help prevent production of PFCL bubbles. 
Once the entire posterior and peripheral retina is attached, the 
retina should be examined. If areas are still elevated under 
PFCL, the traction should be relieved. Preretinal membranes 
can often be removed under PFCL. If further, more involved 
dissection is needed due to persistent membranes or subretinal 
membranes, the PFCL should be carefully aspirated out into a 
syringe for later use and the traction released. 

 If the decision is made to do a direct fl uid-air exchange, 
retinal breaks should be marked using diathermy prior to the 
exchange so they are visible under air. Then, air is pumped 
into the eye through the infusion line from the vitrectomy 
machine while a silicone soft-tipped needle is placed over a 
retinal break and the subretinal fl uid (SRF) is aspirated. 
Usually, a posterior or peripheral retinal break is present for 
SRF drainage; however, if no break is present, we create a 
drainage retinotomy with endodiathermy. This is best done 
in the mid-periphery, usually at least 5 disc diameters from 
the macula, preferably in the superior-temporal quadrant to 
minimize effects on the visual fi eld. The drainage retinotomy 
can also be made even more peripherally so it is supported 
on the scleral buckle if the surgeon desires. Drainage through 
a peripheral break can be done using an extendable silicone 
soft-tipped cannula (extendable backfl ush brush, Dutch 
Ophthalmic Research Center, Netherlands) where the can-
nula can be passed through the peripheral break and extended 

into the posterior subretinal space. Another technique for 
drainage of a peripheral break is to tilt the eye so the area of 
drainage is as posterior as possible to allow complete fl atten-
ing of the retina while the fl uid is aspirated. If draining 
peripherally, take care that the enlarging intravitreal air bub-
ble does not cause a posterior retinal fold. If such a fold is 
seen, then the air should be removed and either a more pos-
terior drainage retinotomy made or PFCL injected to reat-
tach the retina. 

 It is not uncommon for the visibility to deteriorate dra-
matically after the fl uid-air exchange is completed. This can 
be due to corneal striae or condensation of water vapor on 
the IOL. To help overcome this, applying dilute sodium hyal-
uronate onto the corneal endothelium or the posterior IOL 
can help improve the view. Also, the posterior surface of the 
IOL can be uniformly “wetted” using a soft-tipped cannula 
swept across the back surface. Because of their hydrophobic 
nature, silicone IOLs are notorious for having persistent lens 
condensation despite wiping the posterior surface. A tech-
nique to dry the posterior IOL surface involves torquing the 
infusion cannula toward the back surface of the silicone IOL 
and using the steady stream of air to help dry the 
condensation.  

   7.  Laser Photocoagulation 
 Once the retina is attached, either under PFCL or under air, 
confl uent endolaser photocoagulation is applied to surround 
all the retinal tears and the entire edge of any retinotomy. We 
usually apply laser 360° on the scleral buckle in a scatter pat-
tern. Laser spots should be placed in two to three rows of 
moderate intensity burns placed about 1 burn width apart. 
Care should be taken not to create too intense burns as iatro-
genic breaks can be created. If a laser spot is not visible 
despite adequate laser power and duration, SRF is likely 
present and should be removed in order to get proper retinal 
reattachment. Using a curved laser probe is helpful in treat-
ing the peripheral retina. Applying laser under PFCL affords 
excellent visualization and the level of PFCL can be raised 
anterior to the scleral buckle to assure no SRF is left and 
proper laser spots are made circumferentially. Laser treat-
ment under air is more diffi cult due to the poor visualization 
that can occur. In these cases, diathermy of the retinal breaks 
prior to instillation of the air is useful to guide the location of 
treatment.  

   8.  PFCL Removal 
 If PCFL was used to reattach the retina, it must be removed. 
This is best accomplished by using active suction with a 
silicone- tip cannula. Some surgeons prefer using passive 
extrusion through a backfl ush (Charles) silicone-tip cannula 
that works well but more slowly. The infusion line is switched 
from fl uid to air, and the initial aspiration of PFCL and fl uid 
is done immediately behind the lens and iris plane. Then the 
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cannula is directed toward the peripheral retina where the 
fl uid is completely aspirated so that an air-PFCL interface is 
created. Anterior subretinal fl uid can be removed by aspira-
tion through breaks posterior to the fl uid. The air forces the 
fl uid posterior to the break. Once the retina is fl at to the level 
of the most posterior break, the aspiration cannula is directed 
posteriorly over the optic nerve and the remaining PFCL is 
removed. As air is exchanged for the PFCL, a useful tech-
nique to assure the cannula is in fl uid is the “dipping” maneu-
ver. In this maneuver, the cannula is directed posterior toward 
the optic nerve until the refl ex disappears (indicating the can-
nula tip is in fl uid). Then aspiration is carried out until the 
refl ex reappears, and the maneuver is carried out again until 
all fl uid is removed. Finally, after all the fl uid is aspirated, we 
prefer to inject approximately 0.25 ml of balanced saline 
solution onto the posterior retina to help identify any residual 
PFCL. The PFCL will coalesce in the saline solution and can 
then be aspirated with the soft-tip cannula. 

 If a giant retinotomy was created, there is a risk of retinal 
slippage that can occur during PFCL-air exchange. This 
occurs when fl uid is left behind the edge of the retinotomy, 
and as the PCFL-air exchange proceeds, the residual fl uid is 
forced posterior causing posterior slippage of the retina. This 
can be prevented by “drying” the edge of the retinotomy by 
fi lling the eye with air up to the anterior edge of the fl ap. 
Then the cannula is used to aspirate any residual fl uid beneath 
the anterior retinotomy edge before posterior PFCL aspira-
tion is carried out.  

   9.  Fluid or PFCL-Silicone Oil Exchange 
 Some surgeons prefer to skip the step of exchanging either 
fl uid or PFCL for air and go directly to silicone oil. In order 
to accomplish this, the silicone oil must be injected through 
the infusion port and a backfl ush brush used to passively 
extrude the fl uid or PFCL out of the eye secondary to the 
increased pressure caused by the silicone oil infusion. The 
backfl ush brush is placed posterior over the optic nerve until 
all the PFCL or fl uid is removed. Active aspiration should 
not be used at this point as the eye will collapse because the 
rate of injection of silicone oil is much lower than the rate of 
aspiration of fl uid. For direct fl uid-silicone oil exchange 
where a retinotomy or giant tear is present, the surgeon will 
need to bluntly position the fl ap of the tear and initially drain 
the fl uid anteriorly at the retinectomy and then posterior over 
the optic nerve. This back-and-forth process is repeated until 
all the fl uid has been removed and the eye fi lled with silicone 
oil. During the process, the fl ap of the retinotomy or giant 
tear may need to be repositioned if any posterior slippage 
occurs. This can be done by extruding the anterior edge of 
slipped retina into the orifi ce of the backfl ush brush and 
manually pulling the retina anteriorly to its proper anatomi-
cal position.  

   10. Intraocular Tamponade 
 The appropriate time length of tamponade in complex PVR 
cases is unknown, but the Silicone Study Group showed 
that long-term tamponade is more effective at retinal reat-
tachment with better visual acuity outcomes compared to 
short- term tamponade [ 30 ]. Longer tamponade is achieved 
using perfl uoropropane gas (C 3 F 8 ) or silicone oil rather 
than sulfur hexafl uoride gas (SF6). The Silicone Study 
Group also showed that the anatomic and visual results 
were similar regardless of whether C 3 F 8  gas or silicone oil 
was used [ 31 ,  32 ]. Gas may be favored over oil if there is 
risk of the silicone oil migrating into the anterior chamber 
and contacting the cornea or in the presence of vitreous or 
subretinal hemorrhage. Another advantage of gas is that it 
will disappear without the need for an additional surgery 
for its removal. A disadvantage of gas is that the tamponade 
is only temporary and the vision will be restricted while 
looking through the gas bubble. Oil may be preferred over 
gas in children and mentally handicapped patients who will 
have trouble positioning or in patients who must travel by 
air. Also, oil is preferred in most eyes with previously failed 
surgery for PVR and in eyes with large retinotomies or 
giant tears. 

 If C 3 F 8  gas is used, the sclerotomy sites are sutured in 
20-gauge cases. If MIVS is used, the cannulas are pulled out 
with pressure applied over the sclerotomy wounds using a 
cotton swab for 15 s. This will allow the sclera to slowly 
relax back to its normal anatomic shape and self-seal the 
wounds. If the wounds appear to be leaking, they will need to 
be sutured. Next, 40–45 ml of C 3 F 8  gas in a concentration of 
12–14 % is injected through the pars plana using a 30-gauge 
needle. A 27-gauge “chimney” (needle on a tuberculin 
syringe with the plunger removed) is placed 180° away 
through the pars plana to allow the gas/air mixture to escape 
until the air is completely replaced with C 3 F 8  gas and then 
the needles are removed. We try to leave the intraocular pres-
sure at 10 mmHg at the completion of the exchange. The 
intraocular pressure can be adjusted to the proper level by 
infusing or removing gas with a 30-gauge needle through the 
pars plana. 

 If silicone oil is used, an inferior iridectomy should be 
created in the aphakic eye using the vitreous cutter to prevent 
pupillary block and silicone oil migration into the anterior 
chamber [ 33 ]. In the pseudophakic eye, as long as the iris-
capsular- IOL diaphragm is intact, an iridectomy is not nec-
essary. Either 5,000 or 1,000 centistokes (CS) silicone oil 
can be used. The major difference between the two is that 
5,000 CS oil has a higher viscosity. Studies have shown that 
the anatomic and visual acuity outcomes are similar 
 regardless of which oil is used [ 34 ]. The higher viscosity oil 
does have less low molecular weight components and lower 
rates of emulsifi cation and may be preferred if oil is to be left 
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in the eye for an extended time [ 35 ]. It is the surgeon’s pref-
erence as to which type of oil to use, but 1,000 CS oil is 
faster and easier to inject and remove from the eye. 5,000 CS 
oil will require high-pressure tubing when injecting through 
the infusion port. If the MIVS system is used, 1,000 CS oil is 
much easier than 5,000 CS oil to pump through the smaller 
infusion ports using a silicone oil injection cannula. 

 Regardless of using large- or small-gauge vitrectomy 
systems, we advocate suturing all sclerotomies when using 
silicone oil. This is to assure that silicone oil does not leak 
into the subconjunctival space. The fi rst step is to suture one 
of the sclerotomy sites (remove the cannula if the MIVS 
system is used). Next, the silicone oil is injected through the 
other sclerotomy site using a trimmed 20-gauge angiocath 
(5,000 CS oil) or the appropriate size infusion cannula for 
1,000 CS oil for the MIVS system. The intraocular pressure 
is set at 15 mmHg but can be adjusted if needed. The oil is 
injected to the plane of the iris until it is barely visible in the 
infusion cannula. If the anterior chamber shallows, a small 
amount of oil can be removed and the chamber can be 
reformed with air injected through the limbus. After the eye 
is fi lled with silicone oil, the open sclerotomy site is sutured 
closed. The infusion cannula is then removed and the fi nal 
sclerotomy site is closed. As the infusion cannula is 
removed, a small amount of oil will escape which will help 
ensure appropriate intraocular pressure and to prevent over-
fi ll. The intraocular pressure should be around 10 mmHg at 
the end of the case. After all the cannulas are removed and 
sclerotomies closed, the eye is copiously irrigated with 
saline solution to remove any residual oil before closure of 
the conjunctiva. 

 If the intraocular pressure and retina are stable, the oil 
can be left in the eye for 3 months or more. As long as the 
eye is not hypotonous, the retina is attached, and adequate 
time has elapsed to allow for appropriate laser-induced 
adhesion to maintain retinal reattachment, the oil can be 
removed [ 36 ]. Most surgeons remove oil 3–6 months after 
injection, but the duration of tamponade will vary on a 
case-by-case basis and if required, can be left indefi nitely. 
If hypotony is present (IOP <7 mmHg), it is usually best 
not to remove the oil as these eyes may decompensate and 
become phthisical.   

   C.  Postoperative Management 

 Generally, as long as a complete or near-complete silicone 
oil fi ll is present, prone positioning is not needed as the reti-
nal breaks and laser treatment will be well tamponaded. The 
patient should avoid the supine position. Some surgeons do 
prefer facedown positioning for 24 h after surgery, however, 
to ensure a formed anterior chamber. Depending on the 

 location of the retinal breaks, positioning is more likely to be 
required with gas than with oil. If no inferior breaks are pres-
ent, the patient can sleep on his or her side and be upright 
during the day. If inferior breaks are present, we prefer prone 
positioning with gas (but not for oil) for the fi rst 2 weeks 
after surgery. If a large retinal break is present and gas was 
used, an appropriate position (upright, left or right tilt, face-
down) can be used to ensure the bubble is apposed to the 
break. 

 At a minimum, the eye should have at least an 80 % gas 
fi ll in the immediate postoperative period. If this is not 
present, a fl uid-gas exchange in the offi ce can be done. If 
only a small amount of gas is needed (<0.2 ml), 14 % C 3 F 8  
can be injected through the pars plana followed by an ante-
rior chamber paracentesis to normalize the pressure. If 
more gas is needed to achieve the appropriate gas fi ll, a 
two-needle technique can be used [ 37 ]. The patient is 
placed on his or her side with the operated eye down, and a 
30-gauge needle attached to a 10 cc syringe fi lled with 
14 % C 3 F 8  is placed through the pars plana in the superior-
most position (nasally). Then a 27-gauge needle on a 10 cc 
empty syringe is inserted through the pars plana in the infe-
rior-most position (temporally). Simultaneously, as the gas 
is injected into the eye from the superior syringe, fl uid is 
aspirated from the inferior syringe. This is done sequen-
tially in 0.5 ml volumes until all the fl uid has been aspirated 
and replaced with gas. It is helpful to slowly turn the head 
to a more prone position during the procedure as more fl uid 
can be aspirated. 

 Intraocular pressure must be monitored carefully during 
the postoperative period. Patients with PVR have many pos-
sible risk factors for elevated IOP including scleral buckle, 
lensectomy, extensive laser photocoagulation, possible gas 
overfi ll, and development of a fi brin pupillary membrane 
causing pupillary block [ 38 ]. Management of IOP starts at 
the end of surgery. After normalizing the IOP during surgery, 
we administer topical IOP-lowering drops at the end of sur-
gery. Pressure is then rechecked the following morning. 
Elevated pressure can usually be treated medically; however, 
if very high pressures persist, a fl uid or gas paracentesis may 
be necessary to lower IOP. 

 Subconjunctival dexamethasone 5 mg at the end of sur-
gery and topical corticosteroids every 1–2 h in the initial 
postoperative period may help decrease postoperative 
infl ammation. Some surgeons inject intravitreal triamcino-
lone at the end of surgery. Animal studies have shown bene-
fi ts to this as it decreases fi broblast proliferation; however, 
the evidence that this is benefi cial in human studies is mixed 
when looking at prospective clinical trials [ 39 – 41 ]. As men-
tioned previously, if the patient’s medical condition permits, 
we start them on prednisone 1.5 mg/kg 2 days prior to 
 surgery and continue for 7–10 days postoperatively to reduce 

V.B.5. Management of Proliferative Vitreoretinopathy



746

infl ammation and recurrent proliferation. A study by Hui 
et al. [ 42 ] suggests that preoperative administration of 
 steroids may be more effective at reducing infl ammation 
than postoperative administration, but the study by Koerner 
et al. [ 13 ] showed reduced macular preretinal membranes vs. 
control eyes in patients with retinal detachment with high-
risk factors for PVR treated with prednisone 100 mg daily 
started the day of surgery and gradually tapered over 15 
days. 

 In some situations, extensive postoperative fi brin can 
develop in the anterior chamber and around the pupil caus-
ing a pupillary block, occluding the iridectomy made in 
silicone- fi lled eyes and/or interfering with the posterior 
view making it impossible to evaluate the retina. In these 
situations, we lyse the fi brin with tissue plasminogen activa-
tor (tPA) [ 43 ,  44 ]. This is done 3–5 days post surgery to 
reduce the risk of an intraocular hemorrhage with earlier 
injection. We use 5 μg of tPA in 0.05 ml of BSS and inject 
into the anterior chamber through the limbus using a 
30-gauge needle. It is particularly important to make sure 
fi brin does not occlude the peripheral iridectomy in silicone 
oil-fi lled eyes. The fi brin will lead to fi brosis and closure of 
the peripheral iridectomy that will cause silicone oil to 
migrate into the anterior chamber. Tissue plasminogen acti-
vator works well for fi brin membranes in gas-fi lled eyes. If 
both fi brin and hemorrhage are present, a fl uid-gas exchange 
can be done to clear the hemorrhage and fi brin remnants 
after tPA injection. 

 We monitor patients closely following complex retinal 
detachment surgery, usually every 1–2 weeks, to look for 
complications and recurrent detachment. In a gas-fi lled 
eye, it is easiest to visualize the retina by looking around 
the bubble. If a retinal detachment is present, it is usually 
seen inferior to the gas or silicone oil and is usually due to 
an unrecognized and untreated retina tear and/or excessive 
retinal traction. The most common cause of a recurrent 
retinal detachment is anterior traction opening up an ante-
rior break. Gas-fi lled eyes can sometimes be successfully 
treated by an in-offi ce fl uid-gas exchange. After the retina 
is fl attened, laser treatment should be applied in several 
rows on the scleral buckle and posterior to the scleral 
buckle throughout the inferior 180°. If some residual reti-
nal detachment is present anterior to the buckle, the fl uid 
can be demarcated with laser and the retina monitored as 
the posterior retina will often remained attached. In some 
cases, however, the eye may become hypotonous. If poste-
rior membranes exist (manifested by retinal folds) or 
extensive anterior membranes are still present, a fl uid-gas 
exchange will not work and a reoperation is necessary. 
Recurrent retinal detachment in silicone oil-fi lled eyes 
requires a reoperation.   

   IV.   Prognosis and Results 

 The surgical results of PVR management have steadily 
improved since vitreoretinal surgeons fi rst attempted to treat 
the condition. Prior to 1970, the surgical reattachment rate was 
15 % and consisted of external scleral buckling and resection as 
well as crude attempts to remove the vitreous through the lim-
bus or pars plana with or without replacement (usually saline or 
air) [ 45 ]. In 1982, Grizzard and Hilton reported a 35 % retinal 
reattachment rate with a well-placed, high encircling scleral 
buckle alone supporting the retina [ 46 ]. However, it was not 
until Machemer’s early pars plana vitrectomy (PPV) with the 
vitreous infusion suction cutter (VISC) in the 1970s that the 
rate of retinal reattachment began to improve. Despite this 
advancement, early surgical techniques by Machemer and 
Laqua that combined membrane peeling and vitrectomy only 
yielded a successful reattachment rate around 36 % [ 47 ]. This 
was because early PPV focused only on posterior membranes. 

 The description and surgical management of anterior PVR 
coupled with advancements in surgical techniques and instru-
mentation such as endoillumination, intraocular gas, silicone 
oil, and intraocular laser as well as intraocular irrigating solu-
tions that preserve the cornea doubled the surgical success rate 
to 60 % [ 45 ]. In 1991, Lewis and Aaberg [ 9 ] reported a retinal 
reattachment rate of 81 % in eyes without previous vitrectomy 
for PVR and Lewis, Aaberg, and Abrams [ 10 ] a 70–80 % suc-
cess rate in eyes that had undergone a previous vitrectomy for 
PVR. The addition of perfl uoro- n-octane and widespread use 
of retinectomies increased the retinal reattachment rates even 
further. Currently, anatomic success rates in the range reported 
by Quiram et al. (93 %) are not unusual [ 48 ]. 

 Even though the anatomic surgical success rates have 
drastically improved over the last 40 years, recurrent retinal 
detachments due to cellular proliferation and traction still 
remain a problem. Moreover, despite the anatomic success 
that surgery provides, many patients still lose signifi cant 
functional vision as a result of recurrent retinal detachment. 
The “holy grail” in PVR management is the prevention and 
inhibition of cellular proliferation [see chapters   II.D    . 
Hyalocytes,   III.J    . Cell proliferation at the vitreo-retinal inter-
face in PVR and related disorders]. The major areas of 
research include anti-infl ammatory therapy, inhibition of cel-
lular proliferation and contraction, prevention of attachment 
of proliferating cells, and downregulation of cytokines and 
angiogenic molecules that trigger proliferation [see chapter 
  IV.F    . Pharmacotherapy of PVR]. Thus far, the studies have 
not had as wide success in humans as they have in animal 
models. Likely, a multimodal approach will have to be devel-
oped to prophylactically treat PVR successfully. Until this is 
achieved, the surgical management of PVR will remain a 
mainstay in the surgeon’s arsenal to treat this condition.    
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   I. Introduction 

 Anterior proliferative vitreoretinopathy (PVR) is the great-
est challenge facing the surgeon attempting to repair recur-
rent retinal detachment [ 1 ]. The Retina Society recognized 
this and, to create a more prognostic classifi cation, added 
 anterior proliferation distinct from posterior proliferation 
(extensive macular pucker) to its ABCD classifi cation of PVR 
[ 2 ] (Table  V.B.6-1 ). The traction forces at the vitreous base 
were classifi ed as circumferential or anterior (Figure  V.B.6-1 ), 
acknowledging the complexity of contraction of fi brous tis-
sue formation in this zone. Machemer fi rst described retinot-
omy in 1981 [ 3 ] for incarcerated retina in a ruptured globe. 
Zivonovich described its application for severe traction mem-
branes [ 4 ]. Subsequent reports followed [ 5 – 9 ] and emphasized 
the importance of removing retina anterior to the retinotomy 
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 Key Concepts 

     1.    Anterior PVR membranes transmit traction to the 
retina and ciliary body via the arcuate fi bers of the 
vitreous base, the “anterior loop”.   

   2.    The fi rm adhesion of vitreous to peripheral retina 
makes it impossible to surgically separate the two 
structures.   

   3.    Retinectomy is currently the treatment of choice for 
severe anterior PVR, although the future may see 
pharmacologic vitreolysis as adjunctive therapy to 
decrease vitreoretinal adhesion and facilitate 
removal of vitreous and PVR membranes.     
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to prevent re-proliferation, extending the retinotomy to an 
adequate size, the importance of long-term tamponade, and 
the benefi t of perfl uorocarbon liquids. In the PVR Silicone Oil 
Study, retinotomy was performed in 29 % of cases [ 10 ] .

        II. Pathophysiology 

 The cellular aspects of PVR pathogenesis are discussed in 
chapter   III.J    . Cell proliferation at the vitreoretinal interface 
in PVR and related disorders. It is important to appreciate 
that the proliferation of cells and formation of PVR mem-
branes are infl uenced by the underlying structures of the 
vitreous cortex (see chapter   II.E    . Vitreoretinal interface and 
ILM) that creates surfaces upon which membranes form. 
The orientation of collagen fi brils within the vitreous base 
infl uences the vector of forces generated by contracting PVR 
membranes. The Retina Society classifi cation of anterior 
traction being “circumferential” or “anterior” refl ects the 
fact that the underlying structure of the vitreous base is an 
important component of the phenomenon. (see Table  V.B.6-1 ) 
Circumferential traction arises from the entire vitreous base, 
a three- dimensional doughnut-like structure that straddles the 
ora serrata 360°. Within the vitreous base is a dense network 
of collagen fi brils that insert anterior and posterior to the ora 
serrata (Figure  V.B.6-1 ). Because of the strong adherence of 
the vitreous to the retina in this area [ 11 ,  12 ], it is impossible 
to detach the vitreous at the vitreous base. Therefore, it is 
impossible to peel membranes in this area. 

 The collagen fi bers of the vitreous base form a loop, 
called the “anterior loop” which connects the peripheral ret-
ina and the pars plana of the ciliary body (Figure  V.B.6-2 ). 

    Table V.B.6-1    Proliferative vitreoretinopathy described by contraction 
type and location   

 Grade C proliferative vitreoretinopathy 

 Type 

 Location 
(in relation 
to equator)  Features 

 1. Focal  Posterior  Starfold posterior vitreous base 
 2. Diffuse  Posterior  Confl uent starfolds posterior to 

vitreous base. Optic disk may not 
be visible 

 3. Subretinal  Posterior/
anterior 

 Proliferations under the retina: 
annular strand near disk; linear 
strands; motheaten-appearing sheets 

 4. Circumferential  Anterior  Contraction along posterior edge of 
vitreous base with central 
displacement of the retina; posterior 
retina in radial folds 

 5. Anterior 
displacement 

 Anterior  Vitreous base pulled anteriorly by 
proliferative tissue; peripheral 
retinal trough; ciliary processes may 
be strected, may be covered by 
membrane; iris may be retracted 

  Proliferative vitreoretinopathy described by contraction type and loca-
tion. (From page 161 Machemer et al. [ 2 ])  

  Figure V.B.6-1    Circumferential traction (From p 163 Machemer et al. [ 2 ])       
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Lens

  Figure V.B.6-2    Human vitreous base. After dissection of the sclera, 
choroid, and retina, the vitreous body of this 57-year-old man is left 
attached to the anterior segment, and the specimen is illuminated with 
dark-fi eld slit microscopy. The vitreous base ( black arrow ) is seen sur-

rounding the lens and consists of a dense matrix of collagen fi brils that 
splay out to insert anterior and posterior to the ora serrata ( white arrow-
heads ) (courtesy of J. Sebag, MD of the VMR Institute for Vitreous 
Macula Retina)       

Contraction of PVR membranes in the peripheral anterior vit-
reous thus transmits traction to adjacent structures. When the 
ciliary body detaches, it ceases to synthesize the aqueous and 
the result is hypotony. If traction is extensive, there can even 
be iris retraction. Perpendicular traction mediated by the ante-
rior loop (Figure  V.B.6-2 ) rolls the anterior retina forward onto 
the pars plana and foreshortens the retina usually inferiorly 
where retinal pigment epithelial cells preferentially settle and 
proliferate. For this reason, the retina can detach posterior to 
a broad and high inferior scleral buckle. Retinal reattachment 
rates improved when removal of crystalline lenses improved 
access to the vitreous base, and techniques were developed to 
better visualize this zone and to dissect membranes in this area 
thereby freeing up foreshortened retina.  

   III. Surgical Approach 

 In many cases, the retina remains foreshortened even after 
aggressive dissection, and the retina must be cut to allow the 
posterior retina to settle. 

   A. Retinotomy and Retinopexy 

 The location of the retinotomy should be posterior to all 
present and future contraction and therefore posterior to 
the vitreous base. Panoramic viewing systems provide an 
excellent view of the peripheral retina for this purpose. In 
the  presence of a scleral buckle, the retinotomy can be made 
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over the buckle posterior to the vitreous base, but if the retina 
is adherent over the buckle because of extensive retinopexy, 
then the retinotomy is made just posterior to the buckle. The 
extent of the retinotomy should allow complete relaxation of 
the inferior retina. An inferior 180° retinotomy is most com-
mon. Failure often occurs at the end of the retinotomy, and a 
180° retinotomy places the ends more superiorly where there 
is less risk of re-proliferation and where there is superior 
tamponade especially with gas. Most relaxing retinotomies 
are circumferential, but occasionally a radial retinotomy may 
be indicated in cases of severe posterior foreshortening. 

 Prophylactic intraocular diathermy is applied to the area 
that will be cut to prevent bleeding and accumulation under-
neath the macula. The retina can be cut with scissors, but small 
incision high-speed vitreous cutters give superior control and 
safety (Figure  V.B.6-4 ). For a more detailed discussion of the 
advantages of small incision high-speed vitreous cutters, see 
chapter   V.B.2    . Modern vitrectomy cutters. The vitreous can 
be cut in either a fl uid-fi lled eye or a tamponade-fi lled eye. 
The latter is more common in a reoperation. The advantage of 
cutting in a fl uid-fi lled eye is that traction is more easily evalu-

  Figure V.B.6-4    Small-gauge vitrector is ideal for cutting the retina 
(screenshot of retinotomy video) see chapter   V.B.5    . Management of PVR       

  Figure V.B.6-3    Anterior loop. Dark-fi eld slit microscopy of the anterior vitreous in a 76-year-old man demonstrates the anterior loop of vitreous 
fi bers ( arrow ) that traverse from the peripheral retina to the pars plana of the ciliary body.  L  lens (From Sebag and Balazs [ 20 ])       
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ated so the proper location and extent of the retinotomy can be 
optimized. Under oil, the retina can look artifi cially fi ne, even 
though there may be signifi cant traction present. This occult 
inferior shortening of the retina manifests itself as recurrent 
retinal detachment after the oil is removed. An advantage 
of operating through tamponade is that the retina reattaches 
nicely as the retinotomy is performed, confi rming that trac-
tion is relieved. However, any bleeding that may occur from 
inadequate prophylactic diathermy is trapped under the tam-
ponade and requires that the tamponade be removed and the 
blood washed out. Blood trapped between the oil and retina 
induces re-proliferation, and the blood trapped between the 
gas and retina eventually diffuses into the vitreous chamber 
as the gas absorbs preventing postoperative evaluation of the 
retina. A successful inferior relaxing retinotomy should have 
good laser reaction around the margins and minimal fi brous 
re-proliferation and an attached retina.  

   B. Vitreous Substitutes 

 Perfl uorocarbon liquid is used to reattach the retina. Laser 
retinopexy can be administered through the perfl uorocar-
bon liquid or after a subsequent gas-fl uid exchange. The 

view to the periphery through a panoramic viewing system 
is expanded under gas which facilitates laser retinopexy. A 
directional laser probe is very useful in lasering the periph-
eral retinotomy. Laser retinopexy is preferred over cryor-
etinopexy because it has less effects on the blood-retinal 
barrier. The perfl uorocarbon liquid (Figure  V.B.6-5 ) is then 
removed and replaced with the fi nal tamponade. Posterior 
slippage of the posterior edge of the retinotomy can occur 
at this point of the procedure. This is minimized by remov-
ing fi rst all the irrigation fl uid anterior to the perfl uoro-
carbon liquid and then removing all subretinal fl uid at the 
edges of the retinotomy before perfl uorocarbon liquid pos-
terior to the retinotomy (Figure  V.B.6-6 ) is exchanged for 
air or oil.

  Long-term tamponade can be provided by perfl uoro-
propane gas or silicone oil. Silicone oil may be prefer-
able because it can provide tamponade for several months 
 outlasting the self-limited duration of PVR cellular  activity 
but at the risk of perisilicone oil proliferation. Posterior 
slippage of the retinotomy which develops during direct 
exchange of perfl uorocarbon liquid for silicone oil is caused 
by the small amount of infusion fl uid trapped anterior to the 
sclerotomies when perfl uorocarbon liquid is infused and 
the infusion line is open [ 13 ] (Figure  V.B.6-7 ). This fl uid 

  Figure V.B.6-5    Irrigation fl uid anterior to the perfl uorocarbon liquid 
bubble is aspirated fi rst (Fig. 1 from page 25 Han et al. [ 9 ])       

  Figure V.B.6-6    After the irrigation fl uid anterior to the perfl uorocarbon 
liquid is removed, subretinal fl uid at the edge of the retinotomy is metic-
ulously removed before the perfl uorocarbon liquid posterior to the reti-
notomy is exchanged for air or gas (Fig. 3 from page 26 Han et al. [ 9 ])       
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allows the retinotomy edge to slip posteriorly at the con-
clusion of the oil fi ll (Figure  V.B.6-8 ). This is avoided by 
turning off the infusion and then fi lling the eye completely 
with perfl uorocarbon liquid, pushing any remaining fl uid 

out through a superiorly positioned sclerotomy and mak-
ing sure the perfl uorocarbon liquid is seen in the infusion 
line. The perfl uorocarbon liquid pushes the irrigation fl uid 
anterior to the sclerotomies out through the open infusion 

  Figure V.B.6-7    Irrigation fl uid 
is trapped anterior to the scleroto-
mies when perfl uorocarbon liquid 
is injected into the eye and the 
infusion line is open (Fig. 1 from 
page 650 Li and Wong [ 13 ])       

  Figure V.B.6-8    The irrigation 
fl uid which was trapped anterior 
to the sclerotomies, and the per-
fl uorocarbon liquid later causes 
slippage of the posterior edge of 
the retinotomy after oil fi ll (Fig. 2 
from page 650 Li and Wong [ 13 ])       
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line (Figure  V.B.6-9 ). Postoperative positioning with oil 
is minimized when there is a good oil fi ll. Adequate tam-
ponade with gas because of its diminishing volume may 
require alternating lateral sides or even a supine positioning. 
An inadequate gas bubble should be remedied on the fi rst 
postoperative day by a gas-fl uid exchange in the clinic. Oil 
is removed at 6 months when cellular activity of prolifera-
tive vitreoretinopathy is minimal. At the time of oil removal, 
the retina is examined carefully and prophylactic laser 
retinopexy or membrane peeling may be indicated (Figure 
    V.B.6-10 ).

             C. Complications 

 Complications include retained subfoveal perfl uorocar-
bon, macular pucker, hypotony, macular displacement, 
PVR re- proliferation at the retinotomy edges, corneal 
 decompensation, emulsifi ed silicone oil with or without 
glaucoma, and iris neovascularization. Retained perfl uo-
rocarbon liquid can be aspirated with a 39-gauge cannula 
[ 14 ] or displaced by injection of subretinal fl uid and upright 
positioning. As discussed above, macular pucker is a risk 
of silicone oil tamponade and is addressed by repeat vitrec-

  Figure V.B.6-9    To eliminate the 
trapped irrigation fl uid anterior to 
the sclerotomy, the infusion line 
is turned off and perfl uorocarbon 
liquid is pushed up the infusion 
line. At the same time, the trapped 
fl uid simultaneously exits through 
a superiorly positioned sclerot-
omy. A total fi ll of perfl uorocar-
bon liquid is achieved (Fig. 3 
from page 650 Li and Wong [ 13 ])       

  Figure V.B.6-10    Successful 
inferior relaxing retinotomy in an 
oil-fi lled eye. There is minimal 
re-proliferation at the retinotomy 
margins. The secondary macular 
pucker will be peeled at the time 
of oil removal (Courtesy of VMR 
Institute for Vitreous Macula 
Retina, Huntington Beach, 
California)       
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tomy and membrane peeling. Internal limiting membrane 
peeling may prevent recurrences. Corneal decompensation 
is caused by oil migrating into the anterior chamber [ 15 ,  16 ]. 
Decreased aqueous production caused by PVR fi brosis of 
the ciliary body also contributes to corneal decompensation 
[ 17 ]. Emulsifi ed oil, previously thought to be due to impuri-
ties in the oil, is now thought to be caused by emulsifi ers in 
the oil such as blood and protein [ 18 ]. Therefore, preventing 
hemorrhage during retinotomy is important. Iris neovascu-
larization is caused by fi brotic organization within the ciliary 
body and pars plana, and removal of the retina anterior to the 
retinotomy prevents this and consequent hypotony.   

   IV. Future Developments 

   A. Surgical 

 Twenty-seven-gauge vitrectomy instrumentation may be 
ideal for performing relaxing retinotomy. The ineffi ciency of 
such small-gauge instrumentation does not matter since the 
vitreous has already been removed. On the other hand, 
the precision and ability of the cutting port to be closer to 
the retinal pigment epithelium during the retinotomy should 
be an advantage [ 19 ]. There are signifi cant challenges to the 
application of femtosecond laser to the posterior segment 
compared to its use in the anterior segment. However, the 
photodisruptive properties of femtosecond laser could be 
harnessed for the cutting of the retina [see chapter   V.B.3    . 
Future vitrectomy technologies].  

   B. Pharmacologic 

 Pharmacologic vitreolysis [see chapter   VI.A    . Pharmacologic 
vitreolysis] may provide useful adjuncts to surgery of anterior 
PVR by weakening the very strong vitreoretinal  adhesion at 
the vitreous base. Indeed, studies in monkeys employing chon-
droitinase to perform pharmacologic vitreolysis found disin-
sertion of the vitreous base [see chapter   VI.H    . Chondroitinase 
as a vitreous interfactant – vitreous disinsertion in the human].          
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   I.  History 

 Pneumatic retinopexy became popular in the late 1980s [ 1 ,  2 ]. 
However, Bengt Rosengren of Göteborg, Sweden, is perhaps 
the fi rst to use an intravitreal air bubble to treat rhegmatogenous 
retinal detachment (RRD) [ 3 ]. In 1952, he reported his exten-
sive experience [ 4 ] in a series of 300 cases treated between 
1936 and 1950, in which he combined external diathermy with 
intravitreal air injection to treat RRD. Remarkably, the cure rate 
was 234/300 (78 %). Postoperative visual acuity of 20/40 or 
better was achieved in only 31 % of the fi rst 100 cases but 
increased to 45 % of the last 100 cases. By 1957, Lister [ 5 ] 
wrote in the  British Journal of Ophthalmology  that “In retinal 
detachments, particularly those in the elderly when the tear is in 
the upper part of the eye, air seems to be the obvious choice, 
although this is not the view of everyone.” At the American 
Ophthalmological Society in 1969, Machemer [ 6 ] introduced 
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 Key Concepts 

     1.    Retinal detachments arising from anomalous PVD 
causing superior retinal breaks can be cured with 
in-offi ce surgery called pneumatic retinopexy.   

   2.    Pure air has the same success rate as long-acting 
expansile gases, perhaps with fewer complications.   

   3.    Failure to reattach the retina with pneumatic retino-
pexy does not compromise the success of subse-
quent surgery by other methods.     
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the use of air to treat giant retinal tears, a technique that was 
further developed by Freeman and Schepens of Boston [ 7 ]. 

 Expansile long-acting gases were fi rst introduced in 1973 
[ 8 ]. The term pneumatic retinopexy (PR) as a procedure to 
treat RRD without conjunctival incision was introduced and 
popularized by Hilton and Grizzard in 1986 [ 9 ]. Their proce-
dure combined transconjunctival cryotherapy and intravit-
real expansile gas injection with postoperative positioning. 
The fi rst 100 cases reported had an 84 % rate of single- 
operation success (SOS), fewer complications than scleral 
buckling (SB), and reduced tissue trauma [ 10 ]. No hospital-
ization and reduced cost also made PR an attractive option 
for treating RRD. Although not yet FDA-approved, intraocu-
lar sulfur hexafl uoride and perfl uoropropane became widely 
used in North America by the late 1980s [ 11 ]. Successful 
retinal adhesion using laser photocoagulation made laser 
retinopexy a viable alternative to cryoretinopexy combined 
with intravitreal gas injection [ 12 ,  13 ]. Scleral buckling is 
preferred for inferior RRD in phakic eyes, vitrectomy in 
pseudophakic eyes, and both in failed/complicated cases. In 
recent years, PR has gained popularity especially among 
young surgeons [ 14 – 17 ]. Proven long-term effi cacy [ 18 ], 
expanded indications, and novel techniques have broadened 
the usefulness of PR for retinal detachments.  

   II.  Clinical Considerations 

 As extolled by Schepens, Lincoff, and others, the fundamen-
tal principle of successful RRD reattachment surgery is iden-
tifying the cause, i.e., the break(s) that caused the detachment 
and any other coexisting pathology. The Schepens binocular 
indirect ophthalmoscope made this possible in the offi ce, 
clinic, and operating room. There is no setting where this 
principle is more vital than in the minimalist approach of PR, 
for an encircling scleral buckle can support breaks that are 
missed, while with PR a missed break will result in recurrent 
retinal detachment. This consideration along with patient 
understanding and compliance are keys to success and sig-
nifi cantly infl uence proper case selection for PR. 

   A.  Case Selection 

 Patient selection must involve a consideration of patient 
understanding, support and assistance from the family, phys-
ical ability to position properly and for the desired duration, 
and the particular attributes of the physical examination, par-
ticularly the fundus. Selecting the appropriate patient and 
properly motivating the patient and support group (family) to 
position correctly enable the use of short-acting gases such 
as SF 6  or air, for the retina often reattaches within a day or 2, 
obviating the need for long-acting gases. 

 It has been proposed [ 19 ] that the “classic” indications for 
combined laser or cryopexy with intravitreal air or gas injec-
tion in uncomplicated RRD are:
•    Identifi cation of all retinal breaks  
•   Retinal breaks limited to the superior 8 clock hours of the 

fundus  
•   Breaks within 1–2 clock hours of each other in the case of 

multiple breaks  
•   No signs of proliferative vitreoretinopathy  
•   A cooperative patient that can position  
•   Clear media    

 The presence of vitreous hemorrhage is considered by 
some to be a contraindication for PR [ 20 ,  21 ], primarily 
because adequate visualization of the inferior fundus is usu-
ally hampered by the blood. One study has shown that if 
adequate visualization of the peripheral retina is not impaired, 
then patients with vitreous hemorrhage have anatomic 
(72.2 %) and visual outcomes that are less than cases without 
vitreous hemorrhage (81 %) [ 22 ]. While the inferior retina is 
usually attached in these cases, there may nonetheless be 
retinal breaks inferiorly. Studies have shown that identifying 
inferior breaks and treating them prophylactically at the time 
of PR contributes to a high incidence of permanent retinal 
reattachment by decreasing the incidence of recurrent RRD 
due to missed breaks [ 7 ,  20 ]. Higher primary anatomic suc-
cess rate has also been associated with the presence of com-
plete posterior vitreous detachment (PVD) compared to 
partial PVD in phakic eyes with RD and fl ap tears [ 23 ]. 
Pseudophakic RRDs can also be successfully managed with 
PR [ 24 ]. Treated eyes with the classic indications for PR 
have a higher single-operation success rate and fewer com-
plications than eyes with complicated retinal detachments [ 9 , 
 10 ,  25 ,  26 ].  

   B.  Expanded Indications 
for Pneumatic Retinopexy 

 Although PR is primarily indicated for uncomplicated RRDs 
with one or more breaks within 1 clock hour located in the 
superior fundus, some studies have proven the effi cacy of PR 
for other indications. Multiple breaks in multiple quadrants, 
large tears up to 2.5 clock hours in size, and RRDs associated 
with a moderate degree of PVR have been successfully man-
aged using PR with 75 % success [ 27 ], admittedly lower than 
in eyes with classic indications for PR but acceptable consid-
ering the complexity of the cases. Other studies have shown 
that PR can be used for complex detachments with breaks up 
to 180° apart, as intravitreal gas is not required to tamponade 
all breaks simultaneously [ 28 ,  29 ]. Indeed, intravitreal gas 
can be rotated from the position of tamponade for one break 
into a position where tamponade of the second break or 
groups of breaks is achieved [ 30 ]. Superior giant tears can 
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also be successfully managed with PR alone or followed by 
conventional scleral buckling procedures and cryopexy [ 31 , 
 32 ]. Inferior RRDs resulting from inferior retinal breaks 
have also been successfully treated by PR with proper 
inverted head positioning and more attention to postopera-
tive follow-up to ensure surgical success [ 33 ,  34 ]. One study 
found that eyes with vitreous hemorrhage that does not 
impede the thorough examination of the peripheral retina, 
macula-off detachments, and eyes with mild to extensive lat-
tice degeneration can be treated successfully with PR [ 22 ]. 

 Pneumatic retinopexy is also a feasible option for various 
other situations:
•    Persistent or recurrent RRD, even long after initial repair 

by any technique (PPV and SB) [ 35 – 38 ].  
•   PR success rates for teens are comparable to adult success 

rates [ 39 ].  
•   PR is useful as an initial procedure in managing RD asso-

ciated with hypotony, severe choroidal detachment, and 
vitritis. Subsequent surgical repair of complicated RDs 
can be facilitated by fi rst resolving hypotony and choroi-
dal detachments with PR, although PR alone achieved 
complete retinal reattachment in 33 % of cases [ 40 ].  

•   PR can also be used to delay surgical intervention in cases 
of RRD and concurrent cytomegalovirus infection with 
the causative break(s) located superiorly and in an area 
uninvolved with the infection [ 41 ].  

•   RRD following laser-assisted in situ keratomileusis can 
be managed with PR with high success rates and good 
visual outcome [ 42 ,  43 ].     

   C.  Contraindications for Pneumatic 
Retinopexy 

 Patients who do not understand, cannot position correctly 
and/or adequately, and do not have adequate support at home 
are poor candidates for PR. Other identifi ed risk factors for 
PR failure are location of retinal break(s) and extent of retinal 
detachment greater than two quadrants [ 37 ]. In patients with 
vitreous hemorrhage or RRD greater than 4.5 clock hours, 
PR success rates may be lower [ 21 ,  44 ]. Factors other than 
the extent of the RD that adversely affect PR success are lens 
status, number of breaks, and gender [ 45 ]. PR can be signifi -
cantly less effective (as low as 43 % in one study [ 46 ]) in 
aphakic or pseudophakic patients with an absent or ruptured 
capsule [ 44 ,  46 – 49 ]. One study had a single-operation suc-
cess rate of 92, 66, and 57 % for phakic, pseudophakic, and 
aphakic eyes, respectively [ 47 ]. Another also study showed 
phakic eyes fared better than non-phakic eyes for pneumatic 
retinopexy, with the single-operation successes of 71–84 % 
for the former and 41–67 % for the latter [ 1 ]. Furthermore, 
phakic eyes with partial PVD at the time of PR had lower 
primary anatomic success [ 23 ]. Poor visual acuity in cases of 

attached macula and visual acuity worse than 20/50 are also 
risk factors for failed PR [ 44 ,  48 ]. A recent study found that 
the presence of inferior break(s) (even if treated with cryo-
pexy or laser retinopexy at the time of PR) or visible vitreous 
traction causing a tear to gape open signifi cantly reduces the 
success of PR to 28.6 and 50 %, respectively [ 22 ]. However, 
the former has not been our experience, as will be described 
below. The presence of additional pathologic fi ndings in the 
same or fellow eye is also a risk factor for failed PR [ 44 ,  48 ]. 
Lastly, some studies show that being male correlates with pri-
mary PR failure [ 48 ,  50 ], perhaps due to lack of patient com-
pliance. PR usually fails in RRD following vitrectomy for 
posteriorly dislocated lens fragments and requires subsequent 
scleral buckling [ 51 ]. PR has also been reported to cause 
anterior displacement of Artisan intraocular lenses [ 52 ].    

   III.  Methodology of In-Offi ce 
Pneumatic Retinopexy 

   A.  Examination 

 As is the case in all of medicine, the success of PR depends 
upon proper case selection. A meticulous examination of the 
peripheral fundus, preferably with scleral depression, is criti-
cal in identifying the number, size, and location of all retinal 
breaks. Studies have shown that treating all breaks, both 
those involved in the RRD as well as those in attached retina 
(usually inferiorly), at the time of PR is associated with a 
very low incidence of PR failure [ 18 ,  20 ].  

   B.  Retinopexy 

   1.  Diathermy 
 Choroidal coagulation for the treatment of RRD by surface 
diathermy cauterization was fi rst described by Marshall in 
1933 [ 53 ]. Rosengren later described the use of diathermy 
and light coagulation to induce retinochoroidal contact in 
detachment surgery [ 54 – 56 ]. Schepens also described the 
use of diathermy for the treatment of small posterior retinal 
breaks [ 57 ,  58 ] and popularized the use of diathermy in 
scleral buckling when scleral fl aps encased the buckling ele-
ment and diathermy treatment was applied to the bed of the 
dissected scleral fl ap.  

   2.  Cryopexy 
 First described in the 1970s by Lincoff et al. [ 59 ], retinal 
adhesion can also be achieved by creating a chorioretinal 
scar using extreme cold. The rate of single-operation suc-
cess of PR combined with transconjunctival cryoretinopexy 
has been shown to be signifi cantly higher than with laser 
 photocoagulation in pseudophakic or aphakic eyes [ 24 ]. 
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Caution should be exercised to limit the amount of cryopexy 
performed, as studies have shown that excess cryopexy is 
associated with migration of viable retinal pigment epithe-
lial cells [ 60 ] (via the retinal breaks) and breakdown of the 
blood-ocular barrier which are thought to increase the risk of 
postoperative proliferative vitreoretinopathy (PVR), macular 
pucker, and cystoid macular edema. Cryopexy is not a pro-
moter of postoperative PVR in primary RRDs that are due to 
atrophic holes in lattice, macular holes, oral dialyses, or horse-
shoe tears with mobile posterior edges. In contrast, cryopexy 
is a stimulating factor for postoperative PVR in detachments 
due to retinal tears that are 180° or more or horseshoe tears 
with curled posterior edges [ 61 ]. These among other reasons 
have led many to prefer laser over cryopexy.  

   3.  Laser Photocoagulation 
 Both argon and krypton laser photocoagulation have been 
shown to achieve early adhesion of the neurosensory retina 
to the retinal pigment epithelium soon after retinal reattach-
ment with PR [ 12 ,  13 ]. Retinal adhesion occurs within 24 h, 
and the retina remains attached even if surrounding untreated 
areas detach [ 13 ]. Laser retinopexy allows for faster recovery 
of visual acuity with fewer postoperative complications than 
cryopexy [ 62 ]. Cryopexy has been signifi cantly associated 
with long-term failure of pneumatic retinopexy, and laser 
photocoagulation may be indicated in these cases [ 49 ]. 
Schepens considered laser photocoagulation the best option 
for the treatment of posterior retinal breaks [ 63 ]. The advent 
of the indirect ophthalmoscope laser delivery system has 
improved the use of laser photocoagulation in PR as it facili-
tates laser treatments of the peripheral fundus.   

   C.  Intravitreal Bubble Injection 

 It has been proposed that paracentesis should be performed 
before the gas injection to reduce the chance of intravitreal 
gas migrating into the anterior chamber [ 64 ]. This technique 
especially applies to pseudophakic eyes with an open poste-
rior capsule, either due to intraoperative incision or postop-
erative YAG laser capsulotomy. In aphakic or pseudophakic 
patients, the injection site is placed 3–3.5 mm posterior to 
the limbus and 4 mm if the patient is phakic. A slow gas 
injection through a shallowly inserted needle (1 mm) can 
prevent the formation of multiple small bubbles or “fi sh-egg” 
bubbles [ 65 ]. It is desirable to inject a single large bubble so 
as to reduce the risk of air or gas entering the subretinal space 
via the retinal break(s). The gas should also be injected away 
from any larger retinal break(s) to mitigate the risk of sub-
retinal gas migration [ 1 ] (Figure  V.B.7-1 ).

     1.  Pure Air 
 If all holes or breaks are closed, the retina usually reattaches 
within 24 h which makes the use of pure air a practical 

 alternative to expansile gases [ 18 ,  20 ,  66 ]. The use of pure air 
rather than long-acting expansile gases has many benefi ts 
including a larger initial tamponade, shortened postoperative 
positioning, reduced retinal toxicity, the ability to treat RDs 
in-offi ce, lower cost, and higher accessibility [ 18 ,  20 ]. 

 Some advocate that in cases of bullous detachments, 1–3 ml 
of pure air should be injected through the pars plana [ 67 ]. 
Obviously, this causes signifi cant elevation of intraocular pres-
sure, and either aqueous, liquid vitreous, or both must be 
released to lower the pressure. Other studies have shown that 
0.8 cc can be very effective [ 18 ,  20 ]. This approach employs a 
single paracentesis of aqueous to lower intraocular pressure. 
As an example, consider that this technique was employed in a 
74-year-old white man with a macula-on bullous RRD extend-
ing from 1 to 4:30 arising from a retinal break at 2:00 
(Figure  V.B.7-2 ). This patient was pseudophakic with an open 
capsule and had a PVD at the time of PR. Retinal cryopexy was 
administered at 1:30, a paracentesis was performed before the 
intravitreal injection, and then 0.8 ml of fi ltered air was injected 
at the 4:00 meridian, 3.5 mm posterior to the limbus. In this 
case, the retina was attached 2 days post PR (Figure  V.B.7-3 ). 
By 5 days post injection, the bubble was completely gone, and 
the retina was attached and has remained attached since.

    The non-expansile nature of pure air requires a larger ini-
tial volume of gas injection. An injection of 0.8 cc of air 
 subtends an angle of 120° enabling tamponade of breaks 
within 3 clock hours apart. The duration of intravitreal air is 
5–7 days [ 68 ], often less than 5 days. Histopathological 
examination after pure air PR reveals no abnormalities in the 
retina, ciliary body, or blood-ocular barrier [ 69 ].  

   2.  Long-Acting Expansile Gases 
 There are many options available for long-acting expansile 
gases to use in PR. Several perfl uorocarbons, the most widely 
used being perfl uoropropane, and sulfur hexafl uoride (SF 6 ) 
can be used for internal tamponade of RRD. Each gas has 
different expansile properties as well as different absorption 
rates, which should be considered when choosing the appro-
priate gas for PR. Lens and vitreous status are also consider-
ations, as one study has shown that the intraocular half-life 
of both SF 6  and C 3 F 8  is two to three times shorter in vitrecto-
mized aphakic rabbit eyes than in phakic eyes with intact 
vitreous [ 70 ]. One study has shown that expansion of some 
intravitreal gases can cause reversible and irreversible dam-
age to the retina and ciliary body. Also, the duration of expo-
sure and the gas concentration determine the degree of 
damage or toxicity [ 69 ]. 

   a.  Perfl uorocarbons 
 Perfl uorocarbons persist for 6–28 days on average before 
being absorbed in the blood [ 71 ,  72 ]. One study of three 
different perfl uorocarbon gases (perfl uoromethane (CF 4 ), 
perfl uoroethane (C 2 F 6 ), and perfl uoropropane (C 3 F 8 )) 
showed that the expansion and intraocular  longevity of 
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the gases increase with the length of the carbon chain 
[ 72 ]. Perfl uoropropane (C 3 F 8 ) is the most common 
expansile long- acting gas used for internal tamponade of 
RRD. Perfl uoropropane has been shown to expand up to 
four times its original volume and remain for up to 6–8 
weeks [ 68 ]. Perfl uoromethane and perfl uoroethane are used 
much less and persist for 6 days and 2–5 weeks, respec-
tively [ 68 ,  72 ]. Perfl uoroethane expands to 3.3 times the 
original injection volume [ 68 ].  

   b.  Sulfur Hexafl uoride 
 Sulfur hexafl uoride (SF 6 ) is a nonpolar gas that is inert in 
the vitreous. SF 6  is used for internal tamponade of RRD in 

all surgeries, including PR. SF 6  doubles its volume during 
the initial 24–48 h and then is absorbed into the blood over 
5–14 days [ 68 ,  71 ,  73 ]. Sulfur hexafl uoride remains in the 
vitreous for as little as a quarter of the time as does perfl uo-
ropropane [ 72 ].    

   D.  Post-Operative Positioning 

 One of the most important keys to success in PR is postop-
erative positioning. This is an arduous experience for patients 
especially considering that the recommendation is to main-
tain the specifi ed head position for 16 h/day for 5 days [ 74 ], 

  Figure V.B.7-1    Artist’s rendition of intravitreal bubble injection for 
the treatment of superior rhegmatogenous retinal detachments. A bub-
ble is injected into the vitreous body using a slow and shallow injection 
in order to avoid the formation of small bubbles. The intravitreal bubble 

is placed over the break(s) by postoperative positioning in order to tam-
ponade the break and mitigate any further accumulation of subretinal 
fl uid (Courtesy of Merlin Hall)       
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although many recommend far longer periods of positioning. 
Shortening the duration of positioning by using shorter-act-
ing gases like SF 6  or air can increase compliance and the 
likelihood of success. Immediately after the gas injection, 
the patient’s head is positioned so that the bubble directly 
apposes the break(s). In cases where the macula is involved 
or threatened, a “steamroller” technique can be used. In this 
technique, the patient is positioned facedown after gas injec-
tion, and over a period of 10–15 min, the position is gradu-
ally changed so that the break is at the 12 o’clock position. 
This allows the bubble to roll toward the break displacing 
any subretinal fl uid away from the macula and into the vitre-
ous cavity. Basic and “steamroller” techniques have compa-
rable risks for PVR development and appear to be equally 
safe and effective in PR for primary RRD [ 75 ].  

   E.  Modifi ed Pneumatic Retinopexy 

 Modifi cations of PR have been introduced, but it is not clear 
that these improve outcomes and reduce postoperative com-

plications. When combined with microscope-assisted sub-
retinal fl uid drainage, PR has been shown to be effective and 
safe in 86 % of phakic RRDs from breaks within the upper 
60° of the fundus [ 76 ,  77 ]. Although this is not truly PR, one 
study of combined intravitreal bubble injection with drain-
age of subretinal fl uid had 100 % single-operation success 
and no occurrences of extension of the detachment, persis-
tence of subretinal fl uid or subretinal gas, or reopening of 
retinal breaks [ 77 ]. This procedure, however, requires the use 
of an operating room, which limits access to care, raises 
costs substantially, reduces the rapidity of intervention 
afforded by PR in an offi ce setting, and signifi cantly 
decreases the applicability of PR to a broad global 
population. 

 Some studies have shown that mixing expansile gases can 
reduce incidences of elevated postoperative IOP [ 78 ]. In this 
regard, a mixture of 40 % SF 6  and 60 % air combined with 
subretinal fl uid drainage can have favorable results [ 79 ]. 
Perfl uoroethane (C 2 F 6 ) gas has comparable success and com-
plication rates as conventional gases [ 80 ]. Extensive studies 
have shown the effi cacy and benefi ts of PR using pure air 

  Figure V.B.7-2    Fundus photograph collage of a superior macula-on retinal detachment in the left eye extending from 1 to 4:30 arising from a reti-
nal break located at 1:30. Subretinal fl uid extended posteriorly to the temporal macula       
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only [ 18 ,  20 ,  81 ]. Pure air PR achieves a high rate of reat-
tachment and good visual outcome [ 18 ,  20 ]. Pure air PR can 
also have lower incidences of PVR, PMM, and new or missed 
breaks. The recovery period is also greatly reduced, and 
accessibility to pure air is universal as compared to expansile 
gases [ 20 ]. Long-term effi cacy has also been shown to be 
comparable to other options for RD management [ 18 ]. 
Neodymium-doped yttrium aluminum garnet (Nd:YAG) 
laser augmented PR has also had good results with laser dis-
ruption of vitreous bands inducing traction via vitreoretinal 
adhesion [ 82 ].   

   IV.  Outcomes 

   A.  Results 

 Nonclassical (see above) indications have PR success rates 
that vary between 72 and 100 % (Table  V.B.7-1 ).

   In eyes with uncomplicated superior RRD without signifi -
cant PVR, the single-operation success varies from 61 % to as 
high as 90 % [ 1 ,  9 ,  10 ,  22 ,  23 ,  45 ,  46 ,  48 – 50 ,  71 ,  73 ,  83 – 92 ]. 
Studies have shown that the single-operation success rate of 
PR (73 %) is comparable to that of SB (82 %) but lower than 

  Figure V.B.7-3    Same eye as shown in Figure  V.B.7-2 , now healed 1 month after in-offi ce pneumatic retinopexy. Pure air (0.8 ml) was injected 
after cryopexy was applied to the retinal break at 1:30, and a paracentesis was performed at the limbus to lower IOP       
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PPV (94 %) after 6 months and there is a similar risk of late 
re-detachment after 2 years of follow-up [ 93 ,  94 ,  97 ]. 
Reoperation rates are higher after PR than PPV or SB although 
PPV results in more adverse outcomes [ 84 ]. In cases of pri-
mary PR failure, most are reattached with one additional pro-
cedure and have good visual outcome [ 93 ]. Despite the 
increased need for reoperation after PR, the fi nal anatomic 
results do not differ compared to SB, and PR has less morbid-
ity and better postoperative visual acuity [ 19 ,  95 ]. Following 
PR, PVR developed in 0–16 % [ 1 ,  18 ,  20 ,  85 ,  87 ,  90 ,  96 ] com-
pared to an incidence of 5–10 % following SB and 29.4 % after 
PPV [ 97 – 99 ]. In other studies, the rate of postoperative PVR 
does not differ signifi cantly between SB and PR [ 91 ,  100 ]. 

 Most cases of primary failure can be reattached with one 
additional PR procedure [ 101 ]. In eyes with classic indications 
(see above), the fi nal anatomical reattachment rates were simi-
lar to pars plana vitrectomy (PPV) and scleral buckle (SB) 
[ 102 ]. Postoperative visual acuity at 1 year does not differ 

among these three treatment options to repair RRD [ 103 ]. 
Long-term effi cacy of PR has been proven to be as high as 
98.7 % up to 6.4 years postoperatively and to be even better than 
SB after 2 years with less cataract incidence, better visual out-
come, and faster recovery [ 104 ,  105 ]. Final anatomic success 
after subsequent therapy following failed primary PR has been 
reported to be as high as 100 % [ 9 ,  10 ,  44 ,  45 ,  47 ,  48 ,  71 ,  73 ,  86 , 
 89 – 91 ,  106 ], and repeat operation by PR, PPV, or SB does not 
negatively impact visual acuity at fi nal follow-up [ 107 ]. 

 Scleral buckle or vitrectomy or a combination of both has 
slightly better initial anatomic success than PR, but postop-
erative visual acuity does not differ among the various tech-
niques at 1 year [ 95 ]. Eyes treated with PR for RRD post 
PPV to remove posteriorly dislocated lens material require 
secondary SB to achieve reattachment in 63 % of cases [ 51 ]. 
Macular pucker develops in 3 % [ 85 ]. Given the limited sup-
port provided by the iris after cataract surgery, the presence 
of intravitreal gas has been shown to cause anterior displace-
ment of Artisan intraocular lenses [ 52 ]. 

 In a long-term study (6–186 months’ follow-up), pure air PR 
achieved a single-operation success rate of 80.5%, that increased 
to 85.7 % reattachment after repeat PR. A fi nal reattachment 
rate of 100 % was eventually achieved when failed cases under-
went PPV or SB [ 18 ]. These success rates are comparable to the 
rates of PR using expanding gases. Eighty-six percent of 
patients treated with pure air PR had the same or better visual 
acuity postoperatively, and nearly two-thirds attained visual 
acuity ≥20/40 [ 18 ] (Figure  V.B.7-4 ). In this study, no patients 

   Table V.B.7-1    Non-classical indications for PR   

 % Anatomic success 

 Multiple breaks  75 [ 22 ,  27 ] 
 Giant tears  89–100 [ 31 ,  32 ] 
 Inferior RD  77–91 [ 33 ,  34 ] 
 Macula off  81 [ 22 ] 
 Retinal lattice ( degeneration )  77 [ 22 ] 
 Vitreous hemorrhage  72 [ 22 ] 
 Adolescents  84 [ 39 ] 
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  Figure V.B.7-4    Scattergram of 
Snellen visual acuity (VA) pre- 
and postoperatively following 
pure air pneumatic retinopexy in 
77 subjects [ 18 ]. The points above 
the sloped line represent improve-
ment in VA, and points below the 
line represent worsened VA. The 
arrow represents a single patient 
who required a secondary scleral 
buckle with vitrectomy due to a 
new inferior break. The triangle 
marker indicates the only case that 
developed postoperative premacu-
lar membrane formation with 
macular pucker. The plus signs 
indicate all cases that required 
repeat pneumatic retinopexy pro-
cedures [ 18 ]       
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developed postoperative PVR and only 1/77 (1.3 %) developed 
macular pucker. This is lower than previous studies which 
showed that as many as 10 % of patients developed PVR and 
3 % macular pucker after PR with expanding gases [ 1 ].

      B.  Complications 

 Although the success rate of PR in the management of superior 
RRD is high, there are some complications that should be con-
sidered. Following PR, 31 % of eyes showed one or more early 
complications such as the rare development of cataract due to 
impaling with the needle, choroidal detachment, endophthal-
mitis, vitreous hemorrhage, and peripheral subretinal hemor-
rhage or the much more common issues of delayed reabsorption 
of subretinal fl uid and gas entrapment in the anterior chamber 
(between the pars plana and the lens) or in the subconjunctival 
space, the most common acute complication [ 108 ]. Late onset 
of these complications was observed in 7 % of eyes [ 49 ]. 

 Most retinal complications develop in the inferior fundus 
[ 83 – 92 ]. New or missed breaks occur from 7 to 22 % [ 1 ,  10 , 
 22 ,  27 ,  30 ,  47 ,  84 ,  85 ,  87 ,  90 ,  104 ,  109 ] of cases, and 83 % of 
these occur in pseudophakic or aphakic eyes [ 47 ]. PR has been 
implicated as the cause of new retinal tears and RRD in previ-
ously uninvolved quadrants, presumably due to vitreous con-
densation and traction [ 110 ,  111 ]. While possible, this is less 
likely than re-detachment with a new inferior RD caused by a 
missed break. Studies have shown that meticulous preopera-
tive fundus examination with scleral depression can identify 
inferior breaks in attached retina that are treatable at the time 
of PR, resulting in a lower incidence of inferior RRD follow-
ing PR [ 18 ,  20 ]. In other studies, the rates of missed or new 
retinal breaks after PR are higher than following SB [ 101 ]. 

 Three complications reported with PR but not with scleral 
buckling are subretinal gas, gas entrapment at the pars plana, 
and subconjunctival gas [ 104 ,  112 ]. Postoperative elevation in 
intraocular pressure (IOP) has been associated with PR, espe-
cially with perfl uoropropane [ 78 ]. Pressure-reducing medica-
tion is not usually indicated in these eyes because IOP returns 
to baseline 30–60 min after injection and does not increase 
during the subsequent 5 postinjection days [ 113 ]. Cystoid 
macular edema (CME) may develop in as many as 8 % of 
patients following PR and may deteriorate the fi nal visual out-
come [ 90 ]. Rates of CME after PR are similar to CME rates 
following SB, and previous cataract surgery or macular 
detachment may increase the CME rates following PR [ 114 ]. 
Central retinal artery occlusion is also a potential complica-
tion after PR and patients should be advised that fl ying or 
being at altitudes higher than 2,000 ft may cause expansion of 
intraocular gas in accordance with Boyle’s law [ 115 ]. A rare 
complication of PR is delayed subretinal fl uid absorption, 
shown to persist for more than 2 years which ultimately is 
spontaneously reabsorbed [ 116 – 118 ]. Delayed subretinal 

fl uid absorption can occur as often as 21–37 % of the time and 
can be associated with small subretinal pigment precipitates 
[ 49 ,  119 ]. Extensive cryotherapy and the presence of subreti-
nal precipitates are factors that are signifi cantly associated 
with delayed subretinal fl uid absorption [ 119 ]. In cases where 
the macula is not involved, fi nal visual acuity is not impaired 
[ 118 ]. Despite these possible complications of PR, many 
rhegmatogenous retinal detachments can be successfully 
managed with good anatomic and visual outcomes [ 120 ].  

   C.  Benefi ts of Pneumatic Retinopexy 

 Pneumatic retinopexy (PR) for the treatment of uncompli-
cated superior RRDs has an anatomic success rate similar to 
conventional RRD surgery. Functional results appear to be 
better after PR than other interventions with low risks of sub-
retinal gas, PVR, macular pucker, or infection [ 121 ]. 
Although the anatomic success rate of PR is comparable to 
SB, PR has less morbidity and better postoperative visual 
acuity [ 19 ]. In cases of macula-off detachments for less than 
2 weeks, the visual results are signifi cantly better with PR 
than SB [ 73 ]. Two-year outcomes are better for PR than SB 
with better visual outcome and faster recovery [ 98 ]. Two 
years after intervention, cataract incidence was less with PR 
than SB, and temporary gas tamponade for PR is not associ-
ated with permanent changes in lens transparency [ 97 ,  122 ]. 
PR does not cause strabismus or extraocular muscle imbal-
ance like encircling bands, although PR strabismus rates are 
comparable to radial buckles [ 123 ]. The shape of the cornea 
is not altered after PR like after scleral buckling [ 124 ]. PR 
achieves similar success rates as SB and PPV in pseudopha-
kic retinal detachments following cataract surgery [ 125 ]. 

 Access where resources are scarce, good cost- effectiveness, 
ease of procedure, reasonable patient comfort, and early func-
tional rehabilitation make PR a good choice for managing pri-
mary RRD [ 102 ,  126 ]. PR in an ambulatory facility was found 
to be 37.9 and 48.6 % less expensive than scleral buckling and 
vitrectomy, respectively. If done in- offi ce without a facility fee, 
costs are 50.9 and 59.4 % lower than scleral buckling and vit-
rectomy, respectively [ 22 ]. The use of pure air lowers costs fur-
ther. Thus, the theoretical average annual savings to Medicare 
are between $6 million and $30 million if PR utilization were 
increased to 20–35 % compared to the current usage rate of 
15 % [ 22 ]. Another study found the cost of scleral buckle sur-
gery to be as much as four to time times that of PR [ 73 ].   

    V. Conclusion 

 Considering the single-operation success, fi nal anatomic 
outcome, and functional success, pneumatic retinopexy 
(PR) can be considered a primary option for a large num-
ber of  rhegmatogenous retinal detachments (RRD). PR is 
a safe and effective option for the management of supe-
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rior RRD and the related breaks in eyes with little to no 
signs of PVR. Laser or cryoretinopexy in conjunction 
with intravitreal gas tamponade can effectively reattach 
the retina with a single procedure in 60–90 % of cases. 
Final reattachment is achieved in 98–99 % of cases. Some 
factors such as lens status, preoperative visual acuity, 
macula status, and gender infl uence the fi nal outcome. 
The most common complications resulting from PR are 
new or missed retinal breaks or delayed absorption of 
subretinal fl uid though the rates of these complications 
are similar to SB and PPV. Complications unique to PR 
such as gas entrapment are acceptably infrequent. PR 
does not require surgical facilities, can be as much as ten 
times less expensive than scleral buckle or vitrectomy, 
and has shorter recovery than these surgeries. The need 
for postoperative positioning is an important consider-
ation in PR, although this is often needed following SB 
and PPV as well. Modifi ed and improved techniques for 
PR can improve effi cacy, reduce postoperative complica-
tions, and expand the indications for PR.    
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 Key Concepts 

     1.    Floaters result from structural abnormalities in vit-
reous. They are a more common complaint than 
previously known and have a more negative impact 
on the quality of life than previously appreciated.   

   2.    Vision is adversely affected by vitreous light scat-
tering causing straylight glare and degradation of 
contrast sensitivity. This explains the considerable 
degree of unhappiness experienced by patients suf-
fering from fl oaters.   

   3.    The only proven and safe treatment that effectively 
cures fl oaters and improves vision as well as patient 
well-being is limited vitrectomy.     
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   I. Introduction 

 Floaters most commonly occur in middle age due to age- 
related changes in vitreous structure and light scattering by 
the posterior vitreous cortex after collapse of the vitreous body 
during posterior vitreous detachment (PVD). In youth, fl oat-
ers are most often due to myopic vitreopathy. Vitreous fl oat-
ers can have a negative impact on visual function and in turn 
the quality of life. Techniques to characterize fl oaters clinically 
include ultrasound imaging, optical coherence tomography, 
and dynamic light scattering for structural characterization. 
Functional impact can be assessed by straylight measurements, 
as well as contrast sensitivity testing. When the severity of 
fl oater symptomatology is signifi cant, commonly used thera-
pies include neodymium:yttrium-aluminum- garnet (YAG) 
laser and limited 25-gauge vitrectomy. While the former is of 
unproven effi cacy, the latter has been shown to be a safe, effec-
tive, and defi nitive cure that improves patients’ quality of life 
and eradicates symptomatology produced by light scattering 
and diffraction. It is thus reasonable to offer limited vitrectomy 
to individuals who have attempted to cope unsuccessfully and 
in whom functional defi cit can be objectively demonstrated by 
testing contrast sensitivity, an important aspect of vision.  

   II. Background 

 Over a century ago, Duke Elder described vitreous as a struc-
ture composed of “loose and delicate fi laments surrounded 
by fl uid” [ 1 ]. Throughout the eighteenth century, the com-
position and structure of vitreous mystifi ed early theorists, 
spawning four different theories regarding vitreous structure. 
In 1741, Demours advocated the “alveolar theory” [ 2 ] in 
which membranes oriented in many directions enclosed com-
partments, or alveoli, containing the fl uid portion of vitreous. 
Pathologists such as Virchow supported this concept [ 3 ]. In 
1780, Zinn postulated that vitreous is arranged in a concen-
tric, lamellar orientation such as the “layers of an onion” [ 4 ]. 
This then constituted the “lamellar theory” and subsequently 
gained support from fellow theorists such as von Pappenheim 
[ 5 ] and Brucke [ 6 ]. In 1845, Hannover proposed the “radial 
sector theory” where he postulated that vitreous was com-
posed in sectors that were radially oriented around the central 
anteroposterior core containing Cloquet’s canal, similar in 
appearance to a “cut orange” [ 7 ]. Lastly, in 1848, Sir William 
Bowman introduced the “fi brillar theory” based upon a tech-
nique in which he utilized microscopy to show “nuclear gran-
ules” of fi ne fi brils that formed bundles [ 8 ]. 

 Changes during life from the clear, gel-like structure 
led Szent-Gyorgito to be the fi rst to propose that vitreous 
 structure changes with age [ 9 ]. Duke Elder elaborated upon 
this with his fi rst description of “fl oaters” as “the passive 

reaction of the vitreous body to disturbances that create 
liquefaction with the separation of part of its colloid basis 
(the residual protein) to form appearances evident clinically 
as opacities” [ 10 ]. This description holds true today as it is 
quite consistent with the prevailing theory of the mechanism 
by which vitreous undergoes structural changes with age. 

   A. Etiology of Floaters 

 The etiology of fl oaters is believed to relate to macromolecu-
lar changes that alter vitreous organization present during 
youth, when hyaluronan (HA) interacts with vitreous colla-
gen fi brils to stabilize the gel and keep collagen separated far 
enough to allow light to pass through vitreous with minimal 
or no light scattering, thereby achieving transparency [ 11 ]. 
The vitreous gel structure is maintained by thin, unbranched, 
heterotypic collagen fi brils composed of collagen types II, 
V/XI, and IX [ 12 ] and HA that fi ll the space in between the 
fi brils [ 13 ]. Liquid vitreous forms as HA dissociates from 
collagen and retains water molecules, sometimes forming 
pools or “lacunae.” No longer separated by HA, vitreous col-
lagen fi brils cross-link and aggregate [ 14 ,  15 ]. Studies have 
further shown that type IX collagen, most likely due to its 
chondroitin sulfate side chains, shields type II collagen from 
exposure on the collagen fi bril surface. Type IX proteogly-
can diminishes with age, further exposing type II collagen 
and predisposing vitreous collagen fi brils to lateral fusion. 
This additionally contributes to liquefaction [ 16 ]. Through 
these mechanisms, the human vitreous body undergoes two 
morphological changes with age that create further light 
diffraction: an increase in the volume of liquefi ed spaces 
(synchysis) [ 17 ] and an increase in optically dense areas 
due to collagen cross-linking [ 18 ] (Figure  V.B.8-1 ) [see 
 chapter   II.C    . Vitreous aging and PVD].

   This macromolecular inhomogeneity scatters light and 
creates diffraction. Electron microscopy of vitreous opaci-
ties demonstrates collagen fi brils and cellular debris that 
contribute to light scattering and visual disturbances [ 19 ] 
(Figure  V.B.8-2a ). Another contributing factor to the devel-
opment of opacities is separation of vitreous away from the 
retina that follows gel liquefaction and weakening of vitreo-
retinal adhesion, commonly referred to as posterior vitreous 
detachment (PVD) [ 20 ]. The dense collagen fi bril matrix in 
the posterior vitreous cortex (Figure  V.B.8-2b ) causes signif-
icant light scattering. Thus, the combination of vitreous syn-
chysis and syneresis with PVD, which is reported in 53 % 
of patients older than 50 years and 65 % in patients older 
than 65 years [ 20 ], results in the light scattering that causes 
the visual perception of “fl oaters.” Indeed, the most com-
mon etiologies of fl oaters are posterior vitreous detachment 
(PVD), followed by myopic vitreopathy, and asteroid hyalo-
sis [ 21 – 23 ]. Other pathologies such as Marfan’s syndrome,  

L.C. Huang et al.

http://dx.doi.org/10.1007/978-1-4939-1086-1_9


773

  Figure V.B.8-1    Aging changes in human vitreous structure. Dark-
fi eld slit microscopy of fresh unfi xed whole human vitreous with the 
sclera, choroid, and retina dissected off the vitreous body, which 
remains attached to the anterior segment. A slit lamp beam illuminates 
from the side, creating a horizontal optical section with an illumination-
observation angle of 90°, maximizing the Tyndall effect. The anterior 
segment is below and the posterior pole is above in all specimens.  Top 
row : The vitreous bodies of an 11-year-old girl ( left ) and a 14-year-old 
boy ( right ) demonstrate a homogeneous structure with no signifi cant 
light scattering within the vitreous body, only at the periphery where the 
vitreous cortex is comprised of a dense matrix of collagen fi brils. The 

posterior aspect of the lens is visible at the bottom of each image. 
 Middle row : Vitreous structure in a 56-year-old ( left ) and a 59-year-old 
( right ) subject features macroscopic fi bers in the central vitreous body 
with an anteroposterior orientation. These form when hyaluronan mol-
ecules no longer separate collagen fi brils, allowing cross-linking and 
aggregation of collagen fi brils into visible fi bers which scatter light, 
inducing fl oaters and degrading contrast sensitivity.  Bottom row : In old 
age, the fi bers of the central vitreous become signifi cantly thickened 
and tortuous, as demonstrated in the two eyes of an 88-year-old woman. 
Adjacent to these large fi bers are areas of liquid vitreous, at times form-
ing pockets, called lacunae         
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Ehlers-Danlos syndrome, and diabetic vitreopathy [see chap-
ter   I.E    . Diabetic vitreopathy] also feature aggregation of vit-
reous collagen fi bers resulting in glare due to light scattering.    

   III. Diagnostic Considerations 

 Recent studies have found that fl oaters are more prevalent 
than previously appreciated. An electronic survey recently 
administered to 603 people via a smartphone application has 
demonstrated that 76 % of individuals report seeing fl oaters 
and 33 % report impairment in vision due to fl oaters [ 24 ]. 
Additionally, myopes were 3.5 times more likely to report 
moderate or severe fl oaters compared to those with normal 
vision. While this study suggests a signifi cant prevalence of 
fl oaters in younger individuals (< 5 % of participants were 

above age 50), this may simply be the result of selection bias 
since younger individuals are more likely to respond to sur-
veys on smartphones than older individuals. 

   A. Clinical Presentation 

 The clinical presentation of a patient with fl oaters includes 
visual symptoms often described as gray, linear, hair-like 
structures with round points that appear more prominent 
against bright backgrounds (a white wall or clear sky), 
 translucent strings, or a “spider web-like” image. The per-
ception of these objects fl oating occurs during head or eye 
movements with an overdamping effect. To date, fl oaters have 
been viewed by the medical profession as an innocuous and 
benign process that will improve over time. Recent  studies 

a b

  Figure V.B.8-2    ( a ) Ultrastructure of human vitreous fi bers. Transmission 
electron microscopy of human vitreous- detected bundles of collagen 
fi brils shown longitudinally in the upper image and in cross section in the 
lower image. The inset in the upper image is a high magnifi cation view 
of the bundle of fi brils demonstrating their collagenous nature. While 
these fi bers form universally with aging, their formation is accelerated in 
myopia, constituting the second most common cause of fl oaters (From 
Sebag and Balazs [ 125 ]). ( b ) Ultrastructure of posterior vitreous cortex. 

Scanning electron microscopy of the outer surface of the human posterior 
vitreous cortex after dissection and peeling away of the retina. The dense 
matrix of collagen fi brils is apparent, albeit somewhat exaggerated by 
the dehydration prep for electron microscopy. Nonetheless, it is apparent 
that when detached away from the retina, this structure will interfere with 
photon passage to the retina. The consequent light scattering will induce 
fl oaters and degrade contrast sensitivity (Courtesy of the Eye Research 
Institute of Retina Foundation, Boston, MA)         
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have begun to dismiss this notion of fl oaters as a benign and 
innocuous process [ 25 ,  26 ]. These studies employed utility 
value analysis to determine that fl oaters have a signifi cantly 
negative impact upon quality of life and symptoms can be 
much more disturbing than previously appreciated [ 27 ]. 
In one such study [ 25 ], researchers demonstrated that the 
degree to which fl oaters lower the visual quality of life is 
equivalent to age-related macular degeneration and greater 
than diabetic retinopathy and glaucoma, as well as mild 
angina, mild stroke, and colon cancer. Additionally, the per-
ceived negative impact of fl oaters is underscored by the fact 
that patients would be willing to take an 11 % risk of death 
and a 7 % risk of blindness and would be willing to trade 
1.1 years out of every 10 years remaining in their lives to 
eradicate fl oaters.  

   B. Clinical Characterization of Floaters 

 One of the contributing factors to clinicians’ perception 
of fl oaters as a benign condition and not a disease is the 

lack of a clinical approach to characterize fl oaters both in 
terms of structure as well as the impact on visual function. 
Beyond visual acuity, the evaluation of the impact of fl oaters 
on vision is lacking, since rarely do such vitreous opacities 
affect visual acuity, the most common method for assessing 
visual function. Thus, both structural [see chapter   II.F    . To 
See the Invisible – the Quest of Imaging Vitreous] and func-
tional assessments of fl oaters are needed. 

   1. Structural Assessment of Floaters 
   a. Ultrasonography 

 Ultrasonography may be used to image opacities within the 
vitreous body. Ultrasound measures differences in acoustic 
impedance generated by echoes produced at tissue interfaces 
between structures of different densities. Ultrasonography 
imaging within the frequencies of 8–10 MHz can produce 
wavelengths as small as 0.2 mm to determine pathologies 
such as PVD, asteroid hyalosis, vitreous hemorrhage, and 
large foreign bodies [ 28 ,  29 ] (see Figure  V.B.8-3 ). As the 
vitreous ages, inhomogeneities in density develop via the 
aforementioned biochemical changes and echoes become 

  Figure V.B.8-3    B-scan ophthalmic ultrasound image of a patient demonstrating prominent echodensities in the vitreous body       
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more prominent. Acoustic changes or echoes in the vitre-
ous also occur when there is persistence of primary vitreous 
(vascular) structures, changes induced by myopic vitreopa-
thy, or the presence of intraocular foreign bodies [ 30 ]. An 
advantage of vitreous imaging by ultrasound is the ability 
to visualize posterior structures regardless of media opacifi -
cation anteriorly (primarily lens) and the ability to estimate 
lacunar size and collagen fi bril density [ 31 ].

   Many studies have utilized ultrasonography to image 
the topography of the vitreous body. In patients being 
considered for vitrectomy surgery, rapid B-scan imaging 
is the most useful technique to investigate vitreoretinal 
pathology [ 30 ]. Static A-scan ultrasound demonstrated an 
80 % incidence of acoustic interfaces in patients 60 years 
old and greater, which differed drastically from the 5 % 
incidence in patients 21–40 years old [ 32 ]. This demon-
strates the decrease in acoustic homogeneity as the vit-
reous ages. Additionally, kinetic B-scan ultrasonography 
was utilized to quantify the vitreous of aged eyes with 
PVD compared to younger eyes [ 33 ]. The speckle density, 
referring to areas of acoustic hyper-refl ectivity in areas of 
greater acoustic impedance, is increased in older subjects 
due to aggregation of collagen fi brils. Furthermore, chirp 
pulse encoding and synthetic focusing with an annular 
array was utilized to provide imaging of the vitreous with 
higher resolution and sensitivity through a 20-MHz ultra-
sound probe [ 34 ]. 

 Recently, quantitative ultrasonography was used to ana-
lyze increased vitreous echodensity and correlate the fi nd-
ings with contrast sensitivity in patients with fl oaters of 
varying severity [ 35 ]. Investigators found that quantitative 
ultrasonography taken at nasal longitudinal, inferotemporal 
longitudinal, and inferotemporal transverse positions corre-
lated strongly with contrast sensitivity ( R  = 0.82,  P  < 0.001) 
[ 35 ]. Quantitative ultrasonography should therefore have 
great utility to assess the severity of vitreous degeneration 
and aid in clinical decision-making regarding therapy of 
fl oaters.  

   b.  Combined OCT/SLO 
 Time-domain OCT was previously used to extensively 
analyze the vitreoretinal interface [ 36 ], but utility was lim-
ited and fi ne details of the posterior vitreous were lacking. 
SD-OCT possesses inherent image resolution enhancement 
over time domain but also provides advantages in compari-
son to ultrasound with a greater horizontal resolution as 
well as better imaging of the vitreoretinal interface [ 37 ]. 
Combined SD-OCT and scanning laser ophthalmoscopy 
(SLO) provides further insight on vitreous structure and 
evolving physiologic and pathologic vitreoretinal changes. 
In one study [ 31 ], SD-OCT/SLO imaging examined 202 eyes 
and demonstrated a high correlation between diagnosis of 
complete PVD found by both clinical examination and OCT. 

Additionally, high correlation was found between ultrasound 
and SD-OCT/SLO results for complete and incomplete 
PVD. Due to excellent depth of fi eld during coronal plane 
imaging with the SLO, central vitreous opacities can be very 
well visualized (see Figure  V.B.8-4 ). Note how the central 
darkness (umbra) is surrounded by an area of lighter shadow 
(penumbra) for both fl oaters. The umbra is the innermost and 
darkest part of a shadow, while the penumbra is where only 
part of the light is obscured, resulting in a partial shadow.

   Furthermore, with longitudinal OCT imaging, the fl oater- 
induced attenuation of incident light transmission to the 
fundus results in shadowing and poor resolution of  fundus 
structure, in particular, the retinal pigment epithelium/
Bruch’s membrane complex, that maps the fl oater shadow 
upon the fundus and may serve as a means of quantifying the 
density of these structures (see Figure  V.B.8-5 ).

      c. Dynamic Light Scattering 
 Dynamic light scattering (DLS) is a laser-based nanodetec-
tor that can measure the size of particles from 3 nm to 3 μm 
in the cornea, lens, aqueous, and vitreous [ 38 ], thus enabling 
the mapping of three-dimensional distribution of vitreous 
macromolecules [ 39 ]. Ophthalmic usages of DLS include 
characterizing diabetic vitreopathy by detecting aggregation 
of vitreous collagen fi brils in diabetes [ 40 – 43 ], identifying 
patients at high risk for cataracts by detecting a decreased 
alpha-crystallin index [ 44 ], monitoring infl ammatory pro-
cesses following refractive surgery [ 45 ], and evaluating the 
molecular effects of pharmacologic vitreolysis [ 46 ]. In a 
comprehensive study of the last mentioned [ 43 ], DLS repro-
ducibility demonstrated a coeffi cient of variance less than 
3.3 % in all but one specimen. Thus, DLS was utilized to 
measure vitreous macromolecule sizes before, during, and 
after injection of ocriplasmin, hyaluronidase, and collage-
nase into solutions of respective substrates as well as whole 
bovine vitreous. This was made possible by measuring the 
diffusion coeffi cients of the molecules to determine size and 
detecting the increase in Brownian motion produced when 
the particle size decreased following pharmacologic vitre-
olysis. Therefore, the use of DLS in pharmacologic vitreoly-
sis may play a paramount role in the future of vitreoretinal 
pharmacotherapy of various types, especially pharmacologic 
vitreolysis [see chapter   VI.A    . Pharmacologic vitreolysis].   

   2. Effects of Floaters on Vision 
   a. Straylight 

 Light scattering produced by opacities within the vitreous 
body can be quantifi ed by the use of the C-quant (C-Quant; 
Oculus Optikgeräte, Wetzlar-Dutenhofen, Germany) 
 straylight meter [ 47 ,  48 ]. Straylight, or disability glare, 
refers to a perceived spreading of light around a bright 
light source. Straylight was fi rst described by Cobb in the 
early 1900s as “equivalent veiling luminance” ( Leq ), the 
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 external luminance that has the same visual effect as the 
glare source [ 24 ]. Symptoms of straylight appear to the 
patient as haziness, decreased color and contrast, diffi culty 
recognizing faces, and glare hindrance. Factors affecting 
straylight in normal patients include age (2× increased 
straylight values at 65 years old and 3× increased stray-
light values at 77 years old) [ 44 ,  49 ] and pigmentation – 
blue-eyed Caucasians had increased values 0.1–0.4 log 

units higher compared to  pigmented non-Caucasians [ 50 ]. 
One study [ 51 ] recommended the utilization of the C-quant 
straylight meter to assess long- term effect of surgical pro-
cedures on quality of vision based on its high reproducibil-
ity. The C-quant straylight meter thus provides a functional 
 measure for the intensity of light spreading seen by the 
patient and demonstrates the increasing role of glare and 
contrast sensitivity in impairing vision.  

a b

c

  Figure V.B.8-4    ( a ) Scanning laser ophthalmoscope image of the same 
patient as in Figure  V.B.8-3  with two large premacular opacities. ( b ) 
The central darkness (umbra) is surrounded by an area of lighter shadow 

(penumbra) for both fl oaters. ( U  umbra,  P  penumbra). ( c ) Following 
limited vitrectomy, the central vitreous is clear with complete disap-
pearance of both the umbras and penumbras       
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   b. Contrast Sensitivity Function 
 Measuring contrast sensitivity function (CSF) provides a use-
ful method to quantify fl oaters and the impact on vision. The 
measure of CSF is often used to supplement visual  acuity 
measurements in evaluating posterior capsular opacifi cation 
after cataract surgery [ 52 ] as well as demonstrate reduced 
visual function in patients with cataracts whose acuity is only 
slightly impaired [ 53 ,  54 ]. In one study, multiple logistic 
regression analysis demonstrated that reduced contrast sen-
sitivity was independently associated with a vision disability 
score affecting tasks such as judging distance, night driving, 
and mobility issues [ 55 ]. In addition to anterior ocular media 
opacities, vitreous opacities may also degrade CSF. 

 This hypothesis was tested in a study [ 56 ] at the VMR 
Institute for Vitreous Macula Retina in California, that 

utilized computer- based Freiburg Acuity Contrast test 
(FrACT) to evaluate CSF [ 57 – 59 ]. This CSF testing method 
had a reproducibility of 92.1 % when employing the Weber 
index (%W = (Luminance max  − Luminance min )/Luminance max ) 
[ 52 ,  60 ] as the outcome measure. Studies have previously 
demonstrated that FrACT yields results similar to those 
of Pelli-Robson and is not signifi cantly affected by group 
differences in visual acuity [ 61 ]. Patients with bothersome 
fl oaters have been reported to have CSF that is diminished 
by 67.4 % (4.0 ± 2.3 %W;  N  = 16) compared to age-matched 
controls (2.4 ± 0.9 %W;  N  = 16;  P  < 0.01). Since publication 
of these preliminary fi ndings, this study has continued with 
increased enrollment ( n  = 38) obtaining similar results: in 
fl oater patients, CSF is degraded by 72.3 % (4.14 ± 1.95 %W) 
compared to controls ( P  < 0.01). 

  Figure V.B.8-5    OCT of the same patient as in Figure  V.B.8-3  demon-
strating fl oater-induced attenuation of imaging, especially at the retinal 
pigment epithelium/Bruch’s membrane complex.  Solid arrows  repre-

sent incident light rays, while  dashed arrows  represent scattered light. 
( Fl  fl oater,  U  umbra,  P  penumbra)       
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 As demonstrated in Figure  V.B.8-6 , diminished contrast 
sensitivity is often a clinically signifi cant consequence of 
light scattering by ocular media opacities. An opaque object 
with a smooth surface (e.g., an asteroid hyalosis body) will 
block light rays that create an umbra and a penumbra (see 
“a” in Figure  V.B.8-6 ). A fl oater of the same size but with 
uneven surfaces and edges will scatter more light rays, creat-
ing a smaller umbra and a larger penumbra than a smooth 
body (see “b” in Figure  V.B.8-6 ). Although the objects are 
of the same size, the uneven surface of a fl oater will scatter 
more light, and the larger penumbra will degrade contrast 
sensitivity. As light interacts with collagen fi bers in the vitre-
ous (Figure  V.B.8-7 ), the spacing of the collagen fi brils, or 
interfi brillar distance, can infl uence the transmission of light 
to the retina. When the interfi brillar distance is decreased 
as in aged vitreous with syneresis (b in Figure  V.B.8-7 ), 
increased scattered light will create a larger penumbra and 
degrade contrast sensitivity.

          IV. Therapeutic Considerations 

 To date, treatment options for patients with bothersome fl oat-
ers have been limited. Because fl oaters are generally viewed 
by doctors as benign and innocuous, patients are often told 

to cope with symptoms and hope for either improvement 
via settling inferiorly or acceptance over time. For patients 
unwilling to accept this advice, eyedrops and Nd:YAG 
(neodymium:yttrium-aluminum-garnet (YAG) laser) are 
sometimes offered as therapies, though effi cacy has never 
been demonstrated and reports are confl icting [ 62 – 64 ]. In one 
study, Nd:YAG vitreolysis eradicated fl oater symptoms in 
only 1/3 of patients with moderate clinical improvement and 
worsened symptoms in 7.7 % of patients [ 62 ]. As a result, the 
authors concluded that Nd:YAG vitreolysis provided a safe, 
but only mildly if at all effective, treatment for the eradication 
of fl oater symptoms. Additionally, posteriorly located vitre-
ous opacities, which often cause the most disturbing symp-
toms, cannot be safely treated by YAG laser [ 64 ]. 

   A. Vitrectomy 

 Pars plana vitrectomy (PPV) provides the most effec-
tive treatment for fl oaters as it offers a defi nitive cure with 
complete resolution of symptoms. However, this  procedure 
is invasive with the possibility of complications such as 
endophthalmitis, retinal tears and detachments, cataract 
formation, glaucoma, vitreoretinal hemorrhage, and macu-
lar edema [ 65 ]. Therefore, it is important to only advocate 

  Figure V.B.8-6    Schematic diagram of the umbra and penumbra effect 
of fl oaters. ( a ) Shows how the convergence of light on a smooth body 
results in a small umbra and a penumbra. ( b ) Shows how the diffraction 

and scatter of light on a fl oater of the same size but with uneven edges 
results in a smaller umbra and a larger penumbra       
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vitrectomy to cure fl oaters for patients who understand the 
desired surgical goal and accept the risks, albeit minimal, 
and who have objective fi ndings of visual dysfunction, such 
as contrast sensitivity or, if suffi ciently severe, visual acuity. 

With the use of 25-gauge instruments and sutureless, tech-
nique with limited vitrectomy, postoperative complications 
can be diminished signifi cantly to provide a safe and effec-
tive cure for clinically signifi cant fl oaters [ 56 ,  65 ]. 

CS
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Appearance Interaction
with light

Visual
Perception

Aged Vitreous (b)

Asteroid Hyalosis (c)
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  Figure V.B.8-7    Schematic representing how light is transmitted to the 
retina through normal vitreous ( a ), aged vitreous ( b ), and asteroid hya-
losis ( c ). Thin green lines connecting the large collagen fi brils represent 
chondroitin sulfate ( CS ) chains of type IX collagen. In normal vitreous 
( a ), light passes through unaltered since the interfi brillar distance 
between the collagen fi brils remains constant and unaltered. In aged 
vitreous ( b ), the fi brils have aggregated and collapsed, resulting in a 

decreased interfi brillar distance. Thus, light rays are now scattered and 
diffracted creating an umbra and a penumbra on the retina. In asteroid 
hyalosis ( c ), the collagen fi brils are not affected, yet there are smooth 
focal opacities. The light rays should still pass through, perhaps back-
scattered but otherwise mostly unaltered without signifi cant shadows 
on the retina from the asteroid hyalosis bodies, since the interfi brillar 
distance remains constant and unaltered       
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   1. Effi cacy of Vitrectomy for Floaters 
 Vitrectomy can cure fl oaters by decreasing light scatter-
ing and thus decrease straylight, increase contrast sensitiv-
ity function (CSF), and improve the quality of life. It has 
been demonstrated that straylight measurements improve 
following vitrectomy [ 66 ]. Improvement in recognizing 
faces and glare hindrance occurred in 38 of 39 cases (97 %) 
with a statistically signifi cant decrease in straylight glare 
measurements post vitrectomy, with 69 % of cases having 
straylight values within the normal range compared to 21 % 
 preoperatively. The overall improvement, however, was only 
18.2 % in the 39 fl oater cases of that study, perhaps related 
to the fact that 21 % of the cases had preoperative straylight 
measurements that were within the normal range. 

 Light scattering also degrades contrast sensitivity [ 47 ] 
underscoring that fl oaters negatively impact patients’ vision 
in more than one way. In the aforementioned prospective 
study of 16 cases [ 56 ], investigators at the VMR Institute in 
Huntington Beach, California, found that patients with fl oat-
ers had a 67 % diminution in CSF when compared to age- 
matched controls ( P  < 0.013). Following limited vitrectomy, 
CSF normalized at 1 week ( P  < 0.01) and remained normal at 
1 month ( P  < 0.003) and at greater than 3 months ( P  < 0.018). 

Following publication in 2013, this study has been contin-
ued with enrollment now up to 38 subjects. CSF improved 
in every single subject at 1 week ( P  = 1.4 × 10 −6 ;  N  = 36), 
1 month ( P  < 0.0001;  N  = 38), 3 months ( P  = 1.07 × 10 −5 ; 
 N  = 21), 6 months ( P  = 0.008;  N  = 19), and >9 months 
( P  = 0.009;  N  = 15) after limited vitrectomy (Figure  V.B.8-8 ).

   Given the aforementioned impacts of fl oaters on vision 
and patient well-being, it is reasonable to expect that 
 following vitrectomy, patients would perceive an improve-
ment in their quality of life. One study [ 67 ] of 110 patients 
who  underwent vitrectomy to cure bothersome fl oaters 
demonstrated 85 % patient satisfaction. Additionally, 84 % 
of patients were completely cured of fl oaters, while 9.3 % 
of patients were less troubled by fl oaters. Several studies 
have utilized the National Eye Institute Visual Function 
Questionnaire (NEI VFQ-39) to quantify patients’ 
improved visual quality of life following surgery. In the 
aforementioned prospective study at the VMR Institute in 
Huntington Beach, California [ 56 ],VFQ testing in the orig-
inal 16 cases demonstrated VFQ improvement of 29.2 % 
( P  < 0.001) at 1 month postoperatively that was sustained 
at 3–9 months following surgery. Continued study at the 
VMR Institute in Huntington Beach has increased this 

4.14

2.472.39

Controls

5

∗ ∗ ∗ ∗ ∗ ∗

∗

4

3

2

%
 W

eb
er

1

0

Pre–Op 1 week
(N= 36)

1 month
(N= 38)

3 months
(N= 21)

6 months
(N= 19)

> 9 months
(N= 15)

2.23

1.88

2.46
P < 0.01

CSF

Contrast Sensitivity

1.86

  Figure V.B.8-8    Preoperative contrast sensitivity function ( CSF ) was 
67 % worse in fl oater subjects (3.97 ± 1.95 %W) compared with age- 
matched control subjects (2.39 ± 0.92 %W,  P  < 0.003). After vitrectomy, 

CSF normalized at 1 week (2.36 ± 1.53 %W,  P  < 0.0001) and remained 
normal 1 month (2.17 ± 1.11 %W,  P  < 0.0001) and 3–9 months 
postoperatively       
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series and found an average postoperative improvement in 
the composite index of NEI VFQ-36 of 32 % ( P  < 0.001). 
Similar improvements have been demonstrated in other 
studies utilizing the NEI VFQ [ 68 – 70 ] and other methods 
[ 71 ,  72 ] to assess patient visual quality of life before and 
after vitrectomy.  

   2. Safety of Vitrectomy for Floaters 
 As described above, vitrectomy offers an effective cure of 
fl oaters that improves vision and quality of life for patients 
who cannot cope with the symptoms of fl oaters, presum-
ably because of profound diminution in contrast sensitivity. 
As an invasive procedure, however, vitrectomy has known 
potential complications [ 73 – 76 ]. Fortunately, a study by 
Delaney et al. [ 62 ] demonstrated a lower postoperative 
complication rate associated with vitrectomy for fl oaters 
as opposed to other vitreoretinal diseases. In a study of 31 
patients (42 eyes) who underwent either Nd:YAG vitreoly-
sis or pars plana vitrectomy for fl oaters, the authors com-
pared the effi cacy of the two treatments to eradicate fl oater 
symptomatology. Of these, 15 eyes underwent vitrectomy 
for fl oaters: 4 eyes underwent vitrectomy as a primary 
treatment for fl oaters, while 11 patients had vitrectomy 
subsequent to Nd:YAG laser treatment for fl oaters. In this 
admittedly small and limited study, 93.3 % of patients 
demonstrated complete resolution of fl oaters following 
vitrectomy with an average follow-up post vitrectomy of 
31.5 months (range 6–108 months). Reported complica-
tions included postoperative cataract development that 
underwent successful phacoemulsifi cation surgery and 
postoperative retinal detachment occurring 7 weeks after 
a combined vitrectomy with phacoemulsifi cation. Another 
study found a relatively low rate of immediate post-fl oater 
vitrectomy retinal detachment with a slightly increased 
risk during long-term follow-up [ 77 ]. Out of 73 eyes that 
underwent vitrectomy for severe and persistent fl oaters 
≥6 months’ duration, a total of fi ve (6.8 %) developed 
retinal detachments, four occurring 24–44 months after 
vitrectomy. 

 The current approach to curing fl oaters with vitrectomy 
must take into consideration the following specifi c risks and 
incorporate measures to mitigate these risks. 

   a. Endophthalmitis 
 Endophthalmitis is a rare but severe complication of vit-
rectomy [ 78 ]. However, instrument size (microincisional 
23- or 25-gauge vs. conventional 20-gauge), beveled entry 
technique, and cannula removal with a blunt probe have 
all been demonstrated to lower the risk of this postsurgi-
cal complication. Recent literature has reported that there 
is inconclusive evidence that 25-gauge PPV has a higher 
rate of endophthalmitis than 20-gauge PPV [ 79 – 82 ]. The 
one exception is the use of a straight approach to cannula 

insertion, which has an increased risk for endophthalmitis 
as compared to a beveled approach [ 83 ,  84 ]. This prob-
ably relates to a reduction of vitreous incarceration, which 
will not only mitigate endophthalmitis [ 85 ,  86 ] but also 
peripheral retinal tears [ 87 – 89 ] and fi brovascular prolif-
eration in diabetic patients [ 90 ]. Regarding endophthalmi-
tis, incisional vitreous incarceration is believed to improve 
postoperative sclerotomy closure, preventing the entry of 
bacteria into vitreous via an incisional vitreous wick [ 85 ]. 
Cannula removal at the end of surgery also infl uences the 
risk of postoperative endophthalmitis. In a prospective 
study of 118 cadaveric pig eyes that underwent vitrectomy 
with 23-gauge transconjunctival sclerotomies, two tech-
niques of cannula removal were employed: the superior 
cannula was extracted with the illumination probe inserted 
through it and the other cannula was removed with a can-
nula plug inserted [ 86 ]. Postoperative incisional vitreous 
entrapment was subsequently evaluated and demonstrated 
vitreous entrapment in 95.8 % of entry sites whose can-
nulas were extracted with the plug inserted, whereas 
incarceration only occurred in 93.2 % of incisions whose 
cannulas were extracted with the light probe inside. While 
this was not a big difference, the authors report that this 
difference may be due to the peripheral vitreous being dis-
placed to the inner face of sclerotomies when a plug is 
inserted, thus leading to a greater degree of vitreous incar-
ceration. The use of non-hollow probes for cannula extrac-
tion may have contributed to the safety profi le observed 
in the ongoing study at the VMR Institute in Huntington 
Beach, California [ 56 ], that employs 25-gauge vitrectomy 
with beveled incisions and illumination probe insertion for 
cannula removal at the end of the case. In 98 eyes with 
severe fl oaters, there have been no cases of endophthalmi-
tis. Additionally, a reduction in vitreous incarceration may 
also decrease post-vitrectomy retinal detachment rate [ 89 ].  

   b.  Retinal Tears and Retinal 
Detachment 

 Retinal tears and detachments occurring intraoperatively or 
postoperatively are well-documented potential complica-
tions [ 91 ,  92 ]. However, smaller instrument size (microinci-
sional 23- or 25-gauge vs. conventional 20-gauge), avoiding 
surgical induction of PVD, and performing cannula removal 
as described above can decrease the incidence of retinal tears 
and detachment. 

 The use of 25-gauge vitrectomy instruments allows for 
an incision with an oblique scleral tunnel that can be self- 
sealing without any sutures, decreasing operating time and 
hastening postoperative recovery [ 93 – 95 ]. Furthermore, 
the use of self- retaining cannulas preserves the edge of 
the incisions during instrument insertion and removal and 
allows more effective self-sealing during sutureless surgery 
[ 96 ,  97 ]. Iatrogenic intraoperative peripheral retinal break 
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 incidence during 23-gauge vitrectomy was compared to con-
ventional 20-gauge vitrectomy, and retinal breaks occurred 
signifi cantly less often during 23-gauge (16 of 973 cases, 
1.6 %) compared to conventional vitrectomy (25 of 402 
cases, 6.2 %) [ 98 ]. This is consistent with another study that 
found a 4.9 % retinal detachment rate 14 months after vitreo-
macular surgery with 20-gauge instruments versus a 1.1 % 
retinal detachment rate with 23-gauge instruments [ 99 ]. 

 Additionally, the use of 360° indirect ophthalmoscopy 
with scleral depression to identify retinal breaks or tears 
for prophylactic treatment prior to or during surgery has 
also been shown to decrease the incidence of postoperative 
retinal detachments [ 100 ]. In a study of 415 eyes of 381 
patients that underwent primary, standard, three-port vitrec-
tomy, 65 retinal breaks were found in 48/415 eyes (11.6 %) 
that were treated perioperatively. Of 366 eyes in which no 
breaks were identifi ed during vitrectomy, postoperative reti-
nal detachment occurred in 8 (2.2 %) eyes; all occurring at 
least 3 months following vitrectomy. This demonstrates the 
importance of avoiding, detecting, and treating breaks dur-
ing surgery to decrease the incidence of postoperative RD. 
In a study performed by Sebag et al. [ 56 ], 24/98 (24.5 %) 
cases received localized prophylactic laser or cryopexy to 
peripheral retinal breaks a minimum of 3 months prior to 
vitrectomy for fl oaters. This further contributed to the safety 
profi le of the procedure, with no cases of retinal detachment 
occurring at a mean follow-up of 16.2 months (range = 3–51 
months). 

 Lastly, avoiding the induction of PVD during vitrec-
tomy will also help decrease the incidence of intraopera-
tive or postoperative retinal breaks. A study of 311 patients 
undergoing vitrectomy for treatment of premacular mem-
brane with macular pucker or macular hole demonstrates a 
decreased incidence of retinal tears when surgical PVD was 
avoided in both groups [ 101 ]. For patients undergoing vit-
rectomy for macular pucker, 32.1 % had retinal breaks with 
induction of PVD compared to 2.1 % that had retinal breaks 
without induction of PVD ( P  = 0.006). For patients undergo-
ing vitrectomy for macular hole, 12.7 % had retinal breaks 
with induction of PVD while only 3.1 % had breaks without 
induction of PVD ( P  = 0.008). Additionally, in a previous 
study that induced PVD during vitrectomy for fl oaters, reti-
nal breaks occurred in 9/30 (30.5 %) cases [ 102 ], compared 
to 0/60 (0 %) that developed retinal breaks or detachments 
without induction of PVD ( P  < 0.007) [ 56 ]. Since that publi-
cation, a total of 98 cases have been performed at the VMR 
Institute in Huntington Beach without PVD induction. There 
have been no cases of retinal breaks or detachment.  

   c. Cataracts 
 Increased risk of cataract formation due to increased intra-
vitreal levels of oxygen following vitrectomy [ 103 – 108 ] 
may be mitigated by leaving the anterior vitreous and 

posterior vitreous intact to protect the lens against oxy-
gen free radicals. Previous studies [ 103 ,  106 ] have dem-
onstrated that vitreous maintains an intraocular oxygen 
concentration gradient from the retina to the vitreous gel 
[see chapter   IV.B    . Oxygen in vitreo-retinal physiology and 
pathology]. Following vitrectomy, the oxygen gradient 
no longer exists due to the removal of the vitreous. One 
study demonstrated that the difference in oxygen tension 
pre- and post vitrectomy is statistically signifi cant with 
oxygen tension levels in the mid-vitreous and near the 
lens increasing greatly, remaining elevated, and becoming 
more uniform in distribution in patients who had previous 
removal of vitreous gel [ 103 ]. This led to the conclusion 
that vitrectomy signifi cantly increases intraocular oxygen 
tension after surgery causing exposure of the crystalline 
lens to reactive oxygen species that contribute to cataract 
formation. Similar reports of vitrectomy in animal models 
have further confi rmed that oxygen measurements taken in 
the nucleus of the lens post vitrectomy had increased oxy-
gen levels due to diffusion from elevated oxygen tension 
in the vitreous [ 106 ]. 

 Beebe et al. [ 104 ] further elucidated the concept of oxida-
tive damage and its role in cataract formation. They dem-
onstrated that patients with ischemic diabetic retinopathy 
had lower oxygen levels in the vitreous and thus had par-
tial protection from nuclear cataract development within the 
fi rst year after vitrectomy. Other studies have also suggested 
that the rate of cataract extraction following vitrectomy in 
diabetic patients is lower than in nondiabetic patients under-
going vitrectomy [ 108 ]. Additionally, PVD has been impli-
cated in possible acceleration of nuclear cataract formation 
due to increased oxygen tension levels following PVD. 
Pharmacologic vitreolysis induction of posterior vitreous 
detachment with ocriplasmin has also been demonstrated 
to increase vitreous oxygen concentration in comparison to 
control eyes and hyaluronidase-injected (without PVD) eyes 
[ 109 ]. In another study, intravitreal ocriplasmin injection that 
produced liquefaction and PVD was associated with a 68 % 
increase in lens nuclear oxygen tension compared to intravit-
real hyaluronidase that only produced liquefaction and not 
PVD [ 110 ]. 

 Thus, based on the strong association between increased 
oxygen levels and nuclear cataract formation [ 103 ,  111 , 
 112 ], age-related PVD may be related to an acceleration of 
nuclear cataract development. Due to the increased oxygen 
tension levels that occur with induction of PVD and removal 
of the vitreous in vitrectomy, this suggests that leaving the 
anterior and posterior vitreous intact during surgery may 
result in decreased cataract formation postoperatively. In the 
VMR Institute study of 98 eyes with limited vitrectomy for 
clinically signifi cant fl oaters, only 14/60 phakic eyes (23 %) 
needed cataract surgery, all in patients with a mean age 
64.1 years and average time between vitrectomy and  cataract 
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surgery of 13 months. No patients under 53 years of age 
required cataract surgery. These fi ndings support the concept 
of cataract mitigation by not inducing PVD and leaving vit-
reous (and its constituent antioxidants) intact behind the lens 
(see Figure  V.B.8-9 ).

         Conclusions 

 Patients are disturbed by fl oaters due to a reduction in 
 contrast sensitivity, an important, albeit underappreciated, 
aspect of vision. As the medical community begins to 
 better understand the impact of fl oaters on patients’ vision 
and the impact on quality of life, it is advisable to  consider 

the treatment that has proven to be most effective and 
safe. Today, for patients who are unable to cope with 
chronically symptomatic vitreous opacities, the use of 
sutureless, limited vitrectomy using small-gauge instru-
mentation can safely eradicate symptoms, improve vision, 
and increase quality of life. Future directions to help 
patients with fl oaters include the use of optical methods to 
counteract or neutralize the visual effects, improved sur-
gical instrumentation to further decrease risks, and phar-
macologic vitreolysis (see Part   VII    . Pharmacologic 
vitreolysis) to obviate the need for vitrectomy and 
 minimize the invasive nature of the treatment by 
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  Figure V.B.8-9    The effects of limited vitrectomy on oxygen distribu-
tion. Intravitreal oxygen arises from the retina/choroid circulation pos-
teriorly as well as from the ciliary body anteriorly. Vitrectomy increases 
convective motion and fl uid circulation in the vitreous chamber, which 
increases oxygen levels behind the lens. ( a ) Intact eye. The pO 2  gradient 
ranges from 22 mmHg at the posterior pole to 8 mmHg at the equator 
and 10 mmHg peripherally in front of the ciliary body. pO 2  levels are 
4–6 mmHg behind the lens. ( b ) Limited vitrectomy. Leaving the  anterior 

vitreous intact and not inducing a PVD results in increased retrolental 
oxygen levels of only 6–9 mmHg. This may account for the relatively 
low (23 %) incidence of cataract formation observed with limited 
 vitrectomy. ( c ) Extensive vitrectomy with PVD induction. Following 
extensive vitrectomy with surgical induction of PVD, retrolental  oxygen 
levels increase to 10–12 mmHg, twofold above those in the intact eye. 
These elevated levels may account for the 50–76 % incidence of  cataract 
formation following extensive vitrectomy       
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 pharmacologically breaking down vitreous macromole-
cules, especially the aggregates of collagen that underlie 
the formation of fl oaters [ 46 ,  113 – 123 ]. 

 It is important that the medical profession heed the 
cry of reasonable patients affl icted with clinically sig-
nifi cant fl oaters, defi ned by quantitative ultrasound and 
contrast sensitivity testing, to achieve the goal of modern 
medicine [ 124 ]:

  To help people die young, as late in life as possible 
 Ernst L. Wynder MD 
 Founding President of the American Health Foundation          
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   I. Introduction 

 These rare indications for pars plana vitrectomy are related in 
that highly novel techniques have evolved to either achieve 
the therapeutic goal or to improve our understanding of the 
pathophysiology. Even then, the merits of the procedures 
continue to be debated as in the case of optic nerve pit and 
malignant glaucoma. In these conditions, we await a more 
defi nitive understanding of their pathophysiology before the 
proper approach to therapy can be determined. Until such 
time, however, the following describes the current vitrectomy 
approaches to tumors, optic pits, and malignant glaucoma.  
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 Key Concepts 

     1.    Endoresection of choroidal malignant melanoma is 
highly controversial. A signifi cant period of tumor 
inactivity is required before pars plana vitrectomy 
should be performed in an eye previously treated 
for retinoblastoma. Endoresection of retinal capil-
lary hemangioblastoma is technically feasible.   

   2.    Recent observations suggest that the retinoschisis 
associated with optic nerve pits may be a result of 
vitreous traction in the peripapillary region.   

   3.    The most effective therapy for malignant glaucoma 
may be pars plana vitrectomy and the creation of a 
tunnel through the peripheral iris and underlying 
zonules.     
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   II. Tumors 

   A. Retinoblastoma 

 Vitrectomy for retinoblastoma may be fraught with hazards. 
It has been reported that inadvertent vitrectomy in an eye 
with an unsuspected retinoblastoma could potentially seed 
the orbit with tumor and cause metastases [ 1 ]. Clusters of 
tumor cells were identifi ed in the 25 gauge biopsy needle 
tracks in an experimental model involving eyes enucleated 
for retinoblastoma [ 2 ]. Three cases of local extraocular 
extension of retinoblastoma following intraocular surgery 
via a transscleral approach were reported from a single cen-
ter [ 3 ]. 

 Currently, the most common indications for elective pars 
plana vitrectomy in eyes which have been treated for retino-
blastoma include cataract after external beam radiation, vit-
reous hemorrhage secondary to radiation retinopathy, and 
retinal detachment after cataract surgery. In the literature, 70 
eyes have been reported which underwent pars plana vitrec-
tomy after treatment for retinoblastoma. The indications 
were radiation-related cataract in 42 [ 4 ,  5 ]. In the remaining 
28 eyes, the indications were radiation retinopathy causing 
vitreous hemorrhage in 12, retinal detachment in 15, and 
endophthalmitis in 1 [ 6 – 11 ]. There were 2 recurrent tumors 
in the 42 eyes that underwent procedures related to cataract 
and 7 recurrent tumors in the remaining 28 eyes. The median 
interval between completion of treatment for retinoblastoma 
and intraocular surgery was 26 months in patients with a 
favorable outcome versus 6 months in those with unfavor-
able outcome [ 9 ]. A minimal tumor-free interval of 12–18 
months has been suggested before intraocular intervention, 
although this may not always be practical when the vision in 
the only remaining eye is threatened. 

 When the fellow eye has good vision, it is not a diffi cult 
decision to enucleate an eye which has been previously 
treated for retinoblastoma and has now a serious indication 
for pars plana vitrectomy. However, when the involved eye is 
the only functional eye, the decision is more diffi cult and 
surgical intervention may be considered.  

   B. Malignant Melanoma 

 Peyman fi rst developed techniques to perform endoresection 
[ 12 ] and others soon reported their experience [ 13 ,  14 ]. After 
pars plana vitrectomy and induction of posterior vitreous 
detachment, the margins of the melanoma are treated with 
laser photocoagulation and/or endodiathermy. An anterior 
retinal fl ap is made through which the vitreous cutter is intro-
duced to remove the melanoma. The retina is then reattached, 
and the eye is fi lled with silicone oil. If the retina is invaded 
by the melanoma, then the retina and the melanoma are 

removed together. Variations on this technique include the 
use of hypotensive anesthesia, preoperative [ 15 – 18 ] or post-
operative radiation therapy [ 19 ], intraoperative laser and/or 
diathermy to the tumor surface, intraoperative endodia-
thermy or cryoablation to tumor margins, photocoagulation 
to the bare scleral bed, incising the choroid before removing 
the tumor, cryotherapy to the sclerotomy sites, and simulta-
neous lens removal. 

 The major concerns of this technique include incomplete 
resection, residual intrascleral melanoma, intraretinal inva-
sion, and irretrievable dissemination and implantation of 
malignant cells in the vitreous [ 20 ]. Eight of 12 eyes that 
were enucleated after endoresection had recurrence at the 
site of the primary tumor. One of these eyes had vitreous 
seeding [ 21 ]. Intrascleral recurrence of a uveal melanoma 
was reported after endoresection and laser photocoagulation 
to the tumor margins [ 22 ]. 

 The most serious perioperative complication of endoresec-
tion is retinal detachment (9.4–32 %). Other complications 
include cataract, macular traction, premacular macular pro-
liferation, bleeding, ocular hypertension, local recurrence, or 
systemic dissemination. Concerning the two last mentioned 
complications, all of the large reported series of endoresec-
tion have been single-center retrospective studies [ 13 ,  14 ,  18 , 
 19 ,  23 – 25 ]. Local recurrence ranged between 0 % [ 14 ] and 
15 % [ 24 ]. Death from metastatic disease ranged between 
0 % [ 14 ] and 5 % [ 24 ]. The small numbers of patients and 
limited follow-up preclude conclusive interpretation of the 
data. The case-controlled series suggested a trend for a lower 
incidence of metastasis in patients who underwent endoresec-
tion compared to those who underwent brachytherapy [ 19 ]. 

 Visual acuity preservation is the  raison d’être  for this pro-
cedure, and between 9.2 and 32 % of eyes have 20/200 or 
better vision after surgery. One center reported a remarkable 
92 % of patients achieving 20/200 or better vision after 
endoresection as primary treatment [ 14 ]. However the same 
center subsequently reported that only 18.2 % of patients 
achieved 20/200 or better vision after endoresection for 
recurrence after conventional treatment [ 25 ]. 

 In summary, endoresection of choroidal malignant mela-
noma is an alternative to enucleation for tumors that are 
small, but thick, and located in close proximity to the optic 
nerve. Vision loss is common because radiation must be 
delivered close to the optic nerve and at a high dose. There is 
an active debate over the merits of this procedure [ 20 , 
 26 – 28 ].  

   C. Vascular Tumors 

 Macular pucker is a complication of progressive vitreoretinal 
interface disease [see chapter   III.F    . Vitreous in the 
 pathobiology of macular pucker] resulting from anomalous 
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PVD with vitreoschisis [see Chapter   III.B    . Anomalous PVD 
and vitreoschisis]. It is also associated with high-fl ow retinal 
vascular pathology and is an indication for pars plana vitrec-
tomy and membrane peeling [ 29 ]. The majority of these 
patients have attached vitreous. Spontaneous peeling of the 
macular pucker occurs in eyes that have a partial posterior 
vitreous detachment which progresses to complete posterior 
vitreous detachment [ 30 ]. In addition to macular pucker, 
fi brotic organization can occur directly over the vascular 
abnormality. Machemer [ 31 ] described a sequence of events 
that culminated in what he termed “proliferative vasculopa-
thy.” He performed pars plana vitrectomy and membrane 
peeling for traction retinal detachment in 2 eyes with von 
Hippel-Lindau retinal hemangioblastomas, 2 eyes with exu-
dative vitreo- retinopathy, and 2 eyes with Coat’s disease. He 
observed resolution of exudates when traction was relieved, 
but exudate would recur and traction would return if the vas-
cular abnormality continued to leak. These observations led 
him to conclude that chronic leakage from diseased vessels 
stimulates the infi ltration of cells derived from the retina and 
their proliferation. These cells produce collagen and form 
the bands and strands, resulting in traction on the retina. This 
traction in turn induces more leakage. This cycle continues 
until there is frank traction retinal detachment. At this point, 
treatment with anti-VEGF, pan-retinal or focal laser with or 
without dye enhancement, transpupillary thermal therapy, 
photodynamic therapy, cryoablation, or brachytherapy is 
ineffective. Surgical relief of this traction is necessary to 
break this cycle of traction and leakage. Retinal interface 
pathology associated with the high-fl ow vascular shunts is 
seen in retinopathy of prematurity, sickle retinopathy, Coat’s 
disease, and retinal angioma. The pathology of these differ-
ent diseases shows similar fi ndings at the vitreoretinal inter-
face over the abnormal leaking vasculature. 

 Schlesinger and colleagues have described internal en 
bloc resection of retinal capillary hemangioblastoma [ 32 ]. 
After pars plana vitrectomy is performed, the feeder vessel is 
ligated. The area to be excised is cauterized, and the retina 
along with the tumor is excised with scissors. The eye is then 
fi lled with gas tamponade. Collagenous tissue adherent to 
the vitreous side of the excised area correlated to the area of 
traction retinal detachment.   

   III. Optic Nerve Pits 

 Optic nerve pit was fi rst described in 1882 by Wiethe [ 33 ] as 
a congenital optic nerve abnormality that can be associated 
with serous detachment of the macula [ 34 – 36 ]. The cause of 
the retinal detachments was debated. Early observations of 
contrast media migrating from spinal fl uid to the macula [ 37 ] 
and of silicone oil in the vitreous migrating to the macula 
[ 38 ] suggested communications through the optic nerve pit 

between either the cerebrospinal fl uid and the subretinal 
space or the vitreous body and the subretinal space. Careful 
examination of the macula in these eyes by Lincoff [ 39 ] led 
him to conclude that fl uid was accumulating in the retinos-
chisis cavity and not in the subretinal space. This was later 
corroborated by optical coherence tomography [ 40 ]. 

 The long-term visual prognosis of serous retinal detach-
ment of the macula associated with optic nerve pits is poor 
[ 36 ]. Interventional techniques have included barrier laser to 
the borders of the optic nerve [ 41 ,  42 ], macular scleral buck-
ling [ 43 ], gas injections [ 44 ] and pars plana vitrectomy, and 
gas fl uid exchange with [ 45 ] or without [ 46 ] barrier laser. 
Pars plana vitrectomy and induction of posterior vitreous 
detachment without gas tamponade or barrier laser were suc-
cessful in complete retinal reattachment in 7 of 8 eyes [ 47 ]. 
This suggests that removal of traction on the surface of the 
optic nerve pit may be the most important mechanism for 
resolution of the macular retinoschisis and that gas or laser is 
unnecessary. At the time of surgery, a sharp retinal elevation 
adjacent to the optic disc and inner retinoschisis-like separa-
tion immediately decreased after surgery. This suggested 
that traction on the peripapillary retina may be a factor in the 
migration of fl uid from the vitreous body into the macular 
retinoschisis. Vitreo-macular traction and vitreous strands 
over the optic disc have been observed by OCT in this condi-
tion [ 48 ]. Intraoperative OCT imaging of another case treated 
at the same institution demonstrated the collapse of the mac-
ular retinoschisis during air-fl uid exchange and aspiration 
over the optic nerve pit [ 49 ]. 

 Histopathologic studies of optic disc pits showed poorly 
differentiated retinal tissue combined with collagen herniat-
ing into the subarachnoid space [ 50 ]. This observation and 
their surgical experience led Hirakota and colleagues [ 47 ] 
to conclude that there is communication between the 
 subarachnoid space and the vitreous body through this 
porous, poorly differentiated retina and the lamina cribrosa. 
Depending on the balance between intraocular pressure and 
intracranial pressure and traction on the surface of the optic 
pit, eddy currents may cause fl uid migration into the 
 retinoschisis cavity from either the subarachnoid space or 
vitreous body.  

   IV. Malignant Glaucoma 

 Malignant glaucoma was fi rst described by von Graefe in 
1869 as occurring after glaucoma surgery [ 51 ]. It is charac-
terized by a very shallow anterior chamber (axially), the 
presence of a patent peripheral iridectomy or iridotomy, and 
the absence of suprachoroidal effusion or hemorrhage [ 52 ]. 
Malignant glaucoma has been reported with the use of miot-
ics [ 53 ,  54 ] and after the following procedures: fi ltration 
 surgery [ 55 – 57 ], cataract surgery with and without 
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 intraocular lens implantation [ 58 ], glaucoma drainage device 
 implantation [ 59 ], laser suture lysis of a trabeculectomy fl ap 
suture [ 60 ], laser iridotomy [ 61 – 63 ], Nd:YAG laser posterior 
capsulotomy [ 64 ], cyclophotocoagulation [ 65 ,  66 ], and pars 
plana vitrectomy [ 67 ]. The fellow eye is at risk for malignant 
glaucoma. These eyes tend to be axially short and hyperopic. 
Early theories of the mechanism of malignant glaucoma 
included aqueous misdirection due to an abnormally imper-
meable anterior vitreous face [ 68 ] and choroidal swelling 
which leads to forward lens movement [ 69 ]. Ultrasound bio-
microscopy was performed in a case of pseudophakic malig-
nant glaucoma which resolved after Nd:YAG photodisruption 
of the anterior vitreous face [ 70 ]. There was anterior rotation 
of the ciliary body and a forward displacement of the poste-
rior chamber IOL and ciliary body. This was compatible 
with an abnormality of the vitreo-ciliary anatomic relation-
ship blocking access of aqueous to the anterior chamber 

(Figure  V.B.9-1 ). Accumulation of aqueous volume in the 
vitreous body pushed the iris against the trabecular mesh-
work. These fi ndings were reversed after the anterior vitre-
ous face was disrupted. Adhesions can develop between the 
ciliary body and iris, lens equator, lens capsule, or the vitre-
ous which would explain why a variety of techniques have 
been partially successful in treating this condition. These 
include medical treatment with cycloplegics [ 71 ], aqueous 
suppressants, and hyperosmotics [ 72 ] and the following pro-
cedures: cryotherapy [ 73 ], photocoagulation of the ciliary 
processes [ 74 ], contact transscleral cyclophotocoagulation 
[ 75 ], disruption of the anterior vitreous face by knife or nee-
dle (with or without aspiration of vitreous fl uid) [ 68 ,  76 – 78 ], 
Nd:YAG laser [ 79 ,  80 ], anterior vitrectomy [ 81 – 83 ], pars 
plana needle aspiration of vitreous fl uid [ 77 ], and pars plana 
vitrectomy [ 58 ]. Medical treatment may be effective in up to 
50 % of the cases. Core vitrectomy alone is effective in 

a

b

c

d

  Figure V.B.9-1    Ultrasound biomicroscopy of pseudophakic malignant 
glaucoma. ( a ) in the temporal angle, peripheral iridocorneal apposition 
is present ( small arrows ). The haptic is visible beneath the iris 

( large arrow ). ( b ) the nasal portion of the optic ( arrow ) is anterior to the 
iris. ( c ) anterior rotation of the ciliary body ( arrows ), in apposition to the 
peripheral iris. ( d ) the cental anterior chamber is shallow       
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25–65 % of the cases, with higher success in aphakic 
patients. Currently the treatment of choice is zonulo-
hyaloido- vitrectomy by an anterior approach through a 
peripheral  iridectomy in pseudophakic eyes [ 84 ] or 
vitrectomy- phacoemulsifi cation-vitrectomy in phakic eyes 
[ 85 ]. Both procedures create a peripheral tunnel through 
which aqueous from the vitreous body gains unobstructed 
access to the anterior chamber. In the pseudophakic eye, the 
procedure involves zonulectomy, hyaloidectomy, and ante-
rior vitrectomy through a peripheral iridectomy or iridotomy 
through the anterior chamber (Figure  V.B.9-2 ). In phakic 
eyes, the operation is performed in three steps: A pars plana 
vitrectomy is fi rst performed to debulk the vitreous and 
soften the eye. Then phacoemulsifi cation of the lens is per-
formed. Finally the residual vitrectomy, zonulohyaloidec-
tomy, and peripheral iridectomy are performed 
(Figures  V.B.9-3 ,  V.B.9-4 , and  V.B.9-5 ). Prophylactic pars 
plana vitrectomy may be indicated in a fellow eye  undergoing 
surgery [ 86 ].

  Figure V.B.9-2    The vitreous cutter is introduced into the anterior 
chamber and then through the peripheral iridotomy to remove zonules, 
anterior hyaloid face, and the anterior vitreous [Reprinted with permis-
sion from Lois et al. [ 84 ] (fi gure 1, page 781)]       

  Figure V.B.9-3    Core vitrectomy 
deepens the anterior chamber, and 
viscoelastic is injected into the 
anterior chamber [Reprinted with 
permission from Sharma et al. [ 85 ] 
(fi gure 1, page 3)]       

  Figure V.B.9-4    Phacoemulsi-
fi cation is performed through the 
deepened anterior chamber 
[Reprinted with permission 
from Sharma et al. [ 85 ] 
(fi gure 2, page 3)]       
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   I. Introduction 

 Vitreous constitutes about 80 % of the volume of the human 
eye. It is an extended extracellular matrix that is composed of 
collagen, hyaluronan, and other extracellular matrix mole-
cules but is 98 % water. In both health as well as disease, the 
molecular composition and organization of vitreous dictate 
the structure and function of the vitreous body as well as the 
status of the vitreoretinal interface. During aging, there is 
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 Key Concepts 

     1.    Vitreous and the vitreoretinal interface are com-
prised of molecules that dictate structure and func-
tion as well as underlie the changes that result in 
posterior vitreous detachment (PVD) in most cases 
and anomalous PVD in some individuals.   

   2.    Pharmacologic vitreolysis, which is the molecular 
manipulation of vitreous to induce liquefaction via 
 liquefactant  agents and dehiscence at the vitreoreti-
nal interface via  interfactant  activity, is destined to 
replace the surgical cure of various pathologies of 
anomalous PVD.   

   3.    The failures and success of different pharmacologic 
vitreolysis agents under development hold impor-
tant lessons for future progress that may include 
combination therapy but should also emphasize 
improved drug delivery to the target tissues.     
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reorganization of vitreous macromolecules resulting in gel 
liquefaction and structural changes that destabilize the vitre-
ous body. Molecular changes at the vitreoretinal interface, 
whose components are the retinal inner limiting membrane 
(ILM), the posterior vitreous cortex, and the intervening 
extracellular matrix (ECM), usually weaken vitreoretinal 
adhesion and allow the collapsing destabilized vitreous to 
separate from the retina, a condition called posterior vitreous 
detachment (PVD) [see chapter   II.C    . Vitreous Aging and 
 Posterior Vitreous Detachment]. When there is insuffi cient 
weakening of vitreoretinal adherence, anomalous PVD 
occurs with various pathologic effects on both vitreous and 
retina [see chapter   III.B    . Anomalous PVD and Vitreoschisis]. 
To date, these pathologies have been treated with surgery. 

 Throughout the history of medicine, therapeutics have 
evolved as a direct result of advances in our basic under-
standing of disease pathogenesis. This has led to less inva-
sive yet increasingly effective therapeutics. At fi rst, when 
little is known, little, if anything, is done. As recognition and 
understanding of anatomic pathology increases, surgery is 
employed. With increasing knowledge about the cause(s) of 
disease, surgery is supplemented with and eventually 
replaced by pharmacotherapy. When we fully understand a 
disease, we develop ways to prevent it, obviating the need for 
both surgery and pharmacotherapy. Consider, for example, 
that the treatment of severe infections by surgical drainage of 
an abscess has been to a great extent replaced by the use of 
antibiotics. Peptic ulcers, for many years a surgical disease 
believed to be caused by stress, had high mortality. Antacids, 
antihistamines, and proton pump inhibitors as well as good 
gastroscopies made huge improvements. The breakthrough 
came with the discovery of  Helicobacter pylori  as the under-
lying cause in the vast majority, and now, antibiotic therapy 
has largely eliminated surgery in many settings. Cervical 
cancer, once treated with hysterectomy, was increasingly 
recognized to arise from subtle dysplastic changes in the epi-
thelium. A population level screening program and develop-
ment of less invasive biopsies and surgical procedures made 
a huge difference in survival. Recognition of a papilloma 
virus as the underlying cause has led to widespread vaccina-
tion programs, which may prevent the vast majority of cases 
with this disease. 

 This type of evolution is now occurring in the discipline 
of vitreoretinal diseases and surgery. Laser surgery for 
 exudative maculopathies due to diabetic retinopathy, vein 
occlusions, and age-related macular degeneration (AMD) 
has been largely replaced by intravitreal anti-VEGF pharma-
cotherapy. Another recent development is “ pharmacologic 
vitreolysis ,” a term that was coined in 1998 to refer to the use 
of drugs to alter the molecular structure of vitreous and the 
vitreoretinal interface [ 23 ]. The objective of this therapy is to 
pharmacologically induce an innocuous PVD and thus 
 mitigate any untoward effects of vitreous on the retina that 

cause or worsen pathology. Furthermore, a variety of 
 physiologic effects are introduced, which are, in some set-
tings, very benefi cial. 

 The foregoing chapters of this book are witness to the 
expansion of our knowledge about vitreous and its role in 
 disease. Various predisposing genetic factors and congenital 
anomalies, contributing systemic diseases, anomalous aging 
effects, and ocular conditions have been described. A few good 
examples are chapters   I.C    . [Hereditary Vitreo-Retinopathies], 
  III.A    . [Congenital Vascular Vitreo-Retinopathies],   I.E    . 
[Diabetic Vitreopathy],   III.K    . [Vitreous in Retino-Vascular 
Diseases and Diabetic Macular Edema],   III.B    . [Anomalous 
PVD and  Vitreoschisis],   III.G    . [Vitreous in AMD],   III.I    . [Role 
of Vitreous in the Pathogenesis of Retinal Detachment], and 
  II.B    . [Myopic Vitreopathy]. The surgical management of these 
conditions has also been discussed at length (see chapters 
  V.A.1.     to   V.A.6.     and   V.B.1.     to   V.B.9.    ). However, owing to the 
signifi cantly expanded fund of knowledge related to vitreous 
and its role in retinal disorders, nonsurgical therapies are being 
developed, initially to augment but eventually to replace sur-
gery. The following reviews these approaches to the future. Of 
note is the fact that of the seven major pharmacologic vitreoly-
sis modalities that have been undertaken to date, one has been 
approved for clinical use, one is currently under development, 
and fi ve have either failed or been disbanded. All seven 
research and development programs will be critically reviewed 
below and presented in greater detail in the remaining chapters 
of this section.  

   II.  Classifi cation of Approaches 
to Pharmacologic Vitreolysis 

 The fi rst retrievable publication on pharmacologic vitreoly-
sis appeared 65 years ago in the British Journal of 
Ophthalmology [ 17 ]. Since this and other initial approaches 
all used enzymes as adjuncts to surgery, the term “ enzymatic 
vitreolysis ” was prevalent in the early literature [see chapter 
  VI.B    . History of pharmacologic vitreolysis]. However, in 
1998, the term “ pharmacologic vitreolysis ” replaced the 
older term, so that vitreolytic agents could be grouped 
according to more than just an enzymatic mechanism of 
action [ 23 ]. The following presents two different classifi ca-
tions based upon the actions of the various pharmacologic 
vitreolysis agents. 

   A.  Chemical Action of Pharmacologic 
Vitreolysis Agents 

 In 1998, pharmacologic vitreolysis was viewed in terms of 
the chemical activity of the various agents under develop-
ment [ 23 ]. Thus, the two broad classes of drugs were 
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  enzymatic  or  nonenzymatic  agents (Table  VI.A-1 ). Within 
the larger enzymatic group of agents, there was further sub-
division into  substrate - specifi c  and  nonspecifi c  agents.

   Although logical, this classifi cation of the various 
approaches to pharmacologic vitreolysis based on chemical 
activity did not seem useful from the clinical standpoint. 
Thus, an alternative approach was sought a decade later.  

   B.  Biological Action of Pharmacologic 
Vitreolysis Agents 

 In 2009, the various pharmacologic vitreolysis agents under 
development were reclassifi ed in terms of their biological 
activity. Central to the biological classifi cation system is the 
fact that posterior vitreous detachment (PVD) results from 
concurrent liquefaction of the gel vitreous and weakening of 
vitreoretinal adhesion [see chapter   II.C    . Vitreous aging and 
posterior vitreous detachment]. Thus, these two components 
of PVD were considered important in classifying agents for 
pharmacologic vitreolysis [ 25 ]. Those agents that primarily 
liquefy the gel vitreous are referred to a  liquefactants , while 
those that induce dehiscence at the vitreoretinal interface 
are called  interfactants . As can be seen in Table     VI.A-2 , 

 however, the chemical and biological classifi cation systems 
are not mutually exclusive, since there can be further subdi-
visions based upon chemical activity (enzymatic vs. nonen-
zymatic) and substrate specifi city. Of further note is that 
several agents are considered to have both liquefactant and 
interfactant effects.

   The following will consider the various agents that are 
being developed or already approved for use in clinical 
 pharmacologic vitreolysis. Of considerable interest are 
those agents whose development has been discontinued, as 
there are lessons to be learned from their failure or 
discontinuation.   

   III.  Pharmacologic Vitreolysis Agents 

   A.  Agents with Failed or Discontinued 
Development 

   1.  Hyaluronidase (Vitrase®) 
[See chapter   VI.F    . Hyaluronidase] 

 This substrate-specifi c liquefactant targets hyaluronan, 
which is a glycosaminoglycan composed of repeating disac-
charide units of  N -acetyl glucosamine glycosidically linked 
to glucuronic acid [see chapter   I.F    . Vitreous biochemistry 
and artifi cial vitreous]. Hyaluronidase (HAse) has a number 
of natural biological functions including fertilization and 
preserving mobility in human body tissues. HAse can also 
enhance pathologic processes such as bacterial virulence and 
the spread of cancer cells [ 7 ,  18 ]. 

 HAse has been used in ophthalmology to facilitate the 
periocular distribution of retrobulbar injection of anesthetics. 
The fi rst use of HAse for pharmacologic vitreolysis was by 
Pirie [ 17 ] who employed it in the rabbit vitreous. Foulds then 
reported that HAse induces signifi cant vitreous liquefaction 
[see chapter   VI.B    . History of pharmacologic vitreolysis]. 
Much later, ovine testicular HAse was developed for phar-
macologic vitreolysis. Preclinical studies demonstrated 
 effi cacy in animal models, so clinical studies were under-
taken, including a phase 3 trial to assess the effi cacy of HAse 
in accelerating the clearance of vitreous hemorrhage [see 
chapter   VI.F    . Hyaluronidase as a vitreous liquefactant]. 
While HAse was able to clear vitreous hemorrhage more 
rapidly than saline, the phase 3 results did not provide suffi -
cient evidence to demonstrate effi cacy and warrant approval 
as a commercial product. 

 The underlying reasons for this failure convey important 
lessons. Firstly, study subjects with vitreous hemorrhage 
were predominantly patients with proliferative diabetic reti-
nopathy. It is therefore relevant that none of the preclinical 
animal studies were performed in diabetic animals, although 
it is well known that diabetes alters vitreous on a biochemi-
cal    [ 27 ,  28 ] as well as structural [ 22 ] level [see chapter   I.E    . 

   Table VI.A-1    Classifi cation of pharmacologic vitreolysis agents by 
chemical activity   

 Enzymatic  Nonenzymatic 

 Substrate specifi c 
   Chondroitinase  Urea/vitreosolve 
   Hyaluronidase  RGD peptides 
   Dispase 
 Nonspecifi c 
   tPA 
   Plasmin 
   Ocriplasmin 
   Nattokinase 

    Table VI.A-2    Pharmacologic vitreolysis classifi cation based on bio-
logic action   

 Liquefactants (agents that liquefy the gel vitreous) 
  Nonspecifi c: 
   tPA, plasmin, ocriplasmin, nattokinase, Vitreosolve a  
  Substrate-specifi c: 

   Hyaluronidase 
 Interfactants (agents that weaken vitreo-retinal adhesion) 
  Nonspecifi c: 
   tPA, plasmin, microplasmin, nattokinase, Vitreosolve a  
  Substrate-specifi c: 
   Dispase, chondroitinase, RGD peptides a  

  tPA, plasmin, microplasmin, nattokinase, and vitreosolve are believed 
to be both liquefactants and interfactants 
  tPA  tissue plasminogen activator 
  a Nonenzymatic agents  

VI.A. Pharmacologic Vitreolysis
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Diabetic vitreopathy]. Thus, to extrapolate from nondiabetic 
animal studies to the diabetic human vitreous is fraught with 
hazard, especially when dealing with a biochemical phenom-
enon like pharmacologic vitreolysis, for in diabetes, the sub-
strate of vitreous molecules (especially collagen) is not the 
same due to glycation and the formation of advanced glyca-
tion end products. 

 Another explanation for the failure of Vitrase relates to 
the fact that HAse is not an interfactant, only a liquefactant 
(Table  VI.A-2 ). Because HA does not play a signifi cant role 
in mediating vitreoretinal adhesion [see chapter   II.E    . 
Vitreoretinal interface and inner limiting membrane], the 
action of HAse is limited to gel liquefaction. While HAse 
will liquefy gel vitreous, it will not induce vitreoretinal 
dehiscence and PVD [ 8 ,  36 ]. In proliferative diabetic reti-
nopathy, this will result in persistent traction upon neovascu-
lar complexes that have grown into the posterior vitreous 
cortex with recurrent vitreous hemorrhage and vision loss. 
This is particularly hazardous in patients with type I diabetes 
who are younger and have more fi rm and extensive vitreo-
retinal adherence. In these individuals, HAse will risk induc-
ing traction retinal detachment, as was the experience of this 
author during the clinical trials. Thus, not only is Vitrase® 
not approved for use as an intravitreal injection, it should not 
be used off-label for pharmacologic vitreolysis, except per-
haps in the setting of existing PVD.  

   2.  Chondroitinase 
[See chapter   VI.H    . Chondroitinase] 

 Chondroitinase is an enzyme complex that cleaves and frag-
ments chondroitin-sulfate-containing glycosaminoglycan 
(GAG) side chains of proteoglycan “core” molecules [see 
chapter   I.F    . Vitreous biochemistry and artifi cial  vitreous]. 
Given the importance of GAGs at the vitreoretinal inter-
face [see chapter   II.E    . Vitreoretinal interface and inner 
limiting membrane], chondroitinase has potential be a 
potent interfactant. Chondroitinase specifi cally cleaves and 
degrades only bonds between and within the disaccharide 
 N -acetylgalactosamine glucuronic acid. As formulated for 
human clinical trials, chondroitinase is a biological agent 
that consists of a mixture of two enzymes, Chondroitinase 
I and II. Chondroitinase I (110 kDa) is a lyase that attacks 
chondroitin sulfate in endolytic fashion, breaking the poly-
meric structure into oligosaccharides and disaccharides. 
Chondroitinase II (112 kDa) has no activity against the intact 
polymer, but can digest tetrasaccharides produced by the 
Chondroitinase I-catalyzed reaction. The combined activity 
of these two enzymes results in more rapid degradation than 
the use of Chondroitinase I alone. 

 In human, primate, and pig eye sections exposed to chon-
droitinase, adhesion between the collagen of the vitreous 
cortex and the retina, optic disc, and lens was markedly 
reduced [ 11 ,  12 ]. This effect was greater with chondroitinase 

than trypsin, hyaluronidase, dispase, heparinase, and others. 
Follow-on studies demonstrated that exposure of the human 
vitreoretinal interface to chondroitinase resulted in complete 
disruption of the adhesion, a process Russell and Hageman 
termed “dis-insertion.” Unlike known proteolytic enzymes, 
chondroitinase resulted in complete, rather than incomplete, 
separation of the vitreous from the primate retina, but did not 
liquefy vitreous [ 1 ]. 

 The results of phase I/II FDA testing are described in 
chapter   VI.H    . [Chondroitinase as a Vitreous Interfactant – 
Vitreous Dis-insertion in the Human]. Although this was pri-
marily a safety study that found no untoward effects, there 
was some evidence of effi cacy. Nonetheless, there have been 
no further clinical trials with chondroitinase. In the words of 
the principal investigator Dr. Stephen Russell, “ Despite the 
initial discovery and testing of chondroitinase as a pharma-
cologic vitreolysis agent that began nearly three decades 
ago, contractual restrictions in the initial years and intel-
lectual drift in more recent years have limited the peer-
reviewed publication of most of the animal (monkey) and 
human studies that evaluated this promising agent. ” 
Moreover, the procurement process employed for chondroi-
tinase was expensive, far more than a recombinant enzyme. 
Also, during the 1980s, the chondroitinase project was han-
dled by four different corporate development teams: Storz, 
American Cyanamid, American Home Products, and Bausch 
and Lomb. By the time a decision was made for a Phase III 
trial, none of the early advocates of chondroitinase were 
managing the project. Since chondroitinase did not originate 
in their pipeline and the phase I/II data (not powered for effi -
cacy) appeared to be insuffi cient [see details in chapter 
  VI.H    . Chondroitinase as a vitreous interfactant: vitreous 
 disinsertion in the human], chondroitinase did not undergo 
further study [ 21 ]. While this may have made sense in a cor-
porate context, the scientifi c and clinical perspectives appear 
to suggest that further research and development is war-
ranted, perhaps with a less expensive recombinant form of 
chondroitinase.  

   3. Nattokinase 
 Nattokinase is an enzyme extracted from natto, a Japanese 
food made from soybeans fermented by the bacteria  Bacillus 
subtilis natto . This popular breakfast food in Japan has a 
cheese-like smell, a nutty/salty fl avor, and a sticky consis-
tency. The dietary supplement of nattokinase is purifi ed from 
natto and made into tablets and capsules, so it does not have 
the strong smell or taste as the food. It is a popular supple-
ment because nattokinase is thought to dissolve abnormal 
blood clots. 

 Medical research with this substance is limited and rela-
tively recent. Indeed, the fi rst nattokinase publication listed 
on PubMed dates back no earlier than 1987. This study 
describes nattokinase as an enzyme with a molecular 
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weight = 20,000 and strong fi brinolytic activity, especially to 
the plasmin substrate H-D-Val-Leu-Lys-pNA (S-2251) [ 30 ]. 
A more recent study [ 38 ] identifi ed that nattokinase pro-
moted the release of tissue plasminogen activator from vas-
cular endothelial cells and HeLa cells. This fi nding may 
explain nattokinase’s ability to promote pharmacologic vit-
reolysis [see chapter   VI.C    . Pharmacologic vitreolysis with 
tissue plasminogen activator]. 

 The fi rst and, to this author’s knowledge, only study of 
nattokinase in the eye demonstrated the effi cacy of this ser-
ine protease to induce PVD in rabbits, as determined by 
scanning electron microscopy [ 31 ]. Clinical examination, 
ERG testing, and light microscopy identifi ed toxicity at a 
dose ten-fold greater than the dose that was able to induce 
PVD. Remarkably, PVD was induced within 30 min after 
injecting nattokinase. In recent years, there have been no fur-
ther publications on the subject of nattokinase pharmaco-
logic vitreolysis. The chairman of Ophthalmology at 
Kumamoto University in Japan, Professor Hidenobu    
Tanihara, describes that this is primarily due to the fact that 
the producers of nattokinase are producers of food, not phar-
maceuticals (personal communication, 2014).  

   4. Vitreosolve® 
 Vitreosolve® is a nonenzymatic agent for pharmacologic vit-
reolysis that is comprised of urea, which “unravels” collagen 
fi bers and purportedly induces both liquefaction and vitreo-
retinal dehiscence, making it both a liquefactant and inter-
factant. Following animal studies, this drug has been 
evaluated in Phase III clinical trials conducted at multiple 
sites in the United States, India, and Mexico. The objective 
of the clinical trials was to evaluate the safety and effi cacy of 
intravitreal injections of Vitreosolve® to induce a PVD (as 
determined by ultrasound) in patients with nonproliferative 
diabetic retinopathy (NPDR). This prospective, randomized, 
double-masked, placebo-controlled study enrolled approxi-
mately 400 patients with NPDR in the United States and 
India and 150 in Mexico. The study design involved monthly 
intravitreal injections for 3 months. The results showed that 
while Vitreosolve® did induce a PVD in 50 % of cases, PVD 
also occurred in 36 % of controls ([ 13 ]; V. Karageozian, MD, 
personal communication, 2013). This difference was not sta-
tistically signifi cant and all clinical research with Vitreosolve® 
has been terminated. 

 While this is disappointing, there may be valuable lessons 
to be learned. The importance that clinical trials be designed 
with suffi ciently large subject groups to assure statistically 
signifi cant results is underscored. Although the Vitreosolve® 
trials involved over 500 subjects, these were apparently not 
suffi ciently large numbers, perhaps suggesting a lack of drug 
potency, as well as a surprisingly high effi cacy (36 %) of pla-
cebo injections. Secondly, no preclinical studies were done 
with Vitreosolve® in diabetic animals. Studies have 

 previously shown that the vitreous gel and vitreoretinal inter-
face in diabetic patients are quite different from nondiabetic 
individuals [see chapter   I.E    . Diabetic vitreopathy]. Thus, 
future investigators are well advised to research the effects of 
agents for pharmacologic vitreolysis (or any drug to be 
injected intravitreally in diabetic patients) in appropriate 
models of the ultimate disease application, in this case to 
induce PVD in subjects with diabetic vitreopathy and dia-
betic retinopathy. As mentioned above, this shortcoming was 
also a factor in the failure of the liquefactant Vitrase® (hyal-
uronidase) to induce benefi cial effects in diabetic patients 
and obtain FDA approval.  

   5. RGD Peptides 
 The rationale for using RGD peptides in pharmacologic vit-
reolysis derives from their interaction with integrins. Many 
adhesive proteins present in extracellular matrices contain 
the tripeptide arginine-glycine-aspartic acid (RGD) as their 
cell recognition site. Identifi ed nearly three decades ago [ 20 ], 
the RGD sequences of each of the adhesive proteins are rec-
ognized by at least one member of a family of structurally 
related receptors, integrins, which are heterodimeric proteins 
with two membrane-spanning subunits. These transmem-
brane receptors mediate the attachment of a cell to other cells 
or the extracellular matrix (ECM). Integrins are also known 
to play a critical role in cell signaling [ 10 ]. Therefore, in 
addition to transmitting mechanical forces across otherwise 
vulnerable membranes, integrins are involved in the regula-
tion of cell cycle, shape, and motility. The specifi c binding 
complex “RGD” (a term referring to the amino acid sequence 
arginine-glycine-aspartate) is important as it is present in 
various ECM components including laminin, fi bronectin, 
and certain collagens, thereby playing a potentially impor-
tant role at the vitreoretinal interface [see chapter   II.E    . 
Vitreoretinal interface and the ILM]. Indeed, immunolocal-
ization studies have identifi ed integrins on the surface of the 
ILM [ 2 ]. Because synthetic RGD peptides compete for 
integrin- binding sites, they could disrupt integrin-ECM 
interaction with subsequent loosening of interface attach-
ments, in this case at the vitreoretinal interface. Thus, it may 
be possible to disrupt vitreoretinal adhesion and induce PVD 
via pharmacologic vitreolysis with RGD analogues. 

 Studies [ 16 ] in a rabbit model found that after 24-h incuba-
tion of intravitreal RGD peptides, limited vitrectomy (30-s 
core vitrectomy with attempted PVD induction at low aspira-
tion ≤30 mmHg) resulted in a signifi cantly greater extent of 
PVD in treated eyes compared with controls. Although retinal 
edema was noted in half of the treated eyes, no toxicity was 
detected on clinical examination, electron microscopy, or 
TUNEL (terminal deoxynucleotidyl transferase dUTP nick 
end labeling) apoptosis assay. Despite the solid rationale and 
these encouraging initial fi ndings, no further studies have 
been published in the past 12 years. The reasons are unknown.   
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   B. Agents Under Development 

   1.  Dispase (Vitreolysin™) 
[See chapter   VI.G    . Dispase] 

 Dispase is being developed under the proprietary name 
Vitreolysin™ as a purifi ed 35.9 kDa extracellular neutral 
protease produced by  Paenibacillus polymyxa . It selectively 
cleaves the attachment of the posterior vitreous cortex to the 
inner limiting membrane (ILM) by degrading type IV colla-
gen and fi bronectin, which contribute to the attachment 
between these two structures [see chapter   II.E    . Vitreoretinal 
interface and the ILM]. The low affi nity of Vitreolysin™ for 
type II collagen allows it to induce a posterior vitreous 
detachment (PVD) without disrupting the macromolecular 
structure of the vitreous body. This  direct  enzymatic action 
on the posterior vitreous cortex-ILM interface prevents vitre-
ous liquefaction and resultant vitreoretinal traction which is 
a common way to induce PVD with many  indirectly  acting 
enzymes [ 6 ]. There are several other advantages of 
Vitreolysin™, such as lack of a known natural inhibitor, 
which insures sustained enzyme activity even in complex 
vitreoretinal diseases where several enzyme inhibitors circu-
lating within the serum may leak into the eye. Vitreolysin™’s 
activity can be quenched by its own titratable autolysis that 
ensures fi ne control on its degradation and removal. 
Vitreolysin™ is a highly stable molecule with a long shelf 
life in lyophilized form. Early preclinical studies also 
revealed high rates (80–100 %) of PVD induction at picomo-
lar concentrations. 

 Whereas early studies demonstrated retinal and optic 
nerve toxicity in animal models, these effects were attribut-
able to bacterial contaminants. Other studies [ 15 ] employed 
commercially available dispase and found effi cacy in young 
pigs with no evidence of toxicity. Synthesized using recombi-
nant technology, Vitreolysin™ pharmacologic vitreolysis has 
not been associated with untoward effects [see chapter   VI.G    . 
Pharmacologic vitreolysis with dispase (vitreolysin™)]. To 
date, however, there have been no presentations or publica-
tions of human studies investigating the safety and effi cacy of 
pharmacologic vitreolysis with Vitreolysin™.   

   C.  Agents Approved for Pharmacologic 
Vitreolysis 

   1.  Ocriplasmin [see chapter   VI.E.1    . 
Pharmacologic vitreolysis 
with ocriplasmin: basic science studies 
and   VI.E.2    . Pharmacologic vitreolysis 
with ocriplasmin: clinical studies] 

 Ocriplasmin (des-kringle 1–5 plasmin) is a truncated recom-
binant form of plasmin. Formerly called microplasmin, this 
recombinant 27 kDA serine protease contains the catalytic 

domain of plasmin but none of the 5 kringles located as exten-
sions towards the C-terminal end of the larger of its two 
chains [ 37 ]. These kringles normally serve as binding sites 
for substrates, regulatory molecules, and inhibitors [ 33 ,  37 ]. 
As a result, ocriplasmin has a more potent effect on thrombin 
than is observed with plasmin but binds to its primary inhibi-
tor with less affi nity. Ocriplasmin has a well-characterized 
enzyme activity profi le that is stable for several days in an 
acidic environment. Highly active in neutral pH, inactivation 
follows second-order kinetics (autolysis), so that when 
Ocriplasmin is placed in a vitreous substrate, only 25 % of the 
activity remains at 24 h. However, as a member of the plas-
minogen family of proteins, ocriplasmin regulates a number 
of pathways including proinfl ammatory cytokines and matrix 
metalloproteinases that help to extend its mode of action and 
defi ne its secondary clinical manifestations. For maximal 
effect, it requires injection close to the site of intended activ-
ity, which can also limit any adverse effect on adjacent struc-
tures such as zonules. Nonetheless, preclinical studies found 
effi cacy without toxicity [see chapter   VI.E.1    . Pharmacologic 
Vitreolysis with Ocriplasmin: Basic Science Studies]. 

 The effi cacy and safety of ocriplasmin versus placebo for 
the treatment of vitreo-macular traction (VMT) in humans 
has been demonstrated in a clinical trial program that includes 
eight phase 2 studies, two phase 3 studies, and two phase 3b 
studies. The pivotal phase 3 Microplasmin Intravitreous 
Injection–Traction Release without Surgical Treatment 
(MIVI-TRUST) study demonstrated superiority of a single 
intravitreal injection of 125 μg ocriplasmin versus placebo in 
pharmacologic resolution of VMA and total induction of 
PVD. Pharmacologic closure of full-thickness macular hole 
(FTMH, ≤400 μm and with VMA) was achieved in a higher 
percentage of patients with FTMH at baseline in the ocriplas-
min group compared with placebo and was highest among 
patients with small FTMH (≤250 μm). On this basis, ocri-
plasmin was approved by the US Food and Drug 
Administration for the treatment of symptomatic vitreo-mac-
ular adhesion (sVMA) in October 2012 and by the European 
Medicines Agency for the treatment of vitreo-macular trac-
tion (VMT), including when associated with macular hole 
less than or equal to 400 μm, in February 2013. The details of 
all study results are reviewed elsewhere in this book [see 
chapter   VI.E.2    . Pharmacologic vitreolysis with ocriplasmin: 
clinical studies]. The following is the story of one of the 
patients in this clinical research program. 

   a. Case Study 
 SC is a 62-year-old white woman who presented with the 
chief complaint of distortions and vision loss in the right eye 
of 3 months’ duration. Visual acuity was 20/50 + 3. Three- 
dimensional threshold Amsler grid testing (3D-TAG; [ 5 ,  11 , 
 19 ,  34 ]) demonstrated a cylindric central visual fi eld defect 
with 1.16 % volume lost relative to the hill of vision 
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(Figure  VI.A-1 ). Combined optical coherence tomography/
scanning laser ophthalmoscopy (OCT/SLO) demonstrated 
anomalous PVD with persistent adhesion of the posterior 
vitreous cortex to the fovea and an underlying macular cyst 
(Figure  VI.A-2 ). This constituted focal, isolated vitreo- 
macular traction (VMT), according to the new IVTS classifi -
cation system [ 3 ] and made the patient eligible for 
pharmacologic vitreolysis. The patient elected to consider 
enrolling in the phase II FDA trial of microplasmin pharma-
cologic vitreolysis (MIVI III) [see chapter   VI.E.2    . Clinical 
studies of ocriplasmin pharmacologic vitreolysis].

    Six weeks later, she returned with decreased vision and 
increased distortions. Visual acuity measured 20/200 (previ-
ously 20/50). 3D-TAG detected a worsening of the central 
visual fi eld abnormality, which increased from 1.16 % vol-
ume lost to 2.24 % volume lost (Figure  VI.A-3 ). Combined 
OCT-SLO demonstrated a full-thickness macular hole 
(Figure  VI.A-4 ), which on 3D OCT imaging clearly 

 demonstrated a membrane attached to both the edge of the 
elevated macular hole and the temporal margin of the optic 
disc (Figure  VI.A-5 ), constituting vitreo-papillary adhesion 
(VPA), a fi nding present in 87.5 % of all eyes with macular 
holes [ 29 ,  35 ]. The linear distance of vitreo-macular adhe-
sion (VMA) was 515 μm in the horizontal and 525 μm in the 
vertical axis. Central macular volume (central ≡ 1 mm Early 
Treatment Diabetic Retinopathy Study region) measured 
0.32 ml (normal = 0.16 mL; [ 4 ]). The patient enrolled in the 
MIVI III study and received an injection of 125 μg of ocri-
plasmin (masked at the time of injection).

     One week after injection, the distortions were much 
reduced and vision had subjectively improved. Visual acuity 
was 20/40 (pre-injection VA = 20/200). 3D-TAG demon-
strated diminution of the central visual fi eld abnormality 
with a reduction from 2.24 to 0.66 % volume lost 
(Figure  VI.A-6 ). Combined OCT/SLO demonstrated PVD 
with closure of the macular hole and no evidence of cysts 
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  Figure VI.A-1    3D threshold Amsler Grid plot demonstrates the central 
visual fi eld abnormality on presentation. The  x - and  y -axes display the area 
of distortion as drawn by the patient onto a touch screen computer  monitor. 

This was repeated fi ve times at contrast levels ranging from 5 to 100 % 
contrast. The vertical z-axis stacks the fi ve sets of test results, thus creating 
a 3-dimensional representation of the central visual fi eld abnormality       
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(Figure  VI.A-7 ). There was, however, elevation of the fovea, 
which is seen following surgical closure of macular holes. 
During the ensuing 15 months, the foveal elevation slowly 
disappeared (Video  VI.A-1 ), with complete restoration of 
normal foveal anatomy and attainment of VA = 20/20 
(Figure  VI.A-8 ). At 6 months after injection, the macular 
volume was decreased to 0.21 mL (pre-injection = 0.32 mL), 
and 3D-TAG measured an absolute percent volume lost of 
0.65 %. At 15 months, macular volume improved to 0.15 uL, 
within the normal range. The patient is still very happy.

        b. Case Selection 
 Retrospective analyses of the clinical trial data have resulted 
in a very interesting set of observations. Certain pre-injection 
factors were found to be associated with a higher success rate 
of inducing PVD and relieving VMT. If the extent of VMA 
was less than 1,500 μm, the success rate increased from 27.1 
to 34.7 %. The aforementioned case has about 500 μm of 
VMA. The absence of a premacular membrane (PMM) with 
pucker (so-called ERM) was associated with a success rate 
of 37.4 %. The case study above had no PMM. If the patient 
had VMA <1,500 μm, had no PMM, and was phakic, the 
success rate increased to 44.7 %. The aforementioned patient 
was phakic. If in addition to these factors the patient were 
younger than 65 years of age, the success rate was an impres-
sive 68.4 %. The case study was a 62-year-old woman. 

 The resolution of macular holes following a single injec-
tion of ocriplasmin was similarly associated with certain clin-

ical features. If the macular hole were smaller than 250 μm in 
diameter, the closure rate was 58 %. In similar fashion to the 
release of VMT, the closure rate for macular holes increased 
if the patient was younger than 65, had no PMM with pucker 
(“ERM”), and had VMA less than 1,500 μm in extent. In such 
cases, the closure rate was a striking 80 %. It is interesting to 
note that the case study described above meets these criteria, 
perhaps explained the very favorable response to pharmaco-
logic vitreolysis with ocriplasmin.     

   IV. Future Considerations 

   A. Enhancing Drug Delivery 

 Preclinical studies with ocriplasmin demonstrated that for 
maximal drug effect, the drug should be injected close to the 
site of intended action [see chapter   VI.E.1    . Pharmacologic 
Vitreolysis with Ocriplasmin: Basic Science Studies]. 
Presently, all drugs are injected into the mid-vitreous without 
very much concern or control over the direction of drug 
delivery. Further, it is not known whether or not following 
injection, a drug could be directed posteriorly by having the 
patient lie supine for a period of time or whether iontophore-
sis forces could be employed to direct drug distribution pos-
teriorly. Of course, the former maneuver would only be 
effective if the specifi c gravity of the drug solution is greater 
than vitreous. Special needles have been discussed, such as 

  Figure VI.A-2    Combined OCT/SLO imaging of the patient demon-
strating vitreo-foveal adhesion with an underlying central cyst. By the 
IVTS classifi cation, this constitutes focal, isolated vitreo-macular 

 traction (VMT) [see chapter   III.D    . Vitreo-Macular Adhesion/Traction 
& Macular Holes - Pseudo, Lamellar & Full-Thickness]       
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the “quadraport” tip, but none has been adopted for routine 
use. Clearly, this is an area that would benefi t greatly from 
enhanced intravitreal drug delivery systems [see chapter   IV.E    . 
Principles and Practice of Intravitreal Application of Drugs]. 

 A potentially important aspect that has not been consid-
ered in this or any clinical setting of intravitreal drug therapy 
is vitreous structure. It is well known that vitreous structure 
is very different at different ages (Figure  VI.A-9 ) and in dif-
ferent ocular conditions and disease states [see chapters   II.C    . 
Vitreous Aging and Posterior Vitreous Detachment;   II.B    . 
Myopic Vitreopathy;   I.E    . Diabetic Vitreopathy]. These and 
other infl uences create topographic heterogeneity in vitreous 
structure that could infl uence drug distribution and delivery 
to the target following intravitreal injection. In the elderly, 
this is particularly relevant since there can be profound vari-
ability of vitreous structure from one part of the vitreous 
body to another. It is plausible, if not probable, that drug dis-
tribution would be very different if an injection were placed 

into a lacuna of liquid vitreous as opposed to an injection 
into the adjacent gel vitreous (Figure  VI.A-10 ). There is cur-
rently no way to control for this variable. Thus, future 
approaches should strive to enhance drug delivery for phar-
macologic vitreolysis as well as other forms of intravitreal 
pharmacotherapy by achieving therapeutic drug levels at the 
desired site of action taking into consideration the particular 
biochemical and structural attributes of the eye being treated. 
This type of individualized therapeutic approach, however, 
will require enhanced ways to evaluate the biochemical com-
position and structure of vitreous and adjacent tissues, ide-
ally on a molecular level.

    Indeed, one of the most signifi cant limitations facing 
ophthalmology today is the lack of adequate diagnostic 
approaches to evaluate both the structure and function of the 
eye on more fundamental levels. While OCT imaging of the 
posterior pole has certainly been a very useful diagnostic 
tool from a structural standpoint (Videos  VI.A-2  and 
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  Figure VI.A-3    3D threshold Amsler Grid plot demonstrates the central 
visual fi eld abnormality 6 weeks after presentation. Visual acuity was 
reduced to 20/200 and the central visual fi eld abnormality worsened 

from 1.16 % volume lost to 2.24 % volume lost, as a percent of the total 
hill of vision (Reprinted with permission from Tozer et al. [ 32 ])       
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  Figure VI.A-4    Combined OCT/SLO imaging of the patient 6 weeks 
after presentation. The macular cyst is now a full-thickness macular 
hole, classifi ed as primary (initiated by VMT), small (<250 μm) 

 full-thickness macular hole [see chapter   III.D    . Vitreo-Macular 
Adhesion/Traction & Macular Holes – Pseudo, Lamellar & Full-
Thickness] [ 3 ]       

  Figure VI.A-5    3D Combined OCT/SLO imaging demonstrates the 
“erupted volcano” appearance of the macular hole in this patient with 
the central macula being lifted anteriorly and retracted nasally by a 

 vitreous membrane (posterior vitreous cortex) attached to the temporal 
margin of the optic disc       
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  Figure VI.A-6    3D threshold Amsler Grid testing demonstrating a 
marked reduction in the area of the central visual fi eld abnormality at all 
contrast levels 1 week after pharmacologic vitreolysis. Quantitatively, 

the degree of abnormality decreased from 2.24 % (pre-injection) to 
0.66 % volume lost (Reprinted with permission from Tozer [ 32 ])         
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  VI.A- 3  ), it does not represent a paradigm shift, which is 
vital to progress. The fundamental reason for our lack of 
powerful and innovative diagnostic approaches is surpris-
ingly the ophthalmoscope, the very instrument that spawned 
our fi eld. When introduced by Helmholz in 1857 (based on 
earlier designs by Purkinje), the ophthalmoscope revolu-
tionized ophthalmology. While imaging technologies have 
since advanced, our concept of disease has not substantially 
changed for more than a century. We are still “laden” with 
the notion that until structural abnormalities are detected, 
there is no disease. Thus, for example, we await the appear-
ance of visible abnormalities such as retinal microaneu-
rysms and microhemorrhages before diagnosing diabetic 

retinopathy. Although the disease actually begins long 
before the development of such structural changes, these 
early changes are not diagnosed by today’s imaging tech-
nologies. What is needed, therefore, is a new generation of 
diagnostic technologies that evaluate the eye on a molecular 
level—nanotechnologies, for lack of a better term. These 
new approaches are already in development [see chapters 
  IV.A    . Vitreous Physiology;   II.F    . To See the Invisible - The 
Quest of Imaging Vitreous] and will have great impacts on 
our understanding of disease pathogenesis, as well as our 
ability to diagnose abnormalities early in the natural history 
of disease when there is a greater likelihood of reversibility 
and more potential for preventing further progression.  
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   B. Improving Vision Outcome Measures 

 As a corollary to the aforementioned needs for enhanced 
imaging on a molecular level and for methodologies to assess 
ocular physiology in health rather than just pathology in dis-
ease, there is a similar need for improved measures of visual 
function. This will not only enable earlier diagnosis in some 
cases but also provide improved outcome measures of ther-
apy. At the present time, there is great emphasis on visual 
acuity. However, this is only one aspect of visual function. 
Contrast sensitivity, another very important component of 
the phenomenon of vision, has recently been shown to be 
severely reduced (on average by over 60 %) in many patients 
with fl oaters [see chapter   V.B.8     Floaters and Vision – Current 
Concepts and Treatment Paradigms]. Remarkably, this nor-
malizes in every single case (now a series of over 50 patients) 
within a week of minimally invasive vitrectomy. Recent 
studies [ 14 ] have quantifi ed similar reduction of contrast 
sensitivity in patients with macular pucker, which also nor-
malized after vitrectomy with membrane peeling. 

 Metamorphopsia is a signifi cant complaint of patients with 
vitreo-maculopathy [see chapters   III.B    . Anomalous PVD and 
Vitreoschisis;   III.C    . Pathology of Vitreo maculopathies;   III.F    . 
Vitreous in the Pathobiology of Macular Pucker;   V.A.2    . 
Vitreomaculopathy Surgery]. Nevertheless, we do not rou-
tinely quantify this aspect of vision. The case study described 
above features the use of Three-dimensional Threshold 

Amsler Grid testing to quantitate central visual dysfunction 
induced by anomalous PVD with vitreo-macular traction 
(VMT) and macular hole. This prototype diagnostic technol-
ogy was in fact able to quantitate worsening of central vision 
during disease progression and improvement following phar-
macologic vitreolysis. This type of diagnostic assessment 
would be very useful as a quantitative measure of vision to 
supplement visual acuity in two regards: it could help deter-
mine the degree of disease severity [ 11 ] and thus be useful for 
case selection. As described above, it could also fi nd great util-
ity as an outcome measure of the effi cacy of pharmacologic 
vitreolysis as well as other therapies of eye disease. Lastly, it 
could help new drug development.  

   C. Combination Therapy 

 The theoretical superiority of combination therapy over 
monotherapy has previously been postulated for pharmaco-
logic vitreolysis [ 24 ]. Initially, combination pharmacologic 
vitreolysis involved the use of intravitreal drug and gas injec-
tion. While hyaluronidase alone was unable to induce PVD 
in rabbits [ 8 ], the addition of perfl uoropropane gas injection 
was able to induce PVD [ 12 ]. A similar phenomenon was 
observed in rabbits where the effect of plasmin was aug-
mented by sulfur hexafl uoride gas [ 9 ]. Thereafter, combina-
tion therapy involved the use of two different drugs. 

  Figure VI.A-7    Combined OCT/SLO imaging of the patient 1 week after 
pharmacologic vitreolysis demonstrating release of vitreo-macular trac-
tion and detachment of the posterior vitreous cortex away from the retina. 

There is closure of the macular hole with elevation of the foveal region, 
an appearance that is very similar to what is often seen following surgical 
closure of macular hole (Reprinted with permission from Sebag [ 26 ])       
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 Studies on diabetic rats found that neither hyaluronidase 
nor plasmin alone achieved effective pharmacologic vitre-
olysis, yet the combination of the two agents induced a total 
PVD in 8/10 (80 %) eyes. The fact that other studies were 
able to induce PVD with plasmin alone yet this one did not 
might relate to the fact that this study employed diabetic ani-
mals whose vitreous is very likely very different from nondia-
betic animal models [see chapter   I.E    . Diabetic vitreopathy]. 
A plausible explanation for why the combination of hyal-
uronidase and plasmin yielded superior results to either agent 
alone could be that the liquefactant hyaluronidase induced 
gel liquefaction while the interfactant properties of plasmin 
induced suffi cient dehiscence at the vitreoretinal interface to 
induce total PVD in a much higher percentage of cases. 

 Future clinical development should consider combina-
tion therapy as a means of increasing the effi cacy of phar-
macologic vitreolysis. It is, in fact, unlikely that a single 
agent will meet the needs of all patients at all ages with 
different systemic conditions and a variety of ocular dis-
eases at various stages of severity. Rather, the future will 
most likely see the use of a mixture of agents whose selec-
tion will be based upon the results of basic and clinical 
experimentation to determine which combination will 
have the highest likelihood of inducing a salubrious PVD 
in different clinical settings. It is furthermore likely that 
the concentrations of the various ingredients will be varied 
depending upon various clinical criteria. What seems quite 
important, however, is that vitreoretinal dehiscence should 

a

b

c

d

e

  Figure VI.A-8    Time course of 
normalization in foveal anatomy 
following successful closure of 
macular hole with pharmacologic 
vitreolysis. Closure of the 
macular hole after 
pharmacologic vitreolysis was 
followed by persistent elevation 
of the central macula with 
gradual resolution over the 
ensuing 15 months. There was 
ultimately complete restoration 
of normal macular anatomy with 
visual acuity of 20/20 and 
normal 3D threshold Amsler 
Grid test results. ( a ) one week, 
( b ) one month, ( c ) six months, 
( d ) nine months, ( e ) fi fteen months 
post-injection       
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  Figure VI.A-9    Age-related differences in human vitreous structure. 
Dark-fi eld slit microscopy of fresh unfi xed whole human vitreous with 
the sclera, choroid and retina dissected off the vitreous body, which 
remains attached to the anterior segment. A slit lamp beam illuminates 
from the side, creating a horizontal optical section with an illumination-
observation angle of 90°, maximizing the Tyndall effect. The anterior 
segment is below and the posterior pole is above in all specimens.  Top 
row : The vitreous bodies of an 11-year-old girl ( left ) and a 14-year-old 
boy ( right ) demonstrate a homogeneous structure with no signifi cant 
light scattering within the vitreous body, only at the periphery where the 
vitreous cortex is comprised of a dense matrix of collagen fi brils. 

The posterior aspect of the lens is visible at the bottom of each image. 
 Middle row : Vitreous structure in a 56-year-old ( left ) and a 59-year-old 
( right ) subject features macroscopic fi bers in the central vitreous body 
with an anteroposterior orientation. These form when hyaluronan 
 molecules no longer separate collagen fi brils, allowing cross-linking 
and aggregation of collagen fi brils into visible fi bers.  Bottom row : In 
old age, the fi bers of the central vitreous become signifi cantly thickened 
and tortuous, as demonstrated in the two eyes of an 88-year-old woman. 
Adjacent to these large fi bers are areas of liquid vitreous, at times 
 forming pockets, called lacunae       
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be induced before gel liquefaction to avoid causing an iat-
rogenic anomalous PVD [see chapter   III.B    . Anomalous 
PVD and Vitreoschisis].  

   D. Prevention 

 The foregoing has presented considerable information 
regarding the use of pharmacologic vitreolysis to treat 
 existing diseases. The true promise of this approach, how-
ever, lies with implementation in patients at risk of anoma-
lous PVD who would likely benefi t greatly from prophylactic 
pharmacologic vitreolysis. Alternatively, the future may see 
the development of ways to inhibit the molecular changes 
that underlie anomalous PVD and prevent this fundamental 
cause of various vitreoretinopathies. 

   1.  Prophylactic Posterior Vitreous 
Detachment 

 As has been extensively discussed in this book, vitreous 
plays an important role in a variety of retinal diseases. Thus, 
while the foregoing has focused on the use of pharmacologic 
vitreolysis to treat existing vitreoretinal disorders, it is rea-
sonable to consider the induction of PVD as prophylaxis in 
situations that are known to be high risk. Fellow eyes of 
rhegmatogenous retinal detachments (especially from giant 
tears), macular holes, and perhaps macular pucker may be 
good candidates for prophylactic PVD induction. Two clini-
cal conditions would seem very amenable to this approach—
diabetic retinopathy and  age-related macular degeneration. 

 Diabetes has signifi cant biochemical, structural, and 
physiologic effects upon vitreous [see chapter   I.E    . Diabetic 
Vitreopathy]. Vitreous plays a particularly important role in 

  Figure VI.A-10    Heterogeneous vitreous structure in old age. Intravitreal 
injection of any drug could have variable drug distribution and thus effi -
cacy, depending upon whether the drug is injected into a lacuna of lique-
fi ed vitreous or into an area of gel vitreous. The syringe on the lower left 
is injecting into a lacuna (see  arrows at the top   indicating other lacunae) 

of liquid vitreous. The syringe on the lower right is injecting into gel 
vitreous. The pharmacokinetics and pharmacodynamics will likely be 
very different for any drug injected into such very different areas within 
the vitreous body. Such heterogeneity of vitreous structure is signifi cant 
in older individuals and less prominent in youth       

 

VI.A. Pharmacologic Vitreolysis

http://dx.doi.org/10.1007/978-1-4939-1086-1_5
http://dx.doi.org/10.1007/978-1-4939-1086-1_14


814

proliferative diabetic retinopathy as well as in diabetic 
 macular edema (DME). [see chapter   III.K    . Vitreous in 
Retinovascular Diseases and Diabetic Macular Edema]. As 
many studies have shown that PVD is associated with a 
much better prognosis in diabetic retinopathy, it would seem 
advantageous to prevent advanced stages of disease and 
vision loss by inducing a prophylactic PVD. To this end, 
ocriplasmin is being tested in a multicenter, randomized, 
double-masked, sham-controlled, ascending-dose trial. This 
study of 60 patients with vitreo-macular adhesion (VMA) 
and con comitant advanced DME is complete, but data are 
not yet published. 

 Vitreous may also play an important role in the 
 pathogenesis of exudative age-related macular degeneration 
[see chapter   III.G    . Vitreous in AMD]. Thus, a clinical trial 
was undertaken to test the hypothesis that ocriplasmin phar-
macologic vitreolysis can induce an innocuous PVD and 
that this will have salubrious effects on the course of the wet 
AMD. This phase 2 study was a multicenter, randomized, 
double-masked, sham-controlled trial of 100 patients with 
VMA and concomitant exudative AMD who were random-
ized 3:1 to receive a single intravitreal injection of 125 μg 
ocriplasmin or sham treatment. Eyes that had previously 
undergone vitrectomy or received more than 9 injections of 
bevacizumab and/or ranibizumab were excluded. The pri-
mary end point was pharmacologic resolution of VMA at 
day 28 after injection. Selected secondary end points 
included resolution of VMA at all other study visits, PVD 
status, macular thickness, area of vascular leakage, change 
in visual acuity (ETDRS letters) from baseline, requirement 
for additional therapy, and number of bevacizumab and/or 
ranibizumab injections required over the course of study. 
The study is complete, but data are not yet published.  

   2. Anomalous PVD Prevention 
 With further evolution in our understanding of the mecha-
nisms that underlie vitreous liquefaction and dehiscence at 
the vitreoretinal interface, new treatment paradigms may be 
developed to prevent these changes and thus prevent anoma-
lous PVD [see chapter   III.B    . Anomalous PVD and 
Vitreoschisis]. Such an approach might not only obviate the 
untoward effects of anomalous PVD on the retina, optic disc, 
and macula but also promote healthier intraocular physiol-
ogy, since age-related macular degeneration and diabetic 
retinopathy are known to be aggravated by unhealthy vitre-
ous physiology [see chapter   IV.A    . Vitreous Physiology]. 
Given that cataracts are at least in part related to dysfunction 
of intravitreal oxygen physiology, it may also be determined 
that treatments to prevent vitreous degeneration and promote 
its various physiologic functions will mitigate against cata-
ract formation [see chapter   IV.B    . Oxygen in Vitreoretinal 
Physiology and Pathology]. 
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   I. Introduction 

 Pharmacologic vitreolysis is an evolving therapeutic modal-
ity with increasing actual or potential applications and a rela-
tively short history. Prior to the introduction of vitrectomy in 
the early 1970s [ 1 ], the vitreous was regarded by most oph-
thalmologists as sacrosanct and not amenable to therapeutic 
intervention. However, owing to the expansion of our under-
standing of the composition and organization of the vitreous 
on a molecular level and how aging as well as disease affect 
this delicate homeostasis, we now have enough information 
to broach this subject.  

      The History of Pharmacologic 
Vitreolysis 
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 Key Concepts 

     1.    Pharmacologic vitreolysis has been attempted for 
only about 65 years.   

   2.    The majority of agents that have been investigated 
have largely failed, and the only one that has been 
approved for clinical application in the EU and the 
USA has limited effi cacy.   

   3.    A better understanding of vitreous is needed before 
highly effective agents are developed for pharmaco-
logic vitreolysis.     
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   II. Pharmacologic Vitreolysis Approaches 

   A. Hyaluronidase 

 During the period 1961–1964, the author, while developing an 
animal model of retinal detachment [ 2 – 4 ], investigated the 
effect of a variety of enzymes on the vitreous of rabbits. A reti-
nal break in the presence of an intact vitreous failed to result in 
a retinal detachment, while the intravitreal injection of bovine 
testicular hyaluronidase and a retinal break caused a 
 widespread detachment of the retina that subsequently under-
went spontaneous resolution over a period of 6 weeks or so 
(Figure  VI.B-1 ). This latter development was considered to be 
the result of replacement of depolymerized hyaluronan by new 
hyaluronan secreted by hyalocytes, previously shown to be the 
source of vitreous hyaluronan [ 5 ]. As the author was aware [ 6 , 
 7 ] that vitreous syneresis and posterior vitreous detachment 
were known to play an etiological role in human retinal detach-
ment, it appeared that destruction of the collagen network of 
the posterior vitreous might be necessary for the creation of a 
permanent retinal detachment experimentally.

       B. Collagenases 

 To induce pharmacologic vitreolysis experimentally, a vari-
ety of collagenases were investigated on their own or in con-
junction with hyaluronidase. These included pronase (a 
mixture of collagenases derived from the supernatant of cul-
tured streptococci), bromelain (a collagenase extracted from 
the stems of pineapple plants), and a commercially available 
collagenase. The results were disappointing. At a dose low 
enough to avoid retinal toxicity, there was a failure to induce 
vitreolysis, while in a dosage suffi cient to liquefy the vitre-
ous, there was evidence of retinal toxicity and the develop-
ment of retinal hemorrhages. As it was found that collagen 
fi brils adhered to a needle inserted into the vitreous for an 
intravitreal injection of hyaluronidase and that adherent col-
lagen fi brils could be removed from the posterior vitreous by 
rotation of the needle (Figure  VI.B-2 ) and that this combined 
with a retinal hole resulted in a permanent experimental reti-
nal detachment (Figure  VI.B-1 ), no further attempt was 
made to induce vitreolysis with collagenases.  

   C.  Management of Intraocular 
Hemorrhage 

 An early use of vitrectomy was in the management of vitre-
ous hemorrhage, but during the 1970s there were reports of 
the use of intravitreal enzymes and other agents to accelerate 
the absorption of intravitreal blood both as an aid to  vitrectomy 
or as a nonsurgical treatment for vitreous hemorrhage. 
Injected agents included those inducing fi brinolysis in clotted 

blood such as urokinase [ 7 – 11 ]. Intravitreal interleukin-1 (IL-
1) to induce macrophage recruitment and increase phagocyto-
sis of red cells was also investigated for effi cacy and safety 
[ 12 ,  13 ]. The results showed that intravitreal human IL-1 was 
well tolerated and sped the absorption of vitreous hemorrhage 
with or without accompanying cryotherapy [ 12 ], while 
recombinant IL-1β caused an infl ammatory response with 
vascular changes and vitreous veils [ 13 ]. Conversely, inhibi-
tion of IL-1β-induced fi brinolysis delayed the absorption of 
experimental vitreous hemorrhage in rabbits [ 13 ]. This was 
thought to be due to a loss of fi brin chemotaxis that might 
have promoted the incursion of macrophages into the vitreous 
and their phagocytosis of red cells [ 14 ]. Thus, trans-scleral 
cryotherapy that was thought to accelerate the clearance of 
vitreous hemorrhage by activation of plasminogen and result-
ing fi brinolysis continued to be used for the treatment of vit-
reous hemorrhage [ 15 ]. 

 In the 1990s and subsequently, pharmacologic vitreolysis 
with intravitreal tissue plasminogen activator (tPA) com-
bined with intravitreal gas was extended to the treatment of 
subretinal hemorrhage both experimentally [ 16 ] and clini-
cally [ 17 – 19 ]. Intravitreal tPA was found to be useful in the 
management of submacular hemorrhage associated with 
AMD, with around half of treated patients gaining vision 
[ 18 ] [see chapter   V.A.1    . AMD surgery]. Although recombi-
nant tPA produced a similar visual improvement in patients 
with submacular hemorrhage, a temporary exudative retinal 
detachment was frequently seen as was a temporary opacifi -
cation of the vitreous [ 19 ].  

   D.  Induction of Posterior Vitreous 
Detachment 

 Initially the aim for pharmacologic vitreolysis was as an 
adjunct to vitrectomy [ 20 ,  21 ], the aim at that time being the 
creation of a posterior vitreous detachment (PVD) to aid the 
clearance of the cortical vitreous during vitrectomy. Relief of 
vitreoretinal traction was another recognized use for vitreol-
ysis as was the management of vitreous hemorrhage. Early 
work on vitreolysis was largely experimental, assessing the 
effects on the vitreous and the safety of a variety of agents 
that might be used clinically. The agents investigated included 
hyaluronidase initially claimed to induce a PVD [ 22 ] but not 
subsequently confi rmed [ 23 ,  24 ], chondroitinase [ 25 ] (which 
cleaves proteoglycans), dispase [ 26 ] (a protease that cleaves 
fi bronectin and collagen IV), streptokinase [ 27 ] (a collage-
nase), and plasmin [ 26 – 32 ] (a serine protease that induces 
fi brinolysis, activates collagenases, and cleaves fi brin, fi bro-
nectin, thrombospondin, and laminin). Among the agents 
investigated, intravitreal plasmin was reported to effectively 
cause a PVD experimentally and to eliminate cortical vitre-
ous remnants [ 33 ]. Electron microscopy showed that plasmin 
caused cleavage between the vitreous cortex and the ILM 
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without morphological change in the retina [ 34 ]. Plasmin can 
also be made available through activation of plasminogen by 
tissue plasminogen activator (tPA) or by urokinase plasmino-
gen activator (uPA). A combination of recombinant lysine-
plasminogen and recombinant urokinase together with 
intravitreal sulfur hexafl uoride was reported as causing a 
PVD in 75 % of a large number of rabbits in which it was 
tested [ 35 ]. Following the investigation of a wide range of 
agents potentially suitable for pharmacologic vitreolysis, 
attention was gradually focused on plasmin as the best agent 

for this purpose. In clinical practice, various methods were 
used to obtain a therapeutic level of plasmin within the vitre-
ous including the injection into the vitreous of human or 
bovine plasmin. Owing to its relative instability, however, 
human plasmin had to be generated from autologous plas-
minogen a short time prior to its injection into the vitreous 
[ 36 ]. Thus, the introduction of recombinant human plasmin 
and particularly recombinant microplasmin (ocriplasmin) 
greatly facilitated the use of plasmin for pharmacologic vitre-
olysis. This truncated form of plasmin retains the vitreolytic 

  Figure VI.B-1    History of pharmacologic vitreolysis.  In a rab-
bit eye, following temporary vitreolysis induced by the intra-
vitreal injection of hyaluronidase, and in the presence of a 
retinal hole, an extensive retinal detachment develops but 

undergoes spontaneous resolution over a period of 6 weeks 
as the depolymerized hyaluronan regenerates. Appearance at 
1 week ( 1 ), at 2 weeks ( 2 ), at 4 weeks ( 3 ), and at 6 weeks ( 4 )           

1 2

43
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capability of plasmin and has the advantages of ready avail-
ability, stability, and smaller molecular size than plasmin, 
thus aiding its penetrance into ocular tissues and dispersion 
within the vitreous. Ocriplasmin received FDA approval for 
the treatment of symptomatic vitreo-macular adhesion in 
October 2012. Approval followed the experimental assess-
ment of its mode of action and safety [ 37 – 39 ] and a number 
of clinical trials [ 40 – 43 ] together with the combined opinion 
of a panel of experts based on their own interpretation of cur-
rent clinical data and their experience [ 44 ]. It was recorded 
that symptomatic vitreo-macular adhesion represented a sub-
stantial burden of illness that could be reduced by ocriplas-
min pharmacologic vitreolysis [ 45 ,  46 ]. It was rapidly 
confi rmed that intravitreal ocriplasmin not only relieved vit-
reo-macular traction but also induced a PVD as confi rmed 
clinically by OCT [ 47 ,  48 ]. The use of microplasmin for the 

relief of vitreo-macular traction was then extended to the 
treatment of macular holes associated with vitreo-macular 
traction [ 43 ], but not macular holes associated with premacu-
lar membranes and macular pucker.  

   E.  Physiologic Effects of Pharmacologic 
Vitreolysis 

 As pharmacologic vitreolysis increases molecular movement 
within the vitreous and molecular exchange with neighbor-
ing tissues [ 49 – 51 ], it is reasonable to consider that vitreoly-
sis might have a role to play in intravitreal drug delivery and 
have benefi cial effects other than the mechanical relief of 
vitreous traction. This has yet to be further explored and 
developed. It has further been shown that vitreolysis increases 

17.05.1962

31.05.1962Retinal hole

1

2

3

  Figure VI.B-2    Following the intravitreal injection of hyaluroni-
dase, as shown ( 1 ) in a photograph of 1962, rotation of the inject-
ing needle causes intravitreal collagen fi brils to aggregate into a 
small mass (arrow) adherent to the needle. A laboratory sketch 
( 2 ) shows that the aggregated collagen fi brils are attached to the 

needle by a rope-like aggregation of fi brils ( arrow ).  Withdrawal 
of the needle and the attached collagen fi brils, results in a perma-
nent mechanical vitreolysis and in the presence of a retinal hole, 
a long-lasting retinal detachment as shown ( 3 ) in a lab book 
sketch 3 weeks after the withdrawal of aggregated fi brils         
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oxygen concentration in the vitreous and in the retina [ 52 , 
 53 ], and thus it has been proposed that vitreolysis could alle-
viate the progression of diabetic retinopathy through deacti-
vation of the hypoxia-inducible factor 1α (HIF-1α) pathway 
[ 54 ] that, in this condition, is activated by hypoxia.   

   III. Targeting Specifi c Disease States 

 There was already evidence that intravitreal plasmin could 
reduce central retinal thickness in diabetic macular edema 
[ 55 – 57 ] and was useful as an adjunct in the surgical treat-
ment of proliferative diabetic retinopathy [ 58 ,  59 ]. Separation 
of the cortical vitreous from the inner limiting membrane in 
the treatment of diabetic retinopathy could be obtained by a 
variety of vitreous modulators and most promisingly with 
ocriplasmin [ 60 ,  61 ]. Not surprisingly, it has been suggested 
that pharmacologic vitreolysis might also have benefi cial 
effects on other retinal disorders in which hypoxia plays a 
role, including the macular edema resulting from retinal vein 
occlusion [ 62 ] and the retinopathy of prematurity (ROP) 
[ 63 ]. An additional mechanism that was recognized in 
plasmin- induced pharmacologic vitreolysis was activation of 
matrix metalloproteinase-2 (MMP-2) [ 64 – 67 ] that with 
MMP-9 may play a part in diabetic retinopathy [ 68 ]. 

 The role of pharmacologic vitreolysis was further 
expanded by the discovery that vitreo-macular traction 
(VMT) appears to be a risk factor for age-related macular 
degeneration (AMD) including choroidal neovascularization 
(CNV) in exudative AMD [ 69 – 72 ] [see chapter   III.G    . 
Vitreous in AMD], and thus PVD induced by pharmacologic 
vitreolysis might be protective against CNV [ 73 ]. The 
 presence of vitreo-macular traction adversely infl uenced 
 surgical results in the treatment of CNV in AMD [ 74 ] and 
had an adverse effect on anti-VEGF treatment for CNV [ 75 ].  

   IV. Summary 

 In summary, the current indications for pharmacologic vitre-
olysis have expanded to include intravitreal drug delivery, the 
management and possible prevention of the ocular complica-
tions of diabetes, the treatment and possible retardation of 
CNV in AMD, and the management of central or branch reti-
nal vein occlusions and retinopathy of prematurity in addition 
to its original approved use in the relief of symptomatic vitreo-
macular adhesion and traction. With increasing indications for 
pharmacologic vitreolysis, it is unlikely that the history of 
pharmacologic vitreolysis has reached its fi nal conclusion. 
Pharmacologic vitreolysis has been shown to have benefi t in a 
large and increasing number of sight- threatening conditions 
with few adverse effects, and it seems likely that further 
advances in its use will see an evolving future history.    
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   I. Introduction 

 In the late 1980s and early 1990s, it was assumed that vitrec-
tomy is a perfect tool to handle most vitreoretinal diseases 
even in cases of vitreo-macular traction. However, vitrec-
tomy surgery includes risks like retinal detachment, hemor-
rhages, cataract formation, and infections. To avoid these 
problems, there is a need for a pharmacologic approach 
called pharmacologic vitreolysis. The use of enzymes in oph-
thalmology has a long history, as some of these enzymes, like 
hyaluronidase [ 1 ] and collagenase [ 2 ], were investigated long 
before vitrectomy was introduced. Further investigations for 
liquefaction and posterior vitreous detachment were under-
taken in the early 1990s with different types of enzymes. 
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Streptokinase [ 3 ], hyaluronidase [ 4 ,  5 ], nattokinase [ 6 ], and 
chondroitinase [ 4 ,  7 – 9 ] were investigated but had signifi cant 
side effects or insuffi cient clinical effi cacy. 

 Verstraeten and colleagues fi rst demonstrated in 1993 
[ 10 ] that a posterior vitreous detachment in rabbit eyes could 
be achieved after intravitreal injection of plasmin. In 1999, 
Hikichi and coworkers [ 11 ] confi rmed the fi nding of a com-
plete PVD after injecting 1U plasmin and 0.5 cc SF6 gas into 
the vitreous of rabbits. However, for clinical use, plasmin 
must be prepared from autologous blood, a tricky and expen-
sive laboratory technique. 

 In 1995 at the Vail Vitrectomy Meeting, Wilson Heriot 
[ 12 ] from Australia surprised all in attendance with a case 
series of four patients with submacular hemorrhages, which 
he treated successfully with an intravitreal injection of tissue 
plasmin activator (tPA) to liquefy the submacular blood clot 
and co-injection of SF6 gas to displace the hemorrhage out 
of the macular area through prone positioning of the patient. 
His exceptional results based on a minimally invasive proce-
dure were confi rmed by Hesse in 1997 [ 13 ]. This subject is 
extensively discussed in chapter   V.A.1.     AMD surgery.  

   II. Properties of Tissue Plasmin Activator 

   A. Biochemical 

 The main component of the fi brinolytic cascade is plasmino-
gen, which circulates as an inactive proenzyme in the human 
blood (200 mg/L). Plasminogen activator, which is generated 
either in the human blood (intrinsic) or in the tissue (extrin-
sic), mediates the circulating proenzyme plasminogen into 
the fi brinolytic effective protease plasmin (Figure  VI.C-1 ). 
tPA is fi brin specifi c that means tPA has a high affi nity to 
fi brin. tPA, plasminogen, and fi brin form a ternary complex; 
thereby the catalytic effi ciency of plasmin activation is 

increased three-fold. Plasmin is insuffi ciently produced in 
the presence of fi brinogen, which is the soluble precursor of 
fi brin. Plasmin itself is a trypsin-like serine protease, which 
activates the degradation of fi brin but also of fi bronectin, 
laminin, and other peptides [ 14 ,  15 ]. Although plasmin is 
known as a key enzyme in blood clot lysis, it displays a 
broad- spectrum activity. It degrades extracellular matrix as 
well as fi brin and activates other proteinases such as pro- 
metalloproteinases (MMP-1, MMP-3, and MMP-9). Plasmin 
can also activate or release growth factors from the extracel-
lular matrix including latent transforming growth factor 
(TGF-b), basic fi broblast growth factor (bFGF), and 
VEGF. This function supports cell movement, proliferation, 
infl ammation, and invasive growth of cancer cells. Today 
tPA is available for clinical use through recombinant tech-
nology. It    is also known by the names alteplase, reteplase, 
and tenecteplase, substances with FDA approval for the 
treatment of myocardial infarction, acute ischemic stroke, 
acute massive pulmonary embolism, and central venous 
access device occlusion. Desmoteplase, an additional recom-
binant tPA, is still under clinical investigation. All these acti-
vators have in common that their enzymatic activity increases 
up to the 100-fold in the presence of fi brin [ 16 ].

      B.  Methods of Generating Intravitreal tPA 

 An intravitreal injection of tPA is the most simple and effec-
tive technique to achieve high intraocular concentrations of 
the enzyme. Today ophthalmologists are experienced in this 
technique, but three decades earlier, most ophthalmic sur-
geons mistrusted intravitreal injections. Thus, tPA was given 
via intravenous route [ 17 ], transretinal    route via placement 
onto the retinal surface during vitrectomy [ 18 ,  19 ], or via 
transscleral route by introduction into the choroid [ 20 ]. 
However, these alternative techniques resulted in incomplete 

Tissue plasminogen-activator

Plasminogen
Fibrin/

fibrinogen

Plasmin

  Figure VI.C-1    The fi brinolytic cascade. Protease plasmin is catalyzed in the presence of tissue plasminogen activator ( tPA ) and fi brin, forming a 
ternary complex. The presence of fi brin increases the enzymatic activity of tPA and thereby the proteolytic activity of plasmin       
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liquefaction of subretinal hemorrhage due to ineffective tis-
sue levels of tPA (intravenous administration) or limited time 
and thereby incomplete clot lysis during vitrectomy [ 21 ]. 

 Peyman generated tPA by injecting plasminogen and uro-
kinase separately and allowing their interaction to create 
tPA. Studies [ 22 ] showed that this was nontoxic to the retina 
at plasminogen concentrations of 2.0 CU or less and could 
induce PVD in rabbits. Subsequent studies [ 23 ] showed that 
recombinant lysine-plasminogen and recombinant urokinase 
with the addition of an intravitreal injection of sulfur hexa-
fl uoride gas induced a PVD in 75 % of rabbits tested. To our 
knowledge, no human studies were ever undertaken.  

   C. Clearance of tPA 

 After intravitreal injection, the clearance of tPA depends on 
three factors: the presence of (1) fi brin, (2) vitreous, and (3) 
plasminogen activator inhibitors. Following intravitreal 
injection, the peak concentration of tPA in vitreous will be 
achieved after approximately 6 h [ 24 ]. Therefore, it is recom-
mended that in cases of submacular hemorrhage tPA should 
be injected intravitreally as a fi rst step and between 12 and 
24 h later the gas to displace the liquefi ed blood clot should 
be introduced in a second step. A simultaneous injection of 
tPA and gas is possible and widely used, but prone position 
should be avoided in the fi rst hours because the surface of the 
gas bubble may cover the subretinal hemorrhage, thereby 
preventing tPA from crossing the retina and entering the clot.  

   D. Toxicity of tPA 

 Toxic side effects after intravitreal tPA are well known. The 
cause of retinal damage is not the tPA protein itself but 
L-arginine, an added stabilizer of the formulation [ 18 ]. Pure 
tPA (50 μg intravitreal or 20 μg subretinal) has no toxic effect 
on the retina [ 13 ,  18 ]. One reported patient [ 13 ] received a 
high dose of 100 μg and developed a serous retinal detach-
ment in the lower part of the eye, which recovered after one 
and a half months, leaving an irregular pigmentation in the 
area of the previously detached retina. The visual fi eld recov-
ered and the visual acuity was not affected, albeit limited by 
underlying AMD. Further reports confi rmed that a safe intra-
vitreal dose was 40–50 μg, with toxic side effects to the ret-
ina occurring with doses of 50 μg and more [ 25 ].   

   III.  Ophthalmic Indications 
and Applications of tPA 

 In 1988 Williams et al. [ 26 ] were the fi rst to report on three 
patients with intraocular fi brin formation after pars plana 
vitrectomy and their successful treatment with tPA, 

injected into the anterior chamber of the eye. Thereafter, 
tPA was mentioned as a standard treatment for anterior 
segment disorders like fi brin or fi brin membrane formation 
after cataract surgery [ 27 ], fi brin or blood-induced ocular 
hypertension after glaucoma surgery or keratoplasty [ 28 , 
 29 ], and fi brin-induced blockage of a basal iridectomy 
after silicone oil surgery [ 30 ]. For the posterior segment 
infl ammatory conditions after vitrectomy with fi brin for-
mation or even with an endophthalmitis [ 31 ], tPA is a fur-
ther option for treatment. With more knowledge about tPA 
in ophthalmology, these therapeutic options became stan-
dard, without being further mentioned in the ophthalmic 
literature. However, experimental studies to resolve vitre-
ous hemorrhage with tPA failed [ 32 ], because of its less 
convincing therapeutic effect. 

   A. Submacular Hematoma 

 See chapter   V.A.1    . AMD surgery.  

   B.  Induction of Posterior Vitreous 
Detachment (PVD)  

 A new application for tPA appeared in 1993 with the land-
mark paper of Verstraeten et al. [ 10 ] which demonstrated 
that as a protease, plasmin is able to split the extracellular 
matrix proteins fi bronectin and laminin at the vitreoretinal 
interface, which normally glue the vitreous cortex to the ret-
ina. The consequence of this enzymatic effect of tPA leads to 
a dissolution of fi bronectin and laminin, resulting in a poste-
rior vitreous detachment (PVD). In 1995, after Heriot’s pre-
sentation, Hesse et al. [ 33 ] published the fi rst study about an 
enzymatically induced PVD in diabetic patients. With this 
idea of an easy method to create a pharmacologic PVD with-
out or in combination with a vitrectomy, a new concept for 
pharmacologic treatment of vitreoretinal diseases without 
the demanding production of autologous plasmin became 
inaugurated, named pharmacologic vitreolysis by Sebag in 
1998 [ 34 ]. Other reports [ 35 ,  36 ] with different indications 
described the benefi t of intravitreal tPA and the induction of 
posterior vitreous detachment. In rabbits, a PVD was induced 
by combining cryopexy and intravitreal injection of tPA. The 
effect is based on plasminogen which enters the vitreous 
after breakdown of the blood-retinal barrier through cryo-
pexy [ 37 ]. 

 Knowing that depending on the amount of attendant 
fi brin, the half-life of tPA is between 5.8 and 11.8 h and that 
the generated peak for the active agent plasmin is about 6 h, 
it is recommended that for a striking effect of pharmacologic 
vitreolysis, tPA should be injected 24 h before a surgical 
intervention. This would guarantee a tPA effect, since Le 
Mer et al. [ 38 ] were not convinced by the pharmacologic 
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effect of tPA during vitrectomy in diabetic patients, injecting 
the agent only 15 min before the surgical intervention.  

   C.  Proliferative Diabetic Vitreoretinopathy 

 In 1995, Hesse et al. [ 33 ] published the fi rst study about 
pharmacologic vitreolysis induction of PVD in diabetic 
patients. The fi rst clinical reports about autologous plasmin 
appeared later by Williams et al. [ 39 ] in the treatment of dia-
betic retinopathy. In both case series, they observed posterior 
vitreous detachment, which facilitated the surgical interven-
tion [see chapter   VI.D.1    . Pharmacologic vitreolysis with 
plasmin: basic science experiments,   VI.D.2    . Pharmacologic 
vitreolysis with plasmin: clinical studies]. The encouraging 
results of Hesse et al. [ 33 ] and Hesse [ 40 ] in treating prolif-
erative diabetic vitreoretinopathy (PDVR) with tPA, which 
facilitates vitrectomy, would justify further studies with tPA, 
to verify the effectiveness of pharmacologic PVD induction 
in comparison with other agents, like autologous plasmin, 
which is not easy to produce, or ocriplasmin which has been 
recently approved by the EU and FDA [ 41 ], but has not been 
applied yet to PDVR [see chapter   VI.E.2    . Pharmacologic vit-
reolysis with ocriplasmin: clinical studies]. 

 With the knowledge that in diabetic patients, the posterior 
vitreous cortex plays an important role in the development of 
neovascularization into the vitreous, a PVD seems to be an 
effective treatment to prevent this pathology [see chapter 
  III.L    . Proliferative diabetic vitreo-retinopathy]. A thickened 
vitreoretinal interface and a thickened posterior vitreous cor-
tex represent a metabolic barrier [see chapter   IV.A    . Vitreous 
physiology] that promotes proliferation of new retinal ves-
sels into the attached posterior vitreous cortex that also 
serves as a scaffold for the proliferating vessels. Therefore, 
in cases of severe diabetic retinopathy that are not yet 
 proliferative, panretinal photocoagulation is routinely 
employed throughout the world. However, the benefi cial 
effect of panretinal photocoagulation is not understood, 
although one theory is that this induces PVD [ 42 ]. Thus, 
combining laser coagulation with an intravitreal injection of 
tPA might increase the likelihood of PVD. The additional 
effect of the retinal laser photocoagulation would be the 
breakdown of the blood-ocular barrier with infl ux of fi brin 
into the vitreous, which will promote the effi cacy of tPA 
induction of PVD. With this treatment, effective prophylaxis 
of this challenging disease could be achieved. This hypothet-
ical treatment should be investigated in the future.  

   D. Retinal Vein Occlusions 

 As early as 1989, Peyman [ 43 ] experimented with tPA in the 
treatment of experimental branch retinal vein occlusion in 

rabbit eyes. Garcia-Arumi subsequently used tPA as an 
adjunct to vitrectomy surgery for retinal vein occlusions in 
humans [see chapter   V.A.6    . Vitreous surgery of arterial and 
venous retino-vascular diseases]. The rationale for intravit-
real injection of tPA derives from the fact that due to break-
down of the blood-ocular barrier in eyes with retinal vein 
occlusion, a large amount of plasmin is generated after injec-
tion of tPA. This could induce PVD that might be therapeutic 
with respect to the macular edema. Indeed, resolution of 
macular edema following tPA injection has been reported in 
patients with retinal vein occlusions [ 36 ,  44 ,  45 ] and is 
believed to be due to the induction of PVD. This supports the 
theory that the posterior vitreous cortex plays a role in the 
pathogenesis of macular edema following retinal vein occlu-
sion [see chapter   III.K    . Vitreous in retino-vascular diseases 
and diabetic macular edema]. A similar mechanism has been 
implicated in diabetic macular edema where the condition 
improved after tPA-induced PVD [ 46 ].  

   E.  Age-Related Macular Degeneration 
(AMD) 

 In recent years, wet AMD is treated worldwide by  intravitreal 
anti-VEGF injections to stop leakage and further prolifera-
tion of vessels into submacular membranes. Vitreoretinal 
surgeons treating AMD by extracting subretinal membranes 
or performing macular translocations [see chapter   V.A.1    . 
AMD surgery] reported strong adhesion of the posterior vit-
reous cortex to the retina from the macula to the midperiph-
ery [ 47 ]. Perichon et al. [ 48 ], Krebs et al. [ 49 ], and Lee et al. 
[ 50 ] confi rmed these fi ndings and determined that complete 
PVD was much more common in dry AMD, while persistent 
vitreo-macular adhesion was more common in wet 
AMD. These observations suggest that the posterior vitreous 
cortex has a pathogenic effect in AMD [see chapter   III.G    . 
Vitreous in AMD]. Hypothetically one may suppose that a 
permanent traction of the tight adhesive vitreous cortex in 
the macular area may lead to a slow destruction of the subja-
cent pigment epithelium. This mechanical stress to the 
underlying retinal pigment epithelium may release higher 
levels of VEGF, inducing angiogenesis from the choroid into 
the submacular space with membrane formation [ 51 ]. A 
chronic vitreo-macular traction may also lead to a continu-
ous exposure of free radicals and cytokines or both, inducing 
a low-grade infl ammation as cause for an AMD    [ 52 ]. Just 
recently, Schulze et al. [ 53 ] described that a previous (at least 
8 years before) vitrectomy with a complete removal of the 
posterior vitreous cortex for different indications has a 
 protective effect against wet AMD. These considerations 
should be taken into account, to induce PVD in patients 
with an AMD in one eye, either via vitrectomy or even 
better by  pharmacologic vitreolysis. tPA or ocriplasmin 
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could be the agent of choice, depending on various clinical 
considerations.  

   F. Miscellaneous Conditions 

 Only one paper by Diaz-Llopis et al. [ 54 ] of unsuccessful 
treatment with autologous plasmin in four patients with 
premacular membranes and macular pucker has been pub-
lished. The lack of effi cacy probably relates to the fact that 
most cases of macular pucker already have a PVD. Indeed, 
anomalous PVD with vitreoschisis [see chapter   III.B    . 
Anomalous PVD and vitreoschisis] is believed to be patho-
genic in this condition [see chapter   III.F    . Vitreous in the 
pathobiology of macular pucker]. 

 Peyman tested intravenous tPA in experimental supracho-
roidal hemorrhage [ 17 ] and subsequently tested subconjunc-
tival hemorrhage to treat this condition in humans, with 
negative results [ 55 ]. This group has also tested intravitreal 
tPA to treat experimental bacterial endophthalmitis [ 56 ] and 
premacular retrocortical hemorrhage in shaken baby and bat-
tered child syndrome [ 57 ]. 

 There are no reports in the literature about the use of tPA 
alone or in combination with vitrectomy in the therapy of 
vitreo-macular traction, macular hole, PVR, or retinopathy 
of prematurity, although the last mentioned has indeed been 
treated with plasmin [see chapter   VI.D.2    . Pharmacologic vit-
reolysis with plasmin: clinical studies]. 
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   I. Introduction 

 Unmet needs in the treatment of vitreoretinal (VR) disorders 
provide the impetus to explore new pharmacologic treatments 
to complement the ever-improving quality and miniaturiza-
tion of mechanical surgical tools [ 1 ,  2 ]. This is true today as it 
was 20 years ago when we undertook a novel exploration in 
biochemical manipulation of the VR interface. Plasmin, a 
nonspecifi c serine protease, was fi rst used in 1990 in an 
experimental animal model to assess its potential to cleave 
the VR interface [ 1 ]. The physiologic adhesion between the 
inner retina and the posterior vitreous cortex is primarily 
attributed to glycoproteins, including laminin and fi bronectin 
[see chapter   II.E    . Vitreoretinal interface and the ILM]. These 
molecules interact with the internal limiting membrane (ILM) 
of the retina and the posterior vitreous cortex collagens [ 3 ,  4 ], 
which over the posterior pole are mostly running parallel 
to the ILM, whereas perpendicular insertion of vitreous 
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 collagen fi brils is seen at the vitreous base [ 5 ]. Laminin is 
primarily located in the basement membrane and attached to 
collagen type IV. Fibronectin is seen preferentially around 
blood vessels, in the basement membrane of most cells, and 
in the extracellular matrix. In the eye, it is present in the vitre-
ous and in the ILM. These glycoproteins are also present in 
lens zonules, the lamina cribrosa, and the ciliary body. 
Variations in the distribution of laminin and fi bronectin may 
underlie variability in the strength of the VR adhesion. Some 
pathologic conditions, like diabetes, can lead to a buildup of 
laminin and fi bronectin at the VR interface [ 6 ,  7 ]. 

 Clinical observations led to the choice of plasmin as a 
candidate for pharmacologic vitreolysis of the VR inter-
face. In diabetic patients in particular, the presence of neo-
vascularization with preretinal hemorrhage in the absence 
of a posterior vitreous detachment (PVD) often leads to 
localized areas of PVD, unless fi brosis is present with 
resulting increased VR adhesion. It was therefore hypoth-
esized that a blood-derived molecule may alter the VR 
interface and contribute to the onset of a PVD.  In vitro  
studies in the early 1980s were published in cancer 
research and demonstrated the degradation of basement 
membrane components, i.e., laminin and fi bronectin, by 
plasmin [ 8 ]. Plasmin was thought to be a candidate worthy 
of further study [ 8 ].  

   II. Plasmin 

   A. Biochemistry 

 Plasmin is a two-chain serine endopeptidase 
(MW = 83 kDa) linked by a disulfi de bond. It contains 1 
heavy chain with 5 kringles and 1 light chain, which holds 
its active site. Plasmin is prepared from Glu-plasminogen 
using urokinase, streptokinase, or tissue plasminogen 
activator (tPA). Its main role in blood is lysis of fi brin 
clots. Plasmin has been shown to break down fi bronectin 
and laminin into degradation products that can be che-
moattractive to polymorphonuclear leukocytes [ 9 ]. These 
cells can, in turn, release elastase that degrades collagen 
type IV [ 10 ], even though plasmin does not cleave colla-
gen type IV. Plasmin can cleave collagen type V, which is 
not thought to be present at the VR interface, but there is 
no experimental evidence to support that claim. Plasmin 
can also activate progelatinase A, a matrix metallopro-
teinase- 2 (MMP-2) [ 11 ] which in turn can cleave collagen 
type IV. In planning our experiments 20 years ago, we 
hypothesized that plasmin may indirectly cause the release 
of various enzymes believed to contribute to the onset of 
PVD in addition to its direct effect on the breakdown of 
laminin and fi bronectin [ 1 ].  

   B. Plasmin Procurement 

 Lyophilized human plasmin was obtained (Calbiochem, La 
Jolla, CA) and stored at −20 °C. It was then reconstituted in 
BSS at room temperature and used immediately at the con-
centration of 1 U per 0.1 ml for pars plana injection. 
Autologous plasminogen can be isolated from a patient’s 
plasma by affi nity chromatography. One can obtain plasmin 
by adding streptokinase [ 12 ], but this has been found to lead 
to increased proteolytic activity on fi bronectin and laminin 
 in vitro . A lower ratio of streptokinase-activated plasmino-
gen (1:10) can generate increasing amounts of free plasmin 
[ 13 ]. The same authors have raised a valid caution when one 
compares the activity of a particular dose or unit of plasmin, 
as there exists a level of variability in calibrating the particu-
lar molecule in the absence of a uniform standard [ 13 ]. They 
concluded that one should test plasmin activity against a uni-
formed standard based on the 3rd International Reference 
Preparation (IRP). Finally tPA at a dose of 25 micrograms 
has been tried in combination with transscleral cryopexy to 
induce a breakdown of the blood–retinal barrier with pre-
sumed release of plasminogen [see chapter   VI.C    . 
Pharmacologic vitreolysis with tissue plasminogen activa-
tor]. In rabbit eyes, this technique has been shown to produce 
a PVD [ 14 ] as well as in diabetic human eyes [ 15 ]. Similar 
results have been achieved by pairing recombinant lysine- 
plasminogen with recombinant urokinase [ 16 ] or pairing 
recombinant microplasminogen with tPA [ 17 ]. Both tech-
niques can induce PVD in the rabbit.   

   III. Experimental Models 

   A. Animals 

   1. Rabbit Model 
   a. Effi cacy 

 The experimental model chosen in 1990 was the rabbit 
because of its availability and low maintenance as well as its 
known strong VR adhesion without any evidence of sponta-
neous PVD. Some shortcomings, however, include the pres-
ence of a constant ILM thickness as well as the absence of 
vitreous collagen fi brils inserting onto the lamina densa of 
the ILM, which makes this a standout difference from the 
human eye [ 6 ]. The rabbit, furthermore, has a particular fea-
ture that signifi cantly differs from the human, the presence of 
a medullary ray with the emergence of blood vessels at 3 and 
9 o’clock along the horizontal raphe. Here the nerve fi ber 
layer is myelinated and exhibits extremely strong adhesions 
to the vitreous with perpendicular insertion of collagen fi brils 
very similar to that of the human vitreous base [ 6 ]. In the 
original experiments, 1 IU of lyophilized human plasmin 
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(Calbiochem, La Jolla, CA) was injected in live rabbits’ eyes 
and allowed to remain for varying lengths of time before sac-
rifi ce or performing vitrectomy. The fi rst and almost imme-
diate effect observed with indirect ophthalmoscopy at the 
time of plasmin injection was the appearance of a vitreous 
haze and a “schlieren” effect in the vitreous at the tip of the 
injecting needle. That observation formed this author’s opin-
ion that plasmin exerts an immediate biologic effect that 
includes a certain degree of liquefaction (synchysis) in addi-
tion to its activity on the VR interface. Following vitrectomy, 
the rabbits were sacrifi ced and the VR interface was studied 
histologically. Plasmin was found to have increasing effi cacy 
with longer exposure time in the rabbit vitreous. Increasing 
the time interval between plasmin injection and performing 
vitrectomy from 5 to 60 min led to a smoother, cleaner reti-
nal surface, constituting either vitreous separation or degra-
dation of the posterior vitreous cortex. This was observed by 
light (LM), scanning electron (SEM), and transmission elec-
tron (TEM) microscopy, all showing bare ILM by 60 min of 
exposure. In the absence of vitrectomy, however, the PVD 
was partial, and it was only in combination with a vitrectomy 
that a complete PVD was observed on TEM (Figure  VI.D.1-1 ) 
and SEM (Figure  VI.D.1-2 ). In control eyes injected with 
balanced salt solution (BSS), vitrectomy alone resulted in a 
retinal surface still covered with dense collagen fi bers 
(Figure  VI.D.1-3 ).

        b. Safety 
 To assess the health of the retina in these rabbits, dark- 
adapted electroretinography (ERG) was performed at inter-
vals ranging from 1 h to 7 days after plasmin injection. 
Different surgical combinations were also tested. Vitrectomy 
was not found to affect the recorded amplitudes compared to 
controls. However, when ERGs were measured 1 h after 
plasmin injection, a transient 50 % decreased b wave ampli-

tude was measured in 70 % of eyes and found to recover by 
day 3 (Figure  VI.D.1-4 ). A possible explanation for this fi nd-
ing is the high osmolarity of the plasmin solution. Full recov-
ery of normal ERG amplitude was always noted. Extensive 
histology studies by LM, TEM, and SEM have consistently 
shown absence of retinal toxicity not only in our rabbit 
model [ 1 ] but subsequently in the rat, pig [ 10 ], and monkey.

       2.  Other Experimental Models 
and Considerations 

 In diabetic rats, it has been shown that it is harder to create a 
PVD than in normal rats, due most likely to the effects of 
diabetic vitreopathy [see chapter   I.E    . Diabetic vitreopathy]. 
In normal rats, plasmin alone was able to achieve a PVD 
whereas hyaluronidase was not. Diabetic rats required not 
only the use of plasmin but also hyaluronidase to achieve a 
complete PVD [ 18 ]. In other models, plasmin autologous to 
the species injected was used [ 19 – 21 ]. This may alleviate 

  Figure VI.D.1-1    Transmission electron micrograph of the rabbit retina 
in an eye injected with plasmin followed by vitrectomy at 60 min. Note 
smooth ILM surface. Original magnifi cation ×11,500       

  Figure VI.D.1-2    Scanning electron micrograph of the rabbit retina in 
an eye injected with plasmin without vitrectomy. Note sparse collagen 
fi brils over ILM. Original magnifi cation ×2,500       

  Figure VI.D.1-3    Scanning electron micrograph of the rabbit retina in 
an eye injected with BSS followed by vitrectomy. Note dense collagen 
of cortical vitreous. Original magnifi cation ×4,200       

  

 

VI.D.1. Pharmacologic Vitreolysis with Plasmin: Basic Science Experiments

http://dx.doi.org/10.1007/978-1-4939-1086-1_5


834

some cross-species specifi city concerns and potential lack of 
activity. In these models, plasmin has been shown to be able 
to produce a PVD by simply injecting it in the vitreous and 
not subjecting the eye to a surgical vitrectomy. Indeed, our 
own model used human plasmin in a rabbit model, and a 
smooth retinal surface was best achieved when plasmin was 
followed by a vitrectomy. More recently, in another rabbit 
model, plasmin was injected in combination with an SF6 gas 
injection [ 20 ,  21 ]. In these eyes, a total PVD was achieved 
whereas residual collagen fi brils and incomplete PVD was 
discovered in eyes injected with plasmin alone. In the pig eye 
model, porcine plasmin was able to achieve a clean retinal 
surface with total PVD within one hour of administration 
[ 19 ]. The investigators found a direct correlation between 
exposure time as well as concentration of plasmin and 
the degree of VR separation assessed by SEM and 
TEM. Postmortem human eyes were also used in this model, 
and a total PVD was observed after 30 min of incubation 
with plasmin at 37 ° C [ 22 ]. Histology revealed a smooth 
retinal surface in this model [ 23 ]. Interestingly, not incubat-
ing at this temperature failed to produce a PVD. Indeed a few 

experiments of pharmacologic vitreolysis are conducted at 
body temperature, an important consideration when dealing 
with enzymes whose activities can differ at different tem-
peratures. This issue was raised in an experiment that found 
mid-vitreous and retinal temperatures dropped by about 9 ° 
C during vitrectomy [ 24 ]. Furthermore raising the vitreous 
temperature from 37 to 44 ° C for 1 min in ex vivo porcine 
eyes greatly facilitated the onset of an atraumatic PVD with 
no apparent retinal damage [ 25 ].   

   B. Ex Vivo Human Experimental Models 

 Postmortem human eyes were used to study the degradation 
of fi bronectin and laminin after 60 min of exposure to plas-
min [ 23 ]. Using an elegant technique with Western blot anal-
ysis of anti-laminin and anti-fi bronectin antibodies, human 
ILM samples retrieved at the time of vitrectomy for macular 
hole or cystoid macular edema were tested. Some of these 
eyes were treated with pre-vitrectomy administration of 
plasmin. In these vitreous samples, fi bronectin was degraded 

Control
Plasmin

Plasmin 5'

Plasmin 10'

Plasmin 60'

BSS alone

+ Vitrectomy

+ Vitrectomy

No vitrectomy

Vitrectomy alone

1II

150 μv

+ Vitrectomy

  Figure VI.D.1-4  
  Electroretinograms taken on day 
7 after different combinations of 
plasmin injection with or without 
vitrectomy. Note good b wave 
amplitude       
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in fragments of 30,000 Da, and laminin was degraded in 
fragments of 13,000 Da. This demonstrates the level of activ-
ity of plasmin and its capacity to break down fi bronectin and 
laminin. Additionally, the investigators tested plasmin 
 in vitro  on commercially available laminin and showed no 
additional degradation beyond 2 h of exposure [ 23 ]. Against 
fi bronectin, the activity of plasmin increased and peaked by 
1 h of exposure. These results confi rmed and validated our 
initial observations that seemed to indicate peak activity 
after 1 h of exposure to plasmin in the vitreous 
(Figure  VI.D.1-5 ). Furthermore, we also found that plasmin 
displayed a rapid drop of activity beyond 3 h after injection 
in the rabbit vitreous. An in vitro caseinolytic chromogenic 
assay against D-Val-Leu-Lys-pNA (Sigma-Aldrich) allowed 
us to test undiluted vitreous samples retrieved at various time 
intervals following plasmin injection. It demonstrated the 
complete loss of activity of plasmin by 24 h (Figure  VI.D.1-5 ). 
Another study looking at human donor eyes, which were 
injected with plasmin, showed reduced immunoreactivity for 
laminin and fi bronectin at the vitreoretinal interface when 
studied histologically [ 26 ].

       IV. Future Considerations 

 With increased understanding of the basic science factors 
governing a healthy vitreoretinal interface, we will be able to 
measure the variations present in different disease states. 
This will lead to the development of specifi c agents to target 
the abnormal molecules. It may turn out that as originally 
proposed by Sebag in 2002, the best treatment may be 
offered by a combination of more than one agent or enzyme 
acting on several key targets [ 27 ]. Likely the fi rst step would 
involve the use of a “liquefying” agent followed by a second 
agent administered later. This second molecule would be 
injected right over the posterior pole with the patient in 

supine position, thereby avoiding loss of biologic activity 
caused by it being trapped in an intact vitreous gel some dis-
tance from the macula. This should lead to increasing effi -
cacy, lower morbidity, and better adjunct therapy for diseases 
that still often require surgical treatment today.    

     References 

       1.    Verstraeten T, Chapman C, Hartzer M, et al. Pharmacologic induc-
tion of posterior vitreous detachment in the rabbit. Arch Ophthalmol. 
1993;111:849–54.  

    2.    Sebag J. Pharmacologic vitreolysis (guest editorial). Retina. 
1998;18:1–3.  

    3.    Jerdan J, Kao L, Glaser B. The inner limiting membrane: a modi-
fi ed membrane? Invest Ophthalmol Vis Sci. 1986;27(Suppl):230. 
ARVO abstracts.  

    4.    Bishop P. Structural macromolecules and supramolecular organiza-
tion of the vitreous gel. Prog Retin Eye Res. 2000;19:323–44.  

    5.    Sebag J, Balazs A. Morphology and ultrastructure of human vitre-
ous fi bers. Invest Ophthalmol Vis Sci. 1989;30:1867–71.  

      6.    Matsumoto B, Blanks J, Ryan S. Topographic variations in the rab-
bit and primate internal limiting membrane. Invest Ophthalmol Vis 
Sci. 1984;25:71–82.  

    7.    Khono T, Sorgente N, Ishibashi T, et al. Immunofl uorescent studies 
of fi bronectin and laminin in the human eye. Invest Ophthalmol Vis 
Sci. 1987;28:506–14.  

     8.    Liotta L, Goldfarb R, Brundage R, et al. Effect of plasminogen acti-
vator (urokinase), plasmin, and thrombin on glycoprotein and col-
lagenous components of basement membrane. Cancer Res. 
1981;41:4629–36.  

    9.    Wachtfogel Y, Abrams W, Kucich U, et al. Fibronectin degrada-
tion products containing the cytoadhesive tetrapeptide stimulate 
human polymorphonuclear leucocyte granules. J Clin Invest. 
1988;81:1310–6.  

     10.    Mainardi C, Dixit S, Kang A. Degradation of (type IV) basement 
membrane collagen by a proteinase isolated from human polymor-
phonuclear leucocyte granules. J Biol Chem. 1980;255:5435–41.  

    11.    Takano A, Hirata A, Inomata Y, et al. Intravitreal plasmin injection 
activates endogenous matrix metalloproteinase-2 in rabbit and 
human vitreous. Am J Ophthalmol. 2005;140(4):654–6.  

    12.    Rizzo S, Pellegrini G, Benocci F, et al. Autologous plasmin for 
pharmacologic vitreolysis prepared 1 hour before surgery. Retina. 
2006;26(7):792–6.  

     13.    Hermel M, Dailey W, Hartzer M. Effi cacy of plasmin, microplas-
min, and streptokinase-plasmin complex for the In Vitro degrada-
tion of fi bronectin and laminin - implications for vitreoretinal 
surgery. Curr Eye Res. 2010;35(5):419–24.  

0.15

0.10

0.05

0.00
0 1 2

Time (h)

3 30 3025

P
la

sm
in

 a
ct

iv
ity

 (
U

/m
l)

  Figure VI.D.1-5    Plasmin activity in the rabbit vitreous over time after 
a single 1 U injection. Note total loss of activity by 24 h       

  Abbreviations 

  C    Centigrade   
  ERG    Electroretinogram   
  ILM    Inner limiting membrane   
  MW    Molecular weight   
  PVD    Posterior vitreous detachment   
  SEM    Scanning electron microscopy   
  TEM    Transmission electron microscopy   
  VR    Vitreoretinal    

 

VI.D.1. Pharmacologic Vitreolysis with Plasmin: Basic Science Experiments



836

    14.    Hesse L, Nebeling B, Schroeder B, et al. Induction of posterior vit-
reous detachment in rabbits by intravitreal injection of tissue plas-
minogen activator following cryopexy. Exp Eye Res. 
2000;70(1):31–9.  

    15.    Le Mer Y, Korobelnik JF, Morel C, et al. TPA-assisted vitrectomy 
for proliferative diabetic retinopathy: results of a double-masked, 
multicenter trial. Retina. 1999;19(5):378–82.  

    16.    Men G, Peyman G, Genaidy M, et al. The role of recombinant 
lysine-plasminogen and recombinant urokinase and sulfur hexafl u-
oride combination in inducing posterior vitreous detachment. 
Retina. 2004;24:199–209.  

    17.    Chen W, Huang X, Ma XW, et al. Enzymatic vitreolysis with 
recombinant microplasminogen and tissue plasminogen activator. 
Eye. 2008;22:300–7.  

    18.    Wang ZL, Shi WD, Luo M, et al. Pharmacologic vitreolysis with 
plasmin and hyaluronidase in diabetic rats. Retina. 
2009;29(2):269–74.  

     19.    Gandorfer A, Putz E, Welge-Lussen U, et al. Ultrastructure of the 
vitreoretinal interface following plasmin assisted vitrectomy. Br J 
Ophthalmol. 2001;85:6–10.  

    20.    Hikichi T, Yanagiya N, Kado M, et al. Posterior vitreous detach-
ment induced by injection of plasmin and sulfur hexafl uoride in the 
rabbit vitreous. Retina. 1999;19:55–8.  

     21.    Wu WC, Liu CH, Chen CC, et al. Effi cient vitreolysis by combin-
ing plasmin and sulfur hexafl uoride injection in a preclinical study 
in rabbit eyes. Mol Vis. 2012;18:2361–70.  

    22.    Gandorfer A, Ulbig M, Kampik A. Plasmin-assisted vitrectomy 
eliminates cortical vitreous remnants. Eye. 2002;16:95–7.  

      23.    Uemura A, Nakamura M, Kachi S, et al. Effect of plasmin on lam-
inin and fi bronectin during plasmin-assisted vitrectomy. Arch 
Ophthalmol. 2005;123:209–13.  

    24.    Landers M, Watson J, Ulrich J, et al. Determination of retinal and 
vitreous temperature in vitrectomy. Retina. 2012;32(1):172–6.  

    25.    Chen K, Weiland J. Relationship between vitreous temperature and pos-
terior vitreous detachment. J Mech Behav Biomed Mater. 2013;26:54–8.  

    26.    Li X, Shi X, Fan J. Posterior vitreous detachment with plasmin in 
the isolated human eye. Graefes Arch Clin Exp Ophthalmol. 
2002;240:56–62.  

    27.    Sebag J. Is pharmacologic vitreolysis brewing? (guest editorial). 
Retina. 2002;22:1–3.    

T.C. Verstraeten



837J. Sebag (ed.), Vitreous: in Health and Disease,
DOI 10.1007/978-1-4939-1086-1_51, © Springer Science+Business Media New York 2014

   I.  Introduction 

 Various retinal disorders, e.g., vitreo-macular traction syn-
drome, macular hole, macular pucker, and diabetic macular 
edema, have been attributed to changes at the vitreoretinal 
interface that result from traction caused by an anomalous 
posterior vitreous detachment [ 1 ,  2 ]. The purpose of vitreous 
surgery is to break the links between the vitreous and the 
retina at the macula to relieve vitreous traction and restore 
normal foveal confi guration. 

 Pharmacologic vitreolysis is a nonsurgical method to 
break down vitreous macromolecules into smaller particles 
and induce vitreoretinal dehiscence so as to facilitate PVD 
[ 3 ]. Several enzymes have been used for this, including 
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plasmin, tissue plasminogen activator, hyaluronidase, 
chondroitinase, collagenase, dispase, and nattokinase. 
Recently, Sebag [ 4 ] proposed a new classifi cation of phar-
macologic vitreolysis agents based on their different bio-
logical effects: liquefactants are agents that induce 
liquefaction of the vitreous, and interfactants induce cleav-
age at the vitreoretinal interface. The different pharmaco-
logic compounds and their properties are shown in 
Table  VI.D.2-1 . Among these agents, a most promising 
enzyme for inducing a PVD is plasmin, which is both a 
liquefactant and an interfactant. Plasmin is a serine prote-
ase that hydrolyses glycoproteins such as laminin, fi bro-
nectin, and fi brin. By liquefying the gel vitreous and 
cleaving the links at the vitreoretinal interface enzymati-
cally, PVD induction should be easier and safer. In 1993, 
Verstraeten et al. [ 5 ] reported that an intravitreal injection 
of plasmin in rabbits facilitated the detachment of the vitre-
ous from the retina during vitrectomy. Since then, there 
have been many reports on the effects of plasmin on the 
vitreoretinal interface in animal models [ 6 – 10 ] and human 
cadaver eyes [ 11 ,  12 ]. In addition, there have been clinical 
studies on the use of APE in humans [ 13 – 26 ]. In this chap-
ter, we shall discuss our studies on the effects of APE at the 
vitreoretinal interface and clinical applications of APE.

      II. Plasmin Procurement 

   A.  Activation of Plasminogen into 
Plasmin Enzyme 

 Plasminogen is a serine protease with a molecular 
weight of about 88,000 Da. It is a single-strand glyco-
protein consisting of 5 kringle domains and active sites. 
Plasminogen is cleaved at the Arg 560-Val 561 peptide 
bond by tPA or urokinase to become a double-strand 
plasmin. Plasminogen is also activated by a 1:1 complex 
with streptokinase, a streptokinase-plasminogen complex. 
This complex is then converted to a streptokinase-plasmin 
complex which also activates plasminogen into free plas-
min. [ 27 ]  

   B.  Preparation of Autologous Plasmin 
Enzyme 

   1. Standard Purifi cation System 
 The original procedure of purifying APE was introduced by 
Margherio et al. [ 13 ] Thirty-fi ve milliliters of blood is drawn 
from the patient’s antecubital vein 3 days before surgery. 
Autologous plasminogen is extracted from the plasma and puri-
fi ed by affi nity chromatography on a lysine-sepharose column. 
The plasminogen is eluted from the column with 15 mmol/L 
ɛ-aminocaproic acid. The aminocaproic acid is removed by 
overnight dialysis. The plasminogen is concentrated to a vol-
ume of 0.5 mL, converted to plasmin by the addition of 
50,000 IU of streptokinase, and then sterilized by passing the 
solution through a 0.22 μm fi lter. Plasmin activity is determined 
spectrophotometrically by measuring the change in absorbance 
at 405 nm after cleavage of the D-Val- Leu-Lys- p -nitroaniline 
substrate. The plasmin is stored at 4 °C until used. An aliquot is 
sent for sterility testing, and the culture is examined for 48 h.  

   2. Rapid Purifi cation System 
 The standard purifi cation procedure usually requires about 7 h 
and is expensive. Several attempts have been made to reduce the 
time and procedures for purifi cation. Rizzo et al. [ 28 ] modifi ed 
the standard method by collecting 7 ml of autologous whole 
blood 1 h before surgery. The blood is centrifuged, and 1.5 mL 
of the plasma is added to 750,000 IU of streptokinase that had 
been incubated for 15 min at 37 °C. The mixture is gently agi-
tated for 3–5 min. Then, the solution is incubated for 10 min at 
37 °C, and 0.2 mL of the plasmin can be used for intravitreal 
injections. Udaondo et al. [ 29 ] modifi ed the Rizzo method to try 
to reduce the toxicity derived from the streptokinase. A 
750,000 IU vial of streptokinase is added to 12 mL of the 
patient’s serum and incubated at 37 °C for 15 min. Then, 7 mL 
of the venous blood is centrifuged, and 4 mL of the separated 
plasma is mixed with 1 mL of diluted streptokinase (62,500 IU) 
and agitated slowly for several minutes and incubated again for 
10 min at 37 °C. After an injection of this preparation, Díaz- 
Llopis et al. [ 30 ] found some infl ammation in the eyes injected 
with the plasmin activated by streptokinase, and they attributed 
this to the streptokinase. Thus, urokinase was used to activate 
plasminogen, and they found urokinase- activated plasmin had 
the same clinical effi cacy as the streptokinase- activated plasmin 
and no intraocular adverse infl ammation developed. 

 Hermel et al. [ 31 ,  32 ] developed a disposable rapid purifi -
cation kit (NuVue, Keene, NH, USA, US Patent No. 
6,183,692; 6,207,066) to minimize the time for the purifi ca-
tion process. Human plasmin was obtained by affi nity chro-
matography using this kit and activated by adding 6,250 U    of 
streptokinase for 10 min at 20 °C. The preparation time with 
this kit was about 30 min. 

 All of these experiments used different doses of streptoki-
nase or urokinase. Hermel et al. [ 31 ] determined that as the dose 

   Table VI.D.2-1    Pharmacologic vitreolysis classifi cation based on bio-
logical activity (d’après Sebag [ 4 ])   

 Liquefactants  Interfactants 

 Nonspecifi c 
 Substrate 
specifi c  Nonspecifi c 

 Substrate 
specifi c 

 tPA, plasmin  Chondroitinase  tPA, plasmin  Dispase, 
chondroitinase 

 Vitreosolve  Hyaluronidase  Microplasmin  RGD-peptides 
 Microplasmin  Nattokinase 
 Nattokinase  Vitreosolve 
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of streptokinase used for plasminogen activation is increased, 
the proteolysis rate decreases. This inverse dose- dependent rela-
tionship might be due to the decreasing content of free plasmin 
with increasing amounts of streptokinase. Therefore, careful 
interpretation of the results of earlier studies is necessary.    

   III.  Clinical Application of Autologous 
Plasmin Enzyme 

   A.  Macular Hole 

 Since Kelly and Wendel [ 33 ] fi rst reported their successful 
results in surgically closing idiopathic macular holes in 
1991, the main purpose of vitreous surgery has been to break 
the vitreoretinal attachment at the fovea and remove vitreous 
cortex including ILM. Because laminin and fi bronectin are 
involved in the attachment of vitreous to ILM [see chapter 
  II.E    . Vitreoretinal interface and ILM], it was assumed that 
APE might have the ability to close macular holes with its 
cleaving effect on the vitreoretinal interface. At Nagoya 
University in Japan, ILMs were removed from the eyes with 
MH and eyes with cystoid macular edema associated with 
RVO that underwent APE-assisted vitrectomy, and Western 

blot analysis was performed with anti-laminin or anti-fi bro-
nectin antibodies on the ILM specimens. The results showed 
that laminin and fi bronectin in the ILM were degraded to 
several fragments of lower MW, indicating that APE had 
hydrolyzed two proteins (Figure  VI.D.2-1 ). In addition, 
 in vitro  experiments were conducted to determine if com-
mercially available human plasmin could degrade human 
laminin and fi bronectin. The results showed that the laminin 
and fi bronectin were degraded to several fragments of lower 
MW that were the same results as that obtained in the  in vivo  
experiments using APE, leading to the conclusion that APE 
degraded laminin and fi bronectin in the ILMs clinically [ 26 ] 
(Figures  VI.D.2-2  and  VI.D.2-3 ).

     Margherio et al. [ 13 ] and Chow et al. [ 14 ] described their 
experiences with the use of APE as an adjuvant to vitrectomy 
in cases of traumatic pediatric MHs. These cases are gener-
ally considered diffi cult because of strong adherence of pos-
terior vitreous cortex to the ILM as is the case in children 
[ 34 ]. They reported that the induction of PVD became easier 
with APE. In addition, Wu et al. [ 15 ] summarized their expe-
rience in treating traumatic pediatric MHs. APE-assisted vit-
rectomy was performed in 13 cases, in which the MHs in 12 
cases were successfully closed with PVD induction, mem-
brane peeling, and gas or silicone oil tamponade. After the 

a b

  Figure VI.D.2-1    Western    blot analysis of ILM specimens from 
patients with macular holes. ILM was collected during vitrectomy and 
processed for immunoblotting using anti-laminin antibody ( a ) and anti-
fi bronectin antibody ( b ). Lanes  A  and  B , ILMs collected during APE-
assisted vitrectomy. Lane  C , ILM collected during conventional 
vitrectomy without plasmin ( a ). A large MW fragment can be seen in 
lane  C  ( arrow 1 ). The MW of the band was approximately 400,000 Da 
which corresponds to α-chain of laminin. In the APE-treated ILMs, a 
band with slightly lower MW is detected in lanes  A  and  B  ( arrow 2 ), 

and several new bands with lower MWs can be seen including a frag-
ment of 13,000 Da in lanes  A  and  B  ( arrow 3 ). ( b ) A 400,000 to 
450,000 Da band was identifi ed in the control ILM (without plasmin) 
(lane  C ,  arrow 1 ). This band corresponds to the MW of fi bronectin 
dimer. In the APE-treated ILMs, a new band with a MW of 30,000 Da 
can be seen in lanes  A  and  B  ( arrow 3 ). The 400,000–450,000 Da band 
appeared to have been degraded to lower MW components (lanes  A ,  B , 
 arrows 2 and 3 )       
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  Figure VI.D.2-2    Sodium 
dodecyl sulfate polyacrylamide 
gel electrophoresis of plasmin-
digested laminin stained with 
Coomassie blue. Lanes  A  through 
 E , results of incubating human 
laminin with human plasmin for 
0, 15, 30, 60, and 120 min. Lane 
 F , results with plasmin alone. 
At 0 min, several bands possibly 
derived from laminin are seen 
(lane  A ,  arrowheads ). At 15 min, 
4 new bands were found ( arrows ), 
while the other bands are still 
present. One of the new bands has 
a MW of about 13,000 Da (lane 
 B ,  arrow 1 ). There was little 
change in the patterns between 15 
and 120 min (lanes  B – E )       

  Figure VI.D.2-3    Sodium 
dodecyl sulfate polyacrylamide 
gel electrophoresis of plasmin-
digested fi bronectin, stained with 
Coomassie blue. Lanes  A  through 
 E , results of incubating human 
fi bronectin with human plasmin 
for 0, 15, 30, 60, and 120 min. 
Lane  F , results with plasmin 
alone. At 0 min, a band with a 
large MW about 450,000 Da was 
detected (lane  A ,  arrowhead ), 
which corresponds to the MW 
of fi bronectin dimer. At 15 min, 
the 450,000 Da band had been 
degraded to several new frag-
ments ( arrows ), one of which had 
a MW of 30,000 Da (lane  B , 
 arrow 1 ). There was little differ-
ence in the appearance of the gels 
for exposure times of 
15 and 30 min (lanes  B ,  C ). After 
60 min, all of the bands appeared 
to have reached an equilibrium 
and showed no remarkable 
change thereafter       
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injection of APE, complete PVDs were created in 3 eyes and 
partially in 2 eyes. From the same group, Trese et al. [ 16 ] 
also used APE and showed its promising effect in cases of 
idiopathic stage 3 MHs, which had an anomalous vitreous 
detachment with persistent vitreous attachment to the disc. 
These fi ndings indicated that plasmin might be a useful 
adjunct to vitrectomy for eyes with MH.  

   B.  Diabetic Macular Edema 

 Diabetic macular edema is the most common cause of visual 
impairment in patients with diabetes. Since Nasrallah et al. 
[ 35 ] fi rst reported in 1988 that the eyes of diabetic patients 
without DME had a signifi cantly higher rate of PVD than 
those with DME, it was generally assumed that the vitreous 
plays an important role in the pathogenesis of DME. It is 
furthermore known that eyes with DME have increased lev-
els of laminin and fi bronectin that act as adhesion molecules 
at the vitreoretinal interface. In addition, accumulated serum- 
derived chemoattractants stimulate the migration of hyalo-
cytes and glial cells to the posterior vitreous cortex. [ 36 ] 
Contraction of these cells could then lead to traction on the 
macula. Nonenzymatic glycation of collagen occurs in the 
vitreous of diabetic patients, which leads to advanced glyca-
tion end products (AGEs) [ 37 ], altering structure in the vitre-
ous body [ 38 ] and at the vitreoretinal interface. Here, AGEs 
are mainly accumulated along the posterior vitreous cortex 
and the ILM, which then promotes collagen cross-linking 
[ 39 ]. All of these factors may contribute to anomalous PVD 
and tangential or anterior-posterior traction, which exacer-
bate DME. 

 Clinical studies have shown that the eyes with PVD had 
a higher prevalence of spontaneous resolution of DME than 
in eyes without PVD [ 40 ]. In addition, vitrectomy with the 
creation of PVD can resolve diffuse macular edema and 
improve visual acuity [ 41 ,  42 ]. Therefore, plasmin enzyme 
might be a reasonable treatment to induce PVD in DME 
which would also remove the tissue scaffold for neovascu-
larization as well as eliminate tractional forces on the fovea. 
It might also prevent the diabetic retinopathy from progress-
ing to the proliferative stage. Given that plasmin enzyme 
has a proteolytic effect on laminin and fi bronectin which 
links the vitreous to the ILM which then creates PVD, we 
studied the effects of APE in eyes with DME [ 25 ]. We 
recruited 20 patients with DME who were scheduled to 
undergo vitreous surgery and divided them into two groups 
randomly: an APE group and a control group. The APE 
group received an intravitreal injection of 0.4–0.8 IUs of 
APE about 45 min prior to vitreous surgery. During surgery, 
both groups underwent chromodissection [ 43 ] with indocy-
anine dye staining and peeling of the ILM [see chapter 
  V.A.3    . Chromodissection in vitreoretinal surgery]. The 

excised ILMs were examined by scanning and transmission 
electron microscopy, and the ease of PVD induction during 
the vitrectomy was also compared in the two groups. The 
number of eyes with vitreous cortex remnants on the surface 
of ILM was compared between the 2 groups. The results 
showed that remnants of the vitreous cortex were observed 
in 7 of 10 eyes in the control group but only 2 of 10 eyes in 
the APE group (Figure  VI.D.2-4 ). At the beginning of vit-
rectomy, a spontaneous PVD was present in 2 eyes in the 
APE group, while none of the eyes in the control group had 
a spontaneous PVD. In addition, we found that the creation 
of the PVD seemed to be easy in 1 of 10 in the control group 
and 7 of 10 eyes in the APE group. These results indicated 
that APE was effective in cleaving vitreous from the retinal 
surface in DME patients.

   In 2001, APE was fi rst used as an adjunct to vitreous sur-
gery in eyes with advanced diabetic retinopathy [ 17 ]. The 
removal of posterior vitreous cortex was purportedly easier 
with APE even in eyes with the vitreous fi rmly attached to 
the retina, such as eyes with macular tractional retinal detach-
ment. Azzolini et al. [ 18 ] conducted a similar comparative 
study in eyes with DME using 0.8–1.2 IU of APE 25 min 
prior to vitreous surgery. In APE-treated group, the separa-
tion of the posterior vitreous was achieved more easily than 
in non-APE group. However, in eyes with DME associated 
with vitreo-macular traction, the extent of the attachment of 
vitreous differs in individual cases. Elbendary et al. [ 20 ] 
investigated the relationship of the  posterior vitreous cortex 
thickness and degree of refl ectivity with the ease of creating 
a PVD in diabetic eyes with vitreo- macular traction. They 
reported that eyes with thinner and less refl ective posterior 
vitreous face had a higher rate of PVD development. 

 The activity of APE injected into the mid-vitreous peaks 
around 15–60 min and then gradually decreases to almost 
zero after 24 h [ 5 ]. So the effect of leaving APE in the vitre-
ous without vitrectomy for an induction of a PVD might be 
more effective than the removal of APE by vitrectomy. Diaz-
Llopis et al. [ 19 ] performed a prospective comparative study 
in which APE was injected intravitreally without vitrectomy 
in 16 eyes with refractory diffuse diabetic macular edema. 
They compared the results to that of eyes that did not receive 
APE. After intravitreal APE injection, there was a reduction 
in the central macular thickness and improvement of the 
visual acuity, with no adverse effects in all cases.  

   C.  Retinopathy of Prematurity 

 ROP is a leading cause of childhood blindness [see chapter 
  III.A    . Congenital vascular vitreo-retinopathies]. Initially, 
scleral buckling surgery was the major treatment in eyes 
with retinal detachment at stages 4A, 4B, and 5 
ROP. However, lens-sparing vitrectomy at an early stage 
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has become the main treatment paradigm. The purpose of 
the surgery is to relieve the tractional force of proliferative 
tissue on the surface of retina where vitreoretinal interface 
is fi rmly attached by laminin and fi bronectin. Thus, it was 
assumed that plasmin enzyme might be benefi cial in cleav-
ing or at least weakening the vitreoretinal juncture and 
make the vitreous surgery easier. At present, there are sev-
eral reports on the use of APE in ROP cases. Tsukahara 
et al. [ 21 ] injected 0.03–0.22 IUs of APE, purifi ed from the 
patients’ plasma, into 6 eyes at stage 5 ROP before vitrec-
tomy. The membranes were removed successfully and a 
complete reattachment of the posterior retina was achieved 
in all eyes. Wu et al. [ 22 ] reported the results from 80 eyes 
of 68 patients who were treated with or without APE prior 

to vitrectomy. They reported that 68.8 % of the treated eyes 
had anatomical success. APE appeared to have positive 
effects on the vitreoretinal interface even in the severe 
stages of ROP.  

   D.  Retinal Vein Occlusion (RVO) 

 APE was used in eyes with macular edema associated with 
branch RVO in two studies. Sakuma et al. [ 23 ] injected 1 IU 
of APE into vitreous without vitrectomy, and a total PVD 
was observed at 1 week in 23 of 26 eyes. Udaondo et al. [ 24 ] 
confi rmed the effects and safety of APE in a small case series 
with branch RVO.   

a

c d

b

  Figure VI.D.2-4    Scanning (SEM) and transmission electron micros-
copy (TEM) of ILM specimens removed from eyes with diabetic macu-
lar edema during vitreous surgery. ( a ) SEM of ILM removed from eyes 
undergoing vitrectomy without APE as the control group. The SEM 
micrograph shows a dense network of collagen fi bers on the ILM. ( b ) 
SEM of ILMs from eyes that had an APE injection before the vitrec-

tomy (APE group) shows smooth ILM surface ( a ,  b : original magnifi -
cation, ×10,000; bars = 3.0 μm). ( c ) TEM of ILM from the control 
group shows that the collagen fi brils are attached to the surface of the 
ILM without a cellular component ( arrows ). ( d ) TEM of ILM in APE 
group shows a smooth surface ( arrows ) ( c ,  d : original magnifi cation, 
×3,500; bars = 2.8 μm)       

 

H. Terasaki and T. Asami



843

   Conclusions 

 The accumulated results of animal and clinical experi-
ments suggest that plasmin is a useful adjunct to vitrec-
tomy in eyes with vitreo-macular adhesion such as MHs, 
vitreo-macular traction syndrome, and DME. Plasmin 
might reduce the risk of iatrogenic damage to the fovea 
during vitrectomy and reduce the number of indications 
for vitrectomy.    
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   I. Introduction 

 Pharmacologic vitreolysis is an important new avenue of 
ophthalmic therapeutics, representing a paradigm shift 
from surgical to pharmacologic therapy of vitreoretinal dis-
eases [ 24 ,  26 ,  27 ]. Ocriplasmin (des-kringle 1-5 plasmin), 
formerly called microplasmin, is a truncated recombinant 
form of plasmin. Originally shown to form upon autolytic 
degradation of plasmin at high pH, it contains the catalytic 
domain of plasmin but without associated kringles [ 38 ]. 
In ophthalmology, ocriplasmin was initially studied as a 
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 Key Concepts 

     1.    Ocriplasmin is a recombinant serine protease with a 
well- characterized enzymatic activity profi le that is 
stable for several days in an acidic environment. 
Highly active in neutral pH, inactivation follows 
second-order kinetics (autolysis), so that when 
placed in a vitreous substrate only 25 % of the 
activity remains in 24 h.   

   2.    A protein of 27 kDA, ocriplasmin is subject to steric 
hindrance also in the vitreous. For maximal effect, 
it requires injection close to the site of intended 
activity, which can also limit any adverse effect on 
adjacent structures such as zonules.   

   3.    As a member of the plasminogen family of proteins, 
ocriplasmin regulates a number of pathways includ-
ing proinfl ammatory cytokines and matrix metallo-
proteinases that help to extend its mode of action 
and defi ne its secondary clinical manifestations.     
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 possible alternative to plasmin enzyme (desirable because of 
the diffi culties with plasmin preparation) and was found to 
be a stable, well- characterized, clinical grade product, which 
was notable given its highly autolytic nature [ 34 ]. 

 Plasmin enzyme had been envisioned as a therapeutic 
agent in humans since the 1950s. It was fi rst considered for 
ocular use in retinal vein occlusion [ 5 ,  18 ]. Plasmin was fi rst 
studied as a vitreolytic agent in 1993 using a rabbit model 
[ 35 ]. Subsequently its potential as an adjunct to vitreoretinal 
surgery was confi rmed, as was its ability to facilitate the for-
mation of a posterior vitreous detachment even in premature 
infants [ 11 ,  17 ,  20 ,  32 ] [see chapter   VI.D.2    . Pharmacologic 
vitreolysis with plasmin: clinical studies]. 

 Ocriplasmin has been studied in a number of preclinical 
models, and its mode of action on the vitreous gel and at 
the vitreoretinal interface is at least partially established. The 
known chemical behavior of ocriplasmin helps to understand 
some of the observed biologic activity useful to defi ne some 
of the observed effects in humans. It may also help to orient 
future research to enhance its current level of clinical effi -
cacy. This chapter will review the basic science investiga-
tions that led to this knowledge, while clinical studies are 
summarized elsewhere [see chapter   VI.E.2    . Pharmacologic 
vitreolysis with ocriplasmin: clinical studies].  

   II.  Structural and Physiologic 
Characteristics 

 Ocriplasmin is a 27.3 kDA serine protease, consisting 
of 2 polypeptide chains of 19 and 230 residues linked by 
2 disulfi de bonds joining residues 6 and 124, 16 and 24. 
The 230-residue polypeptide is stabilized by 4 intra-chain 

disulfi de bonds (Figure  VI.E.1-1 ). Ocriplasmin contains 
the  catalytic domain of plasmin but none of the 5 kringles 
located as extensions toward the C-terminal end of the larger 
of its two chains. These kringles normally serve as bind-
ing sites for substrates, regulatory molecules, and inhibitors 
[ 31 ,  38 ]. As a result, ocriplasmin has a more potent effect 
on thrombin than is observed with the native molecule, but 
binds to its primary inhibitor with less affi nity [ 36 ,  22 ]. It is 
unclear if this translates to a more potent activity in the eye, 
though diffusion through the vitreous proper is enhanced 
by its smaller size [ 13 ,  28 ]. Inhibition occurs preferentially 
with serpin proteins such as α(2)-antiplasmin in addition to 
other serum components such as antithrombin III and α(1)-
antitrypsin [ 9 ,  21 ,  31 ]. Inhibition likely occurs within the eye 
via a similar mechanism, particularly in the presence of a 
breakdown in the blood-ocular barrier.

   Ocriplasmin is a recombinant human microplasmin pro-
duced as microplasminogen in the yeast  Pichia pastoris , sta-
bilized with a dilute citrate buffer at pH 3.1, and converted 
to the active form with recombinant staphylokinase [ 21 ]. 
Microplasmin catalyzes the cleavage of peptide bonds on the 
COOH-terminal side of lysine and arginine residues embedded 
in proteins and peptide substrates [ 38 ]. Typical targets include 
thrombin, plasminogen, and a number of extracellular matrix 
proteins such as laminin and fi bronectin [ 4 ,  6 ,  16 ]. While not 
clearly demonstrated for microplasmin itself, plasmin- like 
proteases have a number of non-fi brinolytic functions such as 
directional cell migration, tissue remodeling, and the activa-
tion of other proteases within the matrix metalloproteinase 
(MMP) family [ 23 ]. Analogous to other members of the plas-
minogen family, ocriplasmin is likely to regulate the expres-
sion or activity of cytokines involved in various infl ammatory 
processes. Plasmin can cause the release of IL-1 from macro-
phages and activate transforming growth factor-β, while deg-
radation products of fi brin are chemoattractant for leukocytes 
[ 3 ]. This may explain why in experimental models and in 
some patients, a transient low- grade infl ammatory response is 
observed shortly after the injection of plasmin or  ocriplasmin 
into the vitreous body [ 7 ,  29 ,  35 ].  

   III. Pharmacokinetics of Ocriplasmin 

 The inactivation of ocriplasmin in both neutral-pH buffer and 
porcine vitreous is mostly due to autolytic degradation. The 
activity of ocriplasmin is temperature and pH dependent. At 
−20 °C, the product is stable for 24 months or more [ 7 ]. At 
room temperature, in an acidic environment, it is stable for 
at least 2 h [ 12 ,  13 ]. No studies have looked at its stabil-
ity in multiple refreezing cycles, which therefore should be 
avoided. Although stable in its formulation buffer, it has lim-
ited stability when diluted to a neutral pH (as with balanced 
salt solution (BSS)) or following injection into the vitreous 

  Figure VI.E.1-1    Amino acid composition of ocriplasmin and its 
 primary structure [ 1 ]       
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body [ 12 ,  13 ]. Under these circumstances, within 1 h, 50 % 
of the biologic activity is lost. In an acid environment, serine 
de-protonation is prevented, which in turn limits interactions 
with potential substrates [ 2 ]. 

 The  in vitro  pharmacokinetics of ocriplasmin are similar 
in porcine and human vitreous extracts. Ocriplasmin is stable 
in vitreous at a pH of 3.1 for over 13 weeks at −20 °C and 
3 days at 4 °C, while it loses its activity at room tempera-
ture within half a day. At a neutral pH, a slower inactivation 
rate is observed in vitreous ( k  = 81 M −1  s −1 ) as compared to 
phosphate buffered saline ( k  = 176 M −1  s −1 ) [ 1 ,  9 ]. Hence, the 
residual activity after 24 h of incubation is in the range of 
1–4 % in saline and 8–24 % in vitreous. 

 The inactivation of ocriplasmin follows second-order 
kinetics as predicted for an autolytic process. Inactivation 
is therefore concentration dependent, with faster inactiva-
tion observed at higher doses (Figure  VI.E.1-2 ). As a con-
sequence, ocriplasmin will more rapidly inactivate itself 
when injected into gel vitreous, while it will retain activity 
for a longer time when injected in liquefi ed vitreous (a con-
sequence of faster diffusion and more accessible substrate). 
Uptake into the systemic circulation results in inactivation by 
numerous inhibitors present in blood [ 7 ]. Inhibitors of serine 
proteases were identifi ed in human vitreous, including α(1)-
antitrypsin, α(2)-antiplasmin, antithrombin III, C1 esterase 
inhibitor, and α2-macroglobulin [ 9 ,  15 ,  37 ]. The ability of 
these inhibitors to effectively inhibit ocriplasmin activity has 
not been assessed so far. Samples from patients with well- 
characterized retinal pathologies would be required to assess 
the level of inhibition.

   Of all the inhibitors mentioned above, only α(2)-
antiplasmin is known to effectively and completely inhibit 

ocriplasmin [ 22 ]. To date, detected levels in vitreous are low, 
suffi cient to inhibit only about 4 % of the amount injected 
[ 9 ]. Other inhibitors are described as slow (progressive) 
inhibitors of plasmin; while suffi cient to inhibit a large por-
tion of the administered enzyme, they do not seem to con-
tribute signifi cantly to inhibition as one is able to recover 
high levels of enzymatically active ocriplasmin after  in vitro  
incubation in vitreous [ 9 ]. Studies so far have been carried 
out in pooled vitreous from a variety of patients undergoing 
surgery. As new indications are developed, particularly for 
interface diseases such as diabetic retinopathy or vein occlu-
sion, it will be necessary to study the possible infl uence of 
these inhibitors on the action of ocriplasmin at the vitreoreti-
nal interface.  

   IV. Pharmacodynamics of Ocriplasmin 

   A. Effects on Vitreous 

 Ocriplasmin was tested in several animal models. Initial stud-
ies were carried out in an  ex vivo  porcine model [ 8 ,  10 ,  34 ] 
demonstrating an ability to break down the vitreous structure 
as well as cause a separation of the posterior vitreous cortex 
from the retinal surface. The action of ocriplasmin is con-
centration and time dependent, as was shown in a number of 
experiments using light and electron microscopy [ 8 ,  10 ,  12 , 
 13 ]. Following an intraocular injection into  ex vivo  porcine 
eyes at room temperature and a 1-h incubation, complete vit-
reoretinal separation is seen with 125 μg of ocriplasmin in 
the posterior pole and partial separation from the peripheral 
retina. At 37 °C, the same incubation leads to a complete 
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separation up to the ora serrata (Figure  VI.E.1-3 ). At 250 μg 
and above, in the midperiphery, vitreous separation is pres-
ent, but proteinaceous material is often visible close to the 
retinal surface, suggesting that an anomalous posterior vitre-
ous detachment [ 25 ] may have taken place (Figure  VI.E.1-
3 ). This has been observed clinically as part of the MIVI I 
trial [ 8 ,  10 ]. Concentrations up to 400 μg have been tested. 
None have led to vitreous detachment overlying the ora ser-
rata. At 400 μg, following a 2-h exposure at room tempera-
ture, circular elevations of the RPE were observed. These 
were not seen at lower concentrations. This may indicate an 
upper limit to the concentrations of ocriplasmin that can be 
tolerated within the vitreous and the eye.

   Electron microscopy of specimens taken proximal to 
the site of injection showed a retinal surface with either 
sparse or absent collagen fi bers as opposed to control eyes 
(Figure  VI.E.1-4 ) [ 8 ,  10 ,  14 ]. Condensed vitreous, pres-
ent close to the site of injection, takes on a coarse granu-
lar appearance. Biopsies from areas more distant to the site 
of injection show that the vitreous resumes a more normal 
structure [ 8 ,  10 ]. From these and similar experiments, it 
is clear that ocriplasmin is capable of inducing a posterior 
vitreous detachment but is also able to alter the structure 
of the vitreous. This therefore qualifi es this drug as both an 
interfactant and a liquefactant agent [ 27 ] [see chapter   VI.A    . 
Pharmacologic vitreolysis]. Concerning the latter, dynamic 
light scattering experiments have shown a dose-dependent 

effect on vitreous diffusion coeffi cients with a near doubling 
of the diffusional capacity within 30 min of exposure to 
800 μg of ocriplasmin [ 28 ]. Experiments conducted with fl u-
orescein further support these fi ndings yet indicate that the 
alteration of the vitreous is not homogeneous but proceeds 
by extension around the site of injection [ 12 ,  13 ].

   A mouse model has been established to further study the 
effects of ocriplasmin  in vivo . When injected into the vitreous 
body of the mouse, 0.5 μg of ocriplasmin can reproducibly 
induce a partial PVD after 3–5 days. OCT allows the animals 
to be monitored in a noninvasive manner (Figure  VI.E.1-5 ). 
A good correlation between OCT fi ndings and histology 
has been demonstrated and shows the extent of the PVD 
(Figure  VI.E.1-5 ). This model has allowed better elucida-
tion of the effect of ocriplasmin on laminin and fi bronectin, 
important because several lines of evidence have implicated 
laminin and fi bronectin as important at the vitreoretinal 
interface [see chapter   II.E    . Vitreoretinal interface and ILM].

   It is possible to study variations in the expression of 
extracellular matrix proteins at the vitreoretinal interface 
using immunofl uorescent dual stains. Laminin is restricted 
primarily to basement membranes and is likely produced by 
the Mueller cell footplates. Fibronectin is found at the sur-
face of many cell types and in most extracellular matrices. 
It binds with high affi nity to collagen, proteoglycans, and 
hyaluronan [ 4 ,  19 ,  33 ]. Expression of laminin and fi bronec-
tin varies with age and tends to increase in older individuals 

a
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c

a

b

c

Mid peripheral retina Pars plana

  Figure VI.E.1-3    Effect of concentration on the degree of vitreous sepa-
ration following a 2-h incubation at 37 °C with different concentrations 
of ocriplasmin injected in the mid-vitreous or the pars plana ( a , 62.5 μg; 

 b , 125 μg;  c , 250 μg). Arrows indicate the location of the posterior vitre-
ous cortex       
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(Figure  VI.E.1-6 ). In the presence of a PVD, fi bronectin is 
expressed on the posterior surface of the vitreous but not 
at the anterior surface of the retina, where only collagen is 
present. Where the posterior vitreous cortex is intact, one 
additionally fi nds the presence of laminin (Figure  VI.E.1-7 ). 
Following the intravitreal injection of ocriplasmin, fi bro-
nectin and laminin are degraded both at the vitreoretinal 
interface as well as in the outer retina [ 4 ]. There appears to 
be a predilection for the intraretinal laminin to be degraded 
preferentially, an effect that was not seen with fi bronectin. 
Recovery of both proteins requires a prolonged period of 
time. At 1 week, there does not appear to be any signifi cant 
evidence of recovery. A possible correlation between the 
loss of intraretinal laminin and fi bronectin and the observed 
transient ERG changes has been suggested [ 4 ].

       B. Toxicology 

 Toxicology studies were carried out in Dutch belted rab-
bits, cynomolgus monkeys, and Goettingen mini-pigs [ 7 ]. 
In both rabbits and monkeys, vitreous infl ammation was 
seen in over 50 % of eyes but was variable in extent and per-
sistence, eventually resolving over time. Anterior segment 

involvement was seen as early as day 2 in monkeys but also 
resolved. Lens subluxation was observed in rabbits and mon-
keys but was observed in only one treated pig. Needle size 
and positioning of the injection and dose were determined 
to be important elements infl uencing the risk of a lens luxa-
tion and may explain why the risk is higher in rabbits with a 
smaller eye and a larger lens. Transient ERG changes were 
seen in rabbits at doses of 50 μg and more. At the higher 
doses (substantially above the clinical dose), changes were 
still present following 8 weeks of recovery. In monkeys, 
transient ERG changes were seen at all doses above 1.5 μg. 
Recovery was present in all cases but was only partial by the 
end of follow- up at the highest dose (200 μg/eye). No ERG 
changes were observed in the mini-pig.   

   V. Future Directions 

 Clinical studies have demonstrated the clinical effi cacy of 
ocriplasmin in symptomatic vitreo-macular adhesion and 
traction [see chapter   VI.E.2    . Pharmacologic vitreolysis with 
ocriplasmin: clinical studies]. However, the rate of success 
remains limited. Several pathways can be explored to 
enhance the effi cacy of ocriplasmin: improving drug  delivery 

a b

c d

  Figure VI.E.1-4    Electron microscopy of porcine eyes following incu-
bation with 125 μg ocriplasmin at room temperature for 2 h. ( a ) control 
eye in the equatorial region showing the presence of a dense network of 
fi bers (1,500×); ( b ) ocriplasmin injected eye at time 0 taken in the mid-
periphery showing a similar pattern of fi bers; ( c ) equatorial region of a 

ocriplasmin injected eye after 2 h incubation. Sparse fi bers are present 
overlying the retina (1,500×); ( d ) ocriplasmin treated eye. Vitreous con-
densation adjacent to the area in ( c ) showing a coarse granular structure 
(5,000×)       
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  Figure VI.E.1-5    OCT images of ocriplasmin-treated mice using a 
modifi ed Heidelberg Spectralis OCT ( a ).  Upper panel  shows a normal 
mouse eye.  Middle panel  shows an ocriplasmin-treated eye after 7 days. 
An extensive posterior vitreous detachment is present ( arrow ). The site 

of adhesion to the retina is confi rmed by histology ( arrow in b of middle 
panel ). Inferior panel shows an ocriplasmin-treated eye after 3 days. 
The PVD is much less prominent, as confi rmed in the histologic insert 
( b )       
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  Figure VI.E.1-6    Expression of laminin and fi bronectin varies in human donor eyes with age as seen on confocal microscopy using monoclonal 
stains. Collagen type IV in green, vimentin in  blue        
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(see chapter   IV.E    . Principles and practice of intravitreal 
application of drugs) to the mid-vitreous or deeper depend-
ing on the structure of the vitreous gel, repeating the injec-
tion to achieve a better induction of a PVD or vitreous 
liquefaction, and/or controlling or enhancing downstream 
pathways that are activated by ocriplasmin. These include 
the activation of matrix metalloproteinases, in particular 
MMP2 and MMP9 [ 30 ]. While unlikely to be a cause for 
concern in symptomatic vitreo-macular adhesion, inhibitors 
present in the vitreous may present a challenge when the 
indications are expanded to diabetes and macular degenera-
tion. Indeed in circumstances where the blood-ocular barrier 
is incompetent, the likelihood of having inhibitors present in 
vitreous increases. Another challenge and unanswered ques-
tion is the reason for the observed ERG changes in some 
species, including man. If indeed they are caused by changes 
in surface proteins within the retinal structure, this may be 
amenable to therapy or at the very least monitoring. 
Challenges enough, but in a new era of pharmacologic vitre-
olysis, answers to some of these questions will certainly 
extend the use of this and other therapies.         
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 Key Concepts 

     1.    Ocriplasmin is a pharmacologic vitreolysis agent 
approved by the US Food and Drug Administration 
for the treatment of symptomatic vitreomacular 
adhesion (VMA) and by the European Medicines 
Agency for the treatment of vitreomacular traction 
(VMT), including when associated with macular 
hole less than or equal to 400 microns.   

   2.    The effi cacy and safety of ocriplasmin versus pla-
cebo for the treatment of VMT has been demon-
strated in a clinical trial program funded by 
ThromboGenics, Inc, that, as of publication, 
includes eight phase 2 studies, two phase 3 studies, 
and two phase 3b studies.   

   3.    The pivotal phase 3 Microplasmin for Intravitreous 
Injection–Traction Release Without Surgical 
Treatment (MIVI-TRUST) study demonstrated 
superiority of a single intravitreal injection of 125 μg 
ocriplasmin versus placebo in pharmacologic reso-
lution of VMA and total induction of posterior vitre-
ous detachment. Pharmacologic closure of 
full-thickness macular hole (FTMH, ≤400 microns 
and with VMA) was achieved in a higher percentage 
of patients with FTMH at baseline in the ocriplas-
min group compared with placebo and was highest 
among patients with small FTMH (≤250 microns).     
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   I.  Introduction 

 The natural vitreous aging process involves liquefaction of the 
gel and separation of the posterior vitreous cortex from the 
retina [ 1 – 3 ] [see chapter   II.C    . Aging and PVD]. In some eyes, 
however, the adhesion between the vitreous cortex and the 
macular surface does not weaken suffi ciently to allow com-
plete posterior vitreous detachment (PVD), leading to persis-
tent attachment at the macular surface, or vitreomacular 
adhesion (VMA) [see chapter   III.B    . Anomalous PVD and vit-
reoschisis]. The diagnosis of VMA is based on the analysis of 
optical coherence tomography (OCT) imaging and is, by defi -
nition, an asymptomatic non-pathologic state. Persistent VMA 
can progress to pathologic conditions, such as vitreomacular 
traction (VMT), that disturb the vitreomacular interface (VMI) 
and can cause visual symptoms. A classifi cation system of 
VMA, VMT, and full-thickness macular holes has been devel-
oped by an international consensus panel [see chapter   III.D    . 
Vitreo-macular traction and holes] [ 4 ] . For objectivity and uni-
formity, this system is based on fi ndings and not symptoms. 

 Patients with VMT typically present with decreased vision 
and varying degrees of metamorphopsia. Even patients with 
well-preserved visual acuity may experience disturbances in 
the quality of vision or daily visual functioning. In a retrospec-
tive study of 53 consecutive eyes with VMT that were followed 
for a median study period of 60 months (range 6–110 months), 
64 % experienced a decrease in best- corrected visual acuity 
(BCVA) of at least two lines from baseline, and only 11 % 
ended with complete PVD [ 5 ]. Persistent VMT can progress to 
increasingly severe conditions, such as full-thickness macular 
hole (FTMH). If left untreated, disorders of the VMI can lead 
to irreversible macular damage, progressive deterioration of 
vision, and increasingly diffi cult surgeries [ 5 – 9 ]. 

 In cases where symptoms are not suffi ciently severe to war-
rant surgical intervention, a physician may decide to watch and 
wait for the vitreous traction to spontaneously resolve. In several 
cases, watchful waiting can have a deleterious effect on out-
comes, as chronic VMT can stress the macula and lead to irre-
versible damage. Only approximately 20 % of eyes with 
unresolved VMA will spontaneously detach and not need vitrec-
tomy [ 5 ,  10 ]. In the remaining majority of eyes, persistent VMA 
progresses in 30 % to the point where intervention with vitrec-
tomy is required [ 10 ]. Surgical success rates decrease the longer 
vitrectomy is delayed, and patients with greater losses at the 
beginning of treatment tend to have worse surgical prognoses. 

 Vitrectomy, like any surgery, carries the risk of complications, 
both during and after the procedure. As is the case with many 
other surgeries, vitrectomy imposes a signifi cant treatment bur-
den on patients and their families. Complications that have been 
associated with vitrectomy include retinal tear and detachment, 
iatrogenic damage to ocular structures, cataracts, hemorrhage, 
vitreous hemorrhage, and endophthalmitis [ 11 – 22 ]. Even when 
vitrectomy is successful, patients must wait several weeks 
before returning to work, with some patients having to spend at 
least a week in a “head-down” prone position [ 23 ]. 

 The risks and burdens associated with watchful waiting 
or vitrectomy underlie the need for a pharmacologic treat-
ment option for patients with VMT, including when asso-
ciated with macular hole [see chapter   VI.A    . Pharmacologic 
vitreolysis] [ 10 ]. Moreover, non-surgical release of VMT 
induces better visual acuity outcome. After extensive test-
ing in experimental animal models [see chapter   VI.E.1    . 
Basic science of ocriplasmin pharmacologic vitreolysis], 
ocriplasmin underwent clinical trials whose results are 
summarized below. Based on these trials, ocriplasmin 
therapy, in the form of an intravitreal injection, was 
approved by the US Food and Drug Administration (FDA) 
in October 2012 for the treatment of symptomatic VMA 
and by the European Medicines Agency (EMA) in March 
2012 for the treatment of VMT, including when associated 
with macular hole of diameter less than or equal to 400 
microns. To date, ocriplasmin is the only pharmacologic 
treatment option approved by the FDA and the EMA for 
the treatment of patients with this sight-threatening condi-
tion that includes VMT, with or without macular hole. 
Several phase 2 and pivotal phase 3 trials demonstrated 
that ocriplasmin is superior to placebo or sham injection in 
the pharmacologic resolution of VMA [ 24 – 27 ]. Funded by 
ThromboGenics, Inc, the ocriplasmin clinical develop-
ment program led to the following fi ndings in support of 
ocriplasmin as a pharmacologic vitreolytic agent for the 
treatment of patients with VMA and associated 
symptomatology.  

   II.  Clinical Trials with Ocriplasmin for sVMA 
and VMT 

   A.  Summary 

     1.     Ocriplasmin effectively resolves VMA . Ocriplasmin suc-
cessfully treats VMT and averts the need for vitrectomy 
in many patients. In addition, patients with FTMH (≤400 
microns and with VMA) in the MIVI-TRUST clinical 
trial program had a nearly 4-fold increase in the rate of 
pharmacologic hole closure after a single injection of 
ocriplasmin compared with placebo.   

   2.     Ocriplasmin does not interfere with surgical outcomes in 
cases where vitrectomy is still required . In some patients, 
treatment with ocriplasmin may even support improved 
vitrectomy outcomes.   

   3.     Ocriplasmin is well tolerated . Suspected drug-related 
ocular adverse events tend to be nonserious, transient, and 
mild in severity. Twelve studies comprise the ocriplasmin 
clinical development program to date, including eight 
phase 2 studies, two phase 3 studies that together com-
prised the Microplasmin for Intravitreous Injection– 
Traction Without Surgical Treatment (MIVI-TRUST) 
program, and two phase 3b studies, amounting up to more 
than 1000 patients (Table  VI.E.2-1 ).
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          B.  Phase 2 Trials 

   1.  Intravitreal Microplasmin During 
Surgical Vitrectomy (MIVI-I) 
(TG-MV-001) 

 This phase 2 study was the fi rst reported use of ocriplasmin 
administered as an intravitreal injection in humans. MIVI-I 
was a prospective, multicenter, non-controlled, dose- 

escalation trial consisting of 60 patients with VMT or FTMH 
without PVD who were scheduled to undergo vitrectomy. 
Study participants were 18 years or older and divided into 6 
groups of 9–11 patients each. In all patients, surgery was per-
formed at a predetermined time after the drug was injected 
into the vitreous. The study was performed in two parts: The 
fi rst part involved an ascending-exposure series in which a 
fi xed dose of ocriplasmin (25 μg) was injected at specifi c 

   Table VI.E.2-1    Ocriplasmin clinical development program   

 Study ID  Indication, design, and control  Ocriplasmin groups  Enrollment 
  Phase II trials  
 MIVI-I (TG-MV-001)  VMT patients scheduled for vitrectomy  25 μg/1–2 h  60 

 Multicenter, open-label, dose-escalation trial  25 μg/24 h 
 Uncontrolled  25 μg/7 days 

 50 μg/24 h 
 75 μg/24 h 
 125 μg/24 h 

 MIVI-II-DME (TG-MV-002)  Patients with VMA and concomitant advanced DME  50 μg  51 
 Multicenter, randomized, double-masked trial  75 μg 
 Sham-controlled  125 μg 

 MIVI-III (TG-MV-003)  VMT patients scheduled for vitrectomy  25 μg  125 
 Multicenter, randomized, double-masked trial  75 μg 
 Placebo-controlled  125 μg 

 MIVI-IIT (TG-MV-004)  Patients with VMT  75 μg  60 
 Multicenter, randomized, double-masked trial  125 μg 
 Sham-controlled  175 μg 

 125 μg a  
 MIVI-V (TG-MV-005)  Patients with VMA and concomitant exudative AMD  125 μg  100 

 Multicenter, randomized, double-masked trial 
 Sham-controlled 

 MIVI-VIII (TG-MV-008)  Patients with symptomatic VMA  125 μg  30 
 Single-center, open-label trial 
 Uncontrolled 

 MIC (TG-MV-009)  Pediatric patients scheduled for vitrectomy  175 μg  24 
 Single-center, randomized, double-masked trial 
 Placebo-controlled 

 MIVI-X (TG-MV-010)  VMT patients scheduled for vitrectomy  125 μg/5–30 min  38 
 Single-center, open-label, pharmacokinetic trial  125 μg/31–60 min 

 125 μg/2–4 h 
 125 μg/24 ± 2 h 
 125 μg/7 ± 1 days 

  Phase III trials  
  MIVI-VI  (TG-MV-006)  Patients with symptomatic VMA  125 μg  326 

 Multicenter, randomized, double-masked trial 
 Placebo-controlled 

  MIVI-VII  (TG-MV-007)  Patients with symptomatic VMA  125 μg  326 
 Multicenter, randomized, double-masked trial 
 Placebo-controlled 

  Phase IIIb trials  
  MIVI-XII  (TG-MV-012)  Long-term follow-up of patients from phase III trials  125 μg  20 
  OASIS  (TG-MV-014)  patients with symptomatic VMA including FTMH  125 μg  220 

 Multicenter, randomized, double-masked trial 
 Sham-controlled 

   a Patients eligible for up to two subsequent doses in absence of VMA resolution 
  Abbreviations :  AMD  age-related macular degeneration,  DME  diabetic macular edema,  FTMH  full-thickness macular hole,  VMA  vitreomacular 
adhesion,  VMT  vitreomacular traction  
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times before surgery (1–2 h, 24 h, or 7 days). The second part 
involved a dose-escalation series (50, 75, and 125 μg) in 
which ocriplasmin was injected 24 h before surgery for all 
doses (Figure  VI.E.2-1 ) [ 25 ].

   MIVI-I assessed the safety and preliminary effi cacy of a 
single intravitreal injection over a range of doses and expo-
sure times. Results showed that intravitreal ocriplasmin was 
well tolerated up to the maximum study dose of 125 μg and 
was capable of inducing preoperative PVD in some patients. 
In general, MIVI-I served as a proof-of-principle trial for the 

use of ocriplasmin in pharmacologic vitreolysis. The study 
showed that increasing lengths of exposure to ocriplasmin 
led to progressively higher incidences of preoperative PVD 
induction and that ocriplasmin led to pharmacologic induc-
tion of total PVD in some patients [ 25 ]. 

 Overall, ocriplasmin was well tolerated in this trial. Adverse 
events included vitreous fl oaters and photopsia, all cases of 
which developed within 6 h of injection. Transient rises in 
intraocular pressure were observed in 14 patients. All cases 
responded to standard pressure-reducing strategies [ 25 ].  

   2.  Multi-dosing in Patients 
with Vitreomacular Traction 
(MIVI-IIT) (TG-MV-004) 

 MIVI-IIT was a phase 2, multicenter, randomized, double- 
masked, sham-controlled trial. Sixty patients with VMT, 
including some with macular hole, were randomized into 
one of four cohorts. In the fi rst 3 cohorts, patients were ran-
domized 4:1 to receive a single intravitreal injection of ocri-
plasmin (75, 125, or 175 μg, depending on the cohort) or a 
sham injection. Patients in the fourth cohort were random-
ized to receive a single intravitreal injection of 125 μg ocri-
plasmin or placebo but were eligible to receive up to 2 
subsequent injections of 125 μg ocriplasmin at monthly 
intervals if resolution of VMA was not achieved 
(Figure  VI.E.2-2 ) [ 27 ].

  Figure VI.E.2-1    Ocriplasmin clinical development program: study 
designs. Diagrams show the study designs of the phase 2 MIVI-I, 
MIVI-III, and MIVI-IIT trials and the phase 3 MIVI-TRUST clinical 
trial program.  Abbreviations :  BCVA  best-corrected visual acuity,  FTMH  
full-thickness macular hole,  PVD  posterior vitreous detachment,  VMA  
vitreomacular adhesion,  VFQ - 25  25-item Visual Function Questionnaire       

  Figure VI.E.2-2    Pharmacologic resolution of vitreomacular adhesion 
(VMA) over the course of the phase 3 MIVI-TRUST clinical trial pro-
gram.  Line graph  shows the proportion of patients in each treatment 
group with pharmacologic resolution of VMA at each study visit over 
the course of the phase 3 MIVI-TRUST clinical trial program. Among 
the 26.5 % of patients in the ocriplasmin group with pharmacologic 
resolution of VMA at day 28 (primary end point), 73 % had already 
achieved resolution by day 7       
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   The primary end point of MIVI-IIT was total PVD at 14 
days after intravitreal injection with ocriplasmin. Secondary 
end points included total PVD at other time points (3, 7, and 
28 days after injection), pharmacologic resolution of VMA, 
progression of PVD, need for vitrectomy, resolution of mac-
ular edema (if relevant), and changes in best-corrected visual 
acuity (BCVA, measured as ETDRS letter score) from base-
line [ 27 ]. 

 Findings from the MIVI-IIT trial demonstrated the 
 following [ 27 ]:
•    At 14 days after injection, total PVD was observed in 

16 % of all patients treated with ocriplasmin in the fi rst 3 
cohorts compared with 0 % of patients who received a 
sham injection in these same cohorts.  

•   On day 90, total PVD was observed in a higher proportion 
of patients in the 125 μg ocriplasmin group (third cohort) 
compared to the sham group ( P  = 0.046).  

•   In the cohort eligible to receive repeat injections (fourth 
cohort), 58 % of patients eventually achieved pharmaco-
logic resolution of VMA by study end.     

   3.  Safety and Effi cacy of Inducing PVD 
(MIVI-III) (TG-MV-003) 

 MIVI-III was a phase 2, multicenter, randomized, double- 
masked, placebo-controlled, dose-ranging clinical trial. The 
trial included 125 patients 18 years or older with VMT, 
including some with FTMH, who were scheduled to undergo 
vitrectomy. Patients were randomized 1:1:1:1 to receive a 
single intravitreal injection of 25, 75, or 125 μg ocriplasmin 
or placebo (Figure  VI.E.2-3 ) [ 24 ].

   The primary end point of MIVI-III was pharmacologic 
induction of total PVD by the scheduled beginning of sur-
gery. The study also assessed progression of PVD at 7 days 
after injection, the proportion of participants achieving phar-
macologic resolution of VMT, the proportion of patients 
achieving pharmacologic closure of FTMH, and the propor-
tion of patients with BCVA that increased from baseline 
(regardless of whether vitrectomy was performed) [ 24 ]. 

 Results of the MIVI-III trial [ 24 ] demonstrated several 
effi cacy points, including:
•    At the scheduled beginning of surgery, rates of total PVD 

increased in accordance with increasing doses of 
ocriplasmin.  

•   Higher doses of ocriplasmin were associated with greater 
rates of pharmacologic VMT resolution.  

•   Pharmacologic closure of FTMH was observed in a larger 
proportion of patients in the ocriplasmin group compared 
with placebo.  

•   By the end of the study (6 months), 17.0 % of patients 
treated with ocriplasmin (any dose) avoided vitrectomy 
compared to 3.2 % of those treated with placebo.  

•   Among patients who proceeded with scheduled vitrectomy, 
mean maximum suction and mean surgical time required to 

induce total PVD were less for patients who received an 
injection of ocriplasmin versus placebo. Results were con-
sistent with a potential dose-dependent effect, as increasing 
doses of ocriplasmin corresponded to greater reductions in 
mean maximum suction and mean surgical time.      

   C.  Phase 3 Trials 

   1.  Background and Study Design 
 The ocriplasmin phase 3 MIVI-TRUST program included 
the MIVI-006 and MIVI-007 trials, which were designed in 
collaboration with the FDA over a 5-month period after the 
completion of several phase 2 studies. These pivotal phase 3 
studies depended on the interpretation of data derived from 
OCT visualization and, as such, used a masked central read-
ing center (CRC) to ensure consistent interpretation of OCT 
readings and a data monitoring committee to oversee all 
safety aspects of the program. The resulting study design 
was implemented at major eye clinics across the United 
States and Europe. 

 MIVI-006 and MIVI-007 were multicenter, randomized, 
double-masked, placebo-controlled, 6-month studies designed 
to determine the safety and effi cacy of a single intravitreal 
injection of 125 μg ocriplasmin in patients with OCT-confi rmed 
VMA with associated symptomatology. The 2 trials were iden-
tical in design except for (1) the randomization of ocriplasmin 
to placebo (injection of same volume of saline), with an alloca-
tion ratio of 2:1 in MIVI-006 and 3:1 in MIVI-007, and (2) the 
geography of the study sites, with MIVI-006 conducted in the 
United States and MIVI-007 in the United States and European 

  Figure VI.E.2-3    Incidence of ocular adverse events in the phase 3 
MIVI-TRUST clinical trial program.  Bar graph  shows the proportion 
of patients in each treatment group that reported an ocular adverse event 
(by type) over the course of the phase 3 MIVI-TRUST clinical trial 
program. The proportion of patients who reported at least one ocular 
adverse event was 68.4 % in the ocriplasmin group and 53.5 % in the 
placebo group. Most reported ocular adverse events were transient and 
mild in severity.  Abbreviation :  IOP  intraocular pressure       
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Union. Total combined patient enrollment was 652 patients 
with VMT, including 153 with FTMH. All patients were ran-
domized to receive a single intravitreal injection of 125 μg ocri-
plasmin ( N  = 464) or placebo ( N  = 188). Participants were then 
examined for follow-up at days 7, 14, 28, 90, and 180 after 
injection (Figure  VI.E.2-1 ) [ 26 ]. 

 The primary effi cacy end point was the proportion of 
patients with pharmacologic resolution of VMA at 28 days 
after injection, as determined by masked CRC OCT evalua-
tion [ 26 ]. Patients who developed an anatomic defect (i.e., 
retinal break or retinal detachment) that resulted in loss of 
vision or that required additional intervention were not 
counted as success on the primary end point. 

 Secondary effi cacy end points included the following 
[ 26 ]:
•    Total PVD at 28 days after injection, as determined by 

masked investigator-certifi ed assessment of B-scan 
ultrasound  

•   Pharmacologic closure of FTMH  
•   Avoidance of vitrectomy  
•   Achievement of at least 2- or 3-line increase in BCVA 

(without vitrectomy)  
•   Improvement in mean BCVA ETDRS letter score  
•   Improvement in the 25-item Visual Function Questionnaire 

(VFQ-25) score (composite and subscales)     

   2.  Effi cacy Findings 
 The results of MIVI-006 and MIVI-007 were analyzed sepa-
rately and for the combined phase 3 population. Specifi c refer-
ences to data in the following discussion are derived from the 
combined analysis. Success on the primary effi cacy end point, 
pharmacologic resolution of VMA at 28 days after injection, 
was observed in a signifi cantly greater proportion of patients 
treated with ocriplasmin (26.5 %) versus placebo (10.1 %, 
 P  < 0.001) (Table  VI.E.2-2 ) [ 24 ]. Notably, most cases of phar-
macologic resolution occurred within 7 days of injection. 
Among those in the ocriplasmin group with pharmacologic 
resolution of VMA at day 28, 73 % had already achieved reso-
lution by 7 days after injection (Figure  VI.E.2-2 ). The area of 
vitreous attachment appears to be an important factor in the 
achievement of successful anatomic outcomes after treatment 
with ocriplasmin. Pharmacologic resolution of VMA at day 
28 was observed in more than twice the proportion of patients 
with focal VMA (diameter ≤1,500 microns) when treated 
with ocriplasmin (34.7 %) compared with placebo (14.6 %, 
 P  < 0.001). For patients with broad VMA (diameter >1,500 
microns), pharmacologic resolution of VMA at day 28 
occurred in only 5.9 % of patients treated with ocriplasmin 
and none in the placebo group ( P  = 0.113) [ 28 ].

   Success on all secondary end points was observed in 
larger proportions of the ocriplasmin group compared with 
placebo in the combined analysis of both trials 
(Table  VI.E.2-2 ). Total PVD at day 28 after injection was 

observed in a signifi cantly larger proportion of the ocriplas-
min group (13.4 %) compared with the placebo group (3.7 %, 
 P  < 0.001). Pharmacologic closure of FTMH at day 28 also 
occurred at a higher rate among patients treated with ocri-
plasmin (40.6 %) versus placebo (10.6 %,  P  < 0.001) [ 26 ]. 
This effect of ocriplasmin on closure of FTMH was also 
deemed to be rapid, being observed by day 7 in almost 70 % 
of patients who achieved this outcome at day 28. The rate of 
pharmacologic closure of FTMH differed according to the 
size of the hole at baseline. Small holes (narrowest linear 
width ≤250 microns, not counting the inner limiting mem-
brane) had the highest rates of pharmacologic closure of 
FTMH at day 28 after treatment with ocriplasmin (58.3 % 
versus 16.0 % in the placebo group,  P  < 0.001). Pharmacologic 
closure of FTMH at day 28 was observed at lower rates in 
both treatment groups among patients with medium holes 
(>250 to ≤400 microns) but was still higher after treatment 
with ocriplasmin (36.8 %) versus placebo (5.3 %,  P  = 0.009). 
Patients with large holes (>400 microns) were excluded from 
the study based on predefi ned exclusion criteria; however, 22 
patients with large holes at baseline were inadvertently 
enrolled in the study. None of these patients, in either group, 
had pharmacologic closure of FTMH at day 28 [ 26 ,  28 ]. 

 A subgroup analysis was performed to analyze the effi -
cacy of ocriplasmin in patients with or without presence of an 
epiretinal (“premacular” is the preferred term) membrane 
(ERM) with macular pucker at baseline. Among patients with 
a premacular ERM at baseline, only 8.7 % of those treated 
with ocriplasmin had pharmacologic resolution of VMA at 
day 28. Despite this low rate, success was still higher after 
treatment with ocriplasmin when compared with placebo 
(1.5 %,  P  = 0.046). Rates of successful VMA resolution were 
higher in both treatment groups among patients who did not 
have a premacular ERM at baseline. Primary end point suc-
cess was observed in 37.4 % of the ocriplasmin group versus 
14.3 % of the placebo group ( P  < 0.001) [ 26 ,  29 ]. Analysis of 
post-marketing injections, excluding patients with concomi-
tant ERM showed VMT success rates of up to 78 %. 

 Vitrectomy by the end of study was required less often in 
the ocriplasmin group (17.7 %) compared to the placebo group 
(26.6 %), suggesting that the availability of ocriplasmin as a 
treatment option for VMA-associated disorders of the VMI 
may help to reduce the overall surgical volume [ 26 ]. In patients 
with FTMH at baseline who ended up requiring vitrectomy, 
the rate of postoperative hole closure remained high and was 
nearly the same for patients treated with ocriplasmin (93.1 %) 
and those receiving placebo (92.3 %), suggesting that treat-
ment with ocriplasmin before surgery does not hinder the 
chances of achieving anatomic success after surgery [ 28 ]. 

 Treatment with ocriplasmin was also associated with 
promising visual outcomes. The mean change in BCVA from 
baseline was higher in the ocriplasmin group (+3.6 letters) 
versus placebo (+2.5 letters), and the achievement ≥2 or 3 
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lines BCVA from baseline was observed in larger propor-
tions of the ocriplasmin group (28.0 % ≥2 lines and 12.3 % 
≥3 lines) compared to the placebo group (17.1 % ≥2 lines 
and 6.4 % ≥3 lines) [ 26 ,  28 ]. 

 Analysis of the VFQ-25 results indicated that treatment 
with ocriplasmin also led to signifi cant improvements in 
visual function and vision-related quality of life. Mean 
improvement from baseline in the overall VFQ-25 compos-
ite score was higher in the ocriplasmin group (3.4) compared 
to the placebo group (0.7,  P  = 0.007). Individual VFQ-25 
subscales that showed signifi cant improvement in patients 
treated with ocriplasmin versus placebo included general 
vision ( P  = 0.006), distance vision ( P  = 0.03), dependency 
( P  = 0.009), and driving ( P  = 0.03) [ 26 ].  

   3.  Safety Findings 
 Findings from the phase 3 MIVI-TRUST trials showed that 
ocriplasmin was well tolerated and that most suspected drug- 
related adverse events were nonserious, transient, and mild 
in severity. The percentage of patients experiencing at least 
one ocular adverse event was 68.4 % in the ocriplasmin 
group and 53.5 % in the placebo group. Common ocular 
adverse events included vitreous fl oaters (16.8 % ocriplas-
min versus 7.5 % placebo), conjunctival hemorrhage (14.6 % 
versus 12.8 %), injection-related eye pain (13.5 % versus 
5.9 %), photopsia (11.8 % versus 2.7 %), blurred vision 
(8.6 % versus 3.2 %), cataract (5.6 % versus 9.1 %), visual 

impairment (5.4 % versus 1.6 %), and intraocular pressure 
increase (3.9 % versus 5.3 %) (Figure  VI.E.2-3 ). Most 
adverse events were of mild or moderate intensity and 
reported between days 0 and 7 after injection. The overall 
incidence of serious ocular adverse events in the study eye 
was higher in the placebo group (7.7 %) than the ocriplasmin 
group (10.7 %) [ 26 ]. 

 Only three non-ocular adverse events were reported by at 
least 2 % of the study population. These included nausea, 
bronchitis, and headache. With the exception of nausea, the 
incidence of each of these adverse events was similar 
between the ocriplasmin and placebo groups. Overall, the 
non-ocular events reported during these clinical studies were 
consistent with an elderly population with underlying medi-
cal conditions followed for a 6- to 12-month period [ 26 ]. 

 Most cases of retinal breaks (tears and/or detachments) 
were iatrogenic. The incidence of nonsurgical retinal breaks 
was 0.4 % in the ocriplasmin group (2 cases) and 0.5 % in the 
placebo group (1 case). All nonsurgical breaks were success-
fully corrected after vitrectomy [ 28 ]. 

 Cataract progression was observed in similar proportion 
of phakic eyes in the ocriplasmin (8.2 %) and placebo 
(11.9 %) groups. These rates were lower in patients who did 
not require vitrectomy by the end of study (4.8 % ocriplas-
min versus 5.2 % placebo) [ 26 ]. 

 No cases of endophthalmitis were reported in any of the 
phase 2 and phase 3 trials [ 24 – 27 ].    

    Table VI.E.2-2    Summary of effi cacy fi ndings from the ocriplasmin phase III MIVI-TRUST program (MIVI-VI, MIVI-VII, and combined 
analysis)   

 End point  Study  Ocriplasmin 125 μg, %  Placebo, %   p  value 
 Pharmacologic resolution of VMA, day 28  MIVI-VI  27.9  13.1  0.003 

 MIVI-VII  25.3  6.2  <0.001 
 Combined analysis  26.5  10.1  <0.001 

 Pharmacologic inducement of total PVD, day 28  MIVI-VI  16.4  6.5  0.010 
 MIVI-VII  10.6  0.0  <0.001 
 Combined analysis  13.4  3.7  <0.001 

 Pharmacologic closure of FTMH, day 28  MIVI-VI  43.9  12.5  0.002 
 MIVI-VII  36.7  6.7  0.030 
 Combined analysis  40.6  10.6  <0.001 

 Need for vitrectomy, month 6  MIVI-VI  20.5  29.0  0.100 
 MIVI-VII  15.1  23.5  0.090 
 Combined analysis  17.7  26.6  0.020 

 Achievement of ≥2-line BCVA increase, month 6 (without vitrectomy)  MIVI-VI  25.6  11.2  0.002 
 MIVI-VII  22.0  11.1  0.035 
 Combined analysis  23.7  11.2  <0.001 

 Achievement of ≥3-line BCVA increase, month 6 (without vitrectomy)  MIVI-VI  10.5  6.5  0.310 
 MIVI-VII  9.0  0.0  0.002 
 Combined analysis  9.7  3.7  0.008 

 Mean change in VFQ-25 composite score, month 6  MIVI-VI  +3.5  +1.2  0.094 
 MIVI-VII  +3.3  −0.1  0.013 
 Combined analysis  +3.4  +0.7  0.004 

   Abbreviations :  BCVA  best-corrected visual acuity,  FTMH  full-thickness macular hole,  PVD  posterior vitreous detachment,  VMA  vitreomacular 
adhesion,  VFQ - 25  25-item Visual Function Questionnaire  
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   III.  Phase 2 Trials of Ocriplasmin in Patients 
with VMA and Concomitant Retinal 
Disease 

 The phase 3 trials were designed to address the effectiveness 
of ocriplasmin in patients with isolated VMA and associated 
symptomatology. Enrollment criteria excluded patients with 
the presence of concomitant retinal diseases known to affect 
visual function, including proliferative diabetic retinopathy, 
exudative age-related macular degeneration (AMD), and 
retinal vein occlusion [ 26 ]. To date, there are two studies in 
the ocriplasmin clinical trial program to address effi cacy and 
safety of ocriplasmin in patients with VMA and concomitant 
retinal disease: MIVI-II-DME and MIVI-V. 

   A.  Diabetic Macular Edema [MIVI-II-DME 
(TG-MV-002)] 

 Diabetes has signifi cant biochemical, structural, and physi-
ologic effects upon the vitreous [see chapter   I.E    . Diabetic 
vitreopathy]. The role of vitreous in diabetic macular edema 
(DME) specifi cally is discussed in chapter   III.K    . [Vitreous in 
retino-vascular diseases and diabetic macular edema].With 
this knowledge, ocriplasmin pharmacologic vitreolysis was 
tested in this clinical setting. MIVI-II-DME was a multi-
center, randomized, double-masked, sham-controlled, 
ascending-dose trial. Sixty patients with VMA and concomi-
tant advanced diabetic macular edema (DME) were assigned 
to 1 of 3 cohorts and, within each cohort, randomized 3:1 to 
receive a single intravitreal injection of ocriplasmin or sham 
treatment. Patients randomized to the ocriplasmin group in 
the fi rst cohort received a single 25 μg dose. Corresponding 
patients in the second and third cohorts received 75 and 
125 μg doses, respectively. Patients in the fi rst or second 
cohort were eligible to receive an additional injection at the 
next-highest dose if the investigator deemed necessary and 
safety of the fi rst dose had been demonstrated [ 28 ]. 

 The primary end point was total PVD at day 14 after 
injection. The study is complete but data are not yet pub-
lished [ 28 ].  

   B.  Age-Related Macular Degeneration 
[MIVI-V (TG-MV-005)] 

 The vitreous may play an important role in the pathogenesis 
of exudative age-related macular degeneration [see chapter 
  III.G    . Vitreous in AMD]. Thus, a clinical trial was under-
taken to test the hypothesis that ocriplasmin pharmacologic 
vitreolysis can induce an innocuous PVD and that this will 
have salubrious effects on the course of the disease. This 
phase 2 study was a multicenter, randomized, double- 

masked, sham-controlled trial. One hundred patients with 
VMA and concomitant exudative AMD were randomized 
3:1 to receive a single intravitreal injection of 125 μg ocri-
plasmin or sham treatment. To qualify for enrollment, pri-
mary or recurrent subfoveal choroidal neovascularization 
covering at least half of the total lesion area must have been 
present in the study eye at baseline. In addition, the study eye 
needed to have previously received at least three injections of 
bevacizumab and/or ranibizumab. Eyes that had previously 
undergone vitrectomy or received more than nine injections 
of bevacizumab and/or ranibizumab were excluded [ 28 ]. 

 Patients were assessed on the day of injection and at days 
7, 14, and 28 and months 3, 6, and 12 after injection. The 
primary end point was pharmacologic resolution of VMA at 
day 28 after injection. Selected secondary end points 
included resolution of VMA at all other study visits, PVD 
status, macular thickness, area of vascular leakage, change in 
visual acuity (ETDRS letters) from baseline, requirement for 
additional therapy, and number of bevacizumab and/or 
ranibizumab injections required over the course of study. 
The study is complete but data are not yet published [ 28 ].   

   Conclusions 

 Twelve studies comprise the ocriplasmin clinical trial 
program to date, including eight phase 2 studies, two 
phase 3 studies, and two phase 3b studies, with the pivotal 
phase 3 MIVI-TRUST program demonstrating effi cacy 
and safety of a single intravitreal injection of ocriplasmin 
for the treatment of patients with symptomatic VMA or 
VMT including when associated with macular hole of 
diameter less than or equal to 400 microns. MIVI-II-DME 
and MIVI-V are phase 2 studies that have been completed 
with ongoing data analysis that may soon show effi cacy 
of ocriplasmin in the treatment of patients with VMT and 
concomitant retinal diseases, such as DME and exudative 
AMD. Ocriplasmin was well tolerated in all clinical stud-
ies to date, and no cases of endophthalmitis have been 
reported thus far. The approval of ocriplasmin by the FDA 
and the EMA means that vitreoretinal specialists now 
have a pharmacologic option for appropriate patient types 
who may benefi t from early intervention but do not yet 
have symptoms that are suffi ciently severe to warrant the 
risks and burden of vitrectomy. Successful anatomic out-
comes, such as resolution of VMA or closure of macular 
hole, were associated with successful visual outcomes. 
Patient-reported visual function and related quality-of- 
life scores were higher in patients after treatment with 
ocriplasmin compared to placebo, with improvements 
specifi cally noted in general vision, distance vision, 
vision- related dependency, and driving capabilities. 

 Many questions remain, and future studies are needed 
to determine whether ocriplasmin is a safe and effective 
treatment option for pediatric patients with VMI  disorders, 
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whether administration of multiple doses over defi ned 
intervals is safe and effective for the treatment of resistant 
cases, and whether injection of ocriplasmin before sur-
gery can function as an adjunct that improves postopera-
tive outcomes. The role of patient selection in ocriplasmin 
treatment outcomes has yet to be fully explored, and a 
greater understanding of features that may predict 
response can help physicians choose the most appropriate 
treatment strategy for each unique case [ 30 ].    
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term) membrane   
  FDA    Food and Drug Administration (USA)   
  FTMH    Full-thickness macular hole   
  OCT    Optical coherence tomography   
  PVD    Posterior vitreous detachment   
  sVMA    Symptomatic vitreomacular adhesion   
  VFQ    Visual Function Questionnaire   
  VMA    Vitreomacular adhesion   
  VMI    Vitreomacular interface   
  VMT    Vitreomacular traction    
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   I.  Introduction 

 Hyaluronan (HA) is a member of the glycosaminoglycan 
(GAG) family of polysaccharides, which are composed of 
repeating disaccharide units, each consisting of hexosamine 
(usually  N -acetylglucosamine or  N -acetylgalactosamine) 
glycosidically linked to either uronic (glucuronic or idu-
ronic) acid or galactose. The nature of the predominant 
repeating unit is characteristic for each GAG, and the relative 
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 Key Concepts 

     1.    Hyaluronidase is a vitreous liquefactant with rapid 
onset and short duration of action. Within 3 days, 
the bulk of the activity is gone.   

   2.    Ovine hyaluronidase and most formulations puri-
fi ed from animal material cause infl ammation. This 
does not seem to be the case with human recombi-
nant hyaluronidase rHuPH20, but this formulation 
has not been tested in eyes.   

   3.    Intravitreal injection of ovine testicular hyaluroni-
dase cleared vitreous hemorrhage in humans, but 
the clinical effect was insuffi cient to warrant FDA 
approval for this indication.   

   4.    Excluding infl ammation, hyaluronidase injections 
in humans were well tolerated with no signifi cant 
differences from vehicle placebo injections regard-
ing the incidence of retinal detachment or lenticular 
changes.     
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amount, molecular size, and type of GAG are said to be 
 tissue specifi c. GAGs do not normally occur  in vivo  as free 
polymers but are covalently linked to a protein core, the 
ensemble called a proteoglycan [see chapter   I.F    . Vitreous 
biochemistry and artifi cial vitreous]. HA is a GAG that plays 
an important role as a structural macromolecule in the vitre-
ous. HA is a long, unbranched polymer of the repeating 
disaccharide glucuronic acid beta 1,3  N -acetylglucosamine, 
linked by beta l,4 bonds. Its interactions with collagen and 
other molecular components of the vitreous account for the 
gel state of the transparent extracellular matrix that is the 
vitreous [see chapter   I.F    . Vitreous biochemistry and artifi cial 
vitreous], although HA does not likely play a role in mediat-
ing vitreoretinal adhesion [see chapter   II.E    . Vitreo-retinal 
interface and ILM]. 

 All three forms of human hyaluronidases are capable of 
degrading hyaluronan and to a lesser extent chondroitin, two 
major components of the vitreous matrix [ 7 ,  33 ]. They have 
a number of natural biologic functions including fertiliza-
tion, preserving mobility in human body tissues, and also 
enhancing pathologic processes such as bacterial virulence 
and the spread of cancer cells [ 14 ,  27 ]. Vertebrate hyaluroni-
dases share considerable homology, and the testis provides 
an easy source of one of the most commonly used hyaluroni-
dases (PH20) in experimental and clinical settings. 

 Bovine hyaluronidase has been widely used in ophthal-
mology to facilitate the periocular dispersal of anesthetic 
agents injected into the retrobulbar space. As initially reported 
by Foulds, hyaluronidase induces signifi cant vitreous lique-
faction [see chapter   VI.B    . The history of pharmacologic vit-
reolysis]. Therefore, testicular hyaluronidase was tested and 
developed as a vitreous liquefactant. Following preclinical 
studies that demonstrated effi cacy in animal models, clinical 
studies were undertaken, including a phase 3 trial to assess its 
clinical potential in accelerating the clearance of vitreous 
hemorrhage [ 11 ,  15 ,  20 ,  21 ]. While ovine testicular hyaluron-
idase was able to clear vitreous hemorrhage more rapidly 
than saline, the phase 3 results did not provide suffi cient evi-
dence to demonstrate effi cacy and to warrant approval as a 
commercial product. Vitrase® is currently used as a spreading 
agent mainly in dermatology and esthetic surgery [ 22 ].  

   II.  Mechanism of Action 
and Pharmacodynamics 

   A.  Hyaluronidase Enzyme Activity 

 Hyaluronidase cleaves β1,4 glycosaminidic bonds (between 
glucosamine and glucuronic acid) within hyaluronan in 
a random catalytic attack along the glycosaminoglycan 
chain [ 23 ]. A similar mechanism is probably operative 
upon chondroitin but is only effi cient in regions of limited 

or low  sulfation. The kinetics of hyaluronan hydroxylation 
by  testicular hyaluronidase has been studied  in vitro  [ 1 ]. In 
low concentrations, the kinetics follows a Michaelis-Menten 
behavior, but as the concentration or viscosity of solution 
increases, a nonlinear model applies in which electrostatic 
charges, viscosity, and steric orientation play an increasing 
role. Half- life in the eye is between 60 and 112 h based on 
preclinical studies carried out in rabbits using radio-labeled 
Vitrase® (ovine testicular hyaluronidase) [ 5 ,  20 ]. In the skin, 
the duration of action has been demonstrated to be between 
24 and 48 h [ 6 ,  22 ]. 

 Some of the breakdown products from the hydrolysis of 
hyaluronan can cause infl ammation [ 33 ]. In studies carried out 
using Vitrase in Dutch-belted rabbits, vitreous haze and fl uffy 
white deposits were frequently seen between day 4 and day 28 
postinjection [ 5 ]. On histologic examination, cellular infi l-
trates were seen consisting of activated macrophages, T- and 
B-lymphocytes. They were most numerous between day 4 and 
15 and subsequently decreased. Similar fi ndings were 
observed in cynomolgus monkeys. Repeat injections of Vitrase 
given at 4-week intervals after the initial injection led to the 
reemergence of the infl ammatory response which was more 
intense and prolonged. By the third such injection the infl am-
mation persisted for 45 days with several animals (5 of 8 ani-
mals) developing vitreous membranes and/or retinal 
detachments. The putative mechanism for this infl ammation is 
thought to arise through the hyaluronan receptor CD44 and/or 
TLR2 and TLR4 or possibly the presence of protein contami-
nants left after the purifi cation process [ 2 ,  25 ].  

   B.  Biological Activity 

 Hyaluronidase causes signifi cant vitreous liquefaction and has 
a rapid onset. Foulds et al. studied the diffusion of  3 H 2 O in 
eyes treated with hyaluronidase or saline. He reported that 
after 60 min, the rabbit’s vitreous was diffi cult to handle 
because it contained considerable fl uid [ 11 ]. Boruchoff 
reported that this effect reached its peak within a few days and 
the effect was sustained for a month, as eyes harvested at 4 or 
30 days after mid-vitreous injection of hyaluronidase where 
hydrolyzed to a similar extent [ 3 ]. Compared to plasmin 
enzyme and chondroitinase, the degree of liquefaction per unit 
time is higher with hyaluronidase, but this difference is not 
statistically signifi cant [ 32 ]. On the other hand, less retinal 
damage is noted with hyaluronidase (100 U) as compared to 
the other enzymes tested using an ex vivo porcine model. A 
3-h incubation with 1,000 U of hyaluronidase leads to a 20 % 
reduction in vitreous weight as compared to a 9 % increase in 
eyes injected with an equivalent volume of saline [ 32 ]. 

 Since hyaluronan has a considerable effect upon the resis-
tance to fl ow of solutes and cells through connective tissues 
[ 9 ,  26 ], it was felt that altering this property offered an 
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opportunity for pharmacologic vitreolysis in various clinical 
settings. In particular, the absence of signifi cant fi brinolytic 
activity and the macromolecular structure of the vitreous, 
which is rich in mucopolysaccharides, signifi cantly delays 
reabsorption of blood [ 8 ,  10 ,  24 ]. Breakdown of hyaluronan 
accelerates the clearance of both large and small molecules 
including water [ 4 ,  11 ]. Thus, it was felt that clearance of 
vitreous hemorrhage could be enhanced with the introduc-
tion of hyaluronidase, as was fi rst proposed in 1950 by von 
Sallmann [ 34 ]. Indeed, studies in animal models showed that 

ovine testicular hyaluronidase induced effi cient clearance of 
blood from the vitreous body of rabbits [ 13 ]. In this model, 
visualization of the posterior pole was not possible after the 
introduction of blood into the vitreous body. Within 1 month 
of hyaluronidase injection, most rabbit eyes could be exam-
ined in all but 1 quadrant (Figure  VI.F-1 ). By 8 weeks, all 
eyes were cleared of vitreous hemorrhage. Interestingly, 
none had developed a posterior vitreous detachment (PVD), 
consistent with the lack of an interfactant effect by hyaluron-
idase [see chapter   VI.A    . Pharmacologic vitreolysis].

  Figure VI.F-1    Presence of residual vitreous hemorrhage per quadrant examined by indirect ophthalmoscopy (20 D lens) ( error bars  represent 
2 SD)       
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   Despite its impressive liquefactant abilities, hyaluroni-
dase is limited in its capacity to induce a PVD [ 13 ,  17 ], most 
likely because HA does not play an important role in pro-
moting vitreoretinal adhesion [see chapter   II.E    . Vitreo-retinal 
interface and inner limiting membrane]. It is possible that its 
potent liquefactant properties combined with its inability to 
weaken the vitreoretinal interface leaves an insuffi cient cen-
tral support to exert mechanical traction on the posterior vit-
reous cortex as is required to induce a PVD. For a PVD to 
occur, one needs to increase vitreoretinal traction in conjunc-
tion with the injection of hyaluronidase such as can be pro-
vided by a perfl uorinated gas [ 18 ]. Alternatively, time may 
weaken the interface by repeat ocular movements leading to 
a PVD in 5 or more weeks following injection [ 16 ]. Similar 
results were observed in a clinical setting.   

   III.  Clinical Experience 

   A.  Study Design 

 Ovine testicular hyaluronidase (Vitrase®) was tested in two 
phase 3 trials. In the US trial, patients were randomly 
assigned to either an intravitreal injection of Vitrase® (7.5, 
55, or 75 IU) or a saline control injection [ 21 ]. In the ex-US 
trial, only 55 and 75 IU units of Vitrase® were compared to a 
saline injection. A pooled analysis of results was conducted 
on 1,125 patients having received an injection of saline or 
Vitrase® at a dose of 55 or 75 IU. Clinical assessments were 
carried out at day 1, week 1, and months 1, 2, and 3. Safety 
was assessed during the clinical visits and then at month 6 
and every 6 months thereafter. The primary effi cacy endpoint 
was defi ned as clearance of vitreous hemorrhage suffi cient to 
see the underlying pathology and to complete treatment, 
when indicated, by the month 3 visit. Secondary endpoints 
included 3-line improvement in best-corrected visual acuity 
(BCVA), reduction of vitreous hemorrhage density, and a 
clinical assessment of medical utility by the attending 
ophthalmologist.  

   B. Results 

 The results of the trial were as follows: a total of 330 
(90.4 %), 355 (94.2 %), and 361 (94.3 %) patients in the 55, 
75 IU, and saline groups, respectively, completed the month 
3 visit. Baseline characteristics were similar between the two 
studies. A statistically signifi cant proportion of patients in 
the 55 IU dose group achieved the primary effi cacy endpoint 
by months 1 and 2 (adjusted  P -value:  P  = 0.001 and  P  = 0.002, 
respectively). By month 2, 25.5 % of patients treated with 
55 IU and 21.2 % of patients treated with 75 IU achieved the 
primary endpoint compared with 16.2 % in the saline group 

( P  = 0.002,  P  = 0.083). Similarly, the primary endpoint was 
statistically signifi cant by month 3 for patients in the 55 IU 
group (32.9 %,) compared with the saline group (25.6 %) 
with a  P  = 0.025. The 75 IU group did not reach statistical 
signifi cance at this time point compared with saline: 30.5 % 
versus 25.6 %,  P  = 0.144. 

 Vision improvement by 3 lines paralleled these results. 
By month 1, 30.7 and 27.9 % of patients in the 55 and 75 IU 
groups, respectively, had a 3-line or greater improvement in 
BCVA compared with 20.1 % of patients in the saline group 
( P  = 0.001 and  P  = 0.013, respectively, vs saline). For patients 
in the 55 and 75 IU groups, improvement in BCVA of at least 
3 lines by month 2 was achieved for 41.1 and 38.2 % of 
patients, respectively, compared with 27.4 % of patients in 
the saline group ( P  = 0.001 and  P  = 0.002). By month 3, 
44.9 % (55 IU) and 43.5 % (75 IU) of patients had at least a 
3-line improvement in BCVA compared with 34.5 % of 
patients in the saline group ( P  = 0.004 and  P  = 0.011). 

 Investigator-graded reduction in vitreous hemorrhage 
showed a statistically signifi cant difference compared to the 
saline group for both the 55 IU and the 75 IU at months 1, 2, 
and 3. By month 3, 38.6 % (55 IU) and 38.2 % (75 IU) of 
patients compared with 28.5 % of patients in the saline group 
attained a reduction in vitreous hemorrhage versus saline 
( P  = 0.003 and  P  = 0.005, respectively). The clinical assess-
ment of therapeutic utility (clearance of hemorrhage suffi cient 
to diagnose the underlying pathology) paralleled these results.  

   C.  Complications 

 Among the safety parameters followed in the course of this 
study, iritis was the most common ocular adverse event, 
occurring in 33.3, 62.1, 58.9, and 62.1 % of the saline group, 
7.5, 55, and 75 IU treated subjects [ 20 ]. In eyes with moder-
ate to severe iritis, a dose response was observed: 8.0, 20.2, 
33.7, and 39.7 % of saline, 7.5, 55, and 75 IU treated sub-
jects, respectively. A transient noninfectious hypopyon was 
seen in 0, 0.5, 1.6, and 5.4 % of patients given saline, 7.5, 55, 
and 75 IU, respectively. These were not associated with pain, 
hyperemia, and chemosis. They cleared spontaneously. As 
indicated above, the presence of transient infl ammation may 
be a sign of therapeutic effect. Unfortunately, no analysis 
was carried out to correlate the presence of an infl ammatory 
response with the rate of therapeutic success. A number of 
patients reported transient eye pain or discomfort following 
the injection (22–41 %). This was not dose related and 
reported in 22–29 % of control eyes. Retinal detachments 
(RD) were reported in 9.5 % of study eyes: 26 (6.9 %), 22 
(11.1 %), 35 (9.3 %), and 45 (11.5 %) in the saline group, 
7.5, 55, and 75 IU treated subjects. Most were tractional in 
nature and likely related to the underlying disease process 
rather than the injection of the drug. Overall, 1.8 % of study 
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eyes had rhegmatogenous RD: 1.1, 2.5, 1.6, and 2.3 % of the 
saline group, 7.5, 55, and 75 IU treated subjects. Over 90 % 
of these developed within the fi rst 30 days following the 
injection of Vitrase™ or saline.  

   D.  Conclusions 

 When the data was reviewed by the FDA, the safety/effi cacy 
profi le for Vitrase® was inadequate to support approval of the 
drug for the treatment of vitreous hemorrhage. The natural 
history of vitreous hemorrhage is such that the majority of 
patients clear within 3–4 months. The increased risk of reti-
nal complications from watchful waiting was not felt to war-
rant the early use of this drug in patients with vitreous 
hemorrhage. Nevertheless, Vitrase® (hyaluronidase injec-
tion) ovine, 200 USP units/mL, is indicated as an adjuvant to 
increase the absorption and dispersion of other injected 
drugs, for hypodermoclysis, and as an adjunct in subcutane-
ous urography for improving resorption of radiopaque agents 
(Valeant/Bausch + Lomb).   

   IV.  Future Directions and Applications 

 Experimental data has shown that hyaluronidase is a power-
ful liquefactant. However, the clinical effect in humans and 
animals was associated with some ocular infl ammation. 
While the infl ammation may be inherent to the action of 
hyaluronidase, it is also possible that it is the result of by- 
products remaining in the preparation following the purifi ca-
tion process. Human recombinant hyaluronidase (rHuPH20) 
has been developed since the Vitrase® trial and has been 
found to be particularly well tolerated, as it is currently used 
in a number of subcutaneous drug delivery systems. Repeat 
subcutaneous administration at doses up to 38,800 U over 
28 days did not lead to the development of a cellular or 
humoral response [ 2 ,  12 ]. Periocular administration was also 
free of infl ammation. rHuPH20 might be a better choice for 
intraocular use both to disperse vitreous hemorrhage or 
opacities and as an adjunct to pharmacologic vitreolysis with 
an interfactant in combination therapy [ 29 ]. 

 Pharmacologic vitreolysis requires both liquefaction of 
the vitreous as well as separation of the posterior vitreous cor-
tex (PVD) [ 28 ,  30 ]. As discussed in the chapter on ocriplas-
min [see chapter   VI.E.2    . Pharmacologic vitreolysis with 
ocriplasmin – clinical studies], a PVD is achieved in about  ⅓ 
of patients overall. Combining hyaluronidase and plasmin 
enzyme was shown in a diabetic rat model to signifi cantly 
enhance the incidence of a PVD, which also appeared earlier 
than after single-agent administration: 1 week versus 1 month 
[ 35 ,  36 ]. The authors postulated that the improved perfor-
mance of the combined therapy was a result of  hyaluronidase 

facilitating the diffusion of plasmin to the  interface between 
the retina and the vitreous. An alternative explanation sug-
gests that the hyaluronidase was a more effective agent at 
causing vitreous liquefaction—a prerequisite for an effi cient 
PVD. Indeed, the combination of hyaluronidase with perfl uo-
ropropane is also capable of inducing a PVD [ 18 ]. 

 The treatment of vitreous fl oaters is a subject receiving 
increasing attention. Current treatment modalities include 
the use of a Nd:YAG laser or vitrectomy. In a recent paper, 
Sebag has achieved excellent results without the induction of 
a PVD at the time of surgery and limiting the vitreous aspira-
tion to the central vitreous [ 31 ]. The use of a liquefactant in 
this particular setting, particularly if it is noninfl ammatory, 
might in the future become an acceptable alternative but will 
require signifi cant development. 

 Finally, it is worth remembering that bovine hyaluroni-
dase was widely used in ophthalmology to facilitate the peri-
ocular dispersion of anesthesia. It may also enhance the 
transscleral penetration of drugs such as dexamethasone 
[ 19 ]. With the availability of rHuPH20 or newer compounds 
that can minimize the infl ammatory response previously 
seen, it may be time to reexplore its use in enhancing exter-
nal drug delivery to the eye.    
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 Key Concepts 

     1.    Dispase degrades type IV collagen, a major compo-
nent of the inner limiting membrane of the retina, 
and fi bronectin. It thus has selective action at the 
vitreoretinal interface as an interfactant with little 
effect as a liquefactant of the gel vitreous.   

   2.    Previous crude enzyme preparations contained raw 
bacterial contaminants that have been eliminated in 
the purifi ed form of Vitreolysin™, effective in pico-
molar concentrations without retinal toxicity.   

   3.    Dispase is able to induce PVD without signifi cant 
risks of retinal tears and detachment.     
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   I.  Introduction 

 Vitreolysin™ is a purifi ed 35.9 kDa extracellular neutral pro-
tease produced by  Paenibacillus polymyxa . It can selectively 
cleave the attachment of the posterior vitreous cortex from 
the inner limiting membrane (ILM) due to its high affi nity 
for type IV collagen and fi bronectin, which contributes to the 
attachment between these two structures [see chapter   II.E    . 
Vitreo-retinal interface and inner limiting membrane]. The 
low affi nity of Vitreolysin™ for vitreous type II collagen 
allows it to induce a posterior vitreous detachment (PVD) 
without disrupting the delicate macromolecular structure of 
the vitreous (Figure  VI.G-1 ). This  direct  enzymatic action on 
the posterior vitreous cortex-ILM interface prevents vitreous 
liquefaction and resultant vitreoretinal traction which is a 
common way of PVD induction for many  indirectly  acting 
enzymes [ 1 ]. There are several other advantages of 
Vitreolysin™, such as lack of a known natural inhibitor, 
which insures reliable enzymatic activity even in complex 
vitreoretinal diseases where several enzyme inhibitors within 

the serum may leak into the eye. Vitreolysin™’s activity can 
be quenched by its own titratable autolysis, which ensures a 
fi ne control on its degradation and removal. Vitreolysin™ is 
a highly stable molecule with a long shelf life in lyophilized 
form. Early preclinical studies also revealed high rates (80–
100 %) of PVD induction at picomolar concentrations.

   The crude form of the  Paenibacillus polymyxa  extract 
(Dispase®, Gibco, Invitrogen, Grand Island, NY) has been 
available for many years and has been used for cell harvesting 
and tissue culture purposes. This product contains minute 
amounts of the active enzyme but high amounts of bacterial 
debris and endotoxin. Although initial  in vitro  and  ex vivo  
studies for PVD induction were conducted using this crude 
extract, its  in vivo  use was limited due to a high endotoxin 
content. Efforts to purify the active enzyme have recently been 
fi nalized, and studies to develop it as a pharmacologic vitre-
olysis [ 2 ,  3 ] agent for PVD induction are currently under way.  

   II.  Chemistry and Mechanism of Action 

   A.  Substrate Specifi city 

 Vitreolysin™ is the purifi ed form of the 35.9 kDa neutral 
amino-endopeptidase produced by  Paenibacillus polymyxa  
(Protein Accession Number: P29148.1;   http://www.ncbi.
nlm.nih.gov/protein/P29148    ). This exoenzyme has a sub-
strate specifi city to two major components of the inner 
 limiting membrane-posterior vitreous cortex interface: fi bro-
nectin and collagen type IV. It also exerts a negligible effect 
on collagen I; however, it does not cleave collagen type II, V, 
elastin, or laminin [ 4 ]. Vitreolysin™ hydrolyzes the 
N-terminal peptide bonds of hydrophobic amino acid resi-
dues, such as alanine, valine, leucine, isoleucine, proline, 
and phenylalanine, and, thus, can selectively act on exposed 
nonpolar residues of amphiphilic basement membrane pro-
teins.  Paenibacillus polymyxa  secretes this neutral protease 
to degrade extracellular proteins and peptides for nutrition, 
particularly prior to sporulation.  

   B.  Structure 

 Vitreolysin™ is a product of the  npr  gene (GenBank Accession 
Number: GenBank: D00861.1) which spans 2.4 Kbp and con-
tains one large open reading frame composed of 1,770 bp 
(  http://www.ncbi.nlm.nih.gov/nuccore/216307)     [ 5 ]. It is syn-
thesized as a preproenzyme composed of 590 amino acids and 
becomes active after the cleavage of the 264 amino acid long 
autoinhibitory pro-sequence which also assists in the folding 
of the protein. The fi rst 23 amino acids at the N-terminal serve 
as a signal sequence for secretion and target the remaining 303 
amino acid long active enzyme for exocytosis. The amino acid 

  Figure VI.G-1    Two weeks after the injection of 0.05 units of 
Vitreolysin™ into the domestic pig’s eye, the animal was sacrifi ced and 
the globe was enucleated. Removal of the anterior segment reveals a 
complete PVD. Note that vitreous structure was not disrupted; however, 
strong vitreoretinal adhesions were released       
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composition of Vitreolysin™ does not resemble any other 
 Bacillus  proteases but reveals some homology (54.8 %) with 
 Bacillus  neutral metalloproteases, such as thermolysin, and 
the M4 family of peptidases, such as protealysin and aureoly-
sin [ 5 ]. It has two domain structures with the active site 
between these domains. The C-terminal domain exhibits an 
alpha-helical structure, whereas the N-terminal domain con-
tains the His-Glu-Xaa- Xaa-His (HEXXH) zinc-binding motif 
and exhibits a beta structure. Apart from the catalytic zinc-
binding domain, the Vitreolysin™ molecule contains four 
calcium-binding sites which play a role in the stabilization of 
its tertiary structure. In its active form, the enzyme is highly 
stable and functions within a pH range of 4.0–9.0 and at tem-
peratures between 20 and 60 °C [ 6 ].  

   C.  Inhibition 

 There are no naturally occurring inhibitors for Vitreolysin™. 
Its activity can be quenched by keeping it at a pH below 3.0 or 
by heating at 65 °C for 10 min. [ 6 ] The enzymatic activity of 
Vitreolysin™ is highly dependent on the concentration of the 
divalent cations in the medium. Chelating calcium with ethyl-
enediaminetetraacetic (EDTA) at concentrations higher than 
20 μM signifi cantly reduces the activity of Vitreolysin™. 
Paradoxically, enzyme activity can also be decreased by elevat-
ing the calcium concentration above 15 mM [ 7 ]. Optimum 
enzymatic activity is achieved within the physiological range 
of calcium concentration (5.0–10 mM) in the human vitreous 
[ 8 ]. Tetracycline and its analogs can partially inhibit the enzy-
matic activity of Vitreolysin™ by chelating calcium [ 9 ]. The 
major limitation for continuous enzymatic activity in the eye is 
the autodigestion of the enzyme itself. At physiological condi-
tions Vitreolysin™ loses its proteolytic activity due to autodi-
gestion that yields several smaller fragments some of which 
may still exhibit proteolytic activity. Its autolysis is temperature 
dependent and completely halts at temperatures below 0 °C [ 9 ].  

   D.  Pharmacokinetics 
and Pharmacodynamics 

 Intravitreally injected Vitreolysin™ diffuses within the eye 
following Fick’s second law of diffusion and creates a con-
centration gradient inversely proportional to the distance 
from the injection site [ 10 ]. The inner limiting membrane- 
posterior vitreous cortex interface constitutes the fi rst target 
for the enzyme due to its high fi bronectin and type IV colla-
gen content. During its diffusion within the vitreous, it can-
not digest vitreous collagen due to its inability to digest type 
II collagen; thus, it does not induce vitreous collapse and 
resultant vitreoretinal traction that can result in peripheral 
retina breaks and retinal detachment. Also, due to its well- 

characterized autolytic properties, the enzymatic activity can 
be titrated to cleave the posterior vitreous cortex from the 
inner limiting membrane and then lose its enzymatic 
activity.   

   III.  Potential Applications 

   A.  Induce Posterior Vitreous 
Detachment 

 The high specifi city of Vitreolysin™ for type IV collagen 
and fi bronectin makes it an ideal enzyme to cleave the attach-
ment of the ILM to the posterior vitreous cortex. Vitreolysin™ 
acts on type IV collagen which constitutes the main frame-
work of the middle layer of the ILM, the  lamina densa , and 
the radially oriented fi bronectin molecules [ 11 ,  12 ] that 
anchor the innermost layer of the ILM, the  lamina rara 
interna  to the rhomboid type IV collagen framework [see 
chapter   II.E    . Vitreo-retinal interface and inner limiting mem-
brane]. As a result, the posterior vitreous cortex- lamina rara 
interna  complex separates from the  lamina densa  of the ILM 
similar to a natural posterior vitreous detachment [ 13 ] [see 
chapter   II.C    . Vitreous aging and PVD]. 

 Due to the high specifi city of Vitreolysin™ for type IV 
collagen and fi bronectin, PVD induction occurs rapidly 
(~15 min) with picomolar concentrations of the enzyme and 
at a high frequency (80–100 %). Vitreolysin™ can be used to 
induce PVD in two different settings: (1)  To facilitate 
removal of the posterior vitreous cortex during vitreoretinal 
surgery : For this purpose, relatively high doses (2.5 IU) can 
be injected 15 min before surgery and residual active enzyme 
will be washed out during surgery. (2)  To induce a therapeu-
tic PVD eliminating the need for surgery . There are a rapidly 
growing number of vitreoretinal interface pathologies that 
can benefi t from a therapeutic PVD by removal of the vitreo-
retinal traction [see chapter   III.D    . Vitreo-macular adhesion/
traction and macular holes], elimination of a scaffold for 
fi brovascular growth [see chapter   I.E    . Diabetic vitreopathy] 
removal of debris and cytokines from the retinal surface [ 14 ], 
and/or facilitation of ionic oxygen transport [ 15 ] [see chapter 
  IV.B    . Oxygen in vitreo-retinal physiology and pathology]. 
For this purpose, relatively small doses of Vitreolysin™ 
(0.05 U) are suffi cient and they will induce PVD within 2 
weeks. The enzymatic activity of such smaller doses of 
Vitreolysin™ is terminated by autodigestion.  

   B.  Facilitate the Surgical Removal 
of Pathologic Preretinal Membranes 

 The increased expression of fi bronectin and type IV collagen 
within pathologic preretinal membranes [ 16 – 19 ] makes 
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these structures a good target for Vitreolysin™ and may 
facilitate their surgical peeling [see chapter   V.A.2    . Vitreo- 
maculopathy surgery]. It may also be used as an adjuvant in 
proliferative diabetic retinopathy [ 18 ] or proliferative vitreo-
retinopathy [ 19 ] to decrease the complication rates associ-
ated with membrane peeling as well as shorten surgical time 
[see chapter   V.B.5    . Management of PVR]. 

 The therapeutic impact of PVD induction has only 
recently been recognized in many retinal diseases. Complete 
removal of the posterior vitreous cortex appears benefi cial in 
age-related macular degeneration, diabetic retinopathy, dia-
betic macular edema, retinal vein occlusion, and cystoid 
macular edema. The fast, accurate, and safe induction of 
PVD with Vitreolysin™ will fi nd many applications regard-
less whether its therapeutic effect is mediated by increased 
convectional oxygen currents, alleviation of vitreoretinal 
traction, or removal of hyalocytes and the posterior vitreous 
cytokine load.   

   IV.  Drug Development 

   A.  Purifi cation and Toxicity 

 The idea of using the neutral protease from  Paenibacillus 
polymyxa  extract to induce a PVD was initially recognized in 
1995, and the fi rst patent was granted in 1998 (Tezel &Kaplan, 
United States Patent 5,722,428,   http://patft.uspto.gov    ). Early 
studies were conducted using the commercially available 

crude enzyme product (Dispase®, Gibco, Invitrogen, Grand 
Island NY) still in the market today for cell harvesting. This 
raw form of the enzyme is made from  Paenibacillus poly-
myxa  extract and contains high amounts of bacillus protein 
and endotoxin. Although    this crude form of the enzyme was 
suffi cient initially to demonstrate the  in vitro  [ 11 ], and even 
short-term  in vivo , effi cacy, its use for a long term for  in vivo  
studies was limited due to endotoxin and bacterial  protein 
 contamination (Figure  VI.G-2 ). Injection of the high-dose 
crude enzyme extract into the vitreous of mice [ 20 ] and 
rabbits [ 21 ,  22 ] results in the infi ltration of infl ammatory 
cells and the development of proliferative vitreoretinopathy 
within 2 weeks [ 23 ]. Early animal experiments in domes-
tic pig confi rmed that these detrimental effects of the crude 
enzyme were seen at high doses, but intravitreal injection of 
lower doses induced a PVD without any signifi cant compli-
cations [ 24 ,  25 ]. Another problem with the crude enzyme 
is the inconsistency of enzyme activity with each batch. 
Detailed analysis revealed that only 2.4 % of the total mass 
of the lyophilized powder was protein, and active enzyme 
constituted 49 % of the total protein – thus, only 1.2 % of 
the marketed product was active enzyme. Attempts to purify 
the crude enzyme were initiated earlier by Roche Applied 
Sciences (Mannheim, Germany) and yielded a purer form 
of the enzyme marketed as Dispase® II. However, our analy-
sis of this product still revealed unacceptably high amounts 
of  Bacillus  contaminants and paradoxically low enzymatic 
activity due to loss (84.4 %) of the active enzyme during the 
purifi cation process.

  Figure VI.G-2    2D gel separation of the proteins within the commer-
cially available crude  Paenibacillus polymyxa  extract (Dispase®) 
reveals several protein contaminants. Mass spectrometry identifi es 

majority of these contaminants as bacillus proteins. Active enzyme ( red 
arrow , MW = 35.9 kDa; pI = 5.14) constitutes only 1.2 % of the total 
mass of the lyophilized powder       
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      B.  Stability 

 Vitreolysin™ is the purifi ed 35.9 kDa neutral amino- 
endopeptidase produced by  Paenibacillus polymyxa . 
By weight it is >92 % pure active neutral protease 
(Figure  VI.G-3a ). Most of the impurities within Vitreolysin™ 
are characterized as breakdown products of the enzyme 
 created by autodigestion and reveal similar catalytic activity 
(Figure  VI.G-3b ). Due to its high purity and high enzymatic 
activity, Vitreolysin™ yields a higher rate of PVD compared 
with Dispase® (Figure  VI.G-4 ) and only requires picomolar 
doses to achieve reproducible results. Vitreolysin™ is pre-
pared in a lyophilized form and can stay at −20 °C for 9–12 
months without losing its activity. After reconstitution the 
enzyme retains its activity for up to 48 h at 4 °C.

       C.  Potential Advantages 

 Vitreolysin™ carries certain advantages over plasmin and 
ocriplasmin for the induction of PVD (Table  VI.G-1 ). Unlike 
ocriplasmin, Vitreolysin™ is a matrix metalloprotease that 
acts directly on the ILM-posterior vitreous cortex interface. 
It does not liquefy the vitreous, so it does not induce vitreo-
retinal traction with the potential to cause peripheral retinal 
tears. Vitreolysin™ is a highly stable molecule and has no 

known inhibitors, such as α2-antiplasmin in the case of ocri-
plasmin [ 26 ] [see chapter   VI.E.1    . Pharmacologic vitreoly-
sis with ocriplasmin – basic science studies]. Its activity is 
quenched by autolysis that allows the reproducible induction 
of a PVD without retinal toxicity or development of prolif-
erative vitreoretinopathy. This property is a major advan-
tage over ocriplasmin, since breakdown of the  blood-retinal 
 barrier with intravitreal leakage of α2-antiplasmin is asso-
ciated with many vitreoretinal diseases, such as diabetic 
retinopathy, proliferative vitreoretinopathy, and age-related 
macular degeneration. Early animal studies with the intra-
vitreal injection of 0.05 U of Vitreolysin™ did not reveal 
any toxic effects on the retina or other ocular structures 
(Figure  VI.G-5 ).

        V.  Safety and Effi cacy 

   A.   In Vitro  Studies 

   1.  Effi cacy 
 The effi cacy of  Paenibacillus polymyxa  neutral protease to 
induce a PVD was assessed in freshly enucleated pig and 
human cadaver eyes [ 11 ]. Two different scenarios were 
tested: (1)  Induction of PVD within 15 min of vitrectomy : 
The rationale for this experimental design is that the injec-
tion of a high dose of the enzyme just before vitrectomy sur-
gery would facilitate removal of the posterior vitreous cortex 
at the time of surgery. After the induction of a PVD, the 
injected enzyme would be cleared from the vitreous chamber 
by irrigation during the vitrectomy. For this purpose, a total 
dose of 0.5–12.5 U of the enzyme was injected intravitreally 
in 3-month-old domestic pig eyes incubated at 37 °C for 
15 min. The anterior segment of the globe was then removed 
and the extent of PVD graded. In 30 % of PBS-injected con-
trol eyes, a partial (20 %) or complete (10 %) PVD was seen, 
whereas a dose-related increase in PVD was observed with 
the neutral protease injection (0.5 and 1.0 U: 40 % complete, 
30 % partial; 2.5 U: 60 % complete, 20 % partial; 5 U: 80 % 
complete, 10 % partial; 12.5 U: 50 % complete, 10 % partial; 
Figure  VI.G-6a ). The paradoxical decrease in the incidence 
of PVD at the highest dose was due to the weakening of the 
RPE-Bruch’s membrane attachment by the neutral protease 
that created a false-negative grading of PVD. The lowest 
concentration of the enzyme that yielded a statistically sig-
nifi cant high rate of PVD compared to control was 2.5 U 
( p  = 0.03). The ability of this dose to induce a PVD was then 
tested on 20 human cadaver eyes. Globes from young donors 
(mean: 39.1 ± 13.2 years, range: 18–61) were used to 
decrease the likelihood of a naturally occurring PVD. The 
mean death-to-experiment time was 23 h. Nineteen of twenty 
(95 %) eyes developed a complete PVD, and the remaining 
eyes (5 %) had a partial PVD within 15 min. None of the 
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  Figure VI.G-3    ( a ) SDS-PAGE gels loaded with equal protein amounts 
of Vitreolysin™ and Dispase® shows more active enzyme in 
Vitreolysin™. Due to its higher catalytic activity there are more break-
down products with Vitreolysin™. ( b ) Zymogram of Vitreolysin™ 
shows the active enzyme ( red arrow ) and its autolytic breakdown prod-
ucts. Note that breakdown fragments also exert enzymatic activity       
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  Figure VI.G-4    Vitreolysin™ is the purifi ed neutral protease from 
 Paenibacillus polymyxa . It contains >92 % pure enzyme. Intravitreal 
injection of Vitreolysin™ equivalent to 2.5 U of Dispase® II results in 
80 % complete and 20 % incomplete PVD in 15 min. In crude enzyme 

(30 % complete, 60 % incomplete, 10 % no PVD) and PBS injection 
(10 % complete, 20 % incomplete, and 70 % no PVD), these rates 
remain lower       

   Table VI.G-1     Major differences between VitreolysineTM and Ocriplasmin : Vitreolysin has a target specifi city to type IV collagen and fi bronectin 
and selectively cleaves the attachment of ILM to the posterior vitreous cortex. It does not induce vitreous collapse and exert traction on the retina. 
Its enzymatic effect is predictable and can be titrated resulting in more reproducible PVD induction      

 VitreolysinTM  Ocriplasmin 

 Target specifi city  Specifi c to type IV collagen and fi bronectin which is responsible for 
the attachment of posterior vitreous cortex to the ILM 

 Nonspecifi c; through activation of several proteases 
including MMPs 

 Mode of action  Matrix metalloprotease; Induces separation of posterior vitreous 
cortex from ILM without liquefying the vitreous gel. Thus, does not 
collapse the gel and exert traction on the retina 

 Serine protease; Results in vitreous gel collapse 
which exerts traction on the retina and may result in 
peripheral retinal tears and detachment 

 Inhibitors  No known natural inhibitors; thus its action is reproducible and 
cannot be inhibited with any natural chemicals 

 Can be inhibited with α2-antiplasmin which is 
abundant in the vitreous of patients with different 
vitreoretinal diseases 

 Effi cacy  Results in complete dehiscence of cortical vitreous  Often results in remnant patches of cortical vitreous 
which may act as a scaffold for subsequent glial 
proliferation and pucker formation 

 Stability  Has a long shelf half-life and known to be thermodynamically stable     Unstable with a very short half-life 
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PBS-injected control eyes had a complete PVD. Only one 
control eye (5 %) developed a partial PVD with no PVD in 
the remaining 19 (95 %) (Figure  VI.G-6b ). (2)  PVD induc-
tion over a longer term  ( 2 h )  using a lower dose of the 
enzyme : This experimental design was used to determine the 
lowest dose of the enzyme required to induce a PVD without 
the need of removing the residual enzyme from the vitreous. 
Varying concentrations of the neutral protease (total dose: 
0.025–2.0 U) were injected into the vitreous body of 
3-month-old domestic pig eyes and the induction of PVD 
was assessed after 2 h of incubation at 37 °C. 0.05 U was the 
lowest dose that created a statistically signifi cantly higher 

rate of PVD (80 % complete and 10 % partial) compared to 
control (10 % complete and 10 % partial,  p  = .0003, 
Figure  VI.G-6c ). In all of these studies, the vitreous remained 
as an intact gel after neutral protease treatment 
(Figure  VI.G-1 ).

      2.  Effect on Retinal Cell Viability 
and Structure 

 No adverse effect of the neutral protease was detected on 
retinal cell viability (96.2 ± 2.3 % vs. 97.3 ± 1.5 %,  p  = 0.74) 
with an ethidium bromide-calcein-based dye (Live-Dead 
Assay, Invitrogen, Grand Island, NY). The retinal structure, 
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  Figure VI.G-5    Two weeks after injection of 0.05 U of Vitreolysin™ into the vitreous of adult domestic pig fl ash ERG shows no difference in 
response to −10 dB fl ash between the PVD-induced eye and the control PBS-injected eye       
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including the retinal vessels, were intact on light micros-
copy; no hemorrhage was noticed (Figure  VI.G-7 , top row). 
On transmission electron microscopy, collagen fi brils of the 
posterior vitreous cortex disappeared along with the  lam-
ina rara externa  of the ILM after enzyme injection. Also, 
the  lamina densa  lost its distinct borders and became an 
 amorphous granular structure (Figure  VI.G-7 , middle row). 
Scanning electron microscopy revealed the mosaic pattern 
of the inner retinal surface after the Muller cell end plates 
were exposed following enzymatic digestion of the ILM-

posterior vitreous cortex interface. No cortical remnants 
were observed on the inner surface of the sensory retina 
(Figure  VI.G-7 , bottom row).

      3.  Effect on Mechanical Properties 
of the Sensory Retina 

 The effects of the  Paenibacillus polymyxa  neutral protease 
on the biomechanical properties of the sensory retina were 
also tested. Enzyme treatment did not alter the elastic con-
stant (2.5 ± 0.3 % vs. 2.2 ± 0.4 %,  p  = 0.71) and the maximal 

Control

0

10

20

30

40

50%

60

70

80

90

100

1 2.5

Total dose (U)

Partial PVD

No PVD

Complete PVD

5 12.50.5 Control VitreolysinTM

None
Partial
Complete

0

10

20

30

40

50%

60

70

80

90

100

Control 0.025 0.125 0.25 0.5

Total dose (U)

1 1.5 20.05

Partial PVD

No PVD

Complete PVD

a

c

b

  Figure VI.G-6    ( a ) PVD induction after 15 min in freshly enucleated 
porcine eyes with high-dose crude neutral protease: A total dose of 
2.5 U is the lowest dose that induces a statistically higher rate of PVD 
( p  = 0.03). ( b ) PVD induction in young human donor eyes: Intravitreal 
injection of 2.5 U of the crude neutral protease results in a complete 

PVD in 95 % of the eyes within 15 min. ( c ) PVD induction in a longer 
duration with a lower dose of the crude  Paenibacillus polymyxa  neutral 
protease: 0.05 U is the lowest total dose of the enzyme that induced a 
statistically higher rate of PVD in 2 h ( p  = 0.0003)       
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  Figure VI.G-7     Top row : Treatment with 2.5 U of crude  Paenibacillus 
polymyxa  neutral protease does not alter the retinal architecture on light 
microscopy. Note that retinal vessel walls are intact and no hemorrhage 
is visible.  Middle row : Transmission electron microscopy of the vitreo-
retinal interface reveals the digestion of the cortical posterior vitreous 
cortex collagen ( right ,  arrows ) along with the  lamina rara interna  of 

the ILM. Note that the  lamina densa  became an amorphous granular 
structure after enzyme treatment ( left ,  arrows ).  Bottom row : Freeze-
fracture SEM shows the impression of the exposed Muller cell ( MC ) 
foot-plates ( MCFP ) after enzyme treatment ( left ). Note that no cortical 
remnant is left on the inner surface of the sensory retina after 
treatment       
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retinal stretching (2.3 ± 1.0 Nm −1  vs. 2.0 ± 0.7 Nm −1 ,  p  = 0.46) 
of the sensory retina.   

   B.   In Vivo  Studies 

   1.  PVD Induction 
 Crude neutral protease from  Paenibacillus polymyxa  has been 
used to induce a PVD in albino rabbits and domestic pigs. In an 
early experiment with albino rabbits, 4 rabbits received a total 
dose of 2.5 U and were sacrifi ced in 30 min, whereas another 6 
animals received 0.05 U of the crude enzyme and were sacri-
fi ced 2 h later. Initial results did not reveal any toxicity from the 
crude enzyme (Dispase®) (B-wave amplitude electroretino-
gram (ERG),  p  = 0.972; latency,  p  = 0.285) if used as an adjunct 
to vitrectomy during peeling of the posterior vitreous cortex. 
However, keeping the crude enzyme in the eye resulted in 
endotoxin-induced infl ammation in all animals within the fi rst 
24 h. In three animals the vitritis partially resolved at the end of 
the 1-week observation period. ERG readings refl ect the course 
of the endotoxin-induced uveitis. In three animals, amplitudes 
of all ERG components decreased along with prolongation of 
implicit times on the fi rst day after injection followed by recov-
ery at 1 week. In 2/6 animals, however, ERG readings remained 
depressed (PBS vs. Dispase® for day 1, amplitude,  p  = 0.373; 
latency,  p  = 0.723; PBS vs. Dispase® for day 7, amplitude, 
 p  = 0.783; latency,  p  = 0.671). None of the animals developed a 
corneal melt or lenticular opacities or lens dislocation [ 9 ]. 

 The ability of crude enzyme (Dispase®) to induce a PVD 
was also tested in pig eyes  in vivo  [ 24 ]. Twenty-four eyes 
were injected with 50 μg of crude enzyme followed 15 min 

later with vitrectomy surgery to assess the ease of peeling the 
posterior vitreous cortex. A higher incidence of PVD (7 
total, 5 partial vs. 2 total, 7 partial, and 3 none in the control 
group,  p  = 0.029) was observed in eyes injected with the 
crude enzyme. Clinical exam, ERG, and light and transmis-
sion electron microscopy did not show any evidence of tox-
icity. In a similar experiment, after the core vitrectomy was 
done, 0.025 U of Dispase® was injected into the remaining 
cortical vitreous. Fifteen minutes of incubation caused a 
complete PVD in 6/8 animals while the remaining two had a 
partial PVD. However, 3/8 animals had a temporary vitreous 
haze and one animal had a spot of preretinal hemorrhage. 
None of these complications were serious and the investiga-
tors concluded that there was no structural damage to the 
retina [ 25 ].  

   2.  Effect on Retinal Electrophysiology 
 These experiments clearly showed that the long-term use of 
the crude enzyme was unsafe due to several contaminants 
within the crude product, including endotoxin. These early 
studies resulted in attempts to purify the active enzyme and 
remove endotoxin; as a result the pure enzyme (Vitreolysin™) 
has been produced. The safety and effi cacy of Vitreolysin™ 
was studied using 12 pigs that received 0.05 and 0.5 U of the 
purifi ed enzyme. The 0.5 U group had a vitrectomy almost 
immediately after injection. Animals were sacrifi ced at 2 
weeks. Induction of a PVD was assessed during the follow-
 up period with B-scan ultrasonography and at the time of 
sacrifi ce by direct observation. All the animals developed 
PVD (Figure  VI.G-8 ) without any structural defects in the 
eye. Full-fi eld ERG remained within normal limits [ 9 ].

a b

1 Week 2 Weeks

  Figure VI.G-8    B-scan ultrasound exam shows induction of PVD ( red arrows ) 2 weeks after intravitreal injection of 0.05 U of Vitreolysin™ in the 
albino rabbit       
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  C    Centigrade   
  EDTA    Ethylenediaminetetraacetic   
  ERG    Electroretinogram   
  ILM    Inner limiting membrane   
  kDa    KiloDalton   
  mM    Millimoles   
  PBS    Phosphate buffered saline   
  PVD    Posterior vitreous detachment   
  U    Units    
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 Key Concepts 

     1.    Studies in monkeys have demonstrated that chon-
droitinase disinserts the posterior vitreous cortex 
from the ILM, the vitreous base from the peripheral 
fundus, and the anterior vitreous cortex from the 
lens. It has thus been found to be an effective inter-
factant agent for pharmacologic vitreolysis, but 
does not induce liquefaction.   

   2.    Proof-of-principle studies in human brain-dead 
patients demonstrated effi cacy as an interfactant 
without any untoward effects upon ocular morphol-
ogy, in particular retinal ultrastructure.   

   3.    Phase I/II FDA trials demonstrated safety and effi -
cacy as a surgical adjunct in treating macular holes 
and proliferative diabetic retinopathy.     

 Keywords  
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   I.  Introduction 

 Despite the initial discovery and testing of chondroitinase as 
a pharmacologic vitreolysis agent that began nearly three 
decades ago, contractual restrictions in the initial years and 
intellectual drift in more recent years have limited the peer- 
reviewed publication of most of the animal (monkey) and 
human studies that evaluated this promising agent. Detailed 
investigator, institutional, corporate, and registered FDA 
regulatory documents that are available to us provided the 
basis for the majority of this chapter. Two devastating fl oods 
of Dr. Gregory Hageman’s data room at the University of 
Iowa, however, reduced the number and variety of images 
available from which to provide supplementary visual illus-
tration of the human results that will be discussed.  

   II.  Biochemistry 

 A full appreciation of the rationale and initial results of 
chondroitinase pharmacologic vitreolysis requires an under-
standing of the localization of the proteoglycans substrate 
within the vitreous body and at the vitreoretinal interface as 
well as the biochemical properties and mechanism of action 
of chondroitinase. 

   A.  Proteoglycans and the Vitreoretinal 
Interface 

 Proteoglycans are complex macromolecules found in all 
extracellular matrices including the vitreoretinal interface 
(Figure  VI.H-1 ). Proteoglycans’ function in basement mem-
branes is to hydrate and resist compression, constrain diffu-
sion by anionic charge, and provide mechanical adhesion 
between tissues [ 1 ]. They are identifi ed by their core protein 
sequence and many, but not all, have been sequenced, char-
acterized, and named, as for example decoran, versican, and 
perlecan [ 2 ]. Chondroitin sulfate proteoglycans have been 
previously shown to provide adhesion between basement 
membranes and adjacent extracellular matrices within the 
eye and other tissues. For instance, inhibiting the secretion of 
chondroitin sulfate proteoglycans within the insoluble inter-
photoreceptor matrix has been shown to result in reduction 
of adhesion between the retina and the retinal pigment epi-
thelium [ 3 – 6 ].

   As target substrates, proteoglycans consist of proteins 
that are heavily glycosylated by the attachment of linear gly-
cosaminoglycan (GAG) polymer side chains attached via a 
serine (Ser) residue through which the GAG is attached by a 
tetrasaccharide bridge (i.e., <chondroitin sulfate > −glucose-
galactose- galactose-xylose-serine) (Figure  VI.H-1 ) [ 1 ]. In 
addition to their sequence, proteoglycans are characterized 

by the predominant saccharide dimer-pair that makes up the 
GAG side chains. For instance, a proteoglycan is called a 
chondroitin sulfate proteoglycan if the majority of the GAGs 
consist of alternating N-acetylgalactosamine and glucuronic 
acid. 

 In earlier sections of this book, the localization and sig-
nifi cance of vitreous attachment(s) in development and dis-
ease have been documented [see chapters   II.A    . Vitreous 
Embryology;   II.E    . Vitreo-retinal interface & ILM;   III.B    . 
Anomalous PVD & vitreoschisis;   III.C    . Pathology of vitreo- 
maculopathies]. The vitreous fi brillar structure can be clini-
cally appreciated in aging [see chapter   II.C    . Vitreous aging 
& posterior vitreous detachment] and may be histologically 
visualized with a variety of particulates, stains, and probes. 
An illustration of the relative orientation and density of this 
fi brillar architecture is given in Figure  VI.H-2 . Regional dif-
ferences in the adherence of the vitreous to the neural retina 
correspond to the density of the fi brillar vitreous structure, 
particularly to the density of fi brils orthogonal to the vitreo-
retinal surface. Central portions of the vitreous fi brillar mate-
rial co-localize with collagen II [ 7 ]. However, our 
understanding of the terminations of the fi brillar structure 
and its insertions remains incomplete. Other fi brillar proteins 
and/or proteoglycans contribute to the vitreous and to retinal 
linkage as has been confi rmed by Paul Bishop and colleagues 
[ 8 – 10 ] [see chapter   I.A    . Vitreous proteins].

   Several mechanisms of adhesion of the vitreous fi brils are 
clinically known. These include the constitutive attachments 
found in younger humans and other primates. In addition, 
however, attachments of a pathologic nature may also add to 
or replace the constitutive adhesive mechanisms. For instance 
the development of retinal neovascularization onto or into 
the posterior vitreous cortex in proliferative diabetic vitreo-
retinopathy or the formation of organized tissue may compli-
cate the attachment paradigm. Differing models of the 
constitutive attachments incorporate data derived from trans-
mission electron microscopy, immunohistochemistry, and 
enzymatic response of the vitreoretinal interface. Based 
upon our observations of the behavior of the primate and 
human vitreoretinal interface to chondroitinase, we conclude 
that a structurally signifi cant, omnipresent layer exists 
between the normal fi brillar/lamellar vitreous cortex and the 
neural retina (as suggested in the schematic representation of 
the vitreoretinal interface shown in Figure  VI.H-3 ) [see 
“ECM” in chapter   II.E    . Vitreo-retinal interface & ILM]. The 
orientation and attachment site(s) of the chondroitin sulfate 
proteoglycan core protein has not been established.

   We have previously shown that an incompletely identifi ed, 
chondroitin sulfate-containing proteoglycan (core size approx. 
240KDa) is associated with regions of strong adhesion 
between the vitreous and the retina, with the proteoglycan 
being localized to the vitreoretinal interface (a human example 
illustrating these adhesions in retinopathy of prematurity is 
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  Figure VI.H-1    Proteoglycan structure and relationship of glycosami-
noglycan (GAG) attachments. Glycosaminoglycan polymers are 
attached to a core protein via a serine residue (“O-linked”) and a tetra-
saccharide bridge. Exposure of the disaccharide repeats within the 

GAGs to chondroitinase facilitates isolation of the protein core, which 
may be adherent or covalently attached to other structural proteins at 
one or more sites       
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shown in Figure  VI.H-4 ) [ 11 ]. In the case of the incompletely 
identifi ed vitreoretinal interface proteoglycan, the lectin pea-
nut agglutinin or PNA binds with highest affi nity to its glycos-
aminoglycans or GAGs which contain chondroitin- 4-sulfate 
and/or chondroitin-6-sulfate. Subsequently we developed an 
antibody to the proteoglycan that facilitated more specifi c 
identifi cation of this molecule associated with vitreous/retinal 
adhesion [ 12 ]. In a series of pilot experiments using commer-
cially available chondroitinase, cynomolgus monkeys were 
treated with various doses of chondroitinase for varying time 
(incubation) periods prior to vitrectomy in order to determine 
if the enzyme could facilitate disinsertion of the vitreous from 
the neural retina [ 11 ,  13 ].

      B.  Biochemistry of Chondroitinase 
Enzymes and Substrates 

 Chondroitinase is an enzyme complex that acts to cleave and 
fragment chondroitin-sulfate-containing glycosaminoglycan 
(GAG) side chains of proteoglycan “core” molecules [ 12 ]. 
Chondroitinase demonstrates a specifi city to cleave and 
degrade only bonds between and within the disaccharide 
N-acetylgalactosamine-glucuronic acid. As formulated for 
human clinical trials, chondroitinase is a biologic agent that 
consists of a mixture of two enzymes, chondroitinase I and 
chondroitinase II [ 12 ]. Chondroitinase I (110 KDa) is a lyase 
that attacks chondroitin sulfate in an endolytic fashion, break-
ing the polymeric structure into oligosaccharides and disac-
charides [ 12 ]. The second enzyme, chondroitinase II (112 

KDa), has no activity against the intact polymer but can digest 
tetrasaccharides produced by the chondroitinase I-catalyzed 
reaction [ 12 ]. The combined activity of these two enzymes 
results in a more rapid degradation than use of chondroitinase 
I alone. This type of depolymerization activity utilizing more 
than one enzyme to attack a large polymeric substance is 
analogous to many other enzymatic systems among microor-
ganisms capable of degrading such polymers. The amino acid 
sequences of the chondroitinase enzymes are known [ 12 ]. 

 Chondroitinase is produced by  Proteus vulgaris  bacteria, 
which can be induced to produce high concentrations of chon-
droitinase when incubated on a carbon diet consisting exclu-
sively of chondroitin sulfate, such as shark cartilage. When 
other bacterially derived enzymes, secreted products, and 
waste are removed, the purifi ed chondroitinase is a white, 
lyophilized powder that can be reconstituted with balanced salt 
solution. Purifi cation methods often inactivate the enzymatic 
active sites or otherwise modify their protein structure, confor-
mation, or glycosylation. Collaboration with Storz/American 
Cyanamid Company resulted in developing batch-produced, 
incubation product that was physically and chemically purifi ed 
to acceptably low concentrations of endotoxins and pyrogens 
and achieved physiologic stoichiometry of chond roitinase I 
and II that permitted human FDA IND approval of a pharma-
cologically purifi ed and biologically active chondroitinase in 
1994 [ 12 ]. Multiple attempts to develop recombinant forms of 
chondroitinase I and chondroitinase II were unsuccessful, 
which may have led to elevated production cost estimates and 
ultimate discontinuance of human testing after completion of 
the FDA phase I/II study. Diffi culty or failure to purify enzymes 

PosteriorAnterior

Vitreous
base

region

  Figure VI.H-2    Schematic illustration of the fi brillar anatomy of the 
human vitreous. Vitreous adhesion and fi brillar density co-localize and 
are highest where the fi brils are dense and orthogonal to the vitreous 
base (region anterior and posterior to the ora serrata), intermediate in 

adhesion where there is intermediate orthogonal fi brillar density at the 
inner optic disk and lowest in adhesion and density where the fi bers are 
sparsely distributed over the posterior inner retinal surface       
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in an experimental setting commonly results in residual con-
tamination by other enzymes that may have different substrates 
and/or activities. Chondroitinase contamination found in off-
the- shelf enzyme formulations, which may be of adequate 
purity for biochemical purposes but insuffi cient for pharmaco-
logic testing, has resulted in unexpected infl ammation due to 
breakdown of unintended structures and/or reaction to degra-
dation products [ 14 ].   

   III.  Chondroitin Sulfate at the Vitreoretinal 
Interface 

 As previously mentioned, Dr. Greg Hageman and I began our 
collaboration in 1988 to evaluate the potential usefulness of 
chondroitinase for human application, a project which pre-
ceded the development of plasmin by years [ 11 ]. Preliminary 
survey studies of lectin binding on transverse primate globe 
sections revealed that fl uorescein-conjugated peanut agglutinin 
or PNA, a marker for chondroitin sulfate linkages, localized to 

the vitreoretinal interface, posterior lens capsule, and surface of 
the optic disk (Figure  VI.H-4 ) [ 11 ,  12 ,  15 ]. Further, the inten-
sity of PNA binding and the width of binding by immunofl uo-
rescence microscopy corresponded to the strength or degree of 
vitreoretinal adhesion. For instance, the PNA binding was 
expressed as most intensely overlying the vitreous base region, 
less intensely adjacent to the optic disk and posterior lens cap-
sule, and fi nely in a linear binding pattern to the majority of the 
remaining vitreoretinal interface (Figure  VI.H-4 ). In human, 
primate, and pig eye sections exposed to chondroitinase, PNA 
binding was extinguished, and adhesion between the vitreous 
collagen network and the retina/optic nerve head/lens could be 
appreciated by separation with minimal effort or force [ 11 ,  12 ]. 
Comparison to other enzymatic degradation agents such as 
trypsin, hyaluronidase, dispase, heparinase, and others con-
fi rmed that the most complete loss of PNA binding signal and 
reduction in adhesion could be obtained with chondroitinase. 

 Follow-on studies demonstrated that exposure of the 
human vitreoretinal interface to chondroitinase resulted in 
complete disruption of the adhesion, a process we termed 

  Figure VI.H-3    Schematic illus-
tration of the human vitreoretinal 
interface. The inner limiting 
membrane (lamina) is repre-
sented by the yellow structure. 
Note the layer of chondroitin sul-
fate GAGs within the vitreoretinal 
interface. Cleavage or disruption 
of the saccharide layer (chondroi-
tinase) or degradation of the 
fi brillar proteins or basement 
membrane (proteases) may result 
in weakening or separation of the 
vitreous from the inner limiting 
membrane of the retina (Reprinted 
from the journal  Retina , reference 
[ 11 ], courtesy of Wolters Kluwer 
Health)       
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disinsertion. We argued for several weeks over what was the 
best term to use when describing this unique and characteris-
tic effect of exposing chondroitinase to the human vitreoreti-
nal, vitreopapillary, and vitreolenticular interfaces. Unlike 
known proteolytic enzymes, chondroitinase exposure 
resulted in complete, rather than incomplete, separation of 
the vitreous from the primate retina and did not liquefy the 
vitreous as might be suggested by the term “pharmacologic 
vitreolysis.” The absence of vitreous liquefaction by chon-
droitinase has since been confi rmed [ 16 ]. As illustrated in 
cynomolgus eyes during preclinical testing (Figure  VI.H-5 ), 
“complete” disinsertion refers to the mechanical separation 
of the vitreous from the inner limiting membrane, optic disk, 
vitreous base, and posterior lens attachments. We refer to 
“incomplete” separation as effecting separation only in 
regions of relatively weaker adhesion that corresponds to 
regions of less PNA binding (i.e., posterior pole and optic 
disk). Phylogenetic analysis showed that complete vitreous 
cleavage or “disinsertion” was only observed in higher pri-
mates and pigs. Extensive testing of chondroitinase on mice, 
rats, and rabbits showed no effect on vitreous attachment 
strength [ 12 ].

      IV.  Chondroitinase Pharmacologic 
Vitreolysis 

 As mentioned above, Dr. Hageman and I published very few 
peer-reviewed publications on this topic from 1988 to 2012. 
However we did publish on related issues such as the generation 
of preretinal membranes that resulted from chondroitin sulfate 
injection into rabbit vitreous and the outcome of the control arm 
of one of our primate studies [ 15 ,  17 ,  18 ]. A few representative 
observations were reported by Sebag based upon interim discus-
sions [ 13 ]. Since that fi rst publication, Sebag proposed a classi-
fi cation system for pharmacologic vitreolysis agents based on 
biological activity [ 19 ]. Whereas he described chondroitinase as 
both a  liquefactant  (agent that liquefi es the gel vitreous) and an 
 interfactant  (agent that induces vitreoretinal dehiscence), it is 
now clear that the former is not an effect of chondroitinase [ 16 ]. 

   A.  Preliminary Monkey Studies 

 After determining that lower primates and non-primates 
failed to show the same degree and type of response to chon-

a

c

b

  Figure VI.H-4    Epifl uorescence microscopy of fl uorescein-labeled 
anti-CS proteoglycan antibody binding at human vitreoretinal interface 
in retinopathy of prematurity. In this 17-week-old premature human 
donor, the localization of the proteoglycan core is demonstrated by the 

intensity and distribution of the antibody binding. Note the intense 
binding in the region of the vitreous base ( a ), intermediate density in 
the region of the inner optic disk ( b ), and lesser density in the other 
regions of the vitreo-retinal interface ( c )       
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droitinase as in higher primates, we completed a series of 
studies which evaluated the effi cacy, safety, and toxicology 
of exposing cynomolgus and rhesus monkey vitreous to 
chondroitinase. Although these studies go beyond the scope 
of this chapter, an enumeration of a subset of these may be 
illustrative of the extent of preclinical data that were col-
lected. We initially conducted a non-survival study on 6 ani-
mals to determine approximate concentrations and exposure 
times for effectiveness. We then performed a short- and long- 
term treatment trial (one eye treated, one eye control) to 
evaluate for effi cacy and longer-term side effects. In a third 
study we evaluated whether chondroitinase was effective in 
facilitating the removal of preretinal membranes. These were 
generated in primates by vitreous injection of chondroitin 
sulfate GAGs, a technique we had demonstrated to success-
fully generate preretinal membranes in rabbits [ 17 ]. We also 
examined a number of human postmortem specimens to 

determine whether the chondroitinase-sensitive (constitutive) 
vitreoretinal mechanism was recapitulated between human 
preretinal membranes and the inner limiting membrane. We 
subsequently performed non-survival studies on a number of 
batches of recombinant chondroitinase. We evaluated supra-
threshold doses in 12 animals for evidence of toxicity or 
infl ammation. Once we determined that the Storz-produced 
incubation product would be used for clinical trial, we per-
formed an extended short-term survival study utilizing radio-
active enzyme to trace its metabolism and excretion. 

 However, because this chapter focuses on the effects of 
chondroitinase on the human vitreoretinal interface and 
because our primate testing of chondroitinase went well 
beyond the scope of this chapter, these data will be summa-
rized and published elsewhere (Russell SR and Hageman 
GS, American Ophthalmological Society, thesis in 
preparation).  

a b

c d

  Figure VI.H-5    Disinsertion of vitreoretinal adhesion by chondroitin-
ase in the cynomolgus monkey ( a ) Intraoperative photograph illustrates 
that traction applied to the illuminated vitreous following chondroitin-
ase treatment reveals that the residual vitreous attachment is anterior to 
the crystalline lens. ( b ) The companion gross anatomical section 
depicts fi xed visible vitreous (translucent white) unattached to the ret-
ina or ciliary body but maintaining connection to the zonules. ( c ) 
Epifl uorescence microscopy of cynomolgus globe sections treated with 
fl uorescein-linked PNA that bisects the ora serrata. In the left panel is a 

control untreated eye. In the right panel is a chondroitinase-treated eye. 
Under normal conditions the adhesion of the vitreous to the retina in 
this region is stronger than either the vitreous or retinal tissue. The 
separation of the vitreous from the retina in the region of the vitreous 
base supports the contention that all regions of constitutive vitreoretinal 
adhesion are mediated by the same, chondroitinase- sensitive mecha-
nism (Reprinted from reference [ 11 ], courtesy of Wolters Kluwer 
Health)       
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   B.  Human Proof-of-Concept Study 

 In 1992, Dr. Hageman and I undertook a key proof-of- concept 
human study. We decided that to accelerate our understanding 
of the value of chondroitinase, we needed to determine 
whether this agent could “disinsert” the vitreous in vivo in the 
human. Until then all of our testing in vivo had been on rhesus 
and cynomolgus monkeys, as described above. Since testing 
in living humans was impossible, as the agent had not received 
an FDA Investigational New Drug approval (IND), Dr. 
Hageman approached the Missouri Eye Bank and affi liated 
organ transplant collection agencies for access to brain-dead 
organ donors. Following delicate negotiations with donor 
groups and our institutional human subjects and ethics com-
mittees, we obtained permission to perform vitrectomy and 
place chondroitinase into two eyes of subjects who had been 
declared brain-dead and were undergoing multiple organ 
donation (liver, kidney, and heart harvest). Both subjects were 
young males (22 and 30 years old), unlikely to have spontane-
ous vitreous separation. One died from a motor vehicle acci-
dent and the other from a non- ocular gunshot wound. Fundus 
evaluations revealed normal fundi, retinal vessels, optic 
nerves, and peripheral retinal vessels in the gunshot victim. In 
the subject who succumbed to motor vehicle accident, the 
fundus examination revealed scattered intraretinal hemor-
rhages, judged to be a result of the trauma. The retinal vessels 
in this subject were otherwise normal as were the optic nerves. 

 Vitrectomy surgery was performed on one eye of each 
subject using a method similar to that used for the monkey 
and subsequent human studies. In the fi rst study, a 500-unit 
dose of chondroitinase (pharmaceutical grade chondroitin-
ase ABC, SeikagakuCorporation, Tokyo, Japan) was placed 
for a treatment period of 35–40 min. In the second study 600 
units were used for a treatment period of 15–18 min. In each 
case, both the treated and untreated eyes were enucleated 
 following the vitrectomy procedure and portions of the eyes 
were fi xed for histology, immunohistochemistry, and trans-
mission electron microscopy. In addition, the anterior seg-
ment was fi xed for routine histologic evaluation of the lens, 
posterior lens capsule, cornea, iris, and ciliary body. Based 
on the impression of the surgeon and the gross observation of 
the enucleated eye, the vitreous appeared to be disinserted in 
the chondroitinase-treated eye. Histology, immunohisto-
chemistry, and TEM confi rmed that the vitreous was disin-
serted from the inner limiting membrane of the neural retina 
and the posterior lens in the chondroitinase-treated eye but 
not in the control eye (Figure  VI.H-6 ). All other ocular struc-
tures (i.e., retina, RPE, optic nerve, ciliary body, lens, iris, 
and cornea) appeared normal in both eyes. These two experi-
ments indicated that the human vitreous could be disinserted 
using chondroitinase and revealed no acute adverse effects 
resulting from chondroitinase-mediated surgery.

   Analysis of the surgical procedures showed spontaneous 
separation of the posterior vitreous from the optic disk and 

retina. No posterior vitreous detachment was present in the 
untreated eyes of either brain-dead donor. Sectioning the 
treated eyes showed disinsertion of the vitreous from the 
anterior retina and posterior lens surface, with residual vitre-
ous attached where zonules passed though the formed vitre-
ous gel [see chapter   IV.D    . Physiology of accommodation & 
role of vitreous]. 

 Light-level immunofl uorescence microscopy demon-
strated loss of PNA binding along the inner limiting mem-
brane and within the vitreous gel. PNA binding was reduced 
but not extinguished over the pars plana and pars ciliaris. 
Transmission electron microscopy demonstrated that the 
ILM was intact and smooth, suggesting that no proteoglycan 
remnants remained attached to the ILM surface (Figure  VI.H- 
6  ). The eyes from both brain-dead donors demonstrated sim-
ilar features (although only those of the 22-year-old donor 
are shown in Figure  VI.H-6 ). No infl ammation was noted on 
light-level microscopy, immunofl uorescence, or electron 
microscopy.   

   C.  FDA Phase I/II Study and its 
Implications 

 Subsequent to FDA IND approval, twenty-fi ve subjects 
enrolled in a registered FDA phase I/II dose-ranging trial con-
ducted by the Chondroitinase Study Group (see Addendum 
1) between August and December 1995. The study was spon-
sored by Storz (later American Cyanamid and subsequently 
American Home Products) and utilized the batch-produced 
chondroitinase derived and purifi ed from a 1,000 l incubation 
of  P. vulgaris  on shark cartilage (see above) [ 12 ]. Subjects 
were assigned into one of three escalating- dose treatment 
groups, 500 units, 1,000 units, or 1,500 units (reconstituted in 
300 μl of balanced salt solution, respectively). The starting 
dose of 500 units of chondroitinase was selected based upon 
the effectiveness of vitreous disinsertion in our human brain-
dead study. For each of the three study sites, the indication for 
surgery and entry criteria for surgery differed. 

 Drs. Peter Campochiaro and Julia Haller (co-principal 
investigators) at Wilmer Eye Institute of Johns Hopkins 
University enrolled 10 subjects with stage II to IV full- 
thickness macular hole (Protocol DP-123-1). Dr. Jerry Sebag 
at the VMR Institute in Huntington Beach enrolled 6  subjects 
with proliferative diabetic retinopathy, macular edema, and 
vitreomacular traction (Protocol DP-123-2). Dr. Paul 
Sternberg at Emory University enrolled 9 subjects with pro-
liferative diabetic retinopathy and macular tractional retinal 
detachment with or without vitreous hemorrhage (Protocol 
DP-123-2). Subjects were followed up to 1 year. Summary 
data are shown in Table  VI.H-1 .

  Subjects ranged in age from 36 to 81 years old and 
included 16 women and 9 men. Within the trial, one subject 
died of a stroke, unrelated causally or temporally to chon-
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CONTROL - UNTREATED (images above and below)
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CHONDROITINASE-TREATED (images above and below)

Vitreous Base Region

  Figure VI.H-6    Transmission electron micrographs (TEMs) of chon-
droitinase-treated and control eyes from brain-dead human study. Eyes 
were fi xed in half-strength Karnovsky fi xative, pH 7.4 for 2–4 h fol-
lowed by secondary fi xation with 2.0 % osmium tetroxide for 1–2 h. 
Sections were imaged on a JEOL 1200EX TEM. In this subject, 600 
units of chondroitinase were applied for 15–18 min. In left panels, vit-
reous fi brils can be seen to insert or attach to the inner limiting mem-

brane (ILM) or basement membrane of the retina (Muller cells). In the 
right panels, the vitreous fi brils have been entirely disinserted without 
evidence of residual fi brillar attachments. Ultrastructurally, the ILM is 
undisrupted. Note the complete separation of the vitreous fi brils from 
the ILM in the region of the vitreous base, a region in which vitreo-
retinal adhesive strength exceeds the strength of either the ILM or vitre-
ous fi brils [ 20 ]       
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droitinase treatment. One subject withdrew with nonsurgi-
cally related pneumonia. Two of 25 subjects developed 
retinal detachment (one a peripheral “ring” detachment 
outside of the peripheral scatter photocoagulation and one 
successfully repaired with a scleral buckle). One macular 
hole failed to close in an eye in which the surgeon did not 
appreciate any chondroitinase effects. Other complications 
included limited choroidal hemorrhage (subject 16), transi-
tory crystalline lens opacifi cation (subject 13), intraretinal 
hemorrhage (subjects 2, 4, 7, 22, and 25), and retinal tears 
(subjects 1, 3, 4, 7, and 21), although most hemorrhages 
and tears developed in subjects that underwent membrane 
peeling for proliferative diabetic retinopathy. 

   1.  Effi cacy 
 Vision improved in 23 of 25 subjects but remained stable at 
counting fi ngers in one subject and was reduced from count-
ing fi ngers to hand motions in one subject (due to non- clearing 
vitreous hemorrhage, patient lost to follow-up). Because this 
was an unmasked trial, the effectiveness of chondroitinase 
was assessed by the ease of vitreous separation from the ret-
ina (iatrogenic or surgical posterior vitreous detachment) and 
ease of delaminating nonvascularized preretinal membranes. 
In 21 subjects vitreous separation was assessed by the operat-
ing surgeon as easy and in three as diffi cult. In one subject 
who developed a temporal choroidal hemorrhage, the macu-
lar hole was later found to be closed and vision improved to 
20/25 (Subject 16). In seven subjects the operating surgeon 
could not determine the location of the anterior insertion of 
the vitreous. In two subjects the residual vitreous was inserted 
at the equator and in 16 subjects vitreous was inserted ante-
rior to the equator or pars plana (complete disinsertion includ-
ing vitreous base, similar to Figure  VI.H-4 , top left panel). 

   a.  Proliferative Diabetic Retinopathy 
 Among the 15 subjects with proliferative diabetic retinopa-
thy, in whom retinal neovascularization could confound rec-
ognition or effectiveness of chondroitinase application, the 
operating surgeon reported that surgical separation of the 
vitreous from the retina was easy. In only 2 cases was this 
process described as diffi cult. However, when peeling pre-
retinal membranes, only 5 were described as easy and 7 were 
diffi cult (as might be anticipated).  

   b.  Macular Hole 
 The effects of chondroitinase were most easily recognized in the 
macular hole group. Of the 9 subjects in whom vitreous separa-
tion could be assessed, 8 were recognized as easy, and in 4 of 
these, the vitreous separated within 5 to 30 s of gentle aspiration. 
The vitreous was found to be inserted anterior to the equator 
(i.e., residual attachment to zonules) in 9 of 10 subjects. In one 
phakic patient intraocular gas migrated around the crystalline 
lens, which did not affect long-term visual outcome (20/40).   

   2.  Safety 
 Electroretinograms (ERGs) were obtained from 23 subjects. 
Two subjects with normal pre-chondroitinase treatment ERGs 
refused posttreatment ERGs. In one subject, the posttreat-
ment ERG improved but remained abnormal. In the remain-
ing subjects (12 with abnormal and 8 with normal pretreatment 
ERGs), the posttreatment ERGs remained unchanged.    

   Conclusions 

 Chondroitinase remains an intriguing agent as an adjunct 
in the vitreoretinal surgeons’ armamentarium. Even after 
extensive testing, the limits of use and potential benefi ts 
remain incompletely determined. Development of recom-
binant or altered enzyme may prove more potent and 
appealing than our current offerings for “vitreolysis” 
given the demonstrated potential of chondroitinase to dis-
insert the vitreous from the retina especially in the region 
of the vitreous base and posterior lens capsule. 

 Recent regulatory and marketing developments con-
tinue to highlight the attraction of pharmacological sepa-
ration of the loose connective tissue within the eye, the 
vitreous, from its adjacent basement membranous attach-
ments of the optic disk, retina, uvea, and lens capsule. 
Controlling or restricting enzymatic activity in topogra-
phy, degree of cleavage, and effect on surrounding tissues 
will likely require further assessment of the expected and 
potential unanticipated effects of pharmacologically 
breaking these and similar physiological attachments.    

  Abbreviations 

  AC    Anterior chamber   
  Asp    Aspiration   
  CF    Count fi ngers   
  CS    Chondroitin sulfate   
  Complic    Complication   
  ECM    Extracellular matrix   
  equ    Equator   
  ERG    Electroretinography   
  F    Female   
  FDA    US Food and Drug Administration   
  FTMH    Full-thickness macular hole   
  GAG    Glycosaminoglycans   
  hemor    Hemorrhage   
  HM    Hand motions   
  ILM    Inner limiting membrane   
  IND    Investigational new drug   
  kDa    KiloDalton   
  M    Male   
  MI    Myocardial infarction   
  OD    Right eye   
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  OS    Left eye   
  PDR    Proliferative diabetic retinopathy   
  periph    Peripheral   
  PNA    Peanut agglutinin   
  post op    Postoperative   
  PP    Pars plana   
  Pre Op    Preoperative   
  PVD    Posterior vitreous detachment   
  RD    Retinal detachment   
  ResidVitAtt    Residual vitreous attachment location   
  RRD    Rhegmatogenous retinal detachment   
  SBP    Scleral buckle procedure   
  sec    Seconds   
  TEM    Transmission electron microscopy   
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  VH    Vitreous hemorrhage   
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The Figure V.B.8-9 in chapter V.B.8. is incorrect. The correct fi gure and its legend are given below:
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Figure V.B.8-9 The effects of limited vitrectomy on oxygen distri-
bution. Intravitreal oxygen arises from the retina/choroid circulation 
posteriorly as well as from the ciliary body anteriorly. Vitrectomy 
increases convective motion and fl uid circulation in the vitreous cham-
ber, which increases oxygen levels behind the lens. (a) Intact eye. The 
pO2 gradient ranges from 22 mmHg at the posterior pole to 18 mmHg at 
the equator and 10 mmHg peripherally in front of the ciliary body. pO2 
levels are 4–6 mmHg behind the lens. (b) Limited vitrectomy. Leaving 
the anterior vitreous intact and not inducing a PVD results in increased 

retrolental oxygen levels of only 6–9 mmHg. This may account for the 
relatively low (23 %) incidence of cataract formation observed with lim-
ited vitrectomy. (c) Extensive vitrectomy with PVD induction. 
Following extensive vitrectomy with surgical induction of PVD, retro-
lental oxygen levels increase to 12–14 mmHg, approaching three-fold 
above those in the intact eye. These elevated levels may account for the 
50–76 % incidence of cataract formation following extensive vitrec-
tomy. (Adapted from Beebe, Holekamp, et al.)
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   PDR.    See  Proliferative diabetic retinopathy (PDR) 
   PDS.    See  Port delivery system (PDS) 
   PDT.    See  Photodynamic therapy (PDT) 
   PECAM-1.    See  Platelet endothelial cell adhesion molecule 1 

(PECAM-1) 
   PEDF.    See  Pigment epithelium-derived factor (PEDF) 
   Pendergast, S.D. , 235  
   Penetrating trauma , 251  
   Pentraxin 3 (PTX-3) , 413, 414  
   Perfl uorocarbon liquid (PFCL) 

 anterior membrane dissection , 741  
 fl uid/PFCL-silicone oil exchange , 744  
 giant retinectomy with elevated, folded edges , 740  
 injection/fl uid-gas exchange , 741  
 peripheral vitreous and anterior membranes , 740  
 posterior retina stabilization , 740, 741  
 scleral buckle , 737–738  
 subretinal membrane removal , 741  

   Perfl uorocarbon liquid (PFCL) 
 properties , 543  
 retinal toxicity , 543–544  
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   Perfl uorodecaline (C 10 F 18 ) , 543  
   Perfl uoroethylcyclohexane (C 8 F 16 ) , 543  
   Perfl uoro-n-octane (C 8 F 18 ) , 543  
   Perfl uorooctybromide (C 8 F 17 Br) , 543  
   Perfl uorophenanthrene (C 14 F 24 ) , 543  
   Perfl uoropropane (C 3 F 8 ) 

 gas/silicone oil , 753  
 intraocular tamponade , 744–745  
 long-acting gas , 761  
 sclerotomy sites , 744  
 submacular tPA injection , 566  
 tamponade , 791  

   Perfl uoropropane (C 3 F 8 ) 
 buoyancy , 540  
 expansion , 540, 541  
 phakic non-vitrecomized eyes , 542  

   Perfl uorotributylamine (C 12 F 27 N) , 543  
   Perfl uorotri-n-propylamine (C 9 F 21 N) , 543  
   Perichon, J.Y. , 828  
   Periostin (POSTN) , 47  
   Peripheral fundus lesions , 354  
   Peripheral vitreo-retinal 

 aging , 357  
 anatomic , 347  
 anterior loop , 349  
 dark-fi eld slit microscopy , 348  
 indirect ophthalmoscopy , 347  
 meridional complexes , 351  
 meridional folds , 350–351  
 ora bays , 350  
 pars planitis   ( see  Pars planitis) 
 patellar fossa , 348  
 post-traumatic retinal healing , 357  
 PVD , 357–358  
 retinal excavations , 351  
 retinal lattice , 354–355  
 retinal tufts   ( see  Retinal tufts) 
 spiculate and nodular pigment epithelial hyperplasia , 354  
 traction , 356–357  
 vasculopathies   ( see  Vasculopathies) 
 verruca , 356  
 vitreous , 347–349  
 white-with and without-pressure , 355–356  

   Persistent fetal vasculature (PFV) , 103–104  
 abnormal regression , 232  
 ancillary tests , 232  
 anterior PFV   ( see  Anterior PFV) 
 genetics , 234  
 gestation , 231  
 hyaloid vasculature , 230  
 individual components, fetal vasculature , 232  
 posterior PFV   ( see  Posterior PFV) 
 treatment , 234  
 tunica vasculosa lentis , 231  
 vasa hyaloidea propria , 230, 231  

   Persistent hyaloid artery , 104, 105  
   Persistent hyperplastic primary vitreous (PHPV) , 103–105  
   Persistent pupillary membrane (PPM) , 106, 107  
   Pertile, G. , 559  
   Petrella, R.J. , 409  
   Petropoulos, I.K. , 442  
   Peyman, G.A. , 558, 649, 683, 790, 827–829  
   PFCL.    See  Perfl uorocarbon liquid (PFCL) 
   Pfi ster, M. , 140  
   Phacoemulsifi cation , 633  
   Phakic fellow eyes 

 aphakic and pseudophakic fellow eyes , 721–723  
 cystic retinal tufts , 718, 721, 723  
 degenerative retinoschisis , 718, 721  
 retinal breaks , 720–721  
 retinal lattice , 719–720  

   Phakic non-fellow eyes 
 asymptomatic retinal breaks , 718  
 asymptomatic vitreo-retinal lesions , 718, 720  

   Pharmacodynamics, ocriplasmin , 847–849  
   Pharmacokinetics, ocriplasmin 

 diabetic retinopathy/vein occlusion , 847  
 inactivation, autolytic degradation , 846  
 porcine and human vitreous extracts , 847  
 second order kinetics , 847  
 serine protease inhibitor , 847  

   Pharmacologic adjuncts 
 anti-infl ammatory agents , 528–529  
 cell proliferation inhibitors , 529–531  
 clinical trials , 527  
 extracellular matrix modifi ers , 531–532  
 targets , 527  

   Pharmacologic vitreolysis , 230, 293, 294, 438, 442, 444, 446  
 biological action , 801  
 case selection , 806  
 chemical action , 800–801  
 classifi cation, biologic activity , 838  
 collagenases , 818  
 combination therapy , 810–813  
 dispase   ( see  Vitreolysin™) 
 distortions and vision loss , 804  
 drug delivery , 806–807, 810, 812, 813  
 eyes form brain dead human, transmission EM , 889  
 failed/discontinued agents , 801–803  
 FDA phase I/II study and its implications , 888, 890–891  
 human proof-of-concept study , 888  
 hyaluronan , 864–865  
 hyaluronidase , 818  
 intraocular hemorrhage management , 818  
 ocriplasmin , 804–806, 845  
 OCT-SLO , 805  
 ophthalmic therapeutics , 845  
 physiologic effects , 820–821  
 plasmin   ( see  Plasmin) 
 plasmin enzyme , 846  
 preliminary monkey studies , 886–887  
 prevention , 813–814  
 PVD , 818–820  
 tPA   ( see  Tissue plasminogen activator (tPA)) 
 vision outcome measures , 810  
 visual acuity , 805  
 vitreous liquefaction , 867  

   Pharmacotherapy , 229–230, 403–404  
   Phosphate buffer solution (PBS) , 87, 873, 874, 878  
   Photodynamic therapy (PDT) , 514  
   Photopsia , 145  
   Physical examination 

 direct ophthalmoscopy , 198–199  
 indirect ophthalmoscopy , 199  
 optical transparency , 198  
 slit-lamp biomicroscopy   ( see  Slit-lamp biomicroscopy) 
 Tyndall effect , 198  

   Physiology.    See also  Vitreo-retinal physiology 
 molecular transport , 438  
 oxygen , 439–443  

   Pierre Robin sequence (PRS) , 22  
   Pierro, L. , 119  
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   Pigment epithelium-derived factor (PEDF) , 10, 11, 102, 413  
   Pirie, A. , 801  
   Pischel, D.K. , 361  
   PKC.    See  Protein kinase C (PKC) 
   Plasmin 

 affi nity chromatography , 832  
 APE   ( see  Autologous plasmin enzyme (APE)) 
 biochemistry , 832  
 blood-derived molecule , 832  
 bovine , 819  
 diabetic macular edema , 821  
  ex-vivo  human experimental models , 834–835  
 hyaluronidase , 833  
 intravitreal , 818–819  
 lyophilized human plasmin , 832  
 rabbit model , 832–833  
 streptokinase-activated plasminogen , 932  
 tPA , 819  
 truncated form , 819–820  

   Platelet-derived growth factor (PDGF) , 47, 155, 157, 161, 162, 317, 
531  

   Platelet-derived growth factor-BB (PDGF-BB) , 155  
   Platelet derived growth factor receptor α (PDGFRα) , 402  
   Platelet endothelial cell adhesion molecule (PECAM) , 50  
   Platelet endothelial cell adhesion molecule 1 (PECAM-1) , 418  
   PLGA.    See  Poly lactic co-glycolic acid (PLGA) 
   Plus disease , 225  
   PMM.    See  Premacular membrane (PMM) 
   Pneumatic retinopexy (PR) 

 advantages and disadvantages , 726  
 benefi ts , 765  
 complications , 765  
 contraindication , 759  
 description , 725  
 examination , 759  
 intravitreal bubble injection , 760–761  
 lattice degeneration , 759  
 modifi cations , 762–763  
 non-classical indications , 764  
 patient selection , 758  
 post-operative positioning , 761–762  
 and PVD , 758  
 reattachment rate , 764  
 for retinal detachment , 725, 726  
 retinal detachments , 758  
 retinopexy   ( see  Retinopexy) 
 and rhegmatogenous RD , 757  
 Schepens binocular indirect ophthalmoscope , 758  
 scleral buckle and vitrectomy , 396  
 single operation anatomical success rate , 726  
 SOS and SB , 758  
 uncomplicated retinal detachment , 715, 758  
 and vitrectomy , 725  
 vitreous hemorrhage , 758  

   PO 2 .    See  Partial pressure of oxygen (PO 2 ) 
   Polyalkylimide , 86–89  
   Poly-dimethylsiloxane (PDMS) , 544–546  
   Polyethylene glycol (PEG) , 87  
   Poly lactic co-glycolic acid (PLGA) , 517  
   Ponsioen, T.L. , 8  
   Port delivery system , 518  
   Posterior chamber intraocular lens (PCIOL) , 735–736  
   Posterior PFV 

 Bergmeister’s papilla , 233  
 macular abnormalities , 233  
 malformations , 233  

 optic nerve head abnormalities , 234  
 persistent hyaloid artery , 233  
 retina and retinal detachment , 233  

   Posterior subcapsular cataract (PSC) , 124  
    Posterior tunica lentis (tvl)  , 97  
   Posterior vitreous cortex (PVC) , 181, 266, 312, 609, 614  

 anterior vitreous cortex , 132  
 collagen fi brils, matrix , 133  
 fi broblasts , 185  
 hyalocytes , 182–185  
 lamellar organization , 133  
 structure , 181–185  
 vitreoschisis , 133  

   Posterior vitreous detachment (PVD) , 118, 159–160, 176, 182–183, 
187–188, 384, 609  

 acute , 715  
 aging , 16, 248–249, 306, 316  
 and AMD , 450–452  
 anomalous , 146, 148, 471, 882  
 “atrophic holes” , 714  
 blunt trauma , 251  
 cadaveric normal eye remnants , 415  
 cataract surgery , 250–251  
 CD68 , 281  
 central vitreous liquefaction , 65  
 clearance of molecules , 444  
 clinical presentation , 144–146  
 collagen , 64  
 cutter/suction catheter at disc , 739  
 diabetes , 64  
 diabetic macular edema , 448  
 diabetic vitreopathy , 71  
 diagnosis   ( see  Diagnosis, PVD) 
 early stages, OCT , 146, 147  
 enzymatically-induced , 471  
 enzymatic vitreolysis , 414  
 epidemiology , 141  
 etiologies, fl oaters , 772–774  
 exudative AMD , 471  
 eyes with symptomatic , 716–717  
 GEA , 307–308  
 20G vitrectomy , 87  
 hyaluronidase , 865–867  
 idiopathic , 320  
 induced bleeding , 489  
 induction , 71, 870–876, 878  
 intraocular oxygen , 471, 473  
 last stages, schematic representation , 145  
 liquefaction , 801  
 macular edema , 65, 449  
 macular surface attachment , 854  
 mid-life , 444  
 MIVI-IIT , 857  
 myopia , 251  
 neovascularization and aggressive PDR , 65  
 non-ischemic cases , 415  
 ocriplasmin , 783  
 oxygen transport , 445, 449  
 partial , 485  
 pathophysiology , 141–144, 288, 316–318  
 penetrating trauma , 251  
 phakic eyes , 758, 759  
 pharmacologic vitreolysis , 73  
 pO 2  levels, cataract , 453  
 premacular membranes , 281  
 preoperative PVD induction , 856  
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 Posterior vitreous detachment (PVD) (cont.) 
 preset lens biomicroscopy , 144  
 prevalence , 415  
 prophylactics , 813  
 “pseudopapilledema” , 302  
 pseudophakic patient , 759  
 retinal vein occlusions , 473  
 safety and effi cacy , 857  
 stage IV macular holes , 274  
 symptoms , 714  
 time course , 146  
 tPA , 827–828  
 in type 1 Stickler syndrome , 26  
 VEGF clearance , 445  
 vitreo-macular traction , 73  
 vitreo-papillary adhesion , 302  
 vitreoretinal adhesion , 772  
 vitreo-retinal adhesion and vitreous liquefaction , 248  
 vitreo-retinal traction , 870  
 Vitreosolve ®  , 803  
 and vitreous aging , 84    ( see also  Vitreous aging) 
 vitreous and iris neovascularization , 487–489  
 vitreous collagen , 271  
 vitreous cortex and ILM adhesion , 301  
 vitreous liquefaction , 714  
 vitreous type II collagen , 870  

   Post gestational day (PGD) , 43, 44  
   Postmenstrual age (PMA) , 228  
   Post-operative complications 

 AHFVP , 642  
 conjunctiva , 641  
 cornea , 641  
 fi brinoid syndrome , 642  
 intraocular pressure elevation , 641  
 uveitis/iritis , 641  
 vitreous hemorrhage , 641  

   PPV.    See  Pars plana vitrectomy (PPV) 
   PR.    See  Pneumatic retinopexy (PR) 
   Predominantly effusive detachment , 226  
   Predominantly tractional detachment , 226  
   Preferred practice pattern (PPP) 

 phakic non-fellow eyes , 718  
 prevent rhegmatogenous RD , 716  

   Premacular membrane (PMM) , 123, 158–160, 858  
 central retinal thickness , 573  
 centripetal contraction , 579  
 complex , 314  
 defi nition , 312  
 formation and retinal thickening , 123  
 hyalocytes , 315  
 idiopathic macular holes , 160  
 and ILM , 580, 596  
 ILM specimens , 575  
 internal limiting membrane , 636  
 laminocytes , 314  
 macular pucker , 314–316  
 OCT , 591  
 posterior vitreous cortex , 316  
 preretinal macular fi brosis , 320  
 visual acuity , 320  

   Premature infant 
 stage 2 ROP , 225  
 stage 3 ROP , 225  

   Premature synchysis , 118  
   Preretinal membrane 

 bimanual technique , 741  

 removed under PFCL , 743  
 typical star fold confi guration , 733  
 vitreous , 740  

   Preretinal PVR membranes 
 contraction , 400  
 transformed RPE cells , 400  

   Preset lens biomicroscopy , 202  
   Prethreshold ROP , 225  
   Primary open angle glaucoma (POAG) 

 oxygen and , 469–470  
 vitreous and cataract surgery , 470–471  

   Primary vitreous 
 mesodermal cells , 97–98  
 monocyte-lineage hyalocytes , 97  
 optic cup and lens vesicle , 97  
 persistent primary vitreous , 103  
 PHPV/PFV , 103–104  
 primordial vitreous , 97  
 regression of hyaloid vasculature , 98  

   Prinomastat (AG3340) , 531  
   Pro-apoptotic proteins (Bax and Bak) , 44  
   Profi lin-1 , 50  
   Prolactin (PRL) , 45  
   Proliferative diabetic retinopathy (PDR) , 152, 156–161, 888, 892  

 complications , 63, 65, 75, 487  
 detached PDR retina , 491  
 fl orid neovascularization and aggressive , 65  
 and LPA , 48  
 retinal detachments , 726  
 vitrectomy , 487  
 vitreoschisis , 66  

   Proliferative diabetic vitreo-retinopathy (PDVR) , 828  
 adhesive molecules , 425  
 Airlie House classifi cation , 426  
 angiogenic growth factors , 424, 425  
 biochemical abnormalities , 424  
 classifi cations , 421–422  
 clinical and experimental investigations , 424  
 diabetes , 424  
 endothelial cells , 424–425  
 hematopoetic system , 424, 425  
 ICDRS Scale , 426, 427  
 Kroll’s classifi cation , 426–431  
 Müller cells , 425  
 and NPDR , 425–426  
 panretinal photocoagulation , 425  
 pathogenesis , 421, 432  
 posterior vitreous cortex , 424  
 serum proteins , 424  
 therapeutic considerations , 430  
 thickening , 424  
 tPA , 828  

   Proliferative vitreoretinal diseases 
 cicatricial contraction , 157–158  
 macular holes , 160  
 Macular Pucker , 158–160  
 proliferative membranes, formation , 157  

   Proliferative vitreoretinopathy (PVR) , 152, 156–161, 176, 185  
 adjunctive agents , 527–532  
 anterior and posterior proliferation , 749  
 anterior loop , 750, 752  
 anti-infl ammatory agents , 528–529  
 biopolymers , 704  
 cell proliferation inhibitors , 529–531  
 cell types , 396  
 classifi cation , 524    ( see also  Classifi cation system, PVR) 
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 clinical signs and staging , 396–399  
 complications , 755–756  
 contractile cellular membranes , 731  
 contraction type and location , 749, 750  
 cytokines , 395  
 description , 524  
 extracellular matrix modifi ers , 531–532  
 fi brous contractile membranes , 395  
 formation of , 731–732  
 grades , 524–526  
 histopathology , 399  
 human vitreous base , 750, 751  
 pathophysiology , 750–751    ( see also  Pathophysiology, PVR) 
 pharmacologic vitreolysis , 756  
 pharmacotherapy , 403–404  
 post-operative , 539  
 pre-and post-operative risk factors , 732  
 retinal detachments , 726  
 retinal pigment epithelial cells , 395  
 retinotomy and retinopexy , 751–753  
 rhegmatogenous RD , 396  
 risk factors , 396  
 small-gauge vitrector , 752  
 surgical , 403, 756    ( see also  Surgical management, PVR) 
 vitrectomy failure , 728  
 vitreous , 740  
 vitreous substitutes   ( see  Vitreous substitutes) 

   Prophylactic retinopexy , 36–37  
   Prophylaxis 

 The American Academy of Ophthalmology (AAO) , 715  
 asymptomatic patients/autopsy series , 715  
 asymptomatic retinal breaks , 718  
 asymptomatic vitreo-retinal lesions , 718  
 eyes with symptomatic PVD , 716–717  
 prevalence of retinal breaks , 715  
 risk factors , 715–716  

   Protein.    See also  Collagen 
 extracellular matrix proteins   ( see  Extracellular matrix) 
 glycoproteins , 9–11  
 plasma , 3  
 in vitreous   ( see  Vitreous) 

   Protein kinase C (PKC) , 416  
 activated , 60  
 diabetes, pathological pathways , 58  
 physiologic activator , 60  

   Protein kinase C diabetic retinopathy study (PKC-DRS) , 60  
   Proteoglycan 

 chondroitin sulphate , 9  
 heparan sulphate , 9  
 type IX collagen , 6  
 and vitreo-retinal interface , 882–884  
 vitreus , 16  

   Proteomics 
 acellular collagenous secondary vitreous , 43  
 connective tissue pathway , 45–46  
 embryonic human vitreous , 48  
 IPA bioinformatic analysis , 44  
 murine model of vitreous embryogenesis , 44–46  
 reactive oxygen species , 43  
 small molecule-dependent regulation , 43  

   Provis, J.M. , 95–108  
   Pseudohole , 290–291  

 lamellar macular holes , 577  
 macular pseudoholes   ( see  Macular pseudoholes) 

   PTX-3.    See  Pentraxin 3 (PTX-3) 
   Pupillary membrane  (pm)  , 97–99, 102  

 endothelial cells , 47  
 hyaloid vasculature , 46–47  
 lens and tunica vasculosa lentis , 42  
 regression , 42, 47  
 tunica vasculosa lentis extension , 42  
 vasa hyaloidea propia and , 42  

   Pure air 
 bullous detachments therapy , 760  
 long-acting gas , 725  
 lower incidences, PVR and PMM , 763  
 non-expansile nature , 760  
 offi ce-based , 539  

   PVC.    See  Posterior vitreous cortex (PVC) 
   PVD.    See  Posterior vitreous detachment (PVD) 
   PVR.    See  Proliferative vitreoretinopathy (PVR) 

    Q 
  Quay, W.B. , 558  
   Quellec, G. , 426  
   Quinn, G.E. , 117  
   Quiram, P.A. , 442, 471, 746  

    R 
  Radial optic neurotomy (RON) 

 central foveal thickness , 652  
 compartment syndromes , 650  
 complications , 653  
 CRVO , 650  
 long-term follow-up , 653  
 macular edema , 652  
 pre-operative biomicroscopy , 651  
 retinochoroidal collaterals , 651  
 shunt vessels , 652  

   Radial optic neurotomy for central vein occlusion 
(ROVO) , 653–654  

   Raman spectroscopy , 215–216  
   Ranchod, T.M. , 234, 235  
   RAS.    See  Renin-angiotensin system (RAS) 
   RBX.    See  Ruboxistaurin (RBX) 
   RD.    See  Retinal detachment (RD) 
   Reactive oxygen species (ROS) 

 apoptosis , 43  
 cell defenses , 60  

   Receptor for advanced glycation end products (RAGE) 
 activation , 60  
 expression , 59  
 in ILM , 65  
 pathway blockage , 71  

   Redslob, E. , 194, 195  
   Reese, A.B. , 324, 364  
   Reeser, F.H. , 182  
   Refi llable delivery systems , 518  
   Renin-angiotensin system (RAS) , 415  
   Re-operation 

 cellular tissue , 622  
 macular hole , 619, 620  
 Müller cells , 619  
 retinal nerve fi ber layer , 619–621  
 timing , 619  

   Retina 
 and ciliary body , 349  
 excavation , 351  
 posterior indentation , 350  
 vitreous base , 350  
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   Retina endovascular surgery (REVS) 
 neuro-radiologic approach , 654  
 tissue plasminogen activator , 655  
 vitreo-retinal approach , 654  

   Retinal adhesion 
 fl ow conductivity , 383  
 measurement , 380–381  
  in vivo  and post-enucleation , 381  

   Retinal artery occlusions (RAO) 
 CRAO , 648  
 EAGLE study , 648–649  
 embolectomy , 649–650  
 local intra-arterial fi brinolysis , 648  
 non-arteritic retinal artery occlusions , 648  

   Retinal detachment (RD).    See also  Rhegmatogenous retinal 
detachment (RRD) 

 age-related changes , 376  
 anomalous PVD and retinal tears , 120  
 bilateral total , 32  
 blood-retinal barrier breakdown , 526  
 clear lens extraction , 119–120  
 congenital myopia and visual loss , 22, 24  
 developmental abnormalities , 388–389  
 DRRD/BRRD , 33  
 exudative   ( see  Exudative retinal detachment) 
 fi brovascular proliferations , 631–632  
 with grade C PVR , 524, 526  
 high risk , 361, 532  
 hyaluronidase enzyme activity , 864, 866  
 inferior shortening of , 753  
 inherited , 22  
 macular hole , 119, 120  
 male patients , 364  
 mechanisms , 226–227  
 mediate retinal attachment , 375  
 molecular movement   ( see  Molecular movement within 

and from vitreous) 
 neovascular membranes , 632  
 ocular tissues , 389–391  
 pathogenesis , 361, 375  
 pH , 381–382  
 phacoemulsifi cation technology , 120  
 prophylaxis , 36–37  
 PRP , 632  
 PVR , 530  
 rate of RRD , 120  
 refractive corneal surgery & RD , 120  
 retinal adhesion   ( see  Retinal adhesion) 
 rhegmatogenous , 28, 32, 355, 362, 524    ( see also  

Rhegmatogenous retinal detachment) 
 risk , 24, 27  
 RPE , 376, 382–383  
 silicone oil , 632  
 Stickler syndromes , 23  
 structural factors , 376, 377  
 surface energy and electrostatic forces , 383  
 surgery , 524  
 traction RD , 528, 529, 531  
 traction retinoschisis , 358  
 treatment , 230  
 unselected primary , 532  
 vitreoretinopathy and , 31  

   Retinal disorders 
 intraretinal cysts , 305, 306  
 macular diseases , 303–304  
 vascular disorders , 305–307  

   Retinal folds , 358  

   Retinal hypoxia 
 choroidal ischemia, drusen, and vitreoretinal adhesion , 452  
 clinical pathology , 479  
 and vitreous neovascularization , 479–480  

   Retinal lattice , 119–120, 354–355  
   Retinal microfolds , 122  
   Retinal nerve fi ber layer (RNFL) , 615  
   Retinal pigment epithelial transplantation 

 Bruch’s membrane/choroid patch , 559–560  
 cell suspensions , 558–559  
 cytokines , 558  
 in human eyes , 558  
 ocular tissues , 558  
 outcomes , 560, 561  
 rationale , 557–558  
 subfoveal choroidal neovascularization , 558  

   Retinal pigment epithelium (RPE) , 30, 50, 97, 152, 153, 156–158, 
267, 273, 288, 289, 293, 510, 517  

 actively dividing RPE cells , 530  
 after intravitreal administration , 706  
 apical RPE , 376  
 associated Leber’s congenital amaurosis , 707  
 baso-lateral membranes , 383  
 cell proliferation , 530, 531  
 chemotaxis , 526, 531  
 circular elevations , 848  
 collagen and fi bronectin , 526  
 dispersion , 526  
 HCO 3  transporters , 383  
 inhibition , 383  
 loss of adhesion , 381  
 migration and proliferation , 732  
 photoreceptor OS , 376  
 and retina , 375  
 trans-cellular water movement , 382  
 trans-RPE fl uid movement , 383  
 VEGF receptors , 531  

   Retinal pits , 359  
   Retinal prosthesis 

 alpha IMS , 705, 708  
 Argus II , 705, 707  
 bioelectrical , 705  

   Retinal tags , 358  
   Retinal tear , 359–361  

 acute symptomatic PVD development , 716  
 anomalous persistent vitreo-retinal adhesions , 717  
 lattice and cystic tufts , 718  
 prophylactic therapy , 719, 721  

   Retinal tear and detachment 
 indirect ophthalmoscopy , 783  
 intraoperatively/postoperatively , 782  
 intraoperative/postoperative retinal breaks , 783  
 myopic individuals , 146  
 prophylactic treatment , 719  
 PVD , 719  
 self-retaining cannulas , 782  

   Retinal toxicity , 543–544  
   Retinal traction , 698  
   Retinal tufts 

 cystic retinal tufts , 352–353  
 non-cystic retinal tufts , 351–352  
 zonular traction tufts , 353–354  

   Retinal vein occlusion (RVO) , 288  
 and autologous plamsin enzyme , 842  
 classifi cation , 409  
 complications , 409  
 crystallins , 414  

Index



917

 defi nition , 408  
 description , 650  
 epidemiology , 408  
 infl ammatory and angiogenic proteins , 411–414  
 pathogenesis and risk factors , 409  
 RON   ( see  Radial optic neurotomy (RON)) 
 symptoms , 409  
 tPA , 828  

   Retinoblastoma 
 diagnosis , 364  
 FEVR , 234  
 pars plana vitrectomy , 790  
 treatment , 790  
 vitrectomy , 790  

   Retinoids 
 cell proliferation regulation , 530  
 clinical evidence , 530  
 preclinical evidence , 530  

   Retinopathy of prematurity (ROP) 
 and autologous plasmin enzyme , 841–842  
 childhood blindness in the United States , 224  
 classifi cation , 224–226  
 kitten ROP model , 482, 488, 490  
 oxygen , 224, 479  
 pathophysiology , 226–227  
 preterm infant , 224  
 prevention , 228  
 retinal re-vascularization , 482  
 risk factors , 227  
 treatment , 226–228  
 “vaso-obliterative phase” , 479  

   Retinopexy 
 cryopexy , 759–760  
 diathermy , 759  
 laser photocoagulation , 760  
 and retinotomy , 751–753  

   Retinoschisis , 122–125  
   Retrolental membrane , 233  
   Reverse transcription polymerase chain reaction 

(RT-PCR) , 35, 36  
   Rhegmatogenous retinal detachment (RRD) , 22, 28, 32, 33, 120, 396, 

524.     See also  Pneumatic retinopexy (PR) 
 atrophic , 714, 715  
 binocular indirect ophthalmoscope , 723  
 considerations , 724  
 eye movements, vitreoretinal traction forces , 714  
 fi brous tissue formation , 384  
 inferior retinal breaks , 759  
 internal tamponade , 760  
 intravitreal air bubble , 757  
 pathogenesis , 714  
 in phakic eyes , 758  
 posterior vitreous detachment (PVD) , 714  
 PR   ( see  Pneumatic retinopexy (PR)) 
 prophylaxis   ( see  Prophylaxis) 
 pseudophakic , 758  
 PVR development , 732  
 reattachment surgery , 758  
 scleral buckling   ( see  Scleral buckle (SB)) 
 surface diathermy cauterization , 759  
 surgery for complicated , 728  
 synchisis, syneresis and vitreous currents , 387–388  
 and tractional , 732  
 treatment , 759  
 uncomplicated , 723–724  
 vitrectomy   ( see  Vitrectomy) 
 vitreous , 384  

 vitreous degeneration , 384–386  
 vitreous liquefaction , 714  
 vitreous traction   ( see  Vitreous traction) 

   Rhodes, R.H. , 184  
   Rho kinase (ROCK) , 157, 161, 317  
   Ribonucleic acid (RNA) 

 coding errors , 529  
 encapsulation of , 706  
 zinc fi nger nucleases , 707  

   Rice, T.A. , 632  
   Richards, A.J. , 21–37  
   Richdale, K. , 500  
   Rizzo, S. , 838  
   Robertson, D.M. , 361  
   Robison, C.D. , 254  
   Robotic vitreo-retinal surgery 

 invasiveness and iatrogenic complications , 704  
 prototype for , 704, 706  
 setup , 704, 705  

   ROCK.    See  Rho kinase (ROCK) 
   Rodrigues, E.B. , 421–433  
   Rohen, J.M. , 498  
   Romano, M.R. , 304, 547, 580  
   ROP.    See  Retinopathy of prematurity (ROP) 
   ROS.    See  Reactive oxygen species (ROS) 
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 Scleral buckle (SB) (cont.) 
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 oro-facial features , 24–25  
 posterior vitreous detachment in type 1 , 26  
 profound deafness , 27  
 type 1 , 26  
 type 2 , 26  
 type 3 “non-ocular” , 27  
 type 4, 5 and 6 Stickler syndrome , 27  
 unresolved , 27  
 vitreous phenotypes, schematic illustration , 25  

   Stirpe, M. , 118–119  
   Stolba, U. , 545  
   Stopa, M. , 565  
   Straatsma, B.R. , 354, 355  
   Straylight glare , 781  
   Strenk, S.A. , 498, 500  
   Stromal cell-derived factor 1 (SDF-1) , 417  

Index



919

   Subconjunctival hemorrhage , 829  
   Submacular hematoma , 827  
   Submacular hematoma surgery 
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 description , 561  
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 intravitreal injection , 827  
 macular area , 826  
 non-expansile concentration , 539  
 nonpolar gas , 761  
 and perfl uoropropane , 756  
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 extensive post-operative fi brin , 746  

Index



920

 Tissue plasminogen activator (tPA) (cont.) 
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 ophthalmic indications and applications , 827–829  
 plasmin , 819  
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 and photocoagulation , 448  
 production , 61, 342  
 retina , 442  
 retinal neovascularization , 445  
 retinal pigment epithelium , 828  
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 serous detachment, CRVO , 413  
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 vascular leakage , 446  
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   Vascular endothelial growth factor receptor 
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 Coat’s disease , 364, 366–368  
 indirect ophthalmoscopy , 361  
 sickle cell , 362–364  
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   Vitrectomy , 158, 160, 230, 236, 655  
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 aspiration , 701  
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 blood vessel , 666  
 cannula placement , 739  
 and cataract , 452–453  
 cataracts , 783–784  
 cataract surgery , 576, 667  
 contrast sensitivity , 781–782  
 cutting , 701  
 decrease, light scattering , 781  
 endolaser photocoagulation , 639  
 endophthalmitis , 782  
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 cutting effi ciency and duty cycle , 694  

 retinal surface , 696–697  
 velocities , 696  
 water  vs.  vitreous , 694  
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 and glaucoma , 453  
 instrumentation , 680  
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 intraocular oxygen tension , 467, 643  
 intraoperative visualization , 701–702  
 lamellar macular holes , 580  
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 microincisional , 576  
 microsurgical instruments , 686  
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 MPC , 686  
 Nd:YAG laser treatment , 782  
 NEI VFQ-39 , 781  
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 open angle glaucoma , 470  
 ophthalmic surgical instrumentation , 684  
 oxygen hypothesis , 467–468  
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 pars plana phacoemulsifi er , 687  
 pars plana vitrectomy , 635–636  
 pathophysiology , 789  
 perfl uorcarbon , 639, 740  
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 posterior vitreous , 556, 636  
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 subconjunctival silicone oil prevention , 739  
 Submacular Surgery Trials , 472  
 subretinal cannula , 564  
 therapeutic goal , 789  
 thinnest suture material , 666  
 treatment, fl oaters , 779  
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 VISC , 671  
 wound closure , 639  
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   Vitreo-foveal traction syndrome , 324  
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 adult domestic pig fl ash ERG , 875  
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 Vitreolysin ™  (cont.) 
 extracellular neutral protease , 870  
 induce posterior vitreous detachment , 871  
 inhibition , 871  
 and Ocriplasmin , 874  
  Paenibacillus polymyxa  extract , 870, 872  
 pharmacokinetics & pharmacodynamics , 871  
 potential advantages , 873  
 purifi cation and toxicity , 872  
 PVD induction , 878  
 retinal cell viability effect and structure , 875, 876  
 retinal electrophysiology , 878  
 SDS-PAGE gels loaded , 873  
 sensory retina mechanical properties , 876, 878  
 stability , 873  
 structure , 870–871  
 substrate specifi city , 870  
 surgical removal, pathologic preretinal membranes , 871–872  

   Vitreo-macular adhesion (VMA) 
 adherences and neovascular complex , 335  
 adhesion  vs.  traction , 336–337  
 concomitant retinal disease , 860  
 defi nition and classifi cation , 288, 289  
 imaging   ( see  Imaging) 
 juxtafoveal adhesions , 335  
 neovascularization , 336  
 OCT imaging , 854  
 PVD , 330, 331  
 Spectralis OCT , 335  
 and traction , 329, 338, 415  
 vitreo-retinal adhesion , 289  
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   Vitreo-macular interface (VMI) , 288, 858  
   Vitreomacular separation (VMS) , 415  
   Vitreo-macular traction (VMT) 

 age-related macular degeneration , 253–254, 821  
 anomalous PVD. , 293  
 anterior  vs.  posterior split , 255–256  
 B-mode OCT scan , 253, 581  
 classifi cation , 289, 290  
 CME and macular cysts , 254  
 defi nition , 253, 289, 290  
 diabetic macular edema , 254  
 focal traction , 590  
 full-thickness macular hole surgery , 589  
 irreversible damage , 854  
 lamellar macular hole surgery , 582, 583  
 macular hole , 257, 259, 810  
 macular pucker , 256, 257, 259  
 MIVI-I , 855–856  
 MIVI-III , 857  
 MIVI-IIT , 856–857  
 outcomes , 593–598  
 pharmacologic resolution , 857  
 premacular membrane , 592, 606  
 PVD , 609  
 tangential traction , 590  
 treatment , 609  
 vitrectomy , 591, 854  
 vitreoschisis , 255  
 vitreous cortex , 596  

   Vitreo-macular traction syndrome (VMTS) , 146, 302, 316, 324–325  
 cell proliferation , 267, 268  
  in situ  arrangement, cellular proliferation , 267, 269  
 premacular fi brocellular tissue , 267, 270  
 ultrastructural analysis , 267  
 vitreoschisis , 267  

   Vitreo-maculopathies 
 collagen fi brils dense network , 266  
 epiretinal membranes (ERM) , 266–267  
 imaging techniques , 266  
 macular hole   ( see  Macular hole (MH)) 
 macular pucker , 267–273  
 traction arising , 266  
 traction syndrome   ( see  Vitreo-macular traction syndrome (VMTS)) 
 vitreous cortex , ILM, 266  

   Vitreo-papillary adhesion (VPA) , 255–257, 259, 291, 337, 338, 343  
 CRVO , 307  
 defi nition , 302, 303  
 macular pucker , 305  
 non-arteritic AION , 307  
 optic nerve , 307  
 papillo-foveal traction , 304  
 prevalence , 303  

   Vitreo-papillary interface , 301  
   Vitreo-papillary separation , 146, 148  
   Vitreo-papillary traction , 302–303  
   Vitreo-retinal adhesion 

 operculated tears treatment , 717  
 symptoms of PVD , 714  

   Vitreo-retinal dehiscence , 251  
   Vitreoretinal interface , 82, 247–248, 300–301, 870–871  

 abnormal molecules , 835  
 age-related differences , 142–143  
 in animal models , 838  
 chondroitinase , 802  
 cortical vitreous fi bers , 136  
 cystic degeneration , 186–187  
 extracellular matrix (ECM) , 135  
 gel liquefi cation , 838  
 glycosaminoglycans , 141, 802  
 ILM , 141  
 immunoreactivity , 835  
 interfactants , 801  
 laminin and fi bronectin , 839, 841  
 molecular structure , 800  
 Müller cells , 140–141  
 neovascularization , 186, 187  
 optic disc , 135–136  
 paravascular rarefraction , 187  
 PVD , 140  
 retinal dystrophy , 186  
 retinal ILM , 800  
 spider-like bodies, peripheral retina , 185  
 type XVIII collagen , 141  
 vitreoretinal adhesion , 166  
 vitreo-retino-vascular bands , 186  
 vitreous body , 799–800  
 vitreous liquefaction , 814  
 weakening , 140–141  
 Weiss ring , 135, 136  

   Vitreo-retinal physiology 
 intraocular oxygen tension   ( see  intraocular oxygen tension) 
 nuclear sclerotic cataract , 468–469  
 oxygen hypothesis , 460  
 primary open angle glaucoma , 469–471  
 VEGF-mediated retinopathies , 471–473  
 vitreous liquefaction , 467–468  

   Vitreo-retinal scarring 
 corticosteroids , 528–529  
 retinoic acid , 530  
 therapeutic agents , 531  

   Vitreo-retinal surgery , 634  
 AR   ( see  Augmented reality (AR)) 
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 femtosecond laser surgery , 704  
 internal tamponades , 704  
 retinal prosthesis   ( see  Retinal prosthesis) 
 robotic   ( see  Robotic vitreo-retinal surgery) 

   Vitreo-retinopathies 
 autosomal dominant vitreo-choroidopathy (ADVIRC) , 32  
 brachydactyly , 30  
 COL2A1 related disorders , 27–31  
 corneal changes , 32–33  
 dominant and/or bilateral rhegmatogenous retinal detachment 

(DRRD / BRRD) , 33  
 familial exudative vitreo-retinopathy , 32  
 Goldmann–Favre syndrome/enhanced S-cone dystrophy , 32  
 idiosyncratic alternative splicing , 22  
 Knobloch syndrome , 31  
 prophylaxis , 36–37  
 screening and ancillary investigations , 33  
 skeletal abnormalities , 23  
 Stickler syndrome   ( see  Stickler syndrome) 
 Wagner vitreo-retinopathy/erosive vitreo-retinopathy , 31–32  
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