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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       

 

II.C. Vitreous Aging and Posterior Vitreous Detachment

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


136

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

c

( 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 ])       

 

II.C. Vitreous Aging and Posterior Vitreous Detachment

http://dx.doi.org/10.1007/978-1-4939-1086-1_45
http://dx.doi.org/10.1007/978-1-4939-1086-1_12


146

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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